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3. Fuwbrnental Princinles of Lasers

In this chapter we summarize basic concepts of lasers with regard to their
applications in spectroscopy. A well-founded knowledge of some subjects in
laser physics, such as passive and active optical cavities and their mode
spectra, amplification of light and saturation phenomena, mode competition
and the frequency spectrum of laser emission, will help the reader to gain
a deeper understanding of many problems in laser spectroscopy and to achieve
optimum performance of an experimental setup. A more detailed treatment of
laser physics and an extensive discussion of various types of lasers can be
found in textbooks on lasers (see, for instance, {1.1-3, 5.1-41). For more
advanced presentations based on a quantum mechanical description of lasers,
the reader is referred to [1.4,5, 5.5-7].

5.1 Basic Elements of a Laser

A laser consists essentially of three components (Fig.5.1):

1} The active medium which amplifies an incident E.M, wave,

2) The energy pump which selectively pumps energy into the active medium
to populate selected levels and to achieve population inversion.

3) The optical resonator, composed of two opposite mirrors, which stores
part of the induced emission, concentrated within a few resonator modes.

The energy pump (e.g., flash lamps, gas discharges, or other lasers)
generates a population distribution N(E) in the laser medium which strongly
deviates from the Boltzmann distribution (2.18) that exists for thermal
equilibrium. At sufficiently large pump powers the population density N{E
of a specific level Ek may exceed that of a lower level E (Fig.5.2).

For such a population inversion, the induced emission rate NkBk1p(v) on
a transition Ek - E exceeds the absorption rate B, kp(u) An E.M. wave,
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Fig,5.1. Schematic com-

Fig.5.2, Population inversion, compared
position of a laser

with a Boltzmann distribution at therma)
equilibrium

passing through this active medium, is amplified instead of being attenu-
ated (2.67).

The function of the optical resonator is the selective feedback of
radiation emitted from the excited molecules of the active medium, Above
a certain pump threshold this feedback converts the laser amplifier into a
laser oseillator. When the resonator is ahle to store the E.M. energy of
induced emission within a few resonator modes, the spectral energy density
p(v) in these modes may become very large. This will enhance the induced
emission into these modes since, according to (2.23), the induced emission
rate already exceeds the spontaneous rate for p(v) > hv. In Sect.5.3 we
shall see that this concentration of induced emission into a small number
of modes can be achieved with open rescnators, which act as spatial-selec-
tive and frequency-selective optical filters.

5.2 Threshold Condition

When a monochromatic electromagnetic wave with frequency v travels in the
Z direction through a medium of molecules with energy levels E and Ek and
(Ek - E;)/h=v, the intensity I(v,z) is, according to (2.53), g1ven by

I{v,2) = I{v,0) e(¥)Z | (5.1)
where the frequency-dependent absorption coefficient,

a(v) = [N‘i - (Qilgk)Nk]G(\') » : (5.2)

is determined by the cross section g(v) for the transition (E - E ) and by
the population densities N k in the energy levels E1. Ek wlth stat1st1ca1
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If the active medium is placed between two mirrors (Fig.5.1} the wave is
reflected back and forth and traverses the amplifying medium many times,
which increascs the total amplification. Witk a length L of the active
medium the totsl gain per single round trip is without losses

G(v) = I{v,2L)/1(v,0) = e 2alVIL (5.3)

A mirror with reflectivity R reflects only the fraction R of the incident
intensity. The wave therefore suffers at each reflection a fractional re-
flection loss of (1-R). Furthermore, abscrption in the windows of the cell
containing the active medium, diffraction by apertures, and scattering due
to dust particles in the beam path or due to imperfect surfaces, introduce
additional Tosses. When we summarize all these losses by a loss factor g
which gives the fractional energy loss per second, (dW/dt=-gW}, the inten-
sity decreases per round trip (if we assume the lesses to be equally dis-
tributed along the rescnator length d) as

1=1,eMP2/C) L e with 4 - 2sac . (5.4)
Including the amplification by the active medium with length L we obtain
for the intensity after a single round trip through the resocnator with
length d

I(va2d) = I{v,0)el"2e()Ly) (5.5)
The wave is amplified if the gain overcomes the losses per round trip, This
implies that

“2la(v)>y . (5.6)

With the absorption ¢ross section o(v) from (5.2) this can be written as
the threshold condition for the population difference,

AN = N (9579, ) = Ny > ANy = y/[20(v)L] |. (5.7)

If the inverted population difference aN of the active medium is Targer
than ANthr’ a wave, reflected back and forth between the mirrors, will be
amplified in spite of the losses, and its intensity will increase. The wave
is initiated by spontaneous emission from the excited atoms in the active
medium,

EN)

Tisen spontaneously em’~iod photons which tre .t into the right directicn
(namely parallel to the reschator axis) have the Jongest path throusgh the
active medium and therefore the greater chance of creating new photons by
induced emission. Above threshold they induce a photon avalanche which grows
until the depletion of the population inversion just compensates the repopu-
lation by the pump. Under steady state conditions the inversion has de-
creased to the threshold value ANthr' the saturated net gain is zero and
the laser intensity 1imits itself to a finite intensity IL which is de-
termined by the pump power, the losses vy and the gain coefficient a(v) (see
Sects.5.7 and 5.9)

The frequency dependence of the gain coefficient a(v) is related to the
line profile g(v —uo) of the amplifying transition. Without saturation effects
{i.e. for small intensities), o(v) directly reflects this line profile, for
homogeneous as well as for inhomageneous profiles. According to (2.73) we

obtain with the Einstein-coefficient Bik

a{v) = AN(hv/C)Bikg(v- \JO) s {5.8)

which shows that the amplification is largest at the line center. For large
intensities, saturation of the inversion occurs, which is different for
homogenaous than for inhomogeneous line profiles {see Sect.2.9).

The loss factor v wiil also depend on the frequency v because the reson-
ator losses are strongly dependent on v. The frequency spectrum of the laser
therefare depends on a number of parameters which we discuss in more detail
in the next section,

5.3 Optical Resonators

In Sect.2.1 it was shown that in a closed cavity a radiation field exists
with a spectral energy density p{v} which is determined by the temperature
T of the cavity walls and by the eigenfrequencies of the cavity modes. In
the optical region, where the wavelength x is small compared with the di-
mension L of the cavity, we obtained the Planck distribution (2.13) at
thermal equilibrium for p{v), The number of modes per unit volume,

n(v)dv = 8r(vercdyav
within the spectral interval dv of a melecular transition turned out to be

very large [see example a) in Sect.2.1]. When a radiation source is placed
inside the cavity, its radiation energy will be distributed among all modes,
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and the system will, after a short time, again reach thermal equilibrium at
a correspondingly higher temperature. Because of the large number of modes
in such a closed cavity, the mean number of photons per mode (which gives
the ratio of induced to spontaneous emission rate in a mode) will be very
small in the optical region (see Fi9.2.5). Closed cavities with L>> A are
therefore not suitable as laser resonators.

In order to achieve a concentration of the radiation energy into a small
rumber of modes, the resonator should exhibit a strong feedback for these
modes but large losses for all other modes. This would allow an intense
radiation field to be built up in the modes with Tow losses but would pre-
vent to reach the oscillation threshold in the modes with high losses.

Assume the kth resonator mode with a loss factor B, contains the ra-
diation energy Nk. The energy loss per second in this mode is then

W, /dt=-g W, . {5.9)

Under stationary conditions the energy in this mode will build up to a
stationary value where the losses equal the energy input. If the energy
input is switched off at t = 0 the energy “k will decrease exponentially,
since integration of (5.9) yields

W () = w (0)e Bkt (5.10)

When we define the quality factor Q, of the k™ cavity mode as 2r times the
ratio of energy stored in the mode to energy loss per oscillation period
T=1/v

ka -Zwvﬂk/(dﬂk/dt) , (5.11)

we can relate the loss factor 8, and the quality factor Qk by
Qk= -21v/Bk . (5.12)

After a time T = llﬁk, the energy stored in the mode has decreased to 1/e
of its value at t = 0. This time can be regarded as the mean iifetime of a
photon in this mode. If the cavity has large loss factors for most modes
but a small By for a selected mode, the number of photons in this mode will
be larger than in the other modes, even if at t = 0, the radiation energy in
all modes had been the same, If the unsaturated gain af{v}L of the active
medium is larger than the loss factor 8 but smaller than the losses of all
other modes, the laser will oscillate only in this selected mode.

Such a resonator, which concentrates the radiation energy of the active
medium into a few modes, can be realized with open cavities, consisting of
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two plane or curved mirrors which are aligned in such a way that a light ray

travelling parallel to the resonator axis will be reflected back and torth
between the mirrors. Such a ray traverses the active medium many times, re-

sulting in a larger total gain, while rays inclined to the resonator axis
leave the resonator after a few reflections before the intensity has reached
& noticeable level,

Besides these walk-off lossca also reflection loases cause a decrease of
the energy stored in the resonator modes. With a reflectivity R1 and R2 of
the resonator mirrors ”1 and M2, the intensity of a wave in the passive
resonator has decreased after a single round trip to

I = R1R210 = IO exp('YR) s (5.13)

with TR* -1n(R1R2). Since the round trip time is T = 2d/c, the decay constant
8 in (5.10) is B = yRc/2d, and the mean lifetime of a photon in the resonator
becomes without any additional losses

T = 1/8 = 2d/(vpe) = (2d/{c In RRy) . (5.14)

These open resonators are in principle the same as the Fabry-Perot in-
terferometers discussed in the previous chapter, and we shall see that
several relations derived in Sect.4.2 can be used. However, there is an es-
sential difference with regard to the geometrical dimensions. While in a
comon F.P.I, the distance between both mirrors is small compared with their
diameter, the relation is generally reversed in laser resonators. The mirror
diameter 2a s small compared with the mirror separation d. This implies
that diffraction losses of the wave, being reflected back and forth between
the mirrors, may play a major role in laser resonators while they can be
completely neglected in the conventional F.P.I.

In order to estimate the magnitude of diffraction losses let us make use
of a simple example, A plane wave incident onto a mirror with diameter 2a
exhibits, after being reflected, a spatial intensity distribution which is
determined by diffraction and which is completely equivalent to the inten-
sity distribution of a plane wave passing through an aperture with diameter
2a, (Fig.5.3). The central diffraction maximum at & = O lies between the
two first minima at & = £a/2a. (For circular apertures a factor 1.2 has to
be included, see, e.g., [2.3]). About 15% of the total intensity transmitted
through the aperture is diffracted into higher orders with el > a/2a,
Because of the diffraction the cuter part of the reflected wave misses the
second mirror M2 and is therefore lost. This example shows that the diffrac-
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Fig.5.3. Equivalence of diffraction at an aperture (a) and at the mirrors
of an open resonator {b). The case 6d = a~ N = 0.5 is shown.

tion losses depend on the values of a, d, x, and on the amplitude distribution
A(x,y) of the incident wave across the mirror surface. The influence of dif-
fraction Tosses can be characterized by the Fresnel number

N = ad/(ad) . (5.15)

If the number of transits which a photon makes through the resonator, is m,
the maximum diffraction angle 2o should be smaller than a/(md). With 28 = A/a
w2 obtain the condition

N>m , (5.18)

which states that the Fresnel rumber of a resonator with negligible dif-
fraction lossee should be larger than the rumber of transits through the

resonator,

Examples
1) Plane Fabry-Perot interferometer:

d=1cm, a=3cm, » =500 nm=N=1.8 x105.

2) Resopator of a gas laser with plane mirrors:
d =5 cm a=0.1cm =500 nm=N-=4,

The fracticnal energy 1oss per transit for a plane wave reflected back and
forth between the two plane mirrors is approximately given by

1
Yoiffr ¥ N
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For our first example the diffraction losses of the plane F.P.I, are about
Sx 10'6 and therefore completely negligible while, for the second example,
they reach 25% and may already exceed the gain for many laser transitions.
A plane wave would not reach threshold in such a resonator, However, these
high diffraction losses cause nonnegligible distortions of a plane wave and
the amplitude A(x,y) is no longer constant acress the mirror surface {see
Sect.5.4), but decreases towards the mirror edges. This decreases the dif-
fraction losses, which become, for example, Yoiffr < 0.01 for N > 20,

It can be shown [5.8] that all resonators with plane mirrors which have
the same Fresnel mumber aqlec have the same diffraction loasaes, independent
of the special choice of a, d, or i.

Resonators with curved mirrors exhibit much lower diffraction losses
than the plane mirror resonator because they can refocus the divergent
diffracted waves (see Sect.5.4).

5.4 Spatial Field Distributions in Open Resonators

In Sect.2.1 we have seen that any statiomary field configuration in a closed
cavity {called a mode) can be composed of plane waves. Because of diffrac-
tion effects, plane waves cannot give stationary fields in open resonators,
since the diffraction losses'depend on the coordinates {x,y) and increase
from the axis of the resonator towards its edges. This implies that the dis-
tribution A(x,y}, which is independent of x and y for a plane wave, will be
altered with each round trip for a wave travelling back and forth between
the resonator mirrors until it approaches a stationary distribution. Such a
stationary field configuration, called a mode of the open resonator, is
reached when A{x,y) no tonger changes its form, althcugh of course the losses
result in a decrease of the total amplitude, if they are not compensated by
the gain of the active medium,

The mode configurations of open resonators can be obtained by an iterative
procedyre using the Kirchhoff-Fresnel diffraction theory [5.91. The resonator
with two plane square mirrors is replaced by the equivalent arrangement of
apertures with size (2a)2 and a distance d between successive apertures
(Fig.5.4). When an incident plane wave is travelling into the z direction
its amplitude distribution is successively altered by diffracticn, from a
constant amplitude to the final stationary distribution An(x.y), The spatial
distribution An{x,y) in the plane of the nth aperture is determined by the
distribution An_l(x,y} across the previous aperture.
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From Kirchhoff's diffraction theory we obtain (see Fig.5.5)

_ i 1 -ikp .

A (x,y)= - ETI | Aoy (x'y') Se (1 -+ cosa)dx'dy' . {5.19)
A stationary field distribution is reached if

An(x,y) = CAn_l(x,y) . {5.20)
The attenuation factor C, which does not depend on x and y, represents the
diffraction losses and can be expressed by

C=(1-yp¥el? | (5.21)
where Yp gives the fractional intensity loss due to diffraction and ¢ the
corresponding phase shift.

Inserting (5.20) into (5.19) gives the following integral equation for
the stationary field configurations

o

B T R

T

‘.]‘ijv A(X’.}’l) f:'.jh;‘ (1 + COSr"J)d)f.‘dy‘_(S‘??)

B{Xed; = wo {1~ .Y “ g :

P2 NN

Because the arrangement of successive apertures is equivalent to the plane
mirror resonator, the sclutions of this integral gquation also represent
the stationary modes of the open resonator. The diffraction-dependent phase
shifts ¢ for the modes are determined by the condition of resonance, which
requires that the mirror separation d equals an integer multiple of /2.
the general integral equation (5.22) cannot be solved exactly and one
nas to look for approximation methods. For two identical plane mirrors with
4 square size (2a)2, {5.22) can be split into two one-dimensional eguations,
one for each coordinate x and y, if the Fresnel number N = a2/(dl) is smali
compared with (d/a)z, which means if a <<(d3x)%. Suck numerical iterations
of the "infinite strip" resonator case have been performed by FOX and LI
(5.10], who showed that stationary field configurations do exist and who
calculated the field distributions of these modes, their phase shifts and

.their diffractiaon losses.

The computations have been generalized by BOYD, GORDON, and KOGELNIK to
confocal resonators with curved mirrors {5.11,12] and by FOX and LI to
gereral laser resonators (5.13]. For the confocal resonator case (mirror
separation d is equal to the radius of curvature b), the integral eguation
(5.22) can be solved with the acceptable approximation a<<d, which implies
e & d in the denominator and cose & 1. In the phase term exp{-ikp), the dis-
tance p cannot be replaced by d, since the phase is already sensitive to
small changes in the exponent. One can, however, expand p into a power
series of'xx‘/d2 and yy'/dz. Far the confocal case (d = k) one obtains [5.5]

o bll - (xx' + yy'}/b2] | (5.23)

Inserting (5.23) into {5.22) allows the two-dimensional equation to be
separated into two one-dimensional homogeneous Fredholm equations which can
be solved analytically [5.11].

From the solutions, the stationary amplitude distribution in a plane
Z = 2, vertical to the resonator axis is obtained. For the confocal reson-
ator it can be represented by the product of Hermitian polynomials, a
Gaussian function, and a phase factor,

*2 %2 -
A (5¥220) = CHy(x* )y (y*)e™ XD gTivtnzo) (5.24)

The function Hm is the Hermitian polynomial of mth order. The last factor
gives the phase ¢(w,zo) in the plane z = Zy at a distance w = (x2 + y‘?);s
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The factor ¢* = [(1 + 9)/217%
phase ¢ one obtains [5.11]

'"(m,n) depends on 0 b, m, and n. For the

2 -
o(w,25) = k [% (1 +52) + %;.E%Eﬁg?] +{l+m+n) % - arc tan %“;f%‘ .
(5.26)

From the definition of the Hermitian polynomial [5.141, one can see that
the indices m and n give the number of nodes for the amplitude A(x,y) in the
X (or the y} direction. Figure 5.6 and 5.7 illustrate some of. these Transverse
Electro-Magnetic standing waves which are called TEM The diffrac-
tion effects do not essentially influence the transverse character of the
waves, While Fig.5.6 shows the one-dimensional amplitude distribution A{x)
for some modes, Fig.5.7 illustrates the two-dimensional field amplitude

—modes

A{x,y} in Cartesian coordinates and A{r,s} in polar coordinates.

Modes with m = n = B are called fundamental modes or arial modes (often
also zero-order transverse modes), while configurations withm > O or n > 0
are transverse modes of higher order. The intensity distribution of the fun-
damental mode can be der1ved from (5.24). With Ho(x ) = Ho(y Yy =1 and
x*2 4 y 2 . {2w/[bA(1 + g )]}, we obtain

AR
*

s * . . sf;. ‘:,. : T
Aoo(x.y, = C exp - w 2(-f-351-7?—)] (5.27)
ba(l + £7)
The fundamental modes have a Gaussian profile. for w = W, with
- -
Ab 2
LA (2 ) (1 + 4z0/b ) s (5.28)

the amplitude decreases to l/e of its maximum value € on the axis (w = 0).
This value We is called the beam radius or mode radius. The smallest beam
radius W within the confocal resonator is the beam waist, which is located
at the center Zy = 0. From {5.28) we obtain

= (Ab/2m)% {5.29)
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Fig.5.6, Stationary one-dimensicnal amplitude distributions Am(x) in a con-
focal resonator for some values of the index m
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Fig.5.7. Two-dimensional presentation of linearly polarized resonator modes
or square and c1rcu1ar apertures
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In terms of the beam radius w_ the field distributions (5.24) may be

s
written in the reduced form

) P 2

(5.30)

The equations {5.24-26) show that the field distributions Amn(x.y) and the
form of the phase fronts depend on the location 4 within the resonator.

fFor the fundamental mode the constant phase surface can be directly obtained
from (5.26). Since any point (x, y, z) on this surface must have the same
phase as the intersection point (0, O, 20) on the axis, the condition

kb 2,  kwl ¢

7 (1+¢%) +-1;-;H:—Ez = %? (1+ ES) (5.31)
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must be satisfied, when we neglect the small variation of ¢ with z in the
argument of the arctan term. This gives, close to the axis,

2 2
=X 7 £ 5.32
ZO-Z——FL1+—52‘: ( )

which is a spherical surface with a radius of curvature

b o (5.33)

1+ §2 Ib
—7E
At the mirror surfaces is £ = 21 ~b' = b, which means that the phase front
is identical with the mirror surface. [Due to diffraction this is not quite
true at the mirror edges at larger distances from the axis, where the ap-
proximation (5.32) is not correct]. At the center of the resonator is z, =0
~b' becomes infinite. At the beam waist the constant phase surface becomes
a plane z = 0. This is illustrated in Fig.5.8 which shows the phase fronts %
and intensity profiles of the fundamental mode at different locations in-

side a confocal resonator. It can be shown [5.15} that alse in nonconfocal
resonators with large Fresnel numbers N the field distribution of the funda-
mental mode can be described by the Gaussian profile (5.27).
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Fig.5.8. Phase fronts and intensity profiles of the fundamental mode at
several locations ZO in a confocal resonator

The confocal resonator can be replaced by other mirror configuratians
without changing the field configurations i the radius b* of each mirror
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at a position z equals the radius b' of the wavefront in {5.33) at this
position. This means that any two surfaces of constant phase can be replaced
by reflectors, which have the same radius of curvature as the wavefront.
From {5.33) we find with Zy = d/2- ¢ = dfb,

bt = p% 4 of (5.34)

This allows two possible mirror separations,

d) ,=b s A28 (5.35)

According to (5.28) the beam radius w; at the mirrors (often calied the
spot size} is with z5 = +d/2,

W = (%)%[‘gg - (qu)Z]-‘s : (5.36)

The second factor achieves a maximum of unity as a function of b' for
b' = d which shows that of 211 symmetrical resonators with a gtven mirror
separation d the confocal resonator has the smallest spot sizes at the mirrors.
The diffraction losses of a resonator depend on its Fresnel number
N = %/ (see Sect.5.3) and also on the Field distribution A(x,y,2 * 2d/2)
at the mirror. The fundamental mode, where the field energy is concentrated
near the resonator axis, has the lowest diffraction tosses while the higher
transverse modes, where the field amplitude has larger values towards the
mirror edges, exhibit Targer diffraction losses. Figure 5.9 shows the dif-
fraction losses of a confocal resonator as a function of the Fresnel number
N for the fundamental mode and some higher transverse modes. For comparison,
the much higher diffraction losses of a plane mirror resonator are also
shown in order to illustrate the advantages of curved mirrars which refocus
tne waves diverging by diffraction. From Fig.5.9 one may see that higher
transverse modes can be suppressed by choosing a resonator with a suitable
Fresnel number, which may be reatized for instance by limiting apertures
with variabie diameter 2a inside the laser resonator. If the Josses exceed
the gain for these modes, they do not reach threshold and the laser oscil-
lates only in the fundamental mode.
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Fiq.5.9. Diffraction losses of some modes in a confocal and in a piane
mirror resonator

5.5 Frequency Spectrum of Passive Resonators

The stationary field configurations of open resonators, discussed in the
previous section, have an eigenfrequency spectrum which can be directly
derived from the condition that the phase fronts at the reflectors have to
be identical with the mirror surfaces. Because these stationary fields re-
present standing waves in the resonators, the mirror separation d must be an
integer myltiple of /2 and the phase factor in {5.24) becomes unfty at
the mirror surfaces, which implies that the phase ¢ has to be an integer
multiple of =. Inserting the condition ¢ = qm into (5.26) gives the eigen-
frequencies v of the confocal resonator,
vr=2°a[q4,lz(m+n+1)] (5.37)
The fundamental modes (m = n = 0} have the frequencies v = (q + kicf2d and
the frequency separation of the adjacent axial modes is &v = c/2d. Equation
(5.37) shows that the frequency spectrum of the confocal resonator is de-
generated because the transverse modes with g = g, and m + n = 2p have the
same frequency as the axial mode with m = n = 0 and q = qp *+ b The free
spectral range of a confocal resonator is therefore

= c/4d . (5.38)

$¥egnfacal ~

If the mirror separation d deviates slightly from the radius of mirrer
curvature b, the degeneracy is removed. We obtain from (5.26) with ¢ = gqn

and ¢ = ZzO/b = d/b # 1 for a nonconfocal resonator with two equal mirror
radii by =b,=b
[ 1 4 d -
Ve =3 [q tx(m+n+ 1)(1 + o arctan a—;—%)} . {5.39)

Now the higher transverse modes are no longer degenerate with axial modes.

The frequency separation depends on the ratio (d - b)/{d + b). Figure 5.10

illustrates the freguency spectrum of the confocal resonator {b = d) and of
a nonconfocal resonator where d is slightly larger than b,

[
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Fiq.5.10. Eigenfrequency spectrum
of a confocal resonator (a) and a
nearly confocal resonator with
b) frequency d>b (b)

As has been shown in [5.12] the frequency spectrum of a general resonator
with mirror curvatures b, and b, can be represented by

vk [q + 3 msn e 1ycos] (1 - I%)(l - 59’5)] ) {5.40)

The eigenfrequencies of the axial modes {(m = n = 0) are no longer at

(c/2d)(q + %} but are slightly shifted. The free spectral range, however,
is again év = c/2d,

Exanples

a) Nonconfocal resonator: by = b2 =75 cm, d = 100 cm. The free spectral
range §v, which is the frequency separation of the adjacent axial modes q
and g + 1, is & = {c/2d) « 150 MHz. The frequoency separation 4. between
the (g, G, 0) mode und the [y, §, 0) mede 15 trom (5.39) .. = 85 MHz.

b) Confocal resonator: b = d = 100 cm. The frequency spectrum consists of
equidistant frequencies with $v = 75 MHz. If, however, the transverse modes

are suppressed, only axial medes oscillate with a trequency separation
gv = 150 MHz.
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Since the laser rescnstor iy a Fabry-Perot ircwr e sner, the spectral

distribution ¢ the transmitied intansity follows the Aivy formula {4.64};
With an incident intenrsity IO’ a transmissiocn facrer T, and a reflectivity
R of each resonator mirror, the intensity stored within the resonator is

[=1, —° 1 (5.41)
0 (1 -R)?1+F sin%s/2
For the eigenfrequencies v, the phase shift is & = 2qr, According to (4.70),
the halfwidth Av of the resonarces, expressed in terms of the free sp%ctral )
range §v, is Av::éu/F'. If diffraction Tosses can be neglected, the finesse F
is mainly determined by the reflectivity R of the mirrors, and the halfwidth

of the resanance becomes

1-R 5.42
A\J=5U/F*='2%W . ( )

With R = 0.98 this gives F¥ = 150. With &v = 150 Mhz, the halfwidth becomes
Av = 1 MHz. Generally other losses, such as diffraction, absar5t1un, i;g
scattering, decrease the total finesse. Realistic values are F = 50-100,
giving for the example above a resonance halfwidth of the passive resonator

of about 2 MHz. N
The second approach to the estimate of the resonance width starts from

the quality factor ¢ of the resonator. With total Josses 8 per second, the
energy W stored in a mode of a passive resonator decays exponentially accord-
.ing to {5.10}. The Fourier transform of (5.10) yields the frequency spectrum
of this mode, which gives a Lorentzian (see Sect.3.1) with a halfwidth

Av = B/2x. With the mean lifetime T = 1/8 of a photon in the resonator

mode, the frequency width can be written as

av = 1f(2rT) (5.43})
If reflection losses give the main contribution to the loss factor, the
photon lifetime is, with R = /R R, [see (5.14)), T = -d/(c In R), and the
width av of the resonator mode becomes

In R 5.44

which gives, with {1n R|=1-R, the same result as (5.42) apart from a
factor vR = 1. The slight difference of the two results stems from the fact,
that in the second estimation we distributed the reflection losses uniformly

over the rescnator length.
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Vo ermies above o, “oeie that th conee haltwadis o0 typical
rescrilors for gas laswis is very small Conssred with the linewidin of laser

transitions, which is gererally determined by the Doppler width, The active
medium inside a resonator compensates the losses of the passive resonator
resutting in an exceedingly high-quality factor (. The linewidth of the
laser oscillator should be therefore much smaller than the passive resonance
width. This question is discussed in Chapt.6,

For frequencies between the rescnator resonaznces, the losses are high.
In the case of a Lorentzian resonance profile, for instance, at frequencies
which are 3av away from the resognance center Vo the loss factor has in-

creased to about 10 times B{vo).

5.6 Active Resonators and Laser Modes

Introducing the amplifying medium into the resonator changes the refractive
index between the mirrors and with it the eigenfrequencies of the resonator.
We obtain the frequencies of the active resonator by Feplacing the mirror
separation d in (5,39) by

x

d = (d-L)+n(v)L=d+(n-1)L , (5.45)

where n(vj is the refractive index in the active medium with Tength L. The
refractive index n{v; depends on the frequency v of the oscillating modes,
which are within the gain profile of a laser transition where anomalous
dispersion is found (see Sect.2.6}. Let us at first consider how lasar os-
cillation builds up in an active resonator,

If the pump power is increased continuously, threshold s reached first
at those frequencies which have a maximum net gain. According to {5.5) the
net gain per round trip,

G(v,2d) = e[-?u(u)L - v{v)] ) (5.48)

is determined by tne ampiification factor expl-Za(v)L1 which has the fre-
quency dependence of the gain profile (5.8) and by the loss factor
exp(-28d/c) = exp[-y(v}] per round trip. While absorption or diffraction
losses do not strongly depend on the frequency within the gain profile of
a laser transition, the transmission losses exhibit a strong frequency de-
pendence, which can be obtained from {5.41}. The frequency spectrum of the

laser is therefore closely connected to the eigenfrequency spectrum of the
resonator. This can be illustrated as follows,
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Fig.5.11. Transmission of an incident wave through an active resonator

Assume that a wave with the spectral intensity distribution Io(v) tra-
verses an interfercmeter with two mirrors, each having the reflectivity R
and transmission factor T (Fig.5.11). For the passive interfercmeter we ob-
tain a frequency spectrum of the transmitted intensity according to (4.73).
With an amplifying medium inside the resonator the incident wave experiences
an amplification factor per round trip

Go(v) = exp(-2a(v)L]

If the total losses per round trip are exp{-y), the net gain is
G{v) = GO exp(-y) and we obtain, analogous to {4.62) by summation over all
interfering amplitudes, the total transmitted intensity

2

T26(v)
I, = ) (5.47)
T 011 - 6(v)17 + 4G(v)sine/2

The total amplification IT/I0 has maxima for & = 2g%, which corresponds to
the condition for the eigenfrequencies of the resonator [see (5.26)] with
the modification (5.45). For G(v) = 1, the total amplification IT/I0 becomes
infinite for 6 = 2qw. This means that already an infinitesimally small in-
put signal results in a finite output signal. Such an input is always pro-
vided, for instance, by the spontaneous emission of the excited atoms in the
active medium. For G(v} = 1 the laser amplifier converts to a laser oscil-
lator, This condition is equivalent to the threshold condition (5.7). Because
of gain saturation (see Sect.5.7), the amplification remains finite and the
total output power is determined by the pump power rather than by the gain
(see Sect.5.10).

According to (5.8) the gain profile Go(u) = exp[-2a(v)L] depends on the
line profile g(v - uo) of the molecular transition Ei - Ek' The threshold
condition can be illustrated graphically by subtracting the frequency de-
pendent losses from the gain profile. Laser ascillation is possible at all
frequencies Vs where this subtraction gives a pesitive net gain (Fig.5.12).
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Fig.5.12, Gain profile of a laser transition with the eigenfrequencies of
?1131 resonator modes and those frequencies where the gain exceeds the
055€s

In gas lasers, the gain profile is the Doppler-broadened profile of a
molecylar transition (see Sect.3.2) and shows therefore a Gaussian dis-

tribution with the Doppler width avp,

[-2.77(v-v0)2/Av5]

a{v) = aNB, (hv/c)g(v - vg) = a(vgle (5.48}

Solid-state or liquid ltasers generally exhibit broader gain profiles because
of additional breadening mechanisms (see Sect.3.7).

From (5.46) we obtain for the halfwidth Av of the resonances of the ac-
tive resonator with a free spectral range &v the expression

v o= gy LBl Lt
20G(v)

The finesse F* of the active resonator approaches infinity for G(v) - 1.
Although the laser linewidth v may become smaller than the halfwidth of
the passive resonator, it does not approach zerc. This will be discussed
in Chap.6.

We now briefly discuss the frequency shift or mode pulling of the pas-
sive resonator frequencies by the presence of the active medium [5.16]. The

phase shift for a wave with frequency Va travelling through the active medium
between the mirrors with distance d is

4y = wt = 2mv n(v)d/c . {5.49)
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In the passive resonator the phase shift is

$ = vapd/c . {5.50}

p

The resultant change of the phase shift between active and passive resonator

o= (v, - ) (5.51)
is caused by the refractive index n of the active medium. From the Kramer-
Kronig relations (2.55b,56b) we obtain the relation between n(v) and the
absorption coefficient a{v) = (4n/x)k(v)

YoVoo¢
w7 o) (5.52)

n{v) =

where avy is the linewidth of the amplifying transition in the active
medium. Under stationary conditions, the total gain per pass, «{v)2l,
saturates to the threshold value which equals the total losses y. These
losses determine the resonance width Avp = y/2n of the passive cavity
fsee (5.43)]. With the abbreviations v = vp/n and av, = Avp/n, we ohtain
from (5.49-52) the final result for iaser transitions with homogeneous
line broadening
S v el (5.53)
a Avm + Avr
The resonance width v of gas laser resonators is of the order of 1 MHz,
while the Doppler width of the amplifying medium is about 1000 MHz. Therefore,
when B << Bvp, {5.53) reduces to

av
vy = vt E—ui (vg = ) . {5.54)

This shows that the mode pulling effect increases proportignal to the dif-
ference of cavity resonance frequency Ve and central frequency vo of the
amplifying medium. At the slopes of the gain profile, the laser frequency
is pulied towards the center.

Fig.5.13, Dispersion curves for absorbing
transitions (aN < 0) and amplifying tran-
sitions (aN > 0)

5.7 Gain Saturation and Mode Competition

When the pump power of a laser is increased beyond its threshold vatue,
laser oscillation will start at first at a frequency v where the difference
between total gain minus total losses has a maximum. Buring the buildup

time of laser oscillation the gain is larger than the losses and the
stimulated wave inside the resonator is amplified at each round trip until
the radiation energy is sufficiently large to deplete the population in-
version AN down to the threshold value ANthr‘ Under stationary condftions
the increase of aN due to pumping is just compensated by its decrease due

to stimulated emissfon. The gain of the active medium saturates from a value
GG{I = 0) at small intensities to a threshold value

[-2La ()] )
G a sat _ e(+T)

thr ; (5.55)

where the gain equais the total losses per round trip. This gain saturation

is different for homogeneous and for inhomogeneous transitions (see Sect.3.6),
In the case of a homogeneous laser transition all molecules in the upper

level can contribute to stimulated emission at the laser frequency Va with

a probability Bikpg(va - vo) where g(v - vo) is the normalized line profile,

Although the laser may oscillate enly on a single frequency v, the whole

homogeneaus gain profile

a(v) = aNo(v) ,

saturates until the inverted population difference aN has decreased to the
threshold value ANthr {see Fig.5.14). The saturated amplification coeffi-
cient “sat(“) at an intracavity laser intensity 1 is, according to Sect.2.9,
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Fig.5.14, Saturation of a homo- Fig.5.15, Gain saturation of an in-
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S

where | = Is 15 that intensity for which the saturation parameter S = I,
which means that the induced tramsition rate equals the relaxation rate.

In the case of inhomogeneous laser transitions, the whole line profile
can be divided into homogeneously broadened subsections with a spectral
uidth'Avhom where Avhom is, for example, the natural linewidth or the pres-
sure- or power-broadened Tinewidth. Only those molecules in the upper laser
level which beleng to the subgroup in the spectral interval v ot avhom/Z.
centered at the laser frequency v » can contribute to the amplification
of the laser wave. A monochromatic laser wave therefore causes selective
saturation of this subgroup and buyrns a hole into the inhomogeneous dis-
tribution aN(v) (see Fig.5.15). At the bottom of the hole the inversion

aN(v ) has decreased to the threshold value AN, . but several homogeneous

widths Avhom away from vis AN remains unsaturated. According to (3.72), the
homogeneous width Avhom of this hole increases with increasing saturating
intensity as

A\)s = A\JOI/I + S = A\lofl + [/[S . (5.57)

This implies that with increasing saturation mere molecules from a larger

spectral interval av, can contribute to the amplification. The gain factor
decreases by a factor 1/(1 + 5) due to the decrease of AN caused by satur-
ation. It increases by a factor (I + S);i due to the increased homogenegus

width. The combination of both effects gives

5

ai“h(\,) e (u) ,fl S . ao(\i)
(3 0 I+5 /T_:_f7f;

This different gain saturation of homogenecus and inhomogenegus transitions
strongly affects the frequency spectrum of multimode lasers, as can be unders
stood from the following arguments. Let us first consider a laser transition
with a purely homogensous line profile. The resonator mode which is next to

(5.58)

the center of the gain profile will start oscillating when the pump power
exceeds threshold. Since this mode experiences the largest net gain, its
intensity will grow faster than that of the other laser modes. This causes
partial saturation of the whole gain profile (Fig.5.14) mainly by this
strongest mode. This saturation, however, decreases the gain for the other,
weaker modes and their amplification will be slowed down, which further in-
creases the differences in amplification and favors the strongest mode even
more. This mode competition of different lacer modes within a homogeneous
gain profi1é wilt finally lead to a complete suppression of all but the
strongest mode (Fig.5,16). Provided that no other mechanism disturbs the
predominance of the strongest mode, this saturation coupling results in
single-frequency oscillation of the laser, even if the homogeneous gain
profile is broad encugh to aliow in principle simultaneous oscillation of
several resonator modes [5.17].

In fact, such single-mode operation without further frequency-selecting
elements in the laser resonator can be observed only in a few exceptional
cases because there are several effects, such as spatial hole burning, fre-
quency jitter, or time-dependent gain fluctuations, which interfere with the
pure case of mode competition discussed above. These effects, which will
be discussed below, prevent the unperturbed growth of one definite mode,
introduce time-dependent coupling phenomena between the different modes, and
cause in many cases a frequency spectrum of the laser which consists of a
random superposition of many modes that fluctuate in time.

In the case of a purely inhomogeneous gain profile, the different laser
modes do not share the same molecules for their amplification, and no mode
competition occurs. Therefore all laser modes within that part of the gain
profile which is above threshold, can oscillate simul taneously. The laser
output consists of all axial and transverse modes for which the total losses
are less than the gain (Fig.5.17}.

Real lasers dc not represent these pure cases but exhibit a gain pro-
file which is a convolution of inhomogenecus and homogeneous broadening and

hom

it is the ratic of mode spacing &v to the homogeneous width Av which
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F19.5.17. Multimode oscillation in
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give the unsaturated gain

governs the strength of mode competition. We illustrate this by some
examples,

1) He-Ne Lager at x = 632.8 nm.

The Doppler width of the Ne transition is about 1500 MHz, and the width of
the gain profile above threshold, which depends on the pump power, may be
1000 MHz. With a resonator length of d = 100 cm, the spacing of the longi-
tudinal modes is év = ¢/2d = 150 MHz, If the higher transverse modes are
suppressed by an aperture inside the resonator, 7 longitudinal modes reach
thrashold. The homogenecus width ﬂvhcm is determined by several factors:
the natural Tinewidth b, = 20 MHz; a pressure broadening of about the same
magnitude; and power broadening which ¢epend:s on the laser intensity in the
different modes, With I/IS = 10, for example, we cbtain with Ave = 30 MHz

& power-broadened linewidth of about 100 Miz which is still smalier than
the longitudinal mode spacing. The modes will therefore not compete strongly
and simultaneous oscillation of all longitudinal modes above thresheld is
possible. This is illustrated by Fig.5.18, which shows the spectrum of a
He-Ne laser with d = 1 m, monitored with a spectrum analyzer and integrated
over a time interval of 1 second.

Fig.5.18. Multimode spectrum of a
He-Ne Taser, oscillating simultaneously
on 7 longitudinal modes. The spectrum

was monitored by a spectrum analyzer,
Exposure time 1 s
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Fig,5.19. Two short-time exposures of the mode spectrum of a multimode
argon laser, superimposed on the same film to demonstrate the randomly
fluctuating mode distribution

£} Argon Laser
Because of the high temperature in the high-current discharge (about 103 A/cmz),
the Doppler width of the Ar' transitions 1o very barge faboul ¥-10 GHz). The

fio
S e much larger than tur the He-Ne laser for two

homogeneous width -
reasons. The long-range Couiuib interaction causes a large pressure broaden-
ing from electron-ion collisions and the high laser intensity (100 mW - 15 W)
n a mode results in appreciable power broadening. Both effects generate a
homogeneous linewidth which is targe compared to the mode spacing &v = 125 MHz
at a commonly used resonator tength of d = 120 cm. The resultant mode com-
petition in combination with the perturbations mentioned above, cause the
observed randomty fluctuating mode spectrum of the multimode argon laser,
Figure 5.19 illustrates this 0y two short-time exposures of the oscilloscope
display of a spectrum analyzer taken at two different times.

5.8 Spatial Hole Burning

A laser mode represents a standing wave in the laser resonator with a z-de-
pendent field amplitude E(z} as illustrated in Fig.5.20a. Since the saturation
of the inversion aN, discussed in the previous section, depends on the inten-
sity I={E|2, the inversion saturated by a single laser mode will exhibit a
spatial modulation aN(z) as drawn in Fig.5.20c. Even for a completely
homogeneous gain profile, there are always regions of unsaturated inversion
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Z (b) Fig.5.20a-c. Spatial hole
burning: Field distributions

of two standing waves with
AN slightly different wave
s P N lengths along the resonator
XA DY, e} axis and the resultant spa-
tial modulation of the in-

version due to gain satur-
Z ation

ANM_

at the nodes of the standing wave El(z), which may give sufficient gain
for another laser mode (Fig.5.20b) or for a third mode with a shift of
A3 of its amplitude maximum.

If the mirror separation d chinges by only one wavelength {e.g., caused
by acoustical vibrations of the mirrors), the maxima and nodes of the
standing waves are shifted and the gain competition, governed by spatial
hote burning, is altered. Therefore every fluctuation of the laser wave-
length caused by changes of the refractive index or the cavity length d
results in a corresponding fluctuation of the coupling strength between
the modes and changes the gain relations and the intensities of the simul-
tanecusly oscillating modes.

If the length L of the active medium is small compared to the resonator
length {e.g., in cw dye lasers), it is possible to minimize the spatial
hole-burning effect by placing the active medium close to one cavity mirror
(Fig.5.21). Consider two standing waves with wavelengths M and Ao and with
maxima in the active medium which are shifted by 2/p (p = 2, 3 ...). Since
all standing waves must have nodes at the mirror surface, we obtain for two
waves with the minimum wavelength differences ax = AL T Ay the relation

myo=a={m+ l/p))\2 s (5.59)

or, for their frequencies,

cm

vp=S 5 vy =S mt1p) ey =E°-p- . {5.60)

sp
In terms of the spacing &v = ¢/2d of the longitudinal resonator modes, the
spacing of spatial hole-burning modes is
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Fig.5.21. Spatial hole-burning modes when the active medium with L <<d is
piaced close to one resonator mirror

2d
dvsp = EB—G . (5.61)

Even when the net gain is sufficiently large to allow competitions of e.qg.
up to three spatially separated standing waves (p =1, 2, 3) only one mode
can oscillate if the spectral width of the homagensous gain profile is
smaller than (2/3)(d/a)ev [5.18].

Exanple

d=100¢cm, L =01cm a=5cm p=23, év= 150 Miz, Evsp = 1000 MHz.
Single-mode operation could be achieved_if the homogeneous part of the gain
profile is smaller than 1000 MHz.

In gas lasers the effect of spatial hole burning is partly averaged out
by the diffusion of excited molecules from the nodes to the maxima of a
standing wave. It is, however, important in solid-state and in liquid lasers
such as the ruby laser or the dye laser. Spatial hole burning can be com-
pletely avoided in unidirectional ring lasers (see Sect.5, 10) where no
standing waves exist but waves propagating only into one d1rect1on can sa-
turate the whole spatially distributed inversion,

5.9 Output Power and Optimum Output Coupling

Maximum output power of a laser is one of the major demands for mest appli-
cations. At a first sight one might assume that a large gain factor of the
active medium would aiso ensure a large output power of the laser. However,
this is not necessarily true and we shall briefly discuss both quantities
and their dependence on the pump power and the total Josses.

We start with the rate equations which are illustrated in Fig.5.22. The
pusping rate P gives the number of atoms per unit volume which are pumped
per second into the upper laser level 2. The relaxation rates Rl and R2



Fig.5.22. )
Itlustration of rate equations

describe the sum of all possible relaxation mechanisms which may depopulate
levels 1 and 2 (e.g., collisions, spontaneous emission, etc.) and which re-
sult in transitions to other levels, labelled by i and k in Fig.5.22, With
the spontaneous emission rate Alz’ the photon density n in the oscillating
mode, and the relative photon loss rate « (kn gives the number of photuns.
which are lost per unit volume and per second), we obtain the rate equations
which couple the population densities N1 and N2 with the photon density n,

Under stationary conditions, leldt = szldt = dn/dt = 0. Adding (5.62) and
{5.63) gives

P = NyR; + NoR, . {5.65)
which illustrates that the pump rate just equals the sum of the loss rates
of upper and lower level poputations. Multiplying (5.62) with R2 and (5.63)
with Rl and subtracting (5.63) from {5.62) yields wi?h (5.64) for the popu-
lation difference {inversion density) aN = N2 - N1 with p = nhv

(Ry - App)P

) (5.66)
- BpplRy # BT FRR R,

AN

We can conclude from (5.66) that a steady-state inversion aN> 0 can be main-
tained only for R1> AIZ' In the previous section we have seen that the photos
density n increases up to a stationary value where aN has decreased to its

i i = tion
saturation value ANthr‘ From (5.64) we obtain with dn/dt = 0 the rela

(5.67)
k= BNy

N MR

< e e
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Since xhv = yc/2d this is equivalent to the threshold condition (5.7). From
{5.62,63) we deduce with (5.67) the stationary photon density

0. ( (Ry - A)p)PBy, 1) ArgRy + RyR,
©

. . (5.68)
stat 12" Rk, 1218 + Ry

With the unsaturated inversion AHD. obtained from (5.66) with n = 0. we can
write (5.68) as

A12Rl + R1R2 ( ANU

fstat = B LR+ R \aN— ~ 1) :

thr
The output power PL of a laser with active volume V and resonator length d
through a mirror with transmittance T is

{5.69)

P = nhvcV/d (5.70)

This illustrates that the output power is proportional to the active volume
¥ and to the relative inversion excess (AN0 - ANthr)/ANthr over the thres-
hold inversion.

There is essential difference between homogeneous and inhomogeneous laser
transitions. For homogeneously broadenad transitions, the whole area under
the gain profile of Fi9.5.14 above the threshold line can be converted

into induced emission at a single freguency w. The induced emission power
is according to (2.67)

ANBlznﬁm = (nc/bw) [ afw)de

where the integral extends over the whole homageneous line profile. In case
of inhomogeneous laser transitions only that part of the total population
inversion AN which corresponds o the area of a homogeneaus hole in Fig.5.15
€an contribute to the output power of the laser at a single frequency. The
total inversion of the whole gain profile can only be converted into induced
emission when the laser oscillates simul taneously on many medes producing
homogeneously broadened holes which averlap,
The active volume ¥ which contributes to the total output power is

' E Y (5.71)

where Vk is the mode volume in the active medium covered by the kth mode.,
The mode volume of a fundamental mode,

Vo~ oL, (5.72)
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depends on the length L of the active medium and on an averaged spot size
ﬁk' which is determined by the resonator parametérs. In general, multimode
lasers utilize a larger total active volume ¥V unless a special resonator
design assures that the fundamental mode already fills the total active
volume.

The laser output at a given intracavity power is proportional to the
mirror transmission T, but the intracavity power decreases at a given pump
power with increasing transmission losses. The problem therefore occurs how
to find the optimum value of T. The maximum output power as a function of T
can be found from (5.70) by differentiation of PL with respect to T,

dP, /dT = (hecV/d)(n + T dn/dT) (5.73)

putting dPL/dT = 0 gives the optimum transmission,

Topt= -n/(dn/dT) . (5.74)

When we summarize all other losses apart from transmission losses {e.g.,
absorption, scattering, diffraction, etc.) by Ya the total loss factor
becomes v = Ya * T. Under stationary conditions the total losses are related
to the threshold inversion aN, . by [see (5.7) and (5.8)]

BNy = (v, + T)c/(2dhuB),) . (5.75)

From {5.69) we can therefore ohtain dn/dT which finally gives the optimum
output transmission

T = = ya + v’ANOTaBIZZth/C . (5.76)

opt

For a homogeneous gain profile, the unsaturated gain per round is
G0 = ANOBIZZdhv/c, and we can write (5.76) as

- vyt 6] - {5.77)

Topt =

Figure 5.23 shows the optiumum transmittance for several values of vy, as a
function of Gy/G, .

Finally, we discuss how much the output power of a laser at a given pump
power P_ decreases when the losses y are increased by a small amount py. The
dependence I(T,Pp) of laser intensity on losses is different for homogeneous
and for inhomogeneous gain profiles. The saturated gain Gs is, according
to (5.56,58),

Gg = G/ (1 + /1) (homogeneous case) (5.56)
6 = GonI + !7!5 {inhomogeneous case) . (5.58)

o
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Fi9.5.24. (a) taser intensity as a function
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:he u?saturated gain G0 = exp[-2aNa(w)l] is determined by the pump power
b which produces the fnversion sN and by the absorption cross section afv}.

The saturated gain GS equals the total losses y. The intracavity laser in-
tensity I is therefore

. Gﬂ
I= !s-—- - homogeneous case ,

= (5.78a)
GZ

t=1{-9-1) im
;? nhomogenecus case . (5.78b)

If the losses y are increased by a small amount Ay (Fig.5.24a), the intensity
1 changes by

hom A
athom L
S T mT (5.79a)
inh 2 28
arinh
I8 —=T—y . (5.79b)

y{v + &y}
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Y A {homogeraous gain orofidel (5.80a)
[ S - TR RR A
&) . _
L IS S L. {inhomcoeneous gain profile) . (5.80b)
T pd :

This shows that alraady smai) changes of the 1asses may result in iarge
intensity chang.s, particuiariy 1f the laser operates close above threshold
(GO -y <s GU} {see Fig.5.745), This can be used for sensitive detectign of

L

small concentrations of absorbing molscules inside the cavity (see Sect.8.2).

If we split the total losses y = Yyt T into transmission losses T and
all other iosses Yao the Taser output powe; is PL ~ TIA where I is the in-
tracavity intensity and A the mean area nﬂs of the mode. for homogeneous
gain profiles we obtain from {5.78)

p a0 TYaT (5.81)
L s 1+ Ta7l !
which gives, for the gptimum transmissicn TOpt =gt 'YaGO’ an optimum
output power of
opt - )2 (5.82)
PL AIS(WGO -/«a,‘J .

5.10 Ring Lasers

A ring laser [5.19] utilizes an optical resonator consisting of at least
three reflecting surfaces which can be provided by mirrors or prisms.
Figure 5,25 shows two possible arrangements. Instead of the standing waves
in a Fabry-Perot type resonator, the ring resonator allows travelling waves
which may run clockwise or counterclockwise through the resonator. The uni-
directional ring laser has the advantage that spatial hole burning which
impedes single-mode oscillation of lasers (see Sect.5.8) can be avoided, In
the case of homogeneous gain profiles the ring laser can utilize the total
population inversion within the active mode volume. One therefore expects
larger output powers in single-mode operation than from standing wave cavi-
ties at comparable pump powers.

gchive medium § Y
. L
combiner

fism
Y b) ?

fig.5.25a,b, Two examples of possible ring laser configurations. (a) Using
total reflection in corner-cube reflectors and frustrated total reflection
for cutput coupiing. {b) Three mirror arrangements with beam combining prism

A unidirectional ring laser also avoids the tnwented hole-burning effects
in inhomogeneous gain profiles of active media in Fabry-Perot type resonators,
which are caused hy the fact that the wave travelling into the z direction
is absorbed by molecules with a velocity component v, = +(v - uo)c/uo, but
the reflected wave by other molecules with vy s -(v - vOJc/uo {see Sects.

5.7, 10.2). The experimental difficulty in the practical performance of
unidirectional ring lasers is the suppression of one of the running waves
since small fractions of backscattered light, €.9., from windows or imper-
fections in the ring, already couple the two counterpropagating waves, which
form at simultanegus oscillation a closed standing-wave mode rather than the
desired travelling-wave mode, This coupling can be avoided by increasing the
lasses or the gain for the c]ockwise—running wave but not for the counter-
clockwise wave. This may be achieved in various ways. One method uses a
Faraday rotator with polarizers which acts ag "optical diode" (see Sect.7.3),

If the whole ring laser is placed on a revelving platform the frequency
of the two waves running in oppasite directions is split due to the Sagnac
effect {5.20]1, The frequency difference Ay = v, = v_ is proportional to
the angular velacity of rotation, Such devices, called laser gyros, are
sensitive detectors for slow rotations and are therefore developed and opti-
wized in many laboratories [5.21]. Ring dye lasers are discussed in Sect.7.3.5,

5.11 Gaussian Beams

In Sect.5.4 we saw that the radial intensity distribution of a laser oscil-
lating in the fundamental mode has a Gaussian profile. The laser ‘beam emit-
ted through the output mirror therefore also exhibits this Gaussian intensity
profile. Although such a nearly parallel laser beam is in many respects
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focal spectrum analyzes (see Sect.4.3). We therefore biiefly discuss some
properties of Gaussian beams; our presentation follows that of the recom-
mendable review of KOGELNIK and LI [5.22].

A laser beam travelling into the z direction can be represented by the
field ampiitude

E = A(x,y,z)e (Wt - k2) (5.83)

while A(x,y,z) is constant for a plane wave, it is a slowly varying complex
function for a Gaussian beam. Since every wave obeys the general wave
equation

AE+ KE =0 (5.84)

.

we can obtain the amplitude A(x,y.z) of our particular wave {5§.83) by in-
serting (5.83) into (5.84), we make the trial solution

A= e(-ile(z) + (k/2a)r?1 . (5.85)

where r2 = x2 + yz, and ¢{2) represents a complex phase shift. In order to

understand the physical meaning of the complex parameter q(z) we express it
in terms of two real parameters w(z) and R({z},

1 . A
=1 . {5.86)
LI

L

With (5.86) we obtain from (5.85) the amplitude A(x,y,z} in terms of R, w,
and ¢,

A = o EEY ITER()] - de(2)} (5.87)

This illustrates that R(z) represents the radius of curvature of the wave-
fronts intersecting the axis at z, and w(z) gives the distance r =(x2+y2)li
from the axis where the amplitude has decreased to l/e of its value on the
axis (see Sect.5.4 and Fig.5.26}. Inserting (5.87) into (5.84) and comparing
terms of equal power in r yields the relations

do/dz =1 and de/dz = -i/q . (5.88)

which can be integrated and gives, with R{z=0) = = ,

Fig.5.26. Gaussian beam with beam
waist wQ, and phase front curva-
ture R(z} (after [5.22])

1nwg
q=0qy+2=—p=+27 , (5.89)
where Wy = w(z=0). When we measure z from the beam waist at 2 = 0, we ob-

tain
2

2 2 A

Wo(z) = wo[l + (—52)] . {5.90)
ﬂNO

1rwg 2
R(z) = z|1 + {55+ . {5.91)

Integration of the phase relation (5.88),
do/dz = -1/q = -1/(z + imi/2)

yields the z-dependent phase factor
ig{z) = 1n /{ + (Az/nwg) -1 arctan(xz/nwg) . (5.92)

Having found the relations between ¢, R, and w, we can finally express the
Gayssian beam (5.83) by the real beam parameters R and w. From {5.92) and
(5.87), we get
W 2l 3 2 i1 s
E=cC 1?-&‘ re/wt) e[ ik{z + r&/2R) 1¢]e jwt (5.93)

The first exponential factor gives the radial Gaussian distribution, the
second the phase which depends on z and r. We have used the abbreviation

¢ = arctan(az/wwg) .
The factor € is a normalization factor. When we compare (5.93) with the

field distribution (5.24) of the fundamental mode in 2 laser resonator, we
saa that both formulas are identical form =n = 0,
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The radial intensity distribution is

2
W 2,2
I(r) = 6" = c? o2/ - (5.94)
W

The normalization factor C allows

[ 2srl{r)dr = Py {5.95)
r=0
to be normalized, which yields C2 = (2/nw§)P0 where P0 gives the total power
in the beam.

When the Gaussian beam is sent through an aperture with diameter 2a, the
fraction

a 2,2 2,.2
PPy = Sy f 2enelTE/W g oy L (28T (5.96)
o r=0

of the incident power is transmitted through the aperture. Figure 5.27 {1~
Tustrates this fraction as a function of a/w. For a = (3/2)w, already 99%,
and for a = 2w more than 99.9% of the incident power is transmitted. In this
case diffraction losses are therefore negligible.

Pt/Pi
l b e e i R e ——— — —
1997, i; 99.9%
| &% /) | |
; l : - -—
| | |
ast ' : !
| 1 1 1a
| 39% I i |
! i
i i ! [
; | ! ] Fig.h.27. Intensity of a
' | ! ! GaussTan beam with radius w
L 1 L L through an aperture with
05w w 15w iw @

radius a (after [1.1])

A Gaussian beam can be imaged by lenses cr mirrors and the imaging
equations are similar to those of spherical waves, When a Gaussian beam
passes through a focussing thin lens with focal length f, the spot size W
is the same on both sides of the tens {Fig.5.28). The radius of curvature
R of the phase fronts changes from R1 to R2 in the same way as for a spheri-~
cal wave, so that

P%?nfmtﬁ dl—-ﬂ*”———dz
/ Ry
SR~ hod SR U5 VRN,
% f 92
Fig.5.28. Imaging of a Gaussian beam by a thin lens
1 1 1
T -7 (5.97)
2 1
The beam parameter q therefore satisfies the imaging equation
1 _1 1
9, "1 F - (5.98)
If ay and 4, are measured at distances d1 and d2 from the lens, we obtain
from (5.98) and (5.89) the relation
o 2 L7909 ¥ (4 + 8y - ddy/f) (5.99)
2 (T=d7F) —q /T : .

which allows the spot size w and radius of curvature R at any distance d2
behind the Jens to be calculated.

If, for instance, the laser beam is focussed into the interaction
region with absorbing molecules, the beam waist of the laser resonator has
to be transformed into a beam waist located in this region. The beam para-
meters in the waists are purely imaginary,

o = f/A 5, = iwd/a (5.100)
The beam diameters in the waists are 2w1 and sz, and the radius of curvature

is infinite. Inserting (5.100) into (5.99} and equating the imaginary and
the real parts yields the two equations

d1 - f w%
=7 7 (5.101)

2 w5
(d - F){(dy = F) = 2 = 2 with £, = sww./2 5,102
1 2 0 o = ™M/ (5.102)
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Since d1 > f and d2 > f this shows that any lens with f > f0 can be used,
for a qiven f, the position of the lens is determined by solving the two
equations for dl and d2'

W
dy = fs-L Ao (5.103)
1 2 0

W.

2 f2 .2
t=fagd H-e) (5.104)

From (5.101) we obtain the beam waist radius W, in the collimated region,

- £\
2 ) . (5.105)

Wg = “1(3’1"-'"?
When the Gaussian beam is mode matched to another resonator, the beam para-
meter 9, at the mirrors of this resonantor must match the curvature R and
the spot size w (5.36). From (5.99), the correct valuves of f, dl’ and d2
can be calculated.

We define the collimated or waist region as the region |z| < z, around
the beam waist at z = 0 where at z = 2o the spot size w{z) has increased
by v2 compared with the value Wy at the waist. Using {5.90), we obtain

29%
w(z) = w0[1+(l—:§)] = &wo . (5.106)
1
0

which yields for the waist length or Rayleigh range

25 = WE/A . ' (5.107)
The waist region extends about one Rayleigh range on either side of the
waist (Fig.5.29). The length of the Rayleigh range depends on the spot size
and therefore on the focal length of the focussing lens. Figure 5.30 shows
the dependence on L of the full length ZzR of the collimated beam region.

At large distances z>> Zp from the waist, the Gaussian beam wavefront is
essentially a spherical wave emitted from a point source at the waist., This
region is called the far field. The divergence angle 8 {far field half angle)
of the beam can be obtained from {5.107) and Fig.5.26 with z>> zg 3

PR 1) R S (5.108)
z Tl‘do

Note, however, that in the near field regicn the center of curvature doea
not coincide with the center of the beam waist {Fig.5.26). When a Gaussian

2n
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Fig.5.29. Waist region and
Rayleigh range 3 . , Wiw
am 01 1 cm

Fig.5.30. Rayleigh range as a function of the beam waist radius wp. for the
He-Ne Taser at A = 6328 ﬂ and the C02 laser at A = 10.6 um

beam is focussed by a lens or a mirror with focal length f, the spot size in
the beam waist is for f>> We

w =ﬂ_
0 g . (5.109)
where we is the spot size at the lens (Fig.5.31).

To avoid diffraction losses the diameter of the lens should be d 2 3"5'

Fig.5.31. Focussing of a Gaussian beam
by a lens

Problems to Chapter §

5.1. Calculate the necessary threshold inversion of a gas laser transition
at A = 500 nm with a transition probability Aj = 5% 107 sl and a homg -
geneous linewidth Avpom = 20 MHz. The active length is L = 20 cm and the
resonator losses per round trip are 5%.

5.2. A laser medium has a Doppler-broadened gain profile of halfwidth 2 GHz.
The homogeneous width is 50 MHz, and the transition probability A, =

1x10% 571, Assume that one of the resonator modes {L = 40 cm) co}:cides
with the center frequency vo of the gain profile. Wnat is the threshold
inversion of the central mode, and at which inversion does oscillation start
on the two adjacent longitudinal modes if the resonator losses are 10%7
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5.4, Assume a laser transition with a homegeneous width of 100 MHz while the
inhomogeneous width of the gain prafite is 1 GHz. The resoriator length is

200 cm and the active medium is placed 20 ¢m from one end mirrcr. Estimate
the spacing of the spatial hole burning modes. How many modes can oscillate
simultaneously, if the unseturated gain at the Tine center exceeds the losses
by a factor of 10?

5.5. Estimate the optimum transmission of the laser output mirror if the
unsaturated gain is 2 and the internal resonator losses are 10%.

5.6. The output beam from an He-Ne laser with a confocal resonator

(R =L =30 cm) is focussed by.a lens of f = 30 cm, 50 cm away from the
output mirror. Calcutate the Tocation of the focus, the Rayleigh length and
the beam waist in the focal plane,

5.7. A nearly parallel Gaussian beam is expanded by a telescope with two
lenses of focal lengths f, =1 cm and F2 = 10 cm, The spot size at the en-
trance lens is w = | mm. An aperture in the common focal plane of the two
lenses acts as a spatial filter to improve the quality of the wavefront in
the expanded beam {why?) What is the diameter of this aperture, if 95% of
the intensity shall be transmitted?

i
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ers as Spect- wopic Light So0 o os

Having summarized in the previous chapter same basic characteristics of
lasers and optical resonators, we shall now discuss those properties which
make the Taser such an interesting and useful 1ight source in spectroscopy.
We shall describe the experimental techniques that are necessary for achiev-
ing optimal results in spectroscopic applications. These techniques com-
prise mode selection in lasers, wevelength and intenaity etabiltzation of
single-mede lasers, and experimental realizations of controlled wavelength
tuning. Furthermore we briefly discuss the interesting question of why a
Tower 1imit exists for the laser linewidth, At the end of this chapter some
nethods of relative and absolute frequency measurements in the optical region
will be presented.

6.1 Advantages of Lasers in Spectroscopy

The fact that lasers are replacing conventional spectral lamps to an in-
creasing extent in numerous applications demonstrates their superiority
over incoherent 1ight sources for many experiments. To illustrate the advan-
tages and limitations of lasers in the present state of the art, we pick

out five characteristic properties.

1) The large spectral power density ov(v) attainable from many laser types
may exceed that of incoherent light sources by many orders of magnitude,
This may significantly reduce noise problems caused by detector noise or
background radiatien. Furthermore, the large intensify allows new nonlinear
spectroscopic techniques such as saturation spectroscopy {Sect.10.2), or
multiphoton processes (Sect.10.5), which open new possibilities of studying
molecular transitions not accessible to linear specfroscopy.



2; The sasbl dive yence of coliiiebed Taser beams brins: ~bout a number of
experimental &'.otages for the sy~ f.oscopist. For . o st ts of small
absorption cocfitcients, for instasie, long path jenye: .. the absorh-

ing sample can be realized. Perturbing background noise du- to light scatterad
from cell walls ur windows can be more readily reduced than with divergent
beams 7rom incoherent sources. The interaction zone of tie sample molecules
within the Rayleigh length around the beam waist of a focutced laser beam
(see Sect.5.11) can be efficiently imaged onto the entrance siit of a spec-
trograph. Since this zene is the source of Raman-scattered light or of laser-
excited fluorescence, the high collection efficiency attainable is particu-
larly important in Raman spectroscopy (Chap.9) or in low-level fluorescence
spectroscopy. In the latter case, most of the laser-excited molecules

radiate while having travellad a mean distance d = v/t determined by their
mean velocity v and their mean lifetime t. With typical values, of

7 =510t em/s and 1 = 1078 5, we obtain @ = 5x107% ¢cm = 0.5 um, which
shows that the flucrescence from excited molecules with lifetimes T < 10'7 s
is essentially emitted from the interaction zone where the molecules are
excited, Diffusion of the excited molecules out of this zone becomes notice-
able only for 1 > 10'6 s. In these cases either the diffusion has to be re-
duced by increasing the pressure or the field of observation has to be en-
larged,

3} Of particular advantage for high-resolution spectroscopy is the extremely
smatl spectral linewidth of lasers which can be achieved with special tech-
niques. This allows a spectral resolution which may exceed that of the
largest spectrographs by several orders of magni}yde. in laser spectroscopy,
the resolution is often no longer Timited by the instrumental bandwidth but
rather by the spectral linewidth of the absorbing or emitting molecules,

4) The possibility of continuously tuning the wavelength of such narrow-band
lasers has certainly opened a new area of spectroscopy. A single-mode tun-
able laser represents a device which is a combination of an intense light
source and an ultrahigh resoluticon spectrometer. Tunable lasers and tuning
techniques are therefore covered in a separate chapter.

5} The capability of pulsed or mode-locked lasers to deliver intense and
short light pulses with pulse widths down to the subpicosecond range allows
the study of ultrafast transient phenomena such as short spontaneous 1ife-
times or fast relaxation processes in gases, liquids, or solids (see Chap.ll).
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Tie « owples gives i o LA Wi b Lrate 0 more dolei s dlese
ant <" advantages of f.. . . iq spectronngy. Although coherent 1ight
sources ran already cover it whole spectral range from the vacuuim ultra-
violet tu the far infrared v, iy {see Chap.7), there are some wavelcngth

ranges where no direct laser owcillation has yet been achieved and which
can be only reached by frequency-mixing techniques. The main disadvantages
of using lasers in such unfavorable spectral regions are the experimental
expenditure and the costs necessary to achieve sufficient intensity at a
given spectral bandwidth. In many cases, however, the use of lasers may be
less expensive than that of incoherent light sources because tunable lasers
may replace radiation sources aqnd spectrometers.

6.2 Fixed-Frequency Lasers and Tunable Lasers

In Sect.5.6 we saw that the different wavelengths Ai on which laser oscil-
lation is possible, are in principle determined by two factors: the gain
profile of the amplifying medium, and the eigenresonances of the laser res-
onator. Without additional wavelength-selecting elements inside the res-
onator we would therefore expect laser oscillation on all resonator modes
with wavelengths within the spectral gain profile above threshold, because
on these modes the gain exceeds the total losses. However, as has already
been discussed in Sect.5.7, this is only true for completely inhomogeneous
gain profiles where no gain competition occurs between the different modes.
The actual number of simultaneously oscilMting modes -depends on the spec-
tral width Aug of the gain profile, on the homogeneous width dv,, and on the
free spectral range év = c¢/2d* of the cavity, where d* is the optical path-
length between the resonatar mirrors. For Aug >> dv 2> bvp, the laser will
simultaneously oscillate on all resonator modes within the gain profile.

In many cases, the spectral width of the gain profile is comparable with
that of spectral lines from incoherent spectral lamps, as, for example, is
the case for gas lasers with gain profiles determined by the Doppler width
of the amplifying transition between two discrete states of excited atoms
er melecules in the active medium. Also, in many solid-state lasers, where
the active medium s composed of excited impurity atoms or fons, diluted
at low concentrations in a host crystal lattice, the linewidth of the ampli-
fying transition is often smal} compared with the commonly found broad
absorption bands of solids. In such cases the laser wavelength is restricted
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Fig.6,la,b. Level scheme and osciliating wavelengths of a multiline laser
with inhomogeneous gain profiles at each transition

to this small gain region and these lasers are therefore called fized-uque-
length or fired-frequency lasers.

Often the active medium exhibits gain on several transitions and the
laser can oscillate simultaneously on many lines. As long as the different
gain regions are narrow and do not averlap, the wavelength of each line is
still restricted to its narrow gain range, and the laser is a multiline
fixed wavelength laser (Fig.6.1). Examples are the argon-ion laser or the
CGZ laser,

On the other hand, there are several cases where the gain profile extends
over a broad spectral range. The most impartant representative of this type
is the dye laser, where stimulated emission from the excited state to many
vibronic levels of the electronic greund state is possible {Fig.6.2). Because
of the strong interaction of the dye molecules with the solvent, these
levels are broadened so that the linewidth exceeds the level separation, The
absorption and fluorescence of dye molecules in liquid solvents therefore
exhibits a broad continuous spectral distribution {Fig.6.2b), and the gain
profile extends over a large spectral range of several hundred nanometers.
Another example is given by molecular transitions from discrete bound states
to repulsive dissociative states in excimer molecules (see Figs.2.13,14). The
fluorescence and the gain profile show a continuous distributicn. In such
cases the laser wavelength can be tuned continucusly over a larger spectral
range (see Chap.7) and the lasers are therefore called tunable Ilasera.

Strictly speaking there is only a gradual difference between fixed wave-
length lasers and tunable lasers because the wavelength of any single-mode
laser can be tuned over the spectral range of the gain profile, as will be
shown in Sect.6.8. The difference between the two types lies only in the ex-
tention of the tuning range which is narrow for the "fixed wavelength"”
lasers and broader far the commonly called "tunable lasers."
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Fig.6.2. Schematic 1evel diagram of the dye laser (a) and absorption and
fluorescence spectrum of the dye rhodamine 66, in a glycol solution {b}

There are many spectroscopic applications where tuning of the wavelength
is not required. Then fixed-frequency Tasers, which often deliver higher out-
Put powers, are the better choice. The numerous existing laser 1ines com-
piled in [6.1] have been used, for instance, to study spectroscopic proper-
ties of Jaser media, and excitation or relaxation processes,

Often, optical pumping of atoms or molecules by strong laser lines has
been used to achieve population changes in selectively excited or depleted
levels. Because diatomic or polyatomic molecules have so many rotational and
vibrational levels, generally one or even more molecular transitions are
superposed by fortuitous coincidences on a laser line in a spectral region
of an electronic band spectrum. Fixed-frequency lasers have therefore been
used for a long time for optical pumping of molecules (see Chap.8) in the
whole spectral range from the ultraviolet to the far infrared.

Compared to widely tynable lasers, fixed frequency lasers with a narrow
gain profile have the advantage that their wavelength is well defined. In
case of low-pressure gas lasers, such as the He-Ne or the CO2 laser, one can
stabilize the wavelength onto the center of the Doppler profile by using the
fnarrow saturation dip burnt into the center of the inhomogeneous gain pro-
file (Sect.3.6). This Lamb-dip stabilization is discussed in Sect.10.2.3, These
stabilized lasers can serve as wavelength ang frequency standards; the whole

spectral range may be covered by using frequency mixing techniques and the
higher harmonics of the stabilized wavelength (see Sect.6.10).
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Fig.6.3. (a) Line selection in a gas laser by use of a prism with refractive
index n and prism angle 2y where tan 2¢ = 1/n. {b) Littrow prism reflector
which combines line selector and end reflector

In order to achieve single-line oscillation in laser media which exhibit
gain for several transitions, wavelength-selecting elements outside or in-
side the laser resonator can be used, If the different lines are widely sep-
arated in the spectrum, the selective reflectivity of the dielectric mirrors
may already be sufficient to select a single transition. In the case of
broad-band reflectors or closely spaced iines, prisms, gratings, or Lyot
filters are commonly used for wavelength selection. Figure 6.3 shows line
selection by a prism in an argon laser. The different lines are refracted
by the prism, and only that line which is vertically incident upon the end
mirror, is reflected back into itself and can reach osgillation threshold,
while all other lines are reflected out of the resonator. Turning the end
reflector HZ ailows the desired line to be selected. To avoid reflection
losses at the prism surfaces, a Brewster prism with tan 2y = 1/n 1s used,
with the angle of incidence for both prism surfaces being Brewster's angle.
The prism and the end mirror can be combined by coating the endface of a

Brewster prism reflector {Fig.6.3b). Such a device is called a Littrow prism.

Because most prism materials such as glass or quartz absorb in the in-
frared region, it is more convenient to use a Littrow grating (see Sect.4.1)
as wavelength selector in this wavelength range. Figure 6.4 illustrates the
Tine selection in a CD2 laser which can osciilate or many rotational lines
of a vibrational transition. Often the laser beam is expanded by & mirror
configuration in order to cover a larger number of grating grooves, thus

My - . fMuCl
M A window
._a_A M
Fin.6.4. Selection of dif-

-
T=10% M; ferent rotational Tines in
Littrow 2 €0z Taser by & Littrow
grating grating
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Fig.6.5a,b, Schematic level diagram for a
3 aser with simultaneously osciliating lines.
(a) On transitions sharing a common upper or

() (b) Tower level, (b) On cascade transitions

increasing the spectral resolution (see Sect.4.1l). This has the further ad-
vantage that the power density is lower and damage of the grating is less
Tikely,

If some of the simultaneously oscillating laser transitions share a common
upper or lower level, such as the lines 1, 2, and 3 in Fig.6.5a, gain com-
petition will diminish the output of each Vine. In this case it is advan-
tageous to use internal line selection in order to suppress all but one of
the competing transitions. Sometimes, however, the laser may oscillate on
cascade transitions (Fig.6.5b}. In such a case, the laser transition 1 — 2
increases the population of level 2 and therefore enhances the gain for the
transition 2 -+ 3. Apparently it is then more favorable to allow myltiline
oscillation and to select a single Vine by an external prism or grating.
Using a special mounting design, it can be arranged for no deflection of the
output beam to occur when the multiline output is tuned from one line to
the other {6.2].

6.3 Frequency Spectrum of Multimode Lasers

Even when single-line operation of a multiline laser has been achieved by
spectral preselection with a prism or grating, there are generally still
several resonator modes within the gain profile of the laser transition for
which the gain exceeds the total losses. In Sect.5.7,8 we discussed how
gain competition and spectral hole burning affects the coupling between
these modes and determines the freguency spectrum of multimode lasers. We
may summarize the results of these considerations as follows:

aj For laser transitions with inhomogeneous gain profiles, stable multimode
oscillation of all laser modes above thresiiold can be achieved without
special precautions, provided the frequency jitter of the different modes
{e.g., due to acoustic vibraticns of the laser mirror) is less than their
spacing &v = c/(2d") where d* is the optical pathlength between the mirrors.



b} For Taser transitions wih purely homogencous gain profiicy, single-mode
operation is possible if sprtiai hole hurnii Tort 8 00 gen be avoided,
and the eigenfrequency of the active rescnater is sufficiecily stable. in
general, however, fluctuations of the opti-al path length d* betw:en the
resonator mirrors and gain competition betwcen oscillating modes result in
random fluctuations of number, amplitudes and phases of the oscillating
modes. The spectral intensity distribution of the iaser output is the super-

position

Iu,t) = |f A(t) coslu,t + o, (t)]]° {6.1)

of these competing modes, where the phases ¢k(t) are randomly fluctuating
in time.

c) The time average of the spectral distribution of the output intensity,
1} 2
o) = ¢ é ) A (t) cosfu t + o (E)11%dt {6.2)

reflects the gain profile of the laser tramsition. The necessary averaging
time T depends on the buildup time of the laser modes which is determined
by the unsaturated gain and the strength of the mode competition. In case
of gas lasers, the average spectral width <av> corresponds to the Doppler
width of the laser transition and the coherence length of such a multimode
laser is comparable to that of a conventional spectral lamp where a single
line has been filtered out. For lasers with a broad spectral gain profile,
the laser linewidth depends on the preselecting elements irside the laser
resonator. Some examples, besides that given in Sect.5.7, illustrate the
situation:

i) He—-Ne laser

The He-Ne laser is probably the most thoroughly investigated gas laser

[6.3]. From the level scheme in Fig.6.6 which uses the Paschen notation
[6.32], we see that the transitions at A = 3.39 um and » = 0.6328 um share

a common upper level. Suppression of the 3.390 um line therefore enhances

the output power at 0.6328 um. The 1,15 um and the 0.6328 um lines, on the
other hand, share a common lower level, and they also compete for gain,

since both laser transitions increase the lower-level population and there-
fore decrease the inversion. If the 3.3903 um transition is suppressed, e.g.,
by placing an absarbing l:H4 cell inside the resonator, the population of the
upper 352 level increases, and a new line at A = 3,3913 um reaches threshoid.
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Fig.6.6. Level diagram of the He-Ne s i
| g ystem in
2 aschen notation with the main laser transitions

This Taser transition populates the 3P4 level, and produces gain for another
Vine at A = 2,395 um. This last line only oscillates together with the
3.3913 um, which acts as pumping source. This is an example of cascade
transitions in laser media [6.4] as depicted in Fig.6.5b,

The homogeneous width of the laser transitions is determined by pressure
broadening and power broadening. At total pressures of about 3 torr, the
homogeneous linewidth for the transition A = 632.8 nm is about 300 MHz, which
is still small compared with the Doppler width dvy = 1500 MHz. In single-mode
operation, one can obtain about 20% of the multimode power [6.5] which cor-
respends to the ratio Auh/AuD of homogeneous to inhomogeneous Yinewidth, The
mode :pacing dv = c/(Zd*) equals the homogeneous linewidth for d* = c/26v, .
For d° < c/ZAuh, stable multimode oscillation is possible; for d* » ¢c/2av
mode competition occurs, "

1) Argon lLaser
—-_“—_——-au—

The discharge of a cw argon laser exhibits gain for more than 15 different
transitions. Figure 6.7 shows part of the energy-level diagram, illustrating
the coupling of different laser transitions. Since the Tines 514.5 nm,

4p-levels 1’5;”2

Fig.6.7, Energy level diagram and
coupl{qg of laser transitions in the
argon-ion laser
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lected i::-. ihe mutual ~olesaciios of the vovious jooee transitions has
bean thureiv o entensively studied [£.6,71 in order to cptimize the outp?

nower, Line seiection is generally achieved vith an isternal Brewster

prism (Fig.5.3). The homogensous width vy, iz mainly caused by collision
broadening due to electron-ion coliisions. Additicenal breadening and shifts
of the ion lines result from jon d:rifts in the field of the discharge. At
intracavity intensities of 350 N/cmz. which corresponds to about 1 W output
power, appreciable saturaticn broadening increases the homogeneous width,
which may exceed 1000 MHz. This explains why the output at single-mode
operation may reach 30% of the multimode output on a single line [6.8].

1iit) 00, Laser
—l 2

A section of the level diagram is illustrated by Fig.6,8, The vibrational
levels (vl,v;,v3) are characterized by the number of quanta in the.three
normal vibrational modes. The upper index of the degenerate vibration v,
gives the quantum number of the corresponding angular momentum 1 [6.9].
Laser oscillation is achieved on many rotational lines within two vibrational
transitions (vl,v;,va) = 00°1 - 10° and 00°1 - 9§°0 [6.9a-c]. Without line
selection, generally only the band arocund 961 cm * {
these transitions exhibit larger gain., The laser osciliation depletes the
population of the 00°1 vibrational level and suppresses laser oscillation on
the second transition, due to gain competition. With internal line selection

10.6 um)} appears because

{see Fig.6.4), many more lines can be successively optimized by turning the
wavelength-selection grating. The cutput power of each line is higher than

Nz
2331 0 e o
val o o o -
L—T—L V2
vz 0 -0 O O vy
{al b}

Fig.6.8a,b. Level diagram and laser transitions in the CO, molecule (a) and
normal vibrations {b)

TeouTl Yine o coo Breayse 6w w21l Doppler
Vo {ma M), the f “octral rang S C/Zd* is 2lve. s Targer than the
it of the gafn prefile for d < 200 Gu. [or such resonators, the mirror
s¢y;-cation d has *to be adjusted to tune tie resonator eigenfioguency
va o qc/2d* (4= integer) to the center of tha gain profile. I¥ the resonator
patei:2ters are properly chosen to suppress higher transverse modes, the
CO2 laser will then oscillate on a single longitudinal mode.

6.4 Mode Selection in Lasers

In Chap.5 we saw that in an active laser resonator, all those TEﬂ“nq modes
for which the gain exceeds the total losses can participate in laser oscil-
Tation. The selection of one of these many modes implies that the losses of
all other modes must be increased beyond the gain so that these modes do

not reach thresheld, while the losses for the wanted mode should be as tow

as pessible. The suppression of the higher transverse modes can be achieved
with other means than the selection of one of the longitudinal modes because
the transverse modes differ in their radial field distribution, while the
different longitudinal modes have the same radial field profile but are sepa-
rated in frequency by the free spectral range.

Let us Tirst consider the selection of transverse modes. In Sect.5.4 it
was shown that the higher transverse TEMlmnq modes have radial field dis-
tributions which are less and less concentrated along the resonator axis
with increasing transverse order n or m. This means that their diffraction
losses are much higher than that of the fundamental modes Tfﬂmn when an
aperture is inserted inside the resonator. The field distribution of the
modes and therefore also their diffraction losses depend on the resonator
parameters such as the radii R,i of curvature of the mirrors, the mirror
separation d, and of course the Fresnel number N (see Sect.5.3). Only those
resonators which fulfil the stability condition [6.10]

0 < (1 - &/R )1~ d/R,) < 1 (6.3a)

have finite spot sizes of the field distributions inside the resonator. With

the abbreviations 9; = (1 - d/R;} and g, = (1 - d/Rz), the stability con-
dition can be written as

0<gygp <1 . (6.3b)
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A stability diagram in the 9,9, plane, as shown in Fig.6.9, allows the stable
and unstable regions to be identified, In Fig.6.10, the ratio 710/700 of the
diffraction losses for the TEMlo and the TEM00 modes is plotted for differ-
ent values of g as a function of the Fresnel number N. From this diagram

one can obtain for any given rescnator the diameter 2a of an aperture which
suppresses the TEM10 mode but still has sufficiently small losses for the
fundamental TEM00 mode. In gas lasers, the diameter 2a of the discharge tube
generally forms the limiting aperture, One has to choose the resonator par-
ameters in such a way that a =~ 3w/2 (see Sect.5.11) because this assures
that the fundamental mode nearly fills the whole active medium but still
suffers less than 1% diffraction losses.

Igl=0
Yio /Yoo 0s

0 09
.:::::::ii:"ass
5 0

D1 02 48 1 2
N=a?/l A

w

Fig.6.9. Stability diagram of laser Fig.6.10, Ratio v10/v00 of the dif-

resonators with stable (dashed fraction losses for the TEMjg to that

areas) and unstable regions of the TEMpp mode, as a function of
the Fresnel number ¥ for a resonator
with two mirrors of equal curvatures
where g, =g, = g

Because the frequency separation of the transverse modes is small and the
TEMloq-mode frequency is separated from the TEM00q frequency by less than
the homogeneous width of the gain profile, the fundamental mode can partly
saturate the inversion at distances r from the axis, where the TEMIOq-mode
has its field maximum. The resultant transverse mode competition {Fig.6.11)
reduces the gain for the higher transverse modes and may suppress their os-
ciliation even if the unsaturated gain exceeds the losses. The restriction
for the maximum allowed aperture diameter is therefore less stringent. The
resonator geometry of many commercial lasers has already been designed in

[{r) & (r)=&N{r)

;;gés.ll. Transverse gain competition between the TEMgg mode and the TEMjg

such a way that “single-transverse-mode" operation is obtained. The laser
can, however, still oscillate on several longitudinal modes, and for true
single-mode operation, the next step is to suppress all but one of the
longitudinal modes.

From the discussion in Sect.5.7 it should have become clear that simul-
taneous oscillation on several tongitudinal resonator modes is possible
when the inhomogeneous width av_ of the gain profile exceeds the mode
spacing c/24* {(Fig.6.12), A simple way to achieve single-mode operation is
therefore the reduction of the resonator length d below a value d such
that the width av_ of the gain profile above threshold becomes sm???er
than the free spectral range v = ¢/2d* [6.11].
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Fig.6.13. Single-mode operation by
reducing the cavity length d to a value
where the cavity mode spacing exceeds
half of the gain profile width above
threshold

If the resonator frequency can be tuned to the center of the gain pro-
file, single-mode operation can be achieved even with the double length
2d*, because then the two neighboring modes just do not reach threshold
{Fig.6.13). This solution for the achievement of single-made operation has,
however, several drawbacks. Since the length L of the active medium cannot
be larger than d (L < d), threshold can only be reached for transitions
with a high gain. The output power, which is proportional to the active
mode volume, is also small in most cases. For single-mode lasers with
higher output powers, other methods are therefore preferable. We distinguish
between external and internal mode selection.

When the output of a multimode laser passes through an external spectral
filter, such as an interferometer or spectrometer, a single mode can be se-
tected. For perfect selection, however, kigh suppression by the filter of
the unwanted modes and high transmission of the wanted mode are required.
This technique of external selection has the further disadvantage that only
part of the total laser output power can be used. Internal mode selection
with spectral filters completely suppresses the unwanted modes already when
the losses exceed the gain. Furthermore, the output power of a single-mode
laser is generally higher than the power in this mode at multimode oscil-
lation because the total inversion V-aN in the active volume V is no longer
shared by many modes as is the case in multimode operation with gain compe-
tition.

In single-mode operation we can expect roughly the fraction A“homlﬁvg of
the multimode power, where 9 om is the homogeneous width within the in-
homogeneous gain profile. This width Avp o becomes even larger for single-
mode operation because of power broadening by the more intense mode. In an
argon laser, for example, one can cbtain up to 30% of the multimode power
in a single mode with internal mode selection.

This is the reason why virtually all single-mode lasers use <nternal
mode selection. We discuss in the next section scme experimental possibili-
ties which allow stable single-mode operation of lasers.
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6.5 Experimental Reaiization of Single-Mode Lasers

As pointed out in the previous section, all methods of achieving single-
mode operation are based on mode suppression by increasing the losses beyond
the gain for all but the wanted mode. A possible realization of this idea
is illustrated in Fig.6.14, which shows longitudinal mode selection by a

Vipe
2 A pd
Eg P e Fig.6.14. Single-mode
L : L operation by inserting a
M I . - s
\ d »|M, tilted etalon inside the

resonator

tilted plane-parallel etalen (thickness t and refractive index n} inside the

laser resonator [6.12]. In Sect.4.2.6, it was shown that such an etalon has
transmission maxima at those wavelengths Am for which

mh, = 2nt cose . (6.4)

If the free spectral range of the etalon,

- 1 _ 1 A
33 2nt COSB(m m) *FF7T (6.5)

1s larger than the spectral width |A1 - A2| of the gain profile above thres-
hold, only 2 single mode can oscillate {Fig.6.15). Since the wavelength i

is 21so determined by the rescnator length d, the tilting angle & has to be
adjusted so that

transmission , i
ot etalon gain profile

net gain

A; A

Fig.6.15, Gain profile, rescnator mades, and spectral transmissio
etalon tuned for single-mode operation g n of the



ant Cossin o= Py . g o= dntenor (6.6}

which means that the transmission peak o **alnn han 'y coincide with

an eigenresonance of the laser rescaator.

EampLe

In the argon-ion laser, the width of the gain profile is about 8 GHz. With
a free spectral width av = o/(2nt) = 10 GHz of the intracavity etalon,
single-mode operation can be achieved.

The finesse F* of the etalon has to be sufficiently high to introduce
losses for the modes adjacent to the selected mode which overcome their
gain (Fig.6.14}. Fortunately in many cases this gain is already reduced by
the osciitating mode due to gain competition, This allows the less stringent
demand that the Josses of the etalon must exceed the unsaturated gain at a
distance Avpom Way from the transmission peak.

Often a MWichelson interferometer is used for mode selection, coupled by
a beam splitter St to the laser resonator (Fig.6.16). The free spectral
range of this "Fox-Smith cavity" [6.13], which is AA.=c/[2(L2-+L3)}, has

R mas
R Yo
P L e g R 1
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Fig.6.16a,b. Mode selection with a Fox-Smith selector. {a} Experimental ar-
rangement, (b) Maximum reflectivity R and finesse F* of the Fox-Smith cavity

as a function of the reflectivity Rgy of the beam splitter for Ry = Ry = 0.99
and A = 0.5%

again to be larger than the width of the gain profile. With a piezo element
PE, the mirror H3 can be translated by a few um to obtain resonance between
the two coupled resonators. For resanance

(L1 + L)/ = (L2 tLa)/m-.  m, q=integers , (6.7)
the partial wave M1 = 5t reflected by St and the partial wave H3 - 5t,

transmitted through St, interfere destructively. This means that for the
resonance condition (6.7) the reflection losses by 5t have a minimum (in
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e 1000 case they aie Zuivi. For all otier wa,ilengths, however, these
losses are larger and singie-mode oscillation is achieved if they exceed
the gain [6.14].

In a more detailed discussion the absorption losses Agt of the beam
splitter St cannot be neglected, since they cause the maximum reflectance
R of the Fox-Smith cavity to be less than 1. Similar to the derivation of
(4.73), the reflectance of the Fox-Smith selector, which acts as wavelength-
selecting laser reflector, can be calculated to be [6.15]

2 2
TStRz(1 = Agy)

= i .
1l - RSt’RZRs + 4RSt¢R2R3 sin“§/2

(6.8)

Figure 6.16b shows the reflectance Rmax for § = 2mn and the additional losses
of the laser resonator introduced by the Fox-Smith cavity as a function of
the beam-splitter reflectance RSt. The finesse F* of the selecting device is
also plotted for R2 = R3 = 0.99 and ASt = 0.5%. The spectral width av of the
reflectivity maxima is determined by

av = §v/F* = c/[ZF“‘(L2 0 . (6.9)

There are several other resonator coupling schemes which can be wsed for

mode selection. Figure 6.17 compiles some of them together with their fre-
quency-selective losses [6.16].
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Fi9.6.17. Some possible coupled resonator schemes for longitudina) mode se~

lection, with the corresponding frequency-dependent losses. For comparison
the eigenresonances of the long laser cavity with a mode spacing av = ¢/2d
are indicated
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In case of multiline lasers {e.g., argon or krypton iasers), iine selec-
tion and mede sejection can be simultanecusly achieved by a combination of
prism and Michelson interferometers. Figure €.18 illustrates twa possible
realizations. The first replaces mirror H2 in Fig.6.16 by a Littrow prism
reflector (Fig.6.18a}. In Fig.6.18b, the front surface of the prism acts as
beam splitter, and the two coated back surfaces replace the mirrors M2 and
H3. The incident wave is split into the partial beams 4 and 2, After being
reflected by Mz, beam 2 is again split into 3 and 1. Destructive inter-
ference between beams 4 and 3 after reflection from My occurs if the optical
path difference #3 = 2n(52 + 53) = mi. If both beams have equal amplitudes,
no light is emitted in the direction of 4. This means that all the Tignt is
reftected back into the incident direction and the device acts as a wave-
length-selective reflector analogous to the Fox-Smith-cavity [6.17]. Since
the wavelength 2 depends on the cptical path length n(L2 + 13), the prism
has to be temperature stabilized to achieve a stable wavelength in single-
mode operation, The whole prism is therefore embadded in a temperature-
stabilized oven,

For lasers with a broad gain profile, one wavelength-selecting element
atone may not be sufficient to achieve single-mode cperation, and one has
to use a proper combimation of different dispersing eemenis. With preselec-
tors, such as prisms, gratings, or Lyot filters, the spectral range of the
effective gain profile is narrowed down to a width which is comparable to
that of the Doppler width of fixed-frequency lasers. Figures 6.19,20 re-
present two possible ways which have been realized in practice. The first
uses two prisms as preselector to narrow the spectral width of a cw dye
laser [6.18], and two etalons with different thicknesses t1 and t2 to achieve
stable single-mode operation. Figure 6.19b illustrates mode selection, de-
picting schematically the gain profile narrowed by the prisms and the spec-
tral transmission curves of the two etalons. In case of the dye laser with
its homogeneous gain profile, not every resonator mode can oscillate but
only those which draw gain from the spatial hole-burning effect (see Sect.
5.8). The “suppressed modes" at the bottom of Fig.6.19 represent these spa-
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Fig.6.19. Mode selection in case of broad gain profiles with preselection
by heavy flint prisms. (a} Experimental arrangement for a cw dye laser,

(b) Gain profile with spectral narrowing by the prisms and issi
curves of the two etalons i prisms and transmission

tial hole-burning modes which would simultaneously oscillate without the
etalons. The transmission maxima of the two etalons have of course to be at

the same wavelength AL This can be achieved by choosing the correct tilting
angles 8 and 8, such that

ntl cose1

nt2 cosg, AL (6.10)
Figure 6,20 shows the experimental arrangement for single-mode operation
of an N2-laser—pumped dye laser. The laser beam is expanded to fill the
whole grating. Because of the higher spectral resolution of the grating
{compared with a prism) and the wider mode spacing due to the short cavity,
a single etalon may be sufficient to achieve single-mode operation [6.19].
There are many more experimental possibilities of achieving single-mode
operation. For details, the reader is referred to the extensive special
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Fig.6.20, Preselection with a grating and mode selection with one etalon
used to achieve single-mode operation of a dye laser pumped by a nitrogen
laser
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literature on this subject which can be found, for instance, in the excellent
reviews on mode selection and single-mode lasers by SMITH [6.16] or GOLDS-
BOROUGH [6.20].

6.6 Wavelength Stabilization

For many applications in high-resolution laser spectroscopy, it is essential
that the laser wavelength stay as stable as possible at a preselected value
Age This means that the fluctuations ax around g should be smaller than the
molecular linewidths which are to be resolved. For such experiments only
gingle-mode lasers can in general be used, because in most multimode lasers
the momentary wavelengths fluctuate and only the time-averaged envelope of
the spectral output profile is defined, as has been discussed in the previous
sections. This stability of the wavelength is important both for fixed-wave-
length lasers where the laser wavelength has to be kept on a time-independent
valye Ag as well as for tunable lasers where the fluctuations ax = ]AL -AR(t)l
around a controlled tunable wavelength AR(t) have to be smaiier than the re-
solvable spectral interval.

In this section we discuss some methods of wavelength stabilization with
their advantages and drawbacks. Since the laser frequency v = ¢/A is directly
related to the wavelength, one often speaks about frequency stabilization,
although for most methods in the visible spectral region, it is not the
frequency but the wavelength which is directly measured and compared with a
reference standard, There are, however, some stabilization methods in the
infrared which do rely directly on absclute frequency measurements (see Sect,
6.10).

In Sect.5.6, we saw that wavelength i or frequancy v of a longitudinal
mode in the active resonator is determined by the mirror separation d and
the refractive indices n, of the active medium with length L, and nys out-
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side the amplifying region
9 =2n(d - L)+ L . (6.11)
For simplicity, we shall assume that the active medium fills the whole
region between the mirrors. Thus (6.11) reduces, with L = d and n, =ny =n,
to
QA =2nd , or v =qc/(2nd) . {6.12)

Any fluctuation of n or 4 will cause a corresponding change of A and v, We
obtain from (6.12)

%=%’-+% or -%zéac-l+':;_l—n . (6.13)
To #1lustrate the demands of frequency stabilization, let us assume that we
want to keep the frequency v = 6 x 1014 s'1 of an argon laser constant within
1 Miz. This means a relative stability of Av/v = 1.6x 10'9, and implies that
the mirror separation of d = 1 m has to be kept constant within 1.6 mt.

From this example it is evident that the requirements for such stabilis-
ation are by no means trivial. Before we discuss possible experimental
solutions let us consider the causes of fluctuations or drifts in the res-
onator length d or the refractive index n. If we were able to reduce or even
to eliminate these causes, we would already be well on the way to achieving
a stable laser frequency. We shall distinguish between long-term drifts of
d and n which are mainly caused by temperature drifts or siow pressure
changes; and short—term fluctuations, caused, for example, by acoustic vib-
rations of mirrors, by acoustic pressure waves which modulate the refractive
index, or by fluctuations of the gas discharge in gas lasers or of the Jet
flow in dye lasers.

To illustrate the influence of long-term drifts, let us make the following
estimate. If o is the therma) expansion coefficient of the material (e.qg.,
quartz or invar rods) which defines the mirror separation d, the relative

change Ad/d for a temperature change AT is, under the assumption of linear
thermal expansion,

ad/d = asT (6.14)

Table 6.1 compiles the thermal expansion coefficients far some commonly used
materials. For invar, with « = 1 x 1078 K'l, we obtain from (6.14), even for
aT = 0.1 K a relative distance change ad/d = 10'7 which, in our example above,
gives a frequency drift of 60 MHz.
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Table 6.1. Linear thermal expansion coefficients of some materials at room

temperature T = 20°C

1

Material « 11078 7}
Aluminium 23
Brass 19
Steel i1-15
Titanium 8.6
Tungsten 4.5
A1203 5

Bel 6
Invar 1.2
Soda-Glass 5-8
Pyrex Glass 3

Fused quartz 0.4-05

Cerodur

<0.1

If the laser wave inside the laser resonator travels a path length d-L
through air at atmospheric pressure, any change ap of air pressure results
in a change

as = (d-L)}(n-1)ap/p with ap/p = an/{(n-1} (6.15)

of the optical path length between the resonater mirrors. With n = 1,00027
and d-L = 8.2 d, which is typical for gas lasers, we obtain from {6.15) and
16.11) for pressure changes ap = dmbar (which can readily occur during one
hour, particularly in air-conditioned rooms),

A/ = -av/v & (d-L)an/(nd) = 1.5 <1077

For our example above, this means a frequency change of Av > 90 MHz. In

cw dye lasers, the length L of the active medium is negligible compared

with the resonator length d, and we can take d-L = d. This implies for the
same pressure change, a frequency drift which is even five times larger than
estimated above.

To keep these long-term drifts as small as possibie, cne has to choose
distance holders for the resonator mirrors with a minimum thermal expansion
coefficient o, A good choice is, for example, the recently developed cerodur-
quartz composition with a temperature-dependent «(T) which can be made zero
at room temperature [6,21]. Often massive granite blocks are used as support
for the optical components; these have a lzrge heat capacity with a time
constant of several hours *o saooothen temperature fluctuations To minimizs
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pressure changes, the whole resonator must be enclosed by a pressure-tight
container, or the ratio (d-L)/d must be chosen as small as possible. However,
we shall see that such long-term drifts can be mostly compensated by elec-
tronic servocontrol if the laser wavelength can be bound to a constant re-
ference wavelength standard.

A more serious problem arises from the shart-term fluctuations, since
these may have a broad frequency spectrum, depending on their causes, and
the frequency response of the electronic stabilization control must be
adapted to this spectrum. The main contribution comes from acoustical
vibrations of the resonator mirrors. The whole setup of a wavelength-
stabilized laser should be therefore as far as possible vibrationally iso-
lated. Figure 6.21 shows a possible table mount for the laser system as
used in our laboratory. The optical components are mounted on a heavy
granite plate which rests in a flat container filled with sand to damp the
eigenrescnances of the granite block. Styropor blocks and aceustic damping
elements prevent room vibrations being transferred to the system. The opti-~
cal system is protected against direct sound waves through the air, air
turbulence and dust by a dust-free solid cover resting on the granite plate.

Granite block

NN

yropar i9.6.21. Experimen realiz-
NN W W acoustic gf?ﬁ%‘%%‘ag gcolstizgilye?;of

Tated table for a wavelength-

{1 f§-— camping stabilized laser system

The high-frequency part of the noise spectrum is mainly caused by fast
fluctuations of the refractive index tn the discharge region of gas lasers
or in the Tiquid jet of cw dye lasers. These perturbations can be only
partly reduced by choosing the optimum discharge conditions in gas lasers.
In jet-stream dye lasers, density fluctuations in the free jet, caused by
small air bubbles or by pressure fluctuations of the jet pump and by sur-
face waves along the jet surfaces, are the main causes of fast laser-fre-
quency fiuctuations. Careful fabrication of the jet nozzle and filtering of
the dye solution are essential to minimize the. fluctuations,

All the perturbations discussed above cause fluciuations of the optical

path length inside the ressnatar which are typically in the nanometer range,

In crder to keep the laser wavelungth stable, thase fluctuations must be
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controlled ¢ ¢ test length chan, © ir the nm range b wiic elements

are mainly used [5 22}, They consist of a pie.. . - - - :rial whose

length in an @ ternal electric field changes proporticr:ily to the field
strength. Either cylindrical plates are used, where the v.d faces are coverc:
by silver coatings which provide the electrodes; oy Rollow cylinders, where
the coatings cover the inner and outer wall surface. Typical parameters of
such piezo elenents are a few nm length change per volt. When a resonator
mirrar is mounted on such a piezo element (Fig.6.22), the resonator length
can be controlled within a few um by the voltage applied the electrodes of
the piezo element.
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. . th
Fig.6.22a~c, Resonator end mirror, mounted on a piezo element. (a) Leng
change of a piczo element with applied voltage, (b) Mirror epoxyed on the
PZT. (c¢) The PZT presses the mirror onto a rubber ring (Jodon, Inc.}

The frequency response of this length control is 1imited by the inertial
mass of the moving system consisting of the mirror and the piezo element
and by the eigenresonances of this system. Using small mirror sizes and
carefully selected piezos, one may reach the 100 kMz range. For the compen-
sation of faster fluctuations, an optical anisotropic crysta!, such as KDP,
can be used inside the laser resonator. The optical axis of this crystal
must be oriented in such a way that a voltage applied to the crystal elec-
trodes changes its refractive index along the resonator axis. This allows
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woRhgrefose Lo b wavelength crrreled Wit o gy
Pes, " s up into tha v lorts range.

The wavelength stabiiizalion system con.l:ig essentially of i :e
elewc * o

i) The wavelength reference standard with which the laser wavelength is
compared. One may, for example, use the wavelength An at the maximum or at
the slope of the transmission peak of a Fabry-Perot interferometer which

is maintained in a controlled environment (temperature and pressure stabi-
lization}; or the wavelength of an atomic or molecylar transition may serve
as reference, Sometimes another stabilized lTaser is used as standard and
the laser wavelength is locked to this standard wavelength.

11) The controlled system, which is in our case the rescnator length nd
defining the laser wavelength A

191} The electronic control system with the servo loop, which measures the
deviation ax = A, - Ag of the laser wavelength A from the reference value
Ap and which tries to bring ax to zero as fast as possible.

The stability of the laser wavelength can, of course, never exceed that
of the reference wavelength. Generally it is worse because the control
system is not ideal. Deviations ar(t) = kL(t) = Ap cannot be compensated
immediately because the system has a finite frequency response and the in-

herent time constants always cause a phase lag between deviatien and rasponse.,

Figure 6.23 shows how the electronic system can be designed to optimize
the response over the whole frequency spectrum of the input signals. In
principie three operational amplifiers with a different frequency response
are put paraliel. The first is a common proportional amplifier, with an
upper frequency determined by the resonance frequency of the mirror piezo
system. The second is an integral amplifier with an output

T
1
Uout - R'C"{]’ Uin(t)dt

This amplifier is recessary to bring the signal (Uinn-ax}. which is propor-
tional to the wavelength deviation, reaily back to zero, which cannot be
performed with a proportional amplifier. The third amplifier is a differen-
tiating device which takes care of fast peaks in the perturbations, Al1l
three functions can be combined in a system called PID control [6.23],

A schematic diagram of a commonly used stabilization system is shown in
Fig.6.24. A few percent of the laser output are sent from the two beam
splitters St1 and St2 into two interfercmeters. The first F.P.I. 1 s a
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Fig.6.23. Schematic diagram of noninverting proportiqnal ;mp?ifier, integra-
tor, differentiator, and PID control with corresponding time response to a
step function at the input
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£19.6.24. Schematic diagram for wavciength stabilyzation with a stable
Fabry-Perot interferometer as refeorzuce

scanning confocal resuaator, and serves as spectrum analyecer for manitoring
the mode spectru: of the laser. The sccend interferometer F.P.I, 2 is the
wavelength reference, and is therefore placed in a pressure-tight and tem-
perature-contrelled box to keep the optical path nd between the interfera-
meter mirrors and with it the wavelength g = Znd/m at the transmission
peak as stable as possible (see Sect.4.2). One of the mirrors is mounted

on a piezo element, If a sm211 ac voltage with frequency f is fed to the
piezo, the transmission peak of F.P.I. 2 is periodically shifted around the
center wavelength g which we take as the required reference wavelength g
If the laser wavelength A is within the transmission range M to Ao in
Fig.6.24, the photodiode PhD 2 behind F.P.1. 2 delivers a dc signal which
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ther wivn of AL T Aye Hherzvoe the laser wevolesgth Ay deviates frus tha re-

ference wavalength AR' the photodiode delivers an ac amplitude which increases
as the difference A v hg increases, as long as A stays within the turning
points of IT(A). This signal is fed te a lock-in amplifier, where it is rec-
tified, passes a FID centrol, and a high-voltage amplifier HVA. The cutput

of the HVA is connected with the piezo element, which moves the rescnator
mirror until the laser wavelength Y is brought back to the reference value
AR.

Instead of using the maximum Ag of the transmission peak of !T(A) as re-
ference wavelength, one may also choose the wavelength Ay at the turning
point of [;{x) where the sliope dIT(x)/d has its maximum. This has the ad-
vantage that a modulation of the F.P.I. transmission curve is not necessary
and the lock-in amplifier can be dispensed with. The cw laser intensity
[T(A} transmitted through F.P.1. 2 is compared with a reference intensity
IR split by BSZ from the same partial beam (Fig.6.25). The output signals
Sl and S2 from the tws photodiodes D 1 and D 2 are fed into a difference
amplifier, which is adjusted so that its cutput voitage becomes zero for
A= Ay If the laser wavelength AL deviates from AT A S1 becomes smaller
or, larger, depending on the sign of AL " A and the output of the difference
amplifier is, for small differences x - kR’ proparticnal to the deviation.
The output signal again passes a PID control and a high-voltage amplifier,
and is fed to the piezo of the resonator mirror. The advantages of this
difference method are the larger bandwidth of the difference amplifier
{compared with a lock-in ampiifier), and the simpler and less expensive
composition of the whole electronic control system. Its drawback lies in the
fact that different dc-voltage drifts in the branches of the difference
amplifier result in a dc output, which shifts the zero adjustment, and,
with it, the reference wavelength A Such dc drifts are much more critical

in dc amplifiers than in the ac-coupled devices used in the first method,

attenuator

difference
amplifier reference Ay A

Fig.6.25. Wavelength stabilization on the slope of the reference F.P.I.
using a difference amplifier
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Both methods use a stable F.P.1. as reference standard. This has the
advantage that the reference wavelength AO or X, can be tuned by applying
a voltage to the piezo element in the reference F.P.I. 2. This means that
the laser can be stabilized onto any desired wavelength within the gain
profile, Because the signal from the photodiodes PhD 1 and PhD 2 has suf-
ficiently large amplitude, the signal-to-noise ratic is good, and the method
is suitable for correcting short-term fluctuations of the laser wavelength.

For long-term stabilization, however, stabilization onto an external
F.P.1. has its drawbacks. In spite of the temperature stabilization of
F.P.I. 2, small drifts of the transmission peat cannot be eliminated com-
pletely. With a thermal expansion coefficient o = 1()'6 of the distance
holder for the F.P.I. mirrors, even a temperature drift of 0.01°C causes,
according to {6.13), a relative frequency drift of 10'8, which gives 6 MHz
for a2 laser frequency v = 6x 1014 s'z. For this reason, an atomic or mole-
cular taser transition is more suitable as a long-term frequency standard.
The accuracy with which the laser wavelength can be stabilized onto the
center of such a transition depends on the linewidth of the transition and
on the attainable signal-to-noise ratio of the stabilization signal. Doppler-
free line profiles are therefore preferable, Figure 6.26 i1lustrates a pos-
sible arrangement. The laser beam is crossed perpendicularly with a colli-
mated molecular beam. The Doppler width of the absorption line is reduced
by a factor depending on the collimation ratio {see Sect.10.1). The inten-
sity IF(AL) of the laser-excited fluorescence serves a monitor for the
deviation A - Ac from the Tine center lc' The output signal of the fluores-
cence detector after amplification could be fed directly to the piezo of
the laser resonator. However, in case of small fluorescence intensities,
the signal-to-noise ratio may he not good enough to achieve satisfactory
stabilization. It is therefore advantageous to continue to lock the laser
to the reference F.P.I. 2, but to use the fluorescence signal to lock the
F.P.I. 2 to the molecular line. In this double zervo-cantrol system, tha
short-term fluctuations of A are compensated by the fast servo loop with
the F.P.1. 2 as reference, while the siow drifts of the F.P.I. are stabi-
Yized by being locked %o the molecular line. To decide whether lt drifts to
lower or to higher wavelengths, one must either modutate the laser frequenty
or use a digital servo contrel which shifts the laser frequency in small
steps, and monitors at each step whether the fluorescence intensity has in-
creased or decreased. A simple program can ensure that the laser wavelength
remains within one step around the maximum of the molecular line. This can
be performed, for instance, as follows: A pulse-generator activates a for-

01

reference- FPL.1

fluorescence
detector

digital counter DAC
31 -
voltmeter pulser

Fig.6.26. Long-term stabilization of the taser wavelength Jocked to a
molecular transition

ward-backward counter, which generates by a DAC a voltage, fed to the piezo
of the F.P.I. This voltage shifts the refgrence wavelength of the F.P.1. and
with it the laser wavelength and therefore also the fluarescence intensity

is altered. A comparator compares whether the intensity has increased or de-
creased by the last step and activates accordingly the switch. Since the
drift of the reference F.P.I. is slow, the secand servo control can also be
slow, and the fluorescence intensity can be integrated. This atlows the iaser
to be stabilized for a whale day, even onto faint molecular lines where the
detected fluorescence intensity is less than 100 photons/s [6.24].

Since the accuracy of wavelength stabilizatign increases with decreasing
molecular linewidth, spectroscopists have looked for particularly narrow
Tines which could be used for extremely well-stabilized lasers. The Deppler
width can be eliminated either by using collimated molecular beams, or by
employing the small saturation dip (Lamb dip) at the center of a Doppler-
broadened line, An interesting proposal is based on Doppler-free two-photon
transitions, which has the additignal advantage that the lifetime of the
upper state can be very long, and the natural linewidth may become axtremely
small, An example of a promising candidate is the 1s - 2 transition of
atomic hydrogen, which should have a natural linewidth of less than ] Hz.

A good reference wavelength should be reproducible ang essentiaily inde-
pendent of external perturbations, such as electric or magnetic fields and
temperature or pressyre changes. Therefore transitions in atoms or molecules
without permanent dipole moments, such as CH4 or noble gas atoms, are best
suited to serve as reference wavelength standards (see Chap.l0).

S0 far we have only considered the stafility of the laser rgsonator it~
self. In the previcus section we saw that wavelength-se]ecting elements
inside the resonator are necessary for single-mode .operaticn to pe achieved,
and that their stability and the influence of their thermai drifts on the
laser wavelength must be considered. We illustrate this with the example of



302

single-mode selection by a tilted intracavity etalon, If the transmission
peak of the etalon is shifted by more than 1/2 of the cayity mode spacing
the total gain becomes more favorable for the next cavity mode and the
laser wavelength will jump to the next mode. This implies that the optical
pathiength of the etalon nt must be kept stable, so that the peak trans-
mission drifts by less than c/4d, which is about 50 MHz for an argon laser.
One can use either an air-spaced etalon with distance holders with very
small thermal expansion or a solid etalen in a temperature-stabilized oven.
The air-spaced etaton is simpler but has the drawback that changes of the
air pressure influence the transmission peak wavelength.

The actual stability obtained for a single-mode laser depends on the
laser system, on the quality of the electronic serve loop, and on the de-
sign of the resonator and mirror mounts. With moderate efforts, a frequency
stability of about 1 MHz can be achieved, while extreme precautions and
sophisticated equipment allow a stability of 1 Hz to be achieved for some
laser types [6.27]. A statement about the stability of the laser frequency
depends on the averaging time and on the kind of perturbations. The sta-
bility against short-term fluctuations, of course, becomes better if the
averaging time is increased, while long-term drifts increase with the samp-
Ting time. Figure 6.27 illustrates the stability of a single-mode argon
laser, stabilized with the arrangement ¢f Fig.6.26. With more expenditure,
a stability of better than 3 kiz has been achieved for this laser [6.28].

vy f VL Yo
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{a) (b) {c)

Fig.6.27a-c. Frequency fluctuations of a single-mode argon Taser. (a) Un- :
stabilized. (b) Stabilized with the arrangement of Fig.6.26 on an external
F.P.I. (¢) Additional long-term stabilization onto a molecular transition

The residual frequency fluctuations of a stabilized laser can be re-
presented in an Allen plot. The Alien variance {6.25]

2
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Fig.6.28. Plot of the Allen variance to illustrate the shor

of a He-He laser stabilized onto a CH4 transition [6,30] frtern stability

is comparable to the relative standard deviation. It is determined by
feasuring N times at equal time intervals L=t

ot iat the frequency differ-
ence Av, between two lasers stabi

iized onto the same reference freguency v

Figure 6.28 illustrates the Allen variance for a He-Ne laser, stabilized
at x» =

[6.30].

R

3.3 wm onto a3 vibrational-rotational transition of the CH4 molecule

Such extremely stable lasers are of great importance in metrology since
they can provide high-quality wavelength or frequency standards with an
accuracy approaching, or even surpassing, that of present-day standards
[6.29a). For most applications in high-resolution laser spectroscopy, a
frequency stability of 100 kHz to 1 MHz is sufficiently good because most
spectral linewidths exceed that value by several orders of magnitude,

For a more complete survey of wavelength stabilization, the reader is

referred to the reviews by BAIRD and HANES {6.25) and TOMLINSON and
FORK [6.261].



The intensity I(1} uf a cw laser is not COlG: 8 0e 3y Tt RLt shows
periodic and random fluciusiions ang 27<o, in general, long-cers drifis.

The reas;is “or thess luct “tign- - tani T ld and may be, for example,

ar insufficiently vilterec poranc 503017 « ot resuls 6 2 ippie on the
dischargs ivrvent of the gas laces sad o Tuscaspending intensity moduiation,

dther nyise sourees are jnstabilities of the gas discherae. dust particles
diffusing through the s:aoe biam inside the resonator, vibrations of the
resonator mirrors, and, i oultigode lasers, internal effaccs as well,

such as mode competifion. In cw dye lasers, density fluctuations in the

dye jet stream and «ir bubbles are the main ciuse of intensity fluctuations,

Long-term drifts of the laser intensity may ue caused by slow temperature
ur pressure changes in the gas discharge, bv thermal detuning of the res-
onator, or by increasing degradation of the optical quaiity ¢f mirrors,
windows and other optical components in the rescnator. Ail these effects
give rise to a noise level which is well above the theorstical lower limit
set by the photon nuisc.'51nce these intensity fluctuations lower lhe signal-
to-noise ratio, they may become very troublesome in many spectesscopic ap-
plications, and one should consider steps which recuce theso fluctuations
by stabilizing the laser intensity,

Of the various possible methods, we shall discuss two which are cften
used for intensity stabilization. They are schematically depicted in Fig.
6.29. In the first method, a small fractics of the cutput power is split by
the beam splitter St to a detector {Fig.6.292). The detectar output VD is
compared with a reference voltage VR ardd the differgnce aV = VD ~ VR is
amplified and fed to the power supply cf the laser, where it controls the
discharge current. The servo loop is effective in a range whare the laser
intensity increases with increasing current.

The upper frequency limit of this stabilization loop is determined by
the capacitances and inductances in the power supply and by the time lag
between current increases and the resultant increase of the laser intensity,
The lower limit for this time delay is given by the time the gas discharge
needs to reach a new equilibrium after the current has been changed. It is
therefore not possible with this method to stabilize the system against
fluctuations of the gas discharge. For most applications, however, this
stabilization technique 1is sufficient; it provides an intensity stability
where the fluctuations are less thanm 0.5%.

A LR S pot
[T G} AN
[tee PR 1
u

Giizer

L_ l detector I
:::;1; —@}h.— >> detector

reference
reference voltage

voltage difference
U amplifier

(c) (b;

Fig.6.2%,b. Intensity stabilization of lasers. {a) With a servo loop to
control the pumping power of the laser. (b) By controlling the transmission
of a Pockels cell

To compensate fast intensity fluctuations, another technique, illustrated
in Fig.6.29b, is more suitable. The output from the laser is sent through
a Pockels cell, which consists of an optically anisotropic crystal, placed
between two linear polarizers. An external voltage applied to the electrodes
af the crystal causes optical birefringence which rotates the polarization
plane of the transmitted Tight and therefore changes the transmittance through
the second polarizer. If part of the transmitted Tight is detected, the am-
plified detector signal can be used to contrcl the voltage at the Pockels
cell. Together with a PID anplifier, any change of the transmitted intensity
Can be compensated by a transmission change of the Pockels cell, This sta-
bilization control works up to frequencies in the megahertz range. [ts dis-
advantage is an intensity loss of 20% - 50% because one has to bias the
Pockels cell to work on the sTope of the transmission curve (Fig.6.24b).

For spectroscopic applications of dye lasers, where the dye laser has to
be tuned through a large spectral range, the intensity change, caused Ly the

unstabilized

argon lasar dye laser BS

2 o4
5
o g3 F
» 0z stabilized
L
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power supply ® , )
570 580 600 620 6.0 nm
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Fig.6.30a,b, Intensity stabilization of a cw dye laser by controlling the

argon laser pump power. {a) Experimenta? arrangement. (b) Stabilized and un-

stgbilizeq dye laser intensity I{x}) when tuning the dye laser icross. ks
gain profile
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of J,(n) with » ~:Lilizes the dye iaser

\
L

elegant way o .. .4 this change
output to conter ! the argon Tarzy power (Fig.6.301. Since = ... v0 coRtrol
must not be ¢ - tasi, the stabilization scheme of Fig.6.29 can be employed.
Figure 6.30b demonstrates how effactively this method works if one compares
the stabilized with the unstabilized intensity profile I{1) of the dye
laser,

6.8 Controlled Wavelength Tuning

Although fixed-wavelength lasers have proved their importance for many
spectroscopic applications (see Sect.6.3 and Chap.5,8 and 3}, it was the
development of continuously tunable lasers which really revolutionized the
whole field of spectroscopy. This is demonstrated by the avalanche of publi-
cations on tunable lasers and their applicaticns (see, e.9., {1.10]). We
shall therefore treat in this section some basic techniques of controlled
tuning of single-mode lasers, while the next chapter gives a survey on
tunable coherent sources, developed in various spectral regions.

Since the laser wavelength A of a single-mode laser is determined by
the optical path length nd between the resonator mirrors,

Qi = 2nd

either the mirror separation d or the refractive index n can be continuously
varied to obtain a corresponding tuning of AL This can be achieved, for
example, by a linear voltage ramp U = UO + ai in the piezo elements on which
the resonator mirror is mounted, or by a continucus pressure variation in

a tank containing the resonator or parts of #t. However, as has been dis-
cussed in Sect.6.6, most lasers need additional wavelength-selecting elements
inside the laser resonator to ensure single-mode cperation. When the res-
onator length is varied, the frequency v of the oscillating mnde is tuned
away from the transmission maximum of these elements (see Fig.6.15). During
this tuning the neighboring rescnator mode {which is not yet oscillating)
approaches this transmission maximum and its losses may now become smaller
than those of the oscillating mode. As scon as this mode reaches threshoid,
it will start to os¢illate and will suppress the former mede because of

mode competition (see Sect.5.7). This means that the single-mode laser will
jump from one resonator mode to the nexi. In this way, the continuous tuning
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Fig.6.3la,b. Piscontinucus tuning of lasers. (a) Part of the Ne spectrum
excited by a single-mode dye taser with Doppler-limited resolution, which
nides the cavity mode hops of the laser. (b) Excitation of Nas lines by a
sungle—mode argon laser in a weakly collimated molecular beam, The intra-
cav1:y :ta]on was continuously tilted but the resonator length was kept
constan

range is restricted to about half the free spectral range &v = ¢/2t of the
selecting interferometer with thickness t.

Sinilar mode hops occur when the wavelength-sefecting elements are con-
tinuousty tuned but the rescnator length is not controlled but kept con-
stant. Such a discontinuous tuning of the laser wavelength will be suffi-
cient if the mode hops 6v = ¢/2d are small compared with the spectral line-
widths under investigation. As illustrated by Fig.6.31a, which shows part of
the neon spectrum excited in a He-Ne gas discharge with a discontinucusly
tuned singic-mode dye laser, the mode hops are baraly seen and the spectral
resolution is limited by the Doppler width of the neon lines, In sub-Doppler
spectroscupy, however, the mode jumps appear as steps in the line profiles,
as is shown in Fig.6.31b, where a single-mode argon laser is tuned with mode
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hops through some absorption lines of Na2 molecules in a slightly collimated
molecular beam where the Doppler width is reduced to about 200 MHz.

In order to enlarge the tuning range, the transmission maxima of the
wavelength selectors have to be tuned synchronously with the tuning of the
resonator length, When a tilted etalon with thickness t and refractive index
n is used, the transmission maximum Aps which, according to (6.4) is given
by

mA, = 2nt cose

can be continuously tuned by changing the tilting angle &, In all practical
cases, 8 is very small, and we can use the approximation cose m ] - 92/2.
The wavelength shift ax = Ag - A s

2t .o 2
82 = 522 (1 - cosé) m Ag8 /2

Ao = a(e = 0) . {6.17)
Equation (6.17) shows that the wavelength shift ax is proporticnal to 62
but is independent of the thickness t. Two etalons with different thick-
nesses tl and t2 can be mounted on the same tilting device, which may be
simply a lever which is tilted by a micrometer screw driven by a small
motor gearbox. The motor simuitanecusly drives a potentiometer which provides
a voltage proportional to the tilting angle s, This voltage is electroni-
cally squared, amplified, and fed ts the piezo element of the resonator
mirror. With properly adjusted amplification, one can achieve an exact
synchronization of the resonator wavelength shift AAL = kLAd/d with the
shift ax of the etalon transmission maximum.

For many applications in high-resolution spectroscopy, it is desirable
that the fluctuations of the laser wavelength AN around the programmed tun-
able value X(t} are kept as small as possible. This can be achieved by
stabilizing 4 to the reference wavelength Ap of @ stable external F.P.1.
(see Sect.5.7), and to tune this reference wavelength g synchronously with
the transmission peaks of the selecting etalons. The amplified potentio-
meter voltage is then fed not to the resonator end fmirror, but to a piezo
which controls the mirror separation of the F.P.I. The laser end mirror is
stabilized by an extra servo Toop to the F.P.I. Figure 6.32 illustrates
schematically the complete design of a contrelled tunable stabildzed single
mode argon laser.

Tuning of the etalon transmission by tilting the etalons hss the disad-
vantage thai the reflection losses increase drastically with increasing 6.
This results from the finite diameter of the laser heam, which causes an

fluorescence
detector

-.- HV power

molecular
@ supply beam
PID o ] FPl 2
control R
lockin
amplifier
monitor

digitai

x2 amplifier

Fi%.6.32. Continuous tuning of a single-mode argon laser by tittinrg the mode
;$s§$§;ogegialgnﬁ gh? ]?ser wavelength is always stabilized anto the trans-
i OT F.P.I. 1 while FIPI. 2 provides frequency marks =i
input 1 receives the signal from the reference beam,qoutpﬂt 2 gi@etogﬁelgef-
erence voltage for modulation of the reference F.P.I. 1.

incomplete overlap of the partial beams r
faces of the etalon (see Fig.4.39)
interfere. This implies that even

eflected fram front and back sur-
» and which can therefore not completely
at the transmissign maximum and apart
from absorption iosses, the transmission T « 1 and part of the incident in-
tensity is reflected oyt of the resonator. The relative reflection losses

AIR/I per transit for a laser beam diameter D and a reflectance R of the
etalon surfaces can be calculated to be f6.12}1

AIo/T ~ 4tRo/(nD) (6.18)

Examples

For an uncoated etalon, with R = .04, t =1 cm, and D = 0.1 cm, we obtain

for 8 = 10 mrad, a relative loss of 1% oor transit, For R =

- 0.5, we already
obFaln I3%. The losses increase with 5, w0d they limit the tuning range of
this tilting method,






