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The rate equations that describe the populations of levels 1 and 2 become
dN
=F = N T W,N. — N + R (641
L= Nt Naywa + Wi(N2 — N) + R (64-2)

dt
from level i to j; thus the density of atoms per second
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fficient introduced in Section 5.1.
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would result in a rate of induced (energy) emission that exceeds the losses so
the field energy stored in the resonator will increase with time in violation of tl-?[
steady-state assumption. -
This argument suggests that, under steady-state conditions, N, — N must e
main equal to N, regardless of the amount by which the threshold pumping rate ih
exceeded. An examination of (6.4-5) shows that this is possible, provided W, .
allowed to increase once R exceeds its threshold value w,; N,, so that the equaliéyls

R
N.‘ = —_—

is satisfied. Since, according to (5.2-15), W; is proportional to the energy density iy
the resonator, (6.4-7) relates the electromagnetic energy stored in the resonator 1o
the pumping rate R. To derive this relationship we first solve (6.4-7) for W,, obtaining

R
W,- = ﬁ; — Wy R = N,w21 (6.4—8)

The total power generated by stimulated emission is
P, = (NVYWhv (6.49)

where V is the volume of the oscillating mode. Using (6.4-8) in (6.4-9) gives

L N (—-1) r=
Vhy Woy Nrmzl = Nr‘:’UZI (64‘10)

This expression may be recast in a slightly different form, which we will find useful

laEelr on. We use expression (6.4-6) for N, and, recalling that in our idealized model
W] = ypon» Obtain

/25 s 3 R
Vhv peih plt. _,1 B

I

, (6.4-11)

o

where

_ 8wn* 8w’ Av
S cev) St

P

According to (4.0-12), p corresponds to the density (meters ) of radiation modes
whose resonance frequencies fall within the atomic transition linewidth A p—that is.
the density of radiation modes that are capable of interacting with the transition.

Returning to the expression for the power output of a laser oscillator (6.4-11):
we find that the term R/(p/z,) is the factor by which the pumping rate R exceeds its
threshold value p/f.. In addition, in an ideal laser system, w,; = ts‘p}m, so we cafl
identify N,w, hvV with the power P, going into spontaneous emission at threshold.
which is defined by (6.3-5). We can consequently rewrite (6.4-11) as

= il
L= (R 1) (6.4-13)
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Figure 6-6 Plot of output power versus clectric power input to a xenon lamp in a CwW
CaF,: U*" laser. Mirror transmittance at 2.61 pm is 0.2 percent, T = 77 K. (After Reference

(21)

The main attraction of (6.4-13) is in the fact that, in addition to providing an
extremely simple expression for the power emitted by the laser atoms, it shows that
for each increment of pumping, measured relative to the threshold value, the power
increases by P,. An experimental plot showing the linear relation predicted by (6.4~
13) is shown in Figure 6-6.

In the numerical example of Section 6.3, which was based on an Nd** : glass
laser, we obtained P, = 150 watts. We may expect on this basis that the power from
this laser for, say (R/R,) = 2 (that is, twice above threshold) will be of the order of
150 watts.

6.5 OPTIMUM OUTPUT COUPLING IN LASER OSCILLATORS

The total loss encountered by the oscillating laser mode can conveniently be attrib-
uted to two different sources: (a) the inevitable residual loss due to absorption and
scattering in the laser material and in the mirrors, as well as diffraction losses in the
finite diameter reflectors; (b) the (useful) loss due to coupling of output power
through the partially transmissive reflector. It is obvious that loss (a) should be made
as small as possible since it raises the oscillation threshold without contributing to
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Since the exponential gain constant y(v) is, according to (5.3-3), proporti f
— N,, we can use (6.5-1) to write it as

% 652
Y= 1 + Wiws,

i i i ised bya
= tant (that is, the gain exercise ‘
is the unsaturated (W; = 0) gain cons ; .
ki ynklsﬁeld so that W, < w,;). We can use (6.4-9) to elxpress W; 1p (6.5 11:;
o W:fa the tot,ai emitted power P, and then, in the resulting expression, repla
terms '
N Vhvw,, by P,. The result is

YT 1+ PP,
I o 6
where P., the saturation power, is given by (6.3-4). The oscillation condition (
6) can be written as A
(1 — L) =1 (6.54)

W = =iF e 1 i 5 the
h L 1 r, €Xp ( (Xl) is the fraction of the mtenSIty lost per pass. In
cre 12 : r
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i i : illation
A dine to the discussion in the introduction to this chapter, oTlltI:e{thE :;S;lamped
thCC(‘)lioldgis exceeded, the actual gain vy exercised by the laser oscilla 112(33 _y i .
at[fhbe threshold value v, regardless of the pumping. We can thus rep
(6.5-3) and, solving for P,, obtain

P.=P (L 1)

. ' . P,, we recall, £
where go = ol (that is, the unsaturated gain per passdm nlepf:rz) Tieei W
the total power given off by the atoms due to stimulated emission.
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pass L can be expressed as the sum of the residual (unavoidable) loss L; and the
useful mirror transmission® T, so

L=L+T (6.57)
The fraction of the total power P, that is coupled out of the laser as useful output is
thus 7/(T + L;). Therefore, using (6.5-6) we can write the (useful) power output as

go T
P,=P [—22— 6.5-8
“ “(L,—+T )T+L,- ( )

Replacing P, in (6.5-8) by the right side of

(6.3-5), and recalling from (4.7-2) that
for small losses

nl nl
e e S .59
YL+ e Le (o)
Equation (6.5-8) becomes
8mn*hvA vA go %o
et mr— T - 1) =IAT | —— — | 6.5-1
’ /\-(rllrhpom) (L! + T ) ?A (L, + T ( 5. U)

where A = V/[ is the cross-sectional area of the mod
the saturation intensity as given in (5.6-9
IP/3T = 0 yields

e (assumed constant) and /, is
). Maximizing P, with respect to Tby setting

Tope = =L; + VgL, (6.5-11)

as the condition for the mirror transmission that yields the maximum power output,

The expression for the power output at optimum coupling is obtained by sub-
stituting (6.5-11) for T in (6.5-10). The result, using (5.6-9), is

8mn*hvAvA N
e = AT (Vo — VL) = 1,A(Vzs - VL)
2/ spont

= S(Vgo = VL)

where the parameter S = 7.4 is defined b
tation level (pumping) or losses.

(6.5-12)
y (6.5-12) and is independent of the exci-

Theoretical plots of (6.5-10) with L, as a parameter are shown in Figure 6-7,

Also shown are experimental data points obtained in a He—Ne 6328-A laser. Note

that the value of g, is given by the intercept of the L; = 0 curve and is equal to 12
percent. The existence of an o

ptimum coupling resultin g in a maximum power output
for each L, is evident,

It is instructive to consider what happens to the energy € stored in the laser
resonator as the coupling 7 is varied. A little thinking will convince us that € is

“For the sake of simplicity we can imagine one mirror

as being perfectly reflecting, whereas the second
(output) mirror has a transmittance 7.
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Figure 6-7 Useful power output (P,) versus mirror transmission T for various values of in-
ternal loss L; in an He-Ne 6328 A laser. (After Laures, Phys. Lett. 10:61, 1964.)
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Figure 6-8 Power output P, and stored energy & plotted against mirror transmission T.
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proportional to P,/T.” A plot of P, (taken from Figure 6-7)and € o< P,/T as a function
of the coupling 7 is shown in Figure 6-8. As we may expect, € is a monotonically
decreasing function of 7. '

5.6 MULTIMODE LASER OSCILLATION AND MODE LOCKING

In this section we contemplate the effect of homogeneous or inhomogeneous broad-
ening (in the sense described in Section 5.1) on the laser oscillation.
We start by reminding ourselves of some basic results pertinent to this discus-
sion:
1. The actual gain constant prevailing inside a laser oscillator at the oscillation
frequency v is clamped, at steady state, at a value that is equal to the losses

1
Y(v) = a — Eln FiFs (6.1-8)

where [ is the length of the gain medium as well as the distance between the
mirrors which are taken here to be the same.

2. The gain constant of a distributed laser medium is given, according to (5.3-3),
by

CZ

y(¥) = (N, — Ny) WS(V)
spont

3. The optical resonator can support oscillations, provided sufficient gain is present
to overcome losses, at frequencies® v, separated according to (4.6-3) by

Vgr1 = ¥y = Eﬁ

Now consider what happens to the gain constant y(v) inside a laser oscillator
as the pumping is increased from some value below threshold. Operationally, we
can imagine an extremely weak wave of frequency » launched into the laser medium
and then measuring the gain constant y(v) as ‘‘seen’’ by this signal as v is varied.

We treat first the case of a homogeneous laser. Below threshold the inversion
N, — N, is proportional to the pumping rate and y(»), which is given by (5.3-3), is
proportional to g(v). This situation is illustrated by curve A in Figure 6-9(a). The
spectrum (4.6-3) of the passive resonances is shown in Figure 6-9(b). As the pumping
rate is increased, the point is reached at which the gain per pass at the center reso-
nance frequency v, is equal to the average loss per pass. This is shown in curve B.
At this point, oscillation at v, starts. An increase in the pumping cannot increase the

inversion since this will cause y(»y) to increase beyond its clamped value as given
by Equation (6.1-8). Since the spectral lineshape function gme\s,%’r?ﬁes the response

(gc 12129,

"The internal one-way power P; incident on the mirrors is related, by definition, to P, by P, = P;T. The
total energy € is proportional to P,

#The high-order transverse modes discussed in Section 4.5 are ignored here.
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