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Physical constants

¢ =2.99792458 x 103 ms~! (exact).
h=6.6261 x 1073*]Js.

h=1.0545 x 1073*Js.

e =1.6022 x 107 C.

mo = 0.9109 x 10~3%kg.

o =4rx 1077 VsA~Im™!.

€0 = 1/(joc?) = 0.8854 x 107" As V= m~1,
k =1.3807 x 1072 JK!.

N4 = 6.022 x 10?° molecules per Mole.
R=kN, =8315x 10 JK~! per Mole.

Lo = 2.687 x 10%° molecules per m* at 0 °C and normal pressure.

Frequency, wavelength, wavenumber and energy scale

1 wm; 300 THz; 10*cm™'; 1.9878 x 1072 J; 1.2407 e V.

300 um; 1 THz; 3300m~! = 33.33cm™'; 6.626 x 10722 J; 4.136 meV.
1 nm; 300 PHz; 2.0 x 107 J; 1.240keV.

1m™'; 1 m; 300MHz; 1.24 peV.

1.2407 wm; 241.8 THz; 1.6022 x 107 J; 1eV.

T = 300K = kT = 4.142 x 102'] = kT/e = 25.85meV = v = kT/h =
6.625THz = kT/(hc) = 208cm™! = he/(kT) = 48 pm.

1 meV = 8.06cm™! = 0.2418 THz.

lem™! = 30GHz.

10cm™! = 1.2408 meV.

Power of the sun light and laser power

140 mW. (b) 1.8 kW/cm?. (c) 1.3kW/cm?.
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Problems of Chap. 2

21 5.6x102m3:5.6x10¥m™3;5.6 x 108 m—3.
2.2 Field amplitude

(a) €A?/2 = u; A = J2u/ep; €0 = 0.89 x 107MAsV™Im™; 4 = 4.7 x
10°Vm~L.

b)) Z=10m 3 4= ,2mwZ/eg=63x102Vm L u=2x10""“Tm>3.

© Z=2x10"m3A=180Vm L u=1pJ m>.

2.3 Occupation number

(b) kT =4.14 x 10721 J = 25.8meV; fB — fBolz 1.8 % 1073,
(c) fBolr — fBol  (.54-0.46 = 0.08.

2.4 Oscillation condition

(a) In one case, the condition is G;G1Vu/2 = u/2 and in an other case,
VG1Giu/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 §v/(c/2L) =2 x 10°.
32 V = RiRy; St = 10; 1, = 6.7n8; [, =2m; Q = 63.
3.3 Resonator with air

(@) vi =c¢/(2nL).
(b) 8v=rc/QL)—(c/n)/(2L) = c¢/(2L)(1—1/n) = 160kHz; §v/v ~3 x 1077,

3.4 Energy = epa; T fOL fOT E?(z,t)dzdt = epa1ar AT} fOL fOT sin? kzsin® wt
dzdt = GoalazLA2/4; u= 60A2/4.

35 V=R Ry, =1/0-=V).
3.6 Photon density

(@) Zpp/tp =Z/T; Zrp = Q/Q2n)Z; Q =27l /(1 = R).
(b) We obtain the same result, but 0 = /(1 — R).

3.7 Rep =1—Tpp = 4R(1— R)?sin*§/2[1 + 4R(1 — R) % sin’ 3/2]“.
3.8 Typ = 1/[1 +4R(1 — R)"*sin>§/2], where R = /R R.
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3.9 Fabry-Perot interferometer with absorbing mirrors

@ T = (1 + (A2/T2H7N(1 + 4R(1 — R)2sin?8/2)7"; Trpmax = (1 +
A2/T2)7".

() 1/(1+ A2/T?) <0.98; A/ Tin < 0.1.

3.10 Fabry—Perot interferometer for obliquely incident radiation

(@) § =k x2Lcos6 + 2¢.
(b) p=0;8=k x 2LcosO =zl x2mw;2Lcosf =zl X A.

Problems of Chap. 4

4.2 Absolute number of two-level systems

(a) NtOI == 1015. (b) NtOI == 1010. (C) NtOI == 104

Problems of Chap. 5

51 L+ (n—1)L =57.6cm.
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 Ppyor = Py X 27 sin’ (a/2), where « is the
angle corresponding to the area. It follows that @ ~ 5 x 10™%; Puyor ~ Po X 2
T xa?/2 ~ 0.4 uW.

53 g(M)dA = g()dv; g(v) = g(V)/|dv/dAl v = ¢/A;dv/dA = —c /A% g(v) =

Ag(W)/c.

5.4 Population of the upper laser level

(@ r = N/t =33 x 10¥m3s7!; volume = 7r?L’ = 7.9 x 1071%m?;
Poump = 1.5x3.3 x 102 x 7.9 x 10719 x 2.4 x 107 W = 9.4 W; the factor
1.5 takes account of the quantum efficiency.

(b) Nt =10 x7.9x 10719 =79 x 10'4,

(c) Energy = 10** x 7.9 x 1071% x 1.5 x 1.6 x 1077 J = 190 pJ; energy density =

energy/volume = (N /volume) xhv = 240kJ/m? = 24017 per liter.
(d) Ppump = 94 W. [The reason is the stimulated emission (Sect. 8.8).]

Problems of Chap. 6

6.1 Photon density
(@) Z = D(v)dvii = 8mv?/c)kT/hv ~6 x 10" m™3,
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(b) Z=6x10"m™3.
(¢) Z = (8mv?/c¥)dvexp(—hv/kT) = 4 x 1073* m—3,

6.2 Number of thermal photons in a laser resonator

(a) 1 =exp(=hv/kT)~2x 1072,
(b) n=1/[exp(hv/kT) — 1] ~ 0.25.
(c) n=kT/hv ~6.

S S

Problems of Chap.7

7.1 Amplification of radiation in titanium—sapphire

(@ a=8m L. ()G, —1=0.5.

(c) a(l pm) a(Ag) ~0.5; (1 pm) ~4m~'; G; — 1 = 0.25.

72 ope = (A/n)?/27 =32 x 107 m?%; 7y, = 3.8 us; Avpw = 1/277, =
4.2 x 10°Hz; Avy = 1.1 x 10" Hz; 091 /0pa = 1.5 Avpa/Avg = 5.7 x 10710;
0y = 1.8 x 1078 m?.

7.3 Two-dimensional gain medium

(@) @ =2,000m! =20cm~!. (b) G — 1 =1.5x 1073,

Problems of Chap. 8

81 1, = (2nL/c)(1 =R =6x107%s; 1, = (¢/n)r, = 10m; (N, — N)w =
l/lp0'21 =3x 10" m3.

82 rpn = (N, — Nl)th/t;zl =8 x 10% m™3 S_l;
Zoo =101y —rm)tp =9 rat, = 4.3 X 10" m™3; Py = ZooaiasLhv/t, =9W;
Fout/T = Zoo/(tpr) = 9rw/10rg = 0.9.

83 (N2 — Ni)o =10 x (N2 — Ny)yy =3 x 102 m™; yg = by (N2 — Ny)o =
1.3x108s7 6 = 1/, = 1.6x107s71; Zg = 1/aja, L = 2x10"m™3; to, = 18 ns.

8.4 If the active medium has a smaller length than the resonator, the threshold
condition is (N2 — N1)oo = —InV/(2nL'03;1), where L’ is the length of the active
medium. It follows for that case that the gain coefficient « = (N, — N;)o,; has
to be larger than the reciprocal of the effective photon path length in the crystal,
lrl’ =LL/L a> 1/Zl; = —InV/@2nL’) or 2L’ > —InV. We find, with G =
exp (2aL’), that the condition of gain, GV > 1, is fulfilled.

Problems of Chap. 10

10.1 vy = vio = voi1 = ¢/(v/2a) = 21.2GHz; vy, = +/3¢/(2a) = 26 GHz.
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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

(@) D(v) =8rn*v?/c’> =1.7x10°m>3Hz ! forv = 4.3 x 10"*Hz;n = 1.
(b) 1.0 x10°m—3Hz .
(©) 8.3 x10°m—3Hz !

10.5 Mode density on different scales

(@) D(v)dv = D(hv)d(hv); D(hv) = D(v)dv/d(hv) = D(v)/h.
(b) D(v)dv = D(w)dw; D(w) = D(v)dv/dw = D(v)/(2x).
() D(v)dv = D(A)dA; D(A) = D(v) x dv/dA = cD(v)/A>.

10.6 v = (c/2)\Ja;?> + L2 = ¢/Qa)/1 +a}/L* ~c/QRa)[l +a1/2LY)];
dv/dL ~ —(ca;/(2L*); dv/v ~ (a?/L*)dL/L.

10.7 Density of modes in free space

We consider a propagating wave E = Aexpli(wt — 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 (ikxL) = 1; exp(ik,L) = 1; exp(ik;L) = 1.
It follows that: k, = [ x 2n/L; k, = m x 2x/L; k, = n x 2x/L; k? =
Qr/L)*(I? + m?> 4+ n?), with [,m,n = 0, £1, 2, .... We find, with w = ck, that
w? = (2mc/L)?*(I1?> +m?* +n?). The mode density in k space is D(k) = (L*/n?)k?
and in w space D*(w) = w’L?/(7*c?). With D*(w)dw = D*(v)dv, we obtain
D*(v) = (8wv?/c3)L3.

Problems of Chap. 11

11.1 Gaussian beam

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

ro o0
/ 2nr exp(—rz/rg)dr// 2nr exp(—rz/rg)dr =1—1/e=0.63.
0 0

We used f2xe‘x2dx = —exp(—x?).
© rp=1p/le=1 —exp(—r;/rg); rp/ro = /—1In(l — p).
(d) r, =1.527.
(e) r, = 1.73 ro.
(f) A Taylor expansion of p(r,) with respect to r,, yields p ~ 1 — rﬁ / rg.
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11.2 Gy = 21/ (rg) = 1.3 x 1073 (= 4.5 arc minutes).
11.3 The angle of divergenceis @ = 0.1(+v/2/m)A/ro = 2 x 107°.

11.4 Density of photons in a Gaussian beam. The number of photons emitted per
second by the laser is Py /(hv) = 6 x 10'*s7!. A detector of diameter D monitors
radiation within the angle ¥ = D/d, where d is the distance from the laser. The
portion of radiation within the angle © is sin? 9/ sin 6> ~ /62 It follows for the
number of photons per second:

(@ ®=10"7; 9%/6> =2 x 1073 3 x 10's7!.
(b) ¥ =7x107"192/0% ~ 1077, ~10°s7".

Problems of Chap. 13

13.1 Ultrashort pulses
(a) ty ~1/Avg ~0.3ps. (b) t, ~ 10ps. (c) t, = 30as.

13.2 Excited Ti*" ions are collected during the round trip time 7 = 10%s. The
density of excited Ti** is rT = 3 x 10 m—3. Accordingly, the energy in a pulse
is rTaja, L’ x hv = 19nJ and the pulse power = 1.9 MW. The average power
is L.OW.

13.3 2 x 107 W.

Problems of Chap. 14

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

(a) Avp = 1.5 x 10°Hz. (b) Av. ~ 10°Hz. (¢) Avyy = 1.6 x 10° Hz.
(d) Avy = 1.6 x 10" Hz. (e) 021 (vo) = (1/c)hvBy1g6(vo) = 1.0 x 10710 m?.

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

(@ 1 =T/(1 = RiRy) =15 x 1077 s; Iy = ctp =45m. (N2 — N =
1/(021lp) = 2 x 10" m™3.

(®) (N2 — N)w xajaL =2 % 10%; number of excited neon atoms in the laser.

(©) rn = (N2 — N)w X aras L/t =2 x 10098715 roy xa1a2L = Yrpara, L =2
x 1010 s71: P = rowe X a1a@a Lhv = 13 mW.

d) Zy = (@ax L)™' = 5x10°m™>; Zog = Foutp = 2.7 x 10°m™3; oy, =
(N2 — N))ax 021 = 0.02m™ Y5 yy, = con = 6 x 1005715k = 6 x 10057!
(because k = yy, at threshold); Yo = 10y = 6 x 10757 £y = In(Zoo/ Zo)/
(Yo — k) = 160ns.
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14.3 Doppler effect
(@) v=vy(1£v/c);v=(2v/c)vy =3 x 10°Hz.

595

(b) The homogeneous width of the line due to 2 — 1 spontaneous transitions is
Av = 1/(2nte) = 1.6 x 108 Hz, where 1, is the lifetime of the lower laser

level. This corresponds to a velocity range —v, vorto |v| = c¢év/vg =100ms™".

1

(c) The gain curve has a minimum of a halfwidth of 160 kHz. In the line center, the
gain is smaller than outside because outside (80 kHz away from the center) ions
of the velocity 4v 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 CO; laser

(a) Avp = 29/ (2kT/mc?)In2 = 5.6 x 10’Hz; m = mc + 2mgo = 44 mp
7.3 x 10726 kg; m, = proton mass. 02;(vo) = 0.9462A21/(8]TU2A1)D) =1
1072'm?. GV = 1;V = 0.7; Gy = 1.43; Gy = explog, x 2L]; oy
ln(Gth)/ZL = 0.18m™". (N, — Nl)th = Oéth/CTzl = 1.8 x 10*° m™3, T'th

X

(Na—Ny)w/tk = 4.5x10"m™>s™'; P = rajaa Lhv;r = P/ajarLhv) = 3x
10¥m3s7! r ~ 10° ry; the pump rate is about 10° 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 (N, — Np)wm. Stronger pumping then leads to generation
of laser radiation. By collisions of the CO, 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 CO;, gas as an ideal gas. At 273 K and normal
pressure, an ideal gas (mole volume 22.4 1) contains 6 x 10%* molecules. This
corresponds to about 3 x 102 m™>. We use this number for CO, at room
temperature and normal pressure (1 bar). At a pressure of 10 mbar, the density
of available CO, molecules is 3 x 102 m™. At room temperature, excited CO,
molecules are in different rotational states. About 1% of the molecules are in a
particular rotational state. Thus, about 3 x 10%! molecules per m? 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 x
10! m™3. This leads to & ~ 8 x o, ~ 1.4m~! and to a single path gain of

G, =exp(al) = 4.

(d) For a collision-broadened line, the gain cross section is 031 = c? Ay / (87{1)2)
g(v). With increasing pressure g(v) broadens and the cross section in the line
center, 02 (vy) = c2Ay /(87 v?) x 2 /(rAv,), is inversely proportional to the
gas pressure p. It follows that @ (vy) is independent of pressure above a pressure
of about 10 mbar. At this pressure, 2Av. ~ Avp, the gain coefficient we
calculated is the maximum gain coefficient for the TEA and the high-pressure

CO;, laser.
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In a TEA laser, the pulse duration of the radiation is about 200 ns. It is much
larger than the duration (20 ns) of the electrical excitation pulse. During
about 20 round trip transits of the radiation through the active medium, 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 Epuse = 0.3 J and the pulse power
Epulse/ tpulse ~ 1 MW.

(€) Zp = (ara2L)™' = 10*m™3; v, = 2L/c)/(1 — R) = 2.2 x 1078s; Zoo =
Poutp/(@1azLhv) = 1.1 x 102! m 3 1oy = T'In(Zo/ Z0)/(GV) = 24ns.

Problems of Chap. 15

15.2 051 (YAG)/0(TiS) = Avg(TiS) Ave(YAG) X Top(TiS)/1p(YAG) x AX(YAG)/
AX(TiS) ~ 10.

15.3 An N, molecule consists of two atoms, a molecule has a single vibrational
frequency (and all molecules in an N, gas have the same frequency) while the Ti**
ions in Al,O3 belong to a system with a large number of atoms (ions), namely of
N ~ 10 m~3, with 3N vibrational frequencies.

15.4 Laser tandem pumping

@ n = n X n2 X n3 X N~ 25%; n ~ 0.8 (efficiency of a semiconductor
laser); n, ~ 0.8 (Nd3>T:YVO; laser); n3 = 0.5 (frequency doubling); n4 = 0.53
pm/0.68 pm = 0.78.

(b) The Nd**T:YVO, laser produces a laser beam with a small angle of aperture.
Therefore, a column of a small diameter can be excited in titanium-—
sapphire allowing generation of a narrow laser beam. Direct pumping with
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

(@) GV;V =0.7; Gy, = 1.43; Gy, = exp(anl’); oy = (1/L")In Gy, = 350m™';
(N — N = aqm/021 = 3.5 %X 102! m—3.

b) rq = (N — Nl)lh/trtl =7x10® m™3 S_l; rmaiasl = 3 x 10198_1; Py =
9rmarar L’ hv = 0.8 W.

16.2 Pyyse = 190MW; P = 1.9mW.
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Problems of Chap. 19

19.1 Acceleration energies
(@) E = /Ay/A moc? =2.9MeV. (b) E = 500 MeV.

192 E = VA (1 +«2)8moc?)/2/vA; dE/dA =  /=(=1)/(2A3/?); dv/v =
—dA/A = 2dE/E.

Problems of Chap. 20

20.1 AgeBroglic = h/(mv). The ratio is mo/m. = 1/0.07 = 14.
20.2 Number of states

(a) € =26meV =4.2 x 1072 J;de = 1.6 x10722J; D(e)de = 1.5 x 103 m~3,
(b) D*P(€)de = 1.0 x 10"°m™2,
(¢) D'P(e)de =7.6 x10"m™".

20.3 §v =c¢/(2nL) = 41.6 GHz.

Problems of Chap. 21

21.1 Wave vector of nonequilibrium electrons in GaAs

k = (1/h)2mee = 43 x 108m™!; 1.4 x 105m™"; 43 x 10°m™!; A, = he/
E, = 870nm; gap wavelength (vacuum wavelength); ¢, = 2nmw/A; = 2.6 x
107 m™". It follows that g, is small compared to k for the first two values of k.

(b) gp = k for € = h%q/(2m.) = 0.4 meV.

212 gy K ki = (1/h)a/2meec; €c > hzqg/(Zme) =04meV; ¢, K ky =
(1/h)2myey; €, > h2ql/(2my) = 0.4/6 meV.

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

(a) Ere = Em = EF.

(b) Since Epe = E. + €ge = Ep and Egpy, = Ev — €gy = EF, it follows that
E. + epe = Ey — €m and —eg. — €pp = E,. The gap energy is positive because
€re and epp have negative signs for small electron and hole densities.

(©) Nioma = DPDPkT exp[-E°/Q2kT)] = 2 x 10*m™%; with kT =

thermal
26meV; E;° = 1.4eV; Ngo . is by many orders of magnitude smaller than
NP =1.4x10"°m™2.
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Problems of Chap. 22

22.1 N?P ~ 33 x10°m™2; egy ~ 6meV; €g. ~ 84meV; Ex. — Epy ~ 78 meV.
22.2 Quantum well laser
Average photon path length /, = 0.9 L = 0.45mm; NZ° — N2° = (1/3) x 1.3

tr

(0erilp/a1) ™' = 1.3 x 10" m™% j =3 NPe/t, =3.1 x 10°Am™2; 1 = 0.3 A.
22.3 Photons in a quantum well laser

(@ hv =1.42eV=23x 10" tp =5x 1072s; Zaya, Lhv/ty = 2Pou; Z
=2.0x 108 m3,

(b) Zlot = ZalazL = 105.

(©) Nt ~ NZParL = 1.2 x 10% Zyy is much smaller than Nyq.

Problems of Chap. 23

23.1 ¢, =27n/Ay =2.6x 100m™; 7/(a/2) = 1.1 x 10°m™" > ¢,.
23.2 Indirect gap semiconductor

(a) hv = Eénd + hwphonon; 0=2m/a+ {phonon-
(b) Eénd =hv + ha)phonon; Zﬁ/a = {phonon-

Problems of Chap. 24

24.1 GaN quantum well

(a) D? (GaN) =3 x D? (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 B,; has
the same value, the gain is by a factor v, /v, larger for GaN (v, = frequency of
a laser with a GaN-based quantum well and v; = frequency of a laser with a
GaAs-based quantum well).

Problems of Chap. 26

26.1 We consider a two-dimensional plane wave,

l]/ — qj()ei[kr_(E/h)t],
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where k and r are two-dimensional vectors within the plane. We apply periodic
boundary conditions for the x and y direction, kyL = m x 27 and k,L =
n X 2w, 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 2wkdk. The area containing one k point is (277/L)?. The density of k states is
D?P(k) = kdk /(27)L?. The density of states in the energy space follows from the
relation D?P(€)de = 2D (k)dk, where the factor 2 takes into account that there
are two spin directions for an electron. Making use of the dispersion relation € =
h2k?/(2m) and of de/dk = h2k/m we find D?® = 2D?P (k)dk /de = m /(wh*)L?
and D?P(€) = m/(nwh?) (= density of states per unit of energy and unit of area).

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 Avy = AEy/h = 12 THz; tpuse ~
1/Avy ~ 10713 s = 100fs.

(b) The pulse separationis 7 = 2nL/c = 2 x 107! s. Most likely, the number of
photons available in a pulse is not sufficient for the saturation of a semiconduc-
tor 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 x 27/ L. The density of states in k space is D'P(k) = 2 x L/(2n)
because there are two states (£k) in an interval 27/ L. )

€ = h?k*/2m; de/dk = (h/m)k = h+/2¢/m; D'P(¢)de = 2D'P(k)dk;

D'(¢) = (2L/n)dk/de = L/(zwh)\/2m/e and D'° = (7/h)\/2m/e.

272 =0, 1i=1,G—-1= (n/azc)hszzlnégat/Aenat =0.26.

273 Inn =08 x Ne/typ, = 0.75nA.

27.4 Bipolar laser as two-level laser

(a) Di(E); E = E; + € = pair level energy; € = €, + €;; €, and €; are the
energies of the electron and the hole that constitute a radiative pair. D,(€) is
the 3D, 2D, 1D or OD density of states, depending on the dimensionality of the
semiconductor. B

(b) The gain characteristic H» is proportionalto f,— f,, Where f;, is the probability
that the pair level is occupied and f; is the probability that the pair level is

empty; f, — fp = 2fp.



600 Solutions to Selected Problems

© fo—- f; > 1/2, since the absorption coefficient is proportional to f and the
stimulated emission to f.
The condition must correspond to the condition f, — fi = O or f, — fi =
Je— (1= fv) = 0.Itfollows that f,— f, = fo— fi+1/2= fo+ fi—1/2. />
and f; are the occupation numbers for the electrons in the conduction band and
the valence band and f; and f; 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
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) 021 = (A/n)?/2m =9 x 107" m? forn = 3.6.

Problems of Chap. 31

313 (a) Aoo =0.18V.

b vo=a/C =10x100s" 6 = G/C =077 x10%°s7 ! yp —k = 2.3 x
108s7! < wy =6x 1010571,

31.4 Van der Pol equation

(a) The equation follows from (31.47) by introducing € = (yo — k)/wo and y =

U+/Banb/C)(yo—K)~".
(b) Theansatz y = A cos t leadsto A = 2.
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Disk
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Electron
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Energy
band, 372, 434, 466, 504
band engineering, 381
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Er:YAG laser, 285
Esaki—Tsu characteristic, 525, 546
Etalon, 227
Excimer laser, 267, 268
Extended Kronig—Penney model, 511

Fabry-Perot
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205, 377
resonator containing a gain medium, 52, 53
Far-field range, 197
Far infrared
laser, 272, 273, 488
quantum cascade laser, 499
Far infrared laser, 488
Feedback, 32
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Femtochemistry, 250
Femtosecond laser, 235-254
Fermi energy, 386
Fermi-Dirac distribution, 319, 329, 386, 413
Fiber
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331
Filling factor, 320, 326
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Flash lamp, 280
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Focused Gaussian beam, 220, 221
Forbidden mode, 178
Forster mechanism, 317, 577
Four-level laser, 57
Four-wave mixing, 585-587
Fourier transform, 240
Franck-Condon principle, 267, 269, 281, 297,
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Fraunhofer range, 197
Free electron, 61, 371, 380, 466, 483
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oscillation, 335, 380
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Frequency
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multiplication, 493
of laser oscillation, 34
tripling, 584
Fresnel
coefficients, 40, 41, 252, 461
number, 178, 181, 182, 215
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Frustrated total reflection, 447
FWHM, 6
Fiichtbauer-Ladenburg relation, 114

GaAlAs mixed crystal, 431
GaAs, 436
crystal, 431
crystal lattice, 431
monolayer, 432
quantum well, 412
GaAs/GaAlAs heterostructure, 432, 433
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bandwidth, 107
characteristic, 107, 111
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mediated by a quantum well, 399403,
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Gaussian
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distribution of energy levels, 318
line, 66, 67, 102
pulse, 241
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Generalized conductivity, 139
Generalized dielectric constant, 139
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Giant pulse laser, 225
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laser, 286, 287
structure model, 316
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Gold vapor laser, 266
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Group
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High frequency
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High temperature superconductor, 169
High-power semiconductor laser, 424
High-pressure CO, laser, 272
History of the laser, 11, 13, 165, 166, 366
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Hole subband, 412, 466, 468
Holmium-doped fiber laser, 289
Holography, 13, 225, 265
Homogeneous line broadening, 62, 67, 76,
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Homojunction laser, 487
Homostructure laser, 487
Host crystals, 290
Huygens’ principle, 215
H wave, 182
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Idler frequency, 584

Impedance of free space, 183
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Indirect gap semiconductor, 436

Industrial lasers, 7, 8, 10, 259, 267, 269, 284

Inelastic scattering of electrons, 390, 393-395,
397, 418, 475, 547
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Intensity, 19

Interband relaxation, 60

Intermediate coupling, 265
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394
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Jahn-Teller effect, 309

Jamin interferometer, 167

Joint density of states, 392

Junction, 483
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K-space bunching, 555
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Kerr

cell, 230

lens, 241, 585

lens mode locking, 241
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diffraction theory, 215
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Kramers degeneracy, 293
Kramers—Kronig relations, 164, 165, 352,
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Kronig-Penney potential, 511
Krypton ion laser, 267

Laguerre-Gaussian mode, 210
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Lambert-Beer law, 99
Large-signal gain

coefficient, 128

factor, 34
Laser

amplifier, 301, 302, 314, 567
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equations, 118, 119, 127, 154-164,
396-398, 404, 405
fusion, 302
linewidth, 131-133
market, 6
mirror, 44, 47, 48, 445-450
oscillator, 31, 152-160
resonator, 18, 26-35, 38, 39, 43, 45-53,
188-190, 199-212, 214-216, 334,
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402, 423, 426, 446, 447, 449
safety, 6
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Lattice
constants, 431
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Lead, 169
Lead salt laser, 488
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Level
broadening, 397
density, 374
Light hole band, 466
LiNbO3, 581, 583
Line broadening, 61, 64, 67-70, 259-262,
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Linear response function, 136
Lineshape function, 62
Linewidth, 67
Littrow arrangement, 228
Longitudinal
mode, 189, 190, 208, 215, 226
pumping, 77, 231
relaxation, 70
Lorentz
dispersion function, 63, 145, 150, 351, 365,
550
model of an atom, 68
parameter, 335
resonance function, 51, 63-66, 71, 143,
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365, 389, 552, 559
Lorentzian function. See Lorentz resonance
function
Lorentzian line, 71, 102, 143, 294, 518,
523
Lorenz-Haken equations, 164
Loss, 31
Low-dimensional
medium, 71
semiconductor, 382
Luminescence, 58, 395, 398, 427,
486
Luminous efficiency, 574
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M factor, 217
Magnetic wave, 182
Manley—Rowe rule, 583
Maser, 4
Master oscillator, 162
Material
equation, 136, 516
gain coefficient, 417
processing, 235, 269, 279, 284, 286, 287
Maxwellian velocity distribution, 259
Maxwell’s equations, 136, 174

Medicine, 9, 225, 249, 266, 269, 279, 284, 287,

312, 495
Metal
mirror, 44
oxide chemical vapor deposition
(MOCVD), 433, 439, 573
vapor laser, 265, 266
Michelson interferometer, 233
Microbunches, 355, 357, 358
Microwave
cavity, 173
oscillator, 517, 518
Mini-Brillouin zone, 498
Miniband, 496, 498, 509-511
transport, 499, 524
width, 498
Mirror parameters, 203
Mirrorless laser, 300, 338
Mobility of an electron, 349
MOCVD. See Metal oxide chemical vapor
deposition (MOCVD)
Modal gain coefficient, 111, 417, 476, 479
Mode
density, 90, 179-181
locking, 236-248, 287
selection, 227
volume, 201
Modulation degree, 310, 350, 548
Molecular beam epitaxy, 433, 439, 561
Monte-Carlo technique, 561
Multi-mode laser, 272
Multi-quantum well laser, 424, 477
Multilayer
coating, 36, 448
reflector, 448

NaCl, 271

Natural line broadening, 69, 70, 474,
481

Nd:YAG laser, 5, 67, 102, 105, 284

Nd:YLF laser, 286

Nd:YVOy laser, 286, 287

Index

Near-field range, 197
Near-planar resonator, 204
Negative
absorption, 165
gain coefficient, 21
resistance oscillator, 52
Neoclassical laser equations, 161
Neodymium
YAG laser, 36
-doped glass laser, 286
Nitrobenzene, 230
Nitrogen laser, 268
Nonlinear
dispersion, 168, 248
polarization, 580, 581
Nonradiative
relaxation, 58, 76, 77, 80, 263, 270, 280,
281, 297, 315, 316, 323, 394, 488,
496
transition, 230

Occupation number, 23, 25
difference, 24-26, 98, 124, 125, 133, 315,
318, 323, 361, 387, 557
Offset frequency, 245, 247, 586
OLED. See Organic LED (OLED)
One-dimensional
active medium, 72
density of states, 375, 473
One-quantum dot laser, 480
Onset
of laser oscillation, 34, 38, 122, 159, 354,
554
time, 33, 34, 122, 123, 157-160, 231, 354,
554
Open resonator, 26, 189
Optic phonons, 394
Optical
communications, 8, 441, 478, 567-572
constants, 252
damage, 302
fiber, 567
frequency analyzer, 50, 251, 585-587
frequency comb, 236, 243-248, 251, 585,
586
parametric oscillator, 583
pumping, 18, 76
radar, 275
ray, 217
rectification, 252, 582
tweezers, 231
Optically pumped gas laser, 272
Optimum output coupling, 125-127
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Optocoupler, 571
Organic
laser, 577, 578
LED (OLED), 575
Oscillation frequency, 35, 522
Oscillation onset time, 34, 38, 39, 122, 123,
157-160, 231, 354, 554
Oscillator equations, 523
Oscillator strength, 113, 165
Output coupling, 18, 125-127, 345, 518, 520,
521, 534
Output power, 18, 127, 159

Paraxial
electromagnetic wave, 190
ray, 217
Partial reflector, 18
Paschen notation, 264
Pauli principle, 319, 388
Perfect conductor, 168, 461
Periodic boundary conditions, 472, 505,
509
P germanium laser, 492
Phase
locking, 162, 163, 523
relaxation, 261, 350, 547
velocity, 191, 248
Phonon Raman scattering, 294
Phonon-assisted energy transfer, 290, 294, 313,
318, 322
Phonons, 60, 80, 84, 253, 282, 290, 294, 308,
310, 317, 390, 394, 418, 435, 488,
492, 496, 555, 561, 562, 569, 587
Photodiode, 571, 586
Photodynamic therapy, 266
Photoluminescence, 58
Photometric quantity, 222
Photon
density, 19, 120
lifetime, 31
number, 46
Photonic
bandgap, 459
crystal, 448-450
Physical constants, 589
Planck’s radiation law, 84, 386
Plane
parallel plate, 226
wave, 191
-wave transfer matrix method, 451-453,
507-509
Pockels cell, 229
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Poisson equation, 529
Polarization, 136, 140, 142145, 147, 148,
347, 358, 518, 556, 579
current, 137, 149, 150
Population difference, 22, 24
Population inversion, 23, 24, 361, 557
Potential well, 305, 465
Poynting vector, 461
Pressure broadening, 261
Probability
current density, 508
density, 508
Propagating dipole domain mode, 518
Propagation
matrix, 453
of a Gaussian beam, 220
Pr:YAG laser, 285
Pulse distortion due to dispersion, 570
Pulse duration-bandwidth product, 241
Pulse repetition rate, 238
Pulsed laser, 225
Pump
band, 79
laser, 440, 441
rate, 57
-probe method, 250
Pumping a laser, 18, 231, 371
Pure charge accumulation mode, 518

Q factor, 45, 46, 51, 53, 133, 225, 226, 229,
351, 447, 481
Q-switched laser, 229, 230
Quantum
cascade laser, 6, 103, 107, 379,
495-500
dot, 478, 479
dot laser, 479
efficiency, 58, 309
layer, 463
well, 399, 403, 412419, 463-469, 574
well laser, 379, 404, 405, 411-427,
463-470
wire, 472-474
wire laser, 379, 471-478
Quarter-wavelength film, 460
Quartz glass, 568
Quasi-Fermi energy, 72, 319, 320, 385-388,
399, 413416, 422, 468, 484, 577
Quasiband, 60, 294, 315-321
laser, 60, 315, 577
Quasiclassical oscillator, 53, 516, 521, 523
Quasiequilibrium, 384
Quasiparticle, 60, 315, 318-332, 406
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Quasiplane wave, 18, 26
Quasithermal equilibrium, 323, 394

Rabi oscillation, 169
Racah notation, 264
Radiance, 198, 199, 221
Radiation pressure, 304
Radiationless transition, 58
Radiative
electron-hole pair, 406, 407
pair level, 391
transition, 321, 385
Radiometric quantity, 222
Random laser, 301
Rare earth ions, 292
Ray optics, 217-222
Rayleigh
range, 196, 197
scattering, 569
Recombination, 483
Reduced
density of states, 390, 392, 484
mass, 391, 473
Reflector, 18, 445-459
Refractive index, 143, 421
Regenerative amplifier, 34, 523
Relative occupation number, 23, 24, 318
Relativistic Doppler effect, 339
Relaxation
oscillation, 129-131
time, 57
Resolving power, 50
Resonance frequency, 27, 35, 362, 557
Resonant energy transfer, 289, 290
Resonant-tunneling diode, 493, 531, 532
Resonator, 9, 26-35, 38, 39, 43, 45-53, 173,
174, 176-183, 189, 190, 199-212,
214-216, 377, 446
boundary conditions, 28, 201
eigenvalue problem, 27, 34, 200, 209, 212
mode, 28, 176
stability diagram, 203, 218
Response function, 136, 252, 352, 552
Rod laser, 8, 292
Round trip transit time, 27, 236, 239
Ruby
laser, 59, 279
laser type, 58, 286, 330
Russel-Saunders coupling, 265

SASE free-electron laser, 338
Saturable absorber, 230

Index

Saturation field, 334, 344-346, 349, 353-355,
361, 362, 365, 541, 552-554, 557,
560
Saturation of absorption, 115
Schawlow—Townes formula, 132
Schrédinger equation, 305, 463, 501
Seed laser, 162
Self-amplified spontaneous emission, 338
Self-excited oscillator, 31, 162, 534
Self-focusing, 242, 585
Self-terminating laser, 266, 269
Semiclassical
equation of motion, 544
laser equations, 161
Semiconductor superlattice, 498, 499
oscillator, 493, 517-530
SESAM, 287
Single mode laser, 226
Slave oscillator, 162
Slowly varying envelope approximation
(SVEA), 141, 153, 154, 161, 162,
523,535
Small-signal gain
coefficient, 99, 128
factor, 34
Snell’s law, 37, 218
Solid state
lasers, 279-295
oscillator, 517, 520-524
Spatial
frequency, 14, 191
hole burning, 275
Spectral hole burning, 229, 317
Spectrum analyzer, 518
Speed of light, 4, 191, 214
Spherical wave, 191
Spin
-lattice relaxation, 316, 319
-orbit interaction, 264, 265, 292, 293, 467
Split-off band, 466
Spontaneous
emission, 70, 85, 88, 96, 395, 400
lifetime, 70, 76, 85, 395
Square well potential, 465, 502, 511
Stability diagram of resonators, 203, 218
Stable resonator, 216
Standing wave, 26, 28, 177, 199
Stark effect, 292, 294
Stimulated
emission, 22, 86, 91, 96
Raman scattering, 273, 587
Stratified medium, 454
Subband, 463-468
Superconductor, 169
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Superlattice, 498, 499, 511, 517, 540
Bloch laser, 10, 57, 380, 539-562
oscillator. See Semiconductor superlattice
oscillator
Surgery, 235, 284
Survey of
lasers, 5, 6, 102, 105, 381
semiconductor lasers, 378-381, 488—493
Susceptibility, 144, 145, 579
SVEA. See Slowly varying envelope
approximation (SVEA)
Symmetric confocal resonator, 199
Synchronization, 142, 148, 347, 355, 358, 359,
542, 555, 556

Tailoring of semiconductors, 381
Tapered wiggler, 339
TEA laser, 268, 269, 271, 272, 299
Telecommunication, 8
Terahertz
gap, 380, 483, 493
radiation, 252
TE waves, 182
Thin film dye laser, 299
Three-dimensional active medium, 72
Three-level laser, 58, 330
Threshold
condition, 34, 46, 120-122, 226, 397, 404,
422, 424-426, 518, 521
current, 397, 405, 423, 486
pump rate, 120, 121
resistance, 521
Thulium fiber laser, 289, 330
Tight binding model, 504, 511
Time domain spectroscopy, 252
Titanium-sapphire, 146
laser, 5, 75-79, 103, 106-108, 280-283,
307-312, 587
TM waves, 182
Total reflection, 568
Transfer matrix method, 451453, 507-510
Transition
energy, 22, 65, 119, 362, 557
frequency, 56, 68, 362, 557
Transition metal ions, 292
Transparency
condition, 23, 24
density, 25, 58, 105, 326, 328, 375, 388,
390, 398, 415, 485
frequency, 21, 61, 325, 326, 363, 420, 551
region, 356
Transverse
electric wave, 182
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magnetic wave, 182
mode, 189, 190, 206-209, 215, 226
pumping, 77, 231
relaxation, 70, 160
Tunable
laser, 76-78, 228, 280-284, 338
semiconductor laser, 446, 470
Two-band laser, 59
Two-dimensional
active medium, 72, 109-112
density of states, 374
gain characteristic, 111, 401, 416, 417
reduced density of states, 400
semiconductor, 374
Two-level
atomic system, 22
based laser, 56
laser, 59
Two-quasiband laser, 577

Ultrashort snapshot, 250

Undulator, 336

Unipolar semiconductor laser, 377, 492
Upconversion, 289, 290

UV laser diode, 441

Valence band, 373
Van der Pol
equation, 534
oscillator, 532-536
VCSEL, 425
Vertical-cavity surface-emitting laser, 8, 44,
425, 426, 448
V factor, 30-36, 45, 46, 122, 378
Vibronic
energy levels, 75, 282, 307-310
laser, 75, 76, 268, 282-284, 292,
305-312
states, 282, 307-310
Voigt profile, 109, 276

‘Wannier
function, 559
-Stark ladder, 562
Wave
equation, 174, 190, 502
function, 373, 463, 464, 472, 502
packet, 238, 239
vector, 18, 19, 191, 211
Waveguide, 185
Fabry-Perot resonator, 377
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Wavelength, 4, 183, 191, 211

Whispering gallery mode,
447

White light continuum, 248

Wiggler, 336

Work function, 576

X-ray
free-electron laser, 339
laser, 300

YAG lasers, 284, 285
Y:YAG laser, 285
Ytterbium-doped fiber laser, 288, 330

Zero
point energy, 465
-dimensional active medium, 72
-phonon line, 311

ZnSe, 442

ZnTe, 252
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