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Optical Resonators Containing
Amplifying Media

5.1 Introduction

In this chapter we shall combine what we have learned about optical
frequency amplification and the resonant, or feedback, characteristics of
Fabry—Perot systems, in order to study laser oscillators. When a Fabry—
Perot resonator is filled with an amplifying medium, laser oscillation will
occur at specific frequencies if the gain of the medium is large enough
to overcome the loss of energy through the mirrors and by other mech-
anisms within the laser medium. The onset of laser oscillation and the
frequency, or frequencies, at which it occurs is governed by threshold
amplitude and phase conditions, which will be derived. Once laser oscil-
lation is estalished, it stabilizes at a level that depends on the saturation
intensity of the amplifying medium and the reflectance of the laser mir-
rors. We shall conclude the chapter by investigating how these factors
affect the output power that can be obtained from a laser, and how this
can be optimized.

5.2 Fabry—Perot Resonator Containing an
Amplifying Medium

Fig. (5.1) represents a Fabry-Perot resonator, whose interior is filled
with an amplfying medium and which has plane mirrors. We consider
the complex amplitudes of the waves bouncing backwards and forwards
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Fig. 5.1.

normally between the resonator mirrors. These waves result from an
incident beam with electric vector Ey at the first mirror as shown in
Fig. (5.1); where Ej is the complex amplitude at some reference point.
The reflection and transmission coeflicients in the various directions at
the mirrors are as shown in the figure. We include in the absorption
coefficients A, A1, A at the two mirrors any reflection losses or scattering
that send energy out of the resonator: we do not at this stage include
diffraction losses, which result from the finite lateral dimensions of the
mirrors or medium. If there were nothing inside the resonator then a
wave propagating between the mirrors would propagate as Ege’(“wt—%2)
to the right and Eye!“!+%2) to the left. The presence of a gain medium
changes the otherwise passive propagation factor &k to

kX' (w)
K =k+Ak=Fk+ 1
(w) + o2 (5.1)
and the gain coefficient v(w) = —kx"”(w)/n? causes the complex ampli-

tude of the wave to change with distance as e(?/2)?. We allow for the
possible existence of a distributed loss per pass given by an absorption
coefficient a. Such absorption causes a fractional change in intensity
for a single pass through the medium of e=®¢. Such a distributed loss
could, for example, arise from scattering by crystal imperfections in a
laser rod. This distributed loss modifies the complex amplitude by a
factor e—*¢/2
wave in the presence of both gain and loss is

per pass. Therefore, the full propagation constant of the

X(w) kX"« ia
202 2m2 2 (52)

i(wtEk'z)

K(w)=k+k

and the wave propagates as e
A wave travelling to the right with complex amplitude Ej at plane
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z = 0 in the resonator, the left hand mirror, has at plane ¢, the right
hand mirror, become

E = Eoei(wtfkf) _ Eoefikleiwt — E(l)eiwt
This wave then begins to propagate to the left as
E = E(/)ei(thrkz).

At plane —/, the left hand mirror, with the right hand mirror now taken
as the origin, it has become once more a wave travelling to the right

E = Eoeiklei(wtfké) — E0672ik£eiwt.
In this way we can write down the complex amplitudes of successive rays
travelling at normal incidence between the two reflectors, as shown in
Fig. (5.1).

The output beam through the right hand mirror arises from the trans-
mission of waves travelling to the right: its total electric field amplitude
is,

E, = Eottgeiik,e + Eottg’l"l’l’geigik% =+ ...
= E'ottgeﬂ'k,e(l + riroe” 2R 4 r%r%eﬂuk/l +...)
Eottye~ 't
Eyttye—i(k+Dk)Eg(r—a)t/2
- 1— T1T2672i(k+Ak)Ze('yfoc)Z’

0= i (2)] (28

To make a further distinction between the characteristics of this active
system bounded by two reflective interfaces we have replaced the p and
7 coefficients of the last chapter with r and ¢, respectively.

The ratio of input to output intensities is

where

E\ I t2t§e(7_a)e
Eo) Io (1 —rirge2ik+AR(—a)0) (1 — pypye2ilktAk)Le(y—a)t)’
(5.4)
which becomes
I t2t2 (,Y,a)[
- 2¢ (5.5)

Ip  1+72r2e2(=a)t — 2 rpe(r=a)cos 2(k + Ak)f]’
In a passive resonator, which has no gain v or loss a, Ak = 0, and if
T =T = R
I, T2
Io 1+ R2—2Rcos2kl’
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This is the same result as we had before, since 2k¢ = § (compare with
Eq. (4.44).

In a resonator containing an active medium, as v — « increases from
zero, the denominator of Eq. (5.3) approaches zero and the whole ex-
pression blows up when

rirge” BRTAR (=)l — (5.6)

When this happens we have an infinite amplitude transmitted wave for a
finite amplitude incident wave. In other words, a finite amplitude trans-
mitted wave for zero incident wave — oscillation. Physically, Eq. (5.6)
is the condition that must be satisfied for a wave to make a complete
round trip inside the resonator and return to its starting point with the
same amplitude and, apart from a multiple of 27, the same phase.

Eq. (5.6) provides an amplitude condition for oscillation that gives an
expression for the threshold gain constant, v;(v),

rirgelt@)—alt — 1, (5.7)

To satisfy Eq. (5.6), e~ 2(*+2k)¢ must be real, which provides us with
the phase condition

2[k + Ak(v)]€ = 2em,m =1,2,3.... (5.8)

The threshold gain coefficient can be written
1
%) =a-— anrlrg, (5.9)

which from the gain equation (2.68) gives the population inversion
needed for oscillation

g2 8w 1 )
No—ZN | =——— |a— farira | . 5.10
( 2 7 1)t 90 0) Ao 22 < 7 e ( )

For a homogeneously broadened transition the parametric variation of
Eq. (5.10) that depends on the gain medium can be written as
g2 Av
Ny — —N1) X ——.
< g1 t Ay A2
Whereas, for an inhomogeneously broadened transition since Avp oc 1/A

go 1
Ny — =N _—
<2 g1 1>t0(z421>\3

Clearly, lower inversions are needed to achieve laser oscillation at longer
wavelengths. It is much easier to build lasers that oscillate in the in-
frared than at visible, ultraviolet or X-wavelengths. For example, in
an inhomogeneously broadened laser, a population inversion 10% times
greater would be required for oscillation at 200 nm than at 20 ym (all
other factors such as As; being equal). In practice, since As; factors
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generally increase at shorter wavelengths the difference in population
inversion may not need to be as great as this.

In a resonator such as is shown in Fig. (5.1), if Ry = 7% ~ 1, Ry =
r2 ~ 1 and distributed losses are small, a wave starting with intensity I
inside the resonator will, after one complete round trip, have intensity
IR, Rye~ 2% the change in intracavity intensity after one round trip is

dI = (RyRye2** — 1)1 (5.11)
This loss occurs in a time dt = 2¢/c. So,
dl
== cI[Ry Rye 2%t — 1]/2¢. (5.12)
This equation has the solution
I = Iyexp{—[1 — Ry Rye *]ct/2(}, (5.13)

where Iy is the intensity at time ¢ = 0. The time constant for intensity
(energy) loss is
B 20
~ ¢(1 — Ry Rye—2%)"
Now if R; Roe2%f ~ 1, with o small as we have assumed here, then

(1 — RyRoe™ %) ~ —fn(RyRye %) = —tn(R1Ry) + 20 (5.15)

and we get

(5.14)

70

20 1
- = 5.16
70 c¢(2af — nR1Ry)  cla— (1/€)¢nryrs] (5.16)
Thus, the threshold population inversion can be written
8
Ny=—r——. 5.17
K A1 X%2g(v)ery (5.17)

Threshold Population Inversion - Numerical Example
For the 488 nm transition in the argon ion laser (discussed in Chapter
9)

A =488 nm;c =3 x 10® ms™!; Ay ~10° s71; Avp ~ 3 GHz.
Take ¢ = 1 m, Ry = 100%, Rs = 90% (typical values for a practical
device). Since this is a gas laser internal losses are easily kept small so
a ~ 0. In this case

T0 = 24/6(1 — R1R2)
= 66.67 ns.

For oscillation at, or near line center

(1/ V)_ 2 /€n_2_0.94 1
g(Vo, Vo _—AVD - _AVD Avp’
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The threshold inversion is, from Eq. (5.17),
81 x 3 x 107

B =1. 103 m—3,
109 x (488 x 1079)2 x 3 x 108 x 66.67 x 10—° 58107 m

Ny

5.3 The Oscillation Frequency

To determine the frequency at which laser oscillation can occur we return
to the phase condition, Eq. (5.8). This phase condition was

(k + Ak)l = mm, (5.18)
which from Eq. (5.1) gives
X' (@)
Kl [1 + o772 ] = mm. (5.19)
Now, from Eq. (2.118)
2y —

X (v) = %X"(y), (5.20)
where v is the line center frequency and Av is its homogeneous FWHM,
and

k‘X”(V)
y(v)=— S (5.21)
So we must have
2ml (vo —v) v(v)
1— = .22
c [ Av  k i (5:22)
and rearranging,
(o —v)yW)| _ me
1— =— = 2
v { Av & 2 — U™ (5:23)

where v, is the mth resonance of the passive laser resonator in normal
incidence as calculated previously. Eq. (5.23) can be rewritten as

V="Un—(V—1uw) ;iyA)zC/ (5.24)

We expect the actual oscillation frequency v to be close to v, so we can
write (v — vp) =~ (Vm — vp) and y(v) ~ v(vp,), to give

V= v — (vm — VO)VZ(;ZI)/C. (5.25)
At threshold
Yt (V) = a — %fﬂ'fl?"g,
and if « ~ 0,7, =7 = VR
Y (Vm) = -k (5.26)
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Fig. 5.2.

Now the FWHM of the passive resonances (the transmission intensity
maxima of the Fabry—Perot) is

. AVFSR C(l — R)

A = = 5.27
UL S (>21)
which with R ~ 1 gives
c(l1-R
AVl/Q = (TZ)’ (528)
and finally,
A
V="Vn— VUm— W) /2 (5.29)

Av
Thus, if v, coincides with the line center, oscillation occurs at the line

center. If v, # vy, oscillation takes place near v, but is shifted slightly
towards vg. This phenomena is called “mode-pulling” and is illustrated
in Fig. (5.2).

5.4 Multimode Laser Oscillation

We have seen that for oscillation to occur in a laser system the gain
must reach a threshold value v4(v) = a — (1/€)fnriry. For gain coef-
ficients greater than this oscillation can occur at, or near (because of
mode-pulling effects), one or more of the passive resonance frequencies
of the Fabry—Perot laser cavity. The resulting oscillations of the sys-
tem are called longitudinal modes. As oscillation at a particular one of
these mode frequencies builds up, the growing intracavity energy den-
sity depletes the inverted population and gain saturation sets in. The
reduction in gain continues until

) =nv) =a- %fnm?b- (5.30)
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Fig. 5.3.

Further reduction of «v(v) below 7:(v) does not occur, otherwise the
oscillation would cease. Therefore, the gain is stabilized at the loss

1
— =/ .
« 7 nrire

Usually a, r1, and 79 are nearly constant over the frequency range cov-
ered by typical amplifying transitions, so over such moderate frequency
ranges, 10'' Hz say, a — (1/£)fnrire as a function of frequency is a
straight line parallel to the frequency axis. This line is called the loss
line. At markedly different frequencies o, 71, and 7o can be expected
to change: for example, a laser mirror with high reflectivity in the red
region of the spectrum could have quite low reflectivity in the blue.

In a homogeneously broadened laser, because the reduction in gain
caused by a monochromatic field is uniform across the whole gain profile,
the clamping of the gain at :(v) leads to final oscillation at only one of
the cavity resonance frequencies, the one where the original unsaturated
gain was highest. We can show this schematically by plotting y(v) at
various stages as oscillation builds up. Remember first the effect on
~(v) produced by a monochromatic light signal of increasing intensity
as shown in Fig. (5.3). Note that the gain profile is depressed uniformly
even though the saturating signal is not at the line center, as predicted
by Eq. (2.69).

In a laser, as oscillation begins, several such monochromatic fields
start to build up at those cavity resonances where gain exceeds loss, as
shown in Fig. (5.4). The oscillation stabilizes when the highest (small-
signal) gain has been reduced to the loss line by saturation as shown
in Figs. (5.5) and (5.6). Thus, in a homogeneously broadened laser,
oscillation only occurs at one longitudinal mode frequency.

In an inhomogeneously broadened laser, the onset of gain saturation
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Fig. 5.4.

Fig. 5.5.

Fig. 5.6.

due to a monochromatic signal only reduces the gain locally over a re-
gion which is of the order of a homogeneous width. Only particles whose
velocities (or environments in a crystal) make their center emission fre-
quencies lie within a homogeneous width of the monochromatic field can
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Fig. 5.7.

Fig. 5.8.

interact strongly with it. Schematically, the effect of an increasing in-
tensity monochromatic field on the gain profile is as shown in Fig. (5.7).
A localized dip, or hole, in the gain profile occurs. If only one cavity
resonance has a small-signal gain above the loss line then only this lon-
gitudinal mode oscillates. The stabilization of the oscillation might be
expected to occur schematically as shown in Fig. (5.8). However, the
situation is not quite as simple as this! Oscillation at this single longitu-
dinal mode frequency implies waves travelling in both directions inside
the laser cavity. These waves can be represented by

(a) the wave travelling to the right ~ Ege/(“t—k2)
(b) the wave travelling to the left ~ FEye?(@ttkz),

where we choose for convenience that w = 27v < 27vy. Wave (a) can
interact with particles whose center frequency is near v. These particles
are, as far as their Doppler shifts are concerned, moving away from an
observer looking into the laser from right to left. Their center frequencies
satisfy v = vo— | v | vp/c, where positive atom velocities correspond to



116 Optical Resonators Containing Amplifying Media

particles moving from left to right. Wave (b) which is travelling in
the opposite direction (to the left) and is monitored, still at frequency
v(< 1) by a second observer looking into the laser from left to right
cannot interact with the same velocity group of particles as wave (a).
The particles which interacted with wave (a) were moving away from
the first observer and were Doppler shifted to lower frequencies so as to
satisfy
v
vV=1y— u1/0. (5.31)
c
The second observer sees these particles approaching and their center
frequency as
v
v=1y+ u1/0, (5.32)
c
so they cannot interact with wave (b). Wave (b) interacts with particles
moving away from the second observer so that their velocity would be
the solution of

V=vy = —— 1. (5.33)

These particles would be monitored by the first observer at center fre-
quency

v=1+ |LC‘I/0. (5.34)
So the oscillating waves interact with two velocity groups of particles as
shown in Fig. (5.9). This leads to saturation of the gain by a single laser
mode in an inhomogeneously broadened laser both at the frequency of
the mode v and at a frequency vy + (v — v), which is equally spaced on
the opposite side of the line center, as shown in Fig. (5.10). The power
output of the laser (strictly the intracavity power) comes from those
groups of particles that have gone into stimulated emission and left the
two holes. The combined area of these two holes gives a measure of the
laser power.

If the frequency of the oscillating mode is moved in towards the line
center, the main hole and image hole begin to overlap. This corresponds
physically to the left and right travelling waves within the laser cavity
beginning to interact with the same velocity group of particles. As the
oscillating mode moves in towards the line center, the holes overlap
further, the combined area decreases and the laser output power falls,
reaching a minimum at the line center. This phenomena is called the
Lamb dipl®1], named after Willis E. Lamb, Jr, who first predicted the
effect, and is illustrated in Fig. (5.11). When the cavity resonance is at
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Fig. 5.9.

Fig. 5.10.

Fig. 5.11.

the line center frequency vg, both travelling waves are interacting with
the same group of atoms — those with near-zero directed velocity along
the laser resonator axis.

Because hole-burning in gain saturation in inhomogeneously broad-
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Fig. 5.12.

Fig. 5.13.

ened lasers is localized near the frequency of a cavity mode, one oscillat-
ing mode does not reduce the gain at other cavity modes, so simultane-
ous oscillation at several longitudinal modes is possible. If several such
modes have small-signal gains above the loss line the oscillation stabilizes
in the manner shown in Fig. (5.12a). The output frequency spectrum
from the laser would appear as is shown in Fig. (5.12b). This simulta-
neous oscillation at several closely spaced frequencies (¢/2¢ apart) can
be observed with a high resolution spectrometer — for example a scan-
ning Fabry—Perot interferometer as shown in Fig. (5.13). The multiple
modes are almost exactly ¢/2¢ in frequency apart, but are not exactly
equally spaced because of mode-pulling. This effect can be observed in
the beat spectrum observed with a square-law optical detector (which
means most optical detectors). Such a detector responds to the intensity,
not the electric field of an incident light signal.
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Fig. 5.14.

5.5 Mode-Beating

Suppose we shine the light from a two-mode laser on a square-law de-
tector. The incident electric field is

E; = R(E1e™! + Eyelwtawlty (5.35)

where E; and Es are the complex amplitudes of the two modes and Aw
is the frequency spacing between them. Using real notation for these
fields the output current ¢ from the detector is

i o< {|Ey| cos[(wt + ¢1) + | Ba| cos[(w + Aw)t + ¢o]}?
o |B1 |2 cos®(wt 4 ¢1) + | Ea|? cos?[(w + Aw)t 4 ¢o]
+ 2| E1||Es| cos|[(wt + ¢1) cos[w + Aw)t + ¢o]
o |E1 2 cos? (wt 4 ¢1) + | Ea|? cos?[(w + Aw)t 4 ¢2]
+ | Er[| E2| cos[(2w + Aw)t + 1 + 2]
+ | B1|| Ea| cos(Awt + ¢ — ¢1). (5.36)

And since, for example,

1
|EB1|? cos? (wt 4 ¢1) = §|E1|2[1 + cos 2(wt + ¢1)], (5.37)

the output frequency spectrum of the detector appears to contain the
frequencies 2w, 2(w + Aw), 2w + Aw and Aw. However, the first three of
these frequencies are very high, particularly for light in the visible and
infrared regions of the spectrum, and do not appear in the output of the
detector. It is as if the high frequency terms are averaged to zero by the
detector time response to give
E. 2

+ % + |E1HE2| COS(Awt + o — (251), (5.38)
so only the difference frequency beat Aw is observed. This result can
be derived directly using the analytic signal of the incident electric field.

7 X —‘E1|2
2
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Fig. 5.15.

The analytic signal of a field which is E(t) = R(Ee™?) is

V(t) = Be™t, (5.39)
so that E(t) = R[V(t)]. The response of a square-law detector can be
found directly from ¢ o< V(¢t)V*(t). The significance of this is discussed
further in Chapter 23.

If the output from the square-law detector is analyzed with a radio-
frequency spectrum analyzer (because it is in this frequency range where
the difference frequencies between longitudinal laser modes are usually
observed) different displays are obtained according to how many lon-
gitudinal modes of a multimode laser are simultaneously oscillating.
Fig. (5.14) gives some examples. Because Eq. (5.29) is not quite ex-
act, the beat frequencies can split as shown because of nonlinear mode-
pulling. This splitting will only be observed if nonlinear mode-pulling is
large and the spectrum analyzer that analyzes the output of the photo-
dector has high resolution.

If a predominantly inhomogeneously broadened laser also has a sig-
nificant amount of homogeneous broadening, the holes burnt in the gain
curve can start to overlap, for example, when Av S c/2¢. If Av is large
enough this causes neighboring oscillating modes to compete, and may
lead to oscillation on a strong mode suppressing its weaker neighbors,
as shown in Fig. (5.15). This effect has been observed in several laser
systems, for example in the argon ion laser, where an increase in the
strength of the oscillation can lead to the successive disappearance, first
of every other mode, then two modes out of every three, and so on.
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Fig. 5.16.

5.6 The Power Output of a Laser

When a laser oscillates, the intracavity field grows in amplitude until
saturation reduces the gain to the loss line for each oscillating mode.
What this means in practice can be best illustrated with reference to
Fig. (5.16).

For an asymmetrical resonator, whose mirror reflectances are not
equal, the distribution of standing wave energy within the resonator
is not symmetrical. For example, in Fig. (5.16), if Ry > R; the distri-
bution of intracavity travelling wave intensity will be schematically as
shown, and

23 = Ry — = Ry. (5.40)

The left travelling wave, of intensity I_, grows in intensity from I3 to
I, on a single pass. The right travelling wave, of intensity I, grows in
intensity from I; to Is on a single pass. The total output intensity is

Towe = Toly +T114. (5.41)

However, calculation of I, and I is not straightforward in the general
case. I grows from I; through a gain process that depends in a complex
way on I + I_ as does the growth of I3 to Iy. We can identify at least
three scenarios in which the calculation proceeds differently:

(a) A homogeneously broadened amplifier and single mode operation.

(b) An inhomogeneously broadened amplifier and single mode opera-
tion.

(¢) An inhomogeneously broadened amplifier and multimode opera-
tion.

In both cases (b) and (c) the calculation of the output power becomes
more complicated as the homogeneous contribution to the broadening
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grows more significant compared to Avp. This additional complexity
arises because each oscillating mode burns both a primary and an image
hole in the gain curve. The resultant distribution of overlapping holes
makes the gain for each mode dependent not only on its own intensity
but also on the intensity of the other simultaneously oscillating modes.
The presence of distributed intracavity loss presents additional compli-
cations. We shall not attempt to deal with these complex situations here
but will follow Rigrod®3! in dealing with a homogeneously broadened
amplifier in which the primary intensity loss occurs at the mirrors. In-
homogeneously broadened systems and multimode operation have been
discussed elsewhere by Smith.[>-4

In a purely homogeneously broadened system the saturated gain in
Fig. (5.16) is

_ i
@) =1 iI,)/IS' (5.42)

Both I_ and I grow according to y(z)
1dl,  1dl

I I ~(2). (5.43)
Consequently,
I, I_ = constant = C. (5.44)
From Eq. (5.39)
LI = LI; = C, (5.45)

and therefore from Eq. (5.40)

I/I, = \/Ry/Ra. (5.46)

For the right travelling wave, using Egs. (5.43) and (5.44) gives
1 dl, Y
e , 5.47

which can be integrated to give

I (L-I) C/[/1 1
L=/n|-—= === ]. 5.48
7 ! (Il> - I I; \ I I ( )
In a similar way, for the left travelling wave

1y (Iy — I3) cC /1 1
L=fo2) 428 Z (), 4
Yo En <I3> + IS Is <I4 Ig) (5 9)

Adding Egs. (5.48) and (5.49) and using Egs. (5.40), (5.45) , and (5.46)
gives

I, — IS\/Rl(fyOL—i-fn\/Rle) (550)

© VR VR) (- VRR)
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Fig. 5.17.
From Eq. (5.46)
Ry
Iy =15/ —. 5.51
=iy [ (55
Now
T,=1- R, — A, (5.52)
Ty=1- Rs — As, (5.53)

so from Egs. (5.41) and (5.50), if Ay = A; = A

(1-A— VEiRs)
Iou = Is L+7 AV Ri1Ry). 5.54
t 1— \/m (70 +£n 1 2) ( )

If one mirror is made perfectly reflecting, say T3 = 0, R; = 1, then
TQIS [’)/0L =+ %(n(l — A2 — TQ]

Tout = Tol = A, + 1) . (5.55)
For a symmetrical resonator, defined by
RiRy = R?,
R=1-A-T, (5.56)
the output intensity at each mirror is
fow _LAZA=R) 7\ mR). (5.57)

2 2 1-R

5.7 Optimum Coupling

To maximize the output intensity from the symmetrical resonator we
must find the value of R such that 01,,;/0R = 0 which gives

Topr _ (1= A—Top
A A+ Topr

) VoL + (1 — A —T,)). (5.58)
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For small losses, such that A+ T,,x < 1 Eq. (5.58) gives

Topt /YOL
— =/ — —1. .
=y (5.59)

Fig. (5.17) shows the calculated optimum coupling for various values of
the loss parameter A and the unsaturated gain in dB (4.343 voL).

In practice, it should be pointed out, the optimum mirror transmit-
tance in a laser system is generally determined empirically. For example,
for the CW COg laser, whose unsaturated gain varies roughly inversely
with the tube diameter d, the optimum mirror transmittance has been
determined to be T' ~ L/500d.

5.8 Problems
i (5.1) A four-level laser is pumped into its pump band at a rate 1
m~3 s!, the transfer efficiency to the upper level is 0.5. The lifetime
of the upper laser level is 7 x 10~ s. For the laser transition Ay, = 103

s7!, Ao = 1 ym. The laser is homogeneously broadened with Av = 1

024

GHz. Assume n = 1.6. The amplifying medium is 20 mm long. Neglect
lower laser level population. (a) What is the gain at line center? (b)
What minimum value of Rs is needed to get oscillation if mirror 1 has
R, = 17 Assume Qdistributed loss = 0.

(5.2) How many longitudinal modes will oscillate in an inhomogenously
broadened gas laser with /=1m, y(vy)=1 m™!, Rj=Ry=99%, a=0.001
m~!, Ao = 500 nm, Avp = 3 GHz.

(5.3) A gas laser is operating simultaneously on five modes, none of which
is at line center. The laser beam illuminates a square-law detector.
Draw the RF beat spectrum that will be observed. Is the beat signal
near c¢/2¢ split?

(5.4) Derive an expression for the peak transmittance of a Fabry—Perot
filter that has a round-trip in-cavity absorption that causes the in-
tensity to change from Iy to Alp on a round trip between the two
mirrors.

(5.5) Derive the amplitude condition and the laser oscillation frequencies
for a laser whose cavity is of length L and whose amplifying medium
is of length ¢, where ¢ < L.

(5.6) A laser is exactly 1 m long and has a wavelength Ag = 632.8 nm.
The mirrors of the laser have R = 99%. The index of refraction of the
amplifying medium is exactly 1.0001, Av = 100.000 MHz. The laser
operates on only the two modes nearest to the line center. The laser
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output illuminates a photodiode whose output is mixed with a 150
MHz local oscillator. What is the frequency of the lowest beat signal
observed? Take the velocity of light in free space to be 2.997 x 10® m
s—h.

(5.7) A gas laser with \g = 325 nm has yo(p) = 0.1 m~!, and Avp =3
GHz. The laser medium fills the space between two mirrors 500 mm
apart. The refractive index of the laser medium can be assumed to
be 1, AVhomogeneous = 10 MHz. The distributed loss parameter is
a = 0.01 m™!. What minimum equal mirror reflectance is needed
to allow ten longitudinal modes to oscillate. What would happen if
AVhomogeneous = 500 MHz?

(5.8) A Fabry—Perot interferometer has two mirrors of reflectance R
spaced by a distance ¢ and the space between its plates is filled with a
material of absorption coefficient «, refractive index n. Calculate its
contrast ratio C = (It/Io)maz/ (It /10)min-

(5.9) A single mode homogeneously broadened laser system with a small
signal gain at the oscillation frequency of 0.001 m~! has total power
output of 1 mW when operated in a symmetrical resonator with Ry =
Ry = 0.99, L=0.5 m. The loss in each mirror is 10~%. Calculate the
saturation intensity.

(5.10) Write a computer program to solve Eq. (5.58) for the optimum
mirror transmittance for arbitrary values of L, vy, and A. Find the
value of T, for L=1m, vp =1 m ' A=10"%
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