MEASUREMENT OF AMPLIFICATION COEFFICIENTS
R. I. Soloukhin and Yu. A. Yakobi UDC 621.378.33
This study will perform an analysis of errors occurring in the measurement of the coefficient
of amplification of the optical medium of a laser by the method of irradiation with monochro-

matic laser radiation. These errorsare related to lack of correspondence in parameters of the
probe laser and the laser to be measured.

1. Formulation of the Problem

The coefficient of amplification is the basic parameter characterizing the active medium of a laser,
In the great majority of cases the coefficient of amplification is measured by irradiation of the active me-
dium with monochromatic radiation produced by the same quantum transition as that employed in the laser
being studied. In many cases the radiation source is another laser using the same laser transition as the
active medium being measured, but with other parameters (density, temperature, component concentra-
tion) possibly greatly different.

The difference in parameters between the probe and the medium measured inescapably leads to dif-
ferences between the contours of the probe and studied lines, When using a laser as the probe, source-
generation mode structure must also be considered.

The purpose of the present study is to perform an analysis of errors which may develop in measure-
ment of the coefficient of amplification due to the above-mentioned variations and to formulate conditions
for minimization of such errors, We will make two preliminary remarks concerning the ambiguity of the
term "coefficient of amplification"* itself, Frequently, in the literature the concepts of coefficient of am-
plification K and unsaturated index of amplification % are confused, While K is a dimensionless quantity,
characterizing the effect over the entire active medium K=P_/P 4> where P_ and P, are output and input
power, % characterizes the amplification per unit length, reduced to an infinitely thin layer, i.e., the local
amplification, The two quantities are related as follows:

K = exp [(x — 8) L, (1.1)
where 0 is the index of distributed losses (scattering), and L, is the length of the active medium,

Another ambiguity is connected with interpretation of the coefficient of amplification without refer-
ence to the generation mode in which it is proposed to utilize the active medium studied, If the generation
contour is significantly narrower than the amplification contour, it is natural to treat this term as being
the amplification coefficient for monochromatic light, Such a situation occurs in single-mode (with re~
spect to axial modes)operation and also, almost alwayg, in solid-state lasers. On the other hand, if the gen-
eration contour is comparable with the amplification line contour (for example, in an argon laser without
mode selection), the term should obviously correspond to some total amplification over the contour. For
the sake of brevity, we will refer below simply to single and multimode regimes, considering gas lasers
at pressures below atmospheric, Thus,the measured value of the coefficient of amplification is determined
by the degree of overlapping of the probe and studied lines, and its true value depends on the generation
regime (Fig. 1), Inthe general case four variants of the measurement process must be analyzed, depend-

* Here and below we consider the unsaturated coefficient of amplification,
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ing on the mode structure of the probe laser and the laser using the
material being studied.

2, Single-Mode Laser Irradiating Active Medium

of Another Single-Mode Laser

Since deviations of the laser frequency from the center of the
amplification line may vary over quite wide limits, we shall introduce
certain assumptions for the sake of simplification, We will concern
ourselves with the value of the amplification coefficient at the center
of the amplification line of the active medium studied. This assumption
is natural, since this value, generally speaking, corresponds to the max~
imum of the amplification coefficient, As for the generation frequency
of the probe laser, here we must commence with the frequency interval
¢ |4 between axial modes Av=c¢/2L, where ¢ is the speed of light and L, the
> w length of the resonator. The goal of mode selection, as a rule, is the
choice of the mode closest to the center of the line, With this assump-
tion it is obvious that deviations of the generation frequency from the
center of the amplification line must not exceed one half of the interval
mentioned,namely, Av ' =¢/4L, We will now introduce the function ¢ () describing the contour of the ampli-
fication line and normalized such that at the line center ¢ (0) =1, Inasmuch as " (w)~ ¢(w) the maximum
relative error in measurement of the index of amplification connected with uncertainty in the probe-laser
frequency will be given by

_Fig.1

P (0) — ¢ (wy) 1 1 (2.1)
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where wyy is the mode frequency. It is known [1] that for a homogeneously broadened contour
1
?() = IRy 2.2)

and for a Doppler contour
2
¢ (0) = exp [— 4In 2 ('5%:) ] (2.3)

where Aw is the half-width of the contour. In as much as usually L=~1 m, we have ¢(c/4L)~ ¢(10°Hz). Fig-
ure 2 depicts the dependence of relative error on amplification line half~width for homogeneous and Dop-
pler contours. Independent of the character of the widening at wyy =0 the errore =0, and if wy > w, then

£~ o0,

3. Multimode Laser Irradiating Active Medium of Another Multimode Laser,

In the presence of a large number of axial modes the index of amplification of the medium must have
a value close to that which would prevail in the case of amplification over the entire contour ¢,(), An-
alogous concepts apply to the generation contour ¢ () of the probe laser, The spectral index of amplifica-
tion of the medium is [1]

J.. 92 (©) nctA, ( g )
= oo b (AT S 3.1
%g () S 9 (0) do T 20 N; 2 Ny (3.1)

o

where Aj is the Einstein coefficient for emission, w, is the line center frequency, N; and Ni are the popu-
lations of the upper and lower levels, and g; and gy are the statistical weights of the same levels,

We will now define the value of the index of amplification averaged over the entire line which is ac-
tually observed in amplification measurements, It is obvious that this value cannot be determined without
reference to the spectral composition of the probe radiation,

The averaged index of amplification, considering Eq. (3.1) and the degree of spectral overlap, may
be written as

%o = T § 2(0) 92 (0) doo / { oo { .o (3.2)
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where the function ¢ (w)in the numerator defines the relative contribution of amplification at frequency w
to the total amplification, and ¢dw is introduced to preserve the normalization introduced above, We will
consider several special cases. In the absence of any spectral overlap of ¢;(w) and ¢,(w) the integral

(s (@) @a(@)do = 0, %= 0

An analogous result occurs in the case where the radiation source possesses a continuous spectrum,
i.e., over the limits of a frequency interval significantly exceeding the width of the amplification line ¢4{v) =
const, In this case it follows from Eq. (3.2) that

Ko = J i /Sdﬁ)-—)O

[

Of greatest practical interest is the case where the centers of the contours ¢; () and ¢,(w) coincide,
In this case it is possible to use simultaneously two expressions of the type of Egs. (2.2), (2.3), written
with the assumption that wy =wy, =0, The numerical value of Eq. (3.2) then depends on the character of the
broadening, as well as on the width itself of the lines ¢y () and gy(w). We first define integrals of the type

oo 0

S (p(u))d(n:ZS ¢ (0)do

e o
for the case of homogeneous and Doppler broadening {1]:
% nAw,./4
dw = - —_—
) o(0)do {VﬂAwd/éVan (3.3)

]

If both lines ¢; () and ¢,(w) are broadened homogeneously, then from Egs, (3.2) and (3.3) we have

o0

87, I .
%o = J‘EzAzanlGJz ! I1 = ) 2dm ® \2 (3 .4:)
’ [1+4( Aw1> ][1+4< Amz) ]
After transformations we obtain
_ Am2Awg? ¢ do ¢ do 1
L = T her —2ad [g} Aok T of % AolhF o (3.5)
Integration then gives
I _ _.TE_ A(I)IA(Dz

1= 7 Aoy F Aws (3.6)

Combining Eqs. (3.4) and (3.6), we obtain a simple, physically descriptive result

2y ~
"2 = T (Rar + Aoy (3.7
If Aw,;=Aw,, then
#y° = Jy/nAw 3.8
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If Aw; #Aw,, then the value of w, will be determined by the greater of these quantities.

We will now estimate the error introduced by noncoincidence of the contours p1() and @, ), It is
obvious that the index of amplification defined by Eq. (3.8) corresponds to the true unsaturated index of
amplification of the medium studied, used in the multimode generation regime (amplification overthe entire
contour). In fact, in this case by definition ¢; () =@,(w) and Aw, =Aw,. Tt thus follows that the error may be
determined from Egs. (3.7) and (3.8):

#2® — e 1 [/ Aw y
o= | (g — 1) (3.9)
If both contours ¢ (w) and @,(w} have Doppler broadening
8In2J,Is
Uy = m (3 . 0)

I3 = §°exp [— 41n 20® (—KO:T—{— ﬁ——)] do

]

After integration,

_ AerAes T
Li=— m (3.11)

Combining Eqs. (3.10), (3.11), we obtain

In2
Ry = 2J g ‘/m (3.12)
If Awy =Awy, then
27, Tz
o ___ ik It
W =5V (3.13)

If Awy #Aw,, the value of #, will be essentially determined by the larger of these quantities,
The error in this case is defined from Eqgs. (3.12), (3.13):

s—h/——-l—l— Aay 2 —1l (3.14)

In both cases considered € =0 if Awy =Aw,, The error€as a function of Aw;/Aw, for both homogeneous
and Doppler broadening is presented in Fig, 3.

If the source spectral line has Doppler broadening, and the medium line is homogeneously broadened,
Eq. (3.2) takes on the form

8VInzJyl:

Ho = nﬂ/‘ Aoy Ao (3.15)
¢ do
I, = § exp [ — 4In2(Am H'——‘i+4<mmm=)z
The integral is the well-known Voigt integral [2]. After transformations we can obtain
nAan Awg Ave + /57—
I, = exp[4ln2( )][1— (Aan V1n2/J (3.16)
where & is the probability integral tabulated, for example, in [3]. Combining Egs. (3.15), (3.16), we obtain
275 Vin2 Aas \2 Aws /=
Ky = v exp[4ln2 (_A_mf) ][1—@(—51/1112]) (3.17
The error in this case is determined from Eqgs. (3.13) and (3.15):
e=mnAo/s Y In2l,—1 (3.18)

It is obvious that for the case where the source line is broadened homogeneously with the medium
line possessing Doppler broadening, the expression for %, will coincide with Eq. (3,17) with interchange of
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indices 1 and 2, The error arising in this situation is given by Egs. (3.8) and (3.15):
e=VnAo/8Y2I,—1 (3.19)

4, Single-Mode Laser Irradiating Active Medium of Multimode Laser

The index of amplification of the active medium of a multimode laser, as follows from Eq. (3.2), is
*y = ng (P2 (0)1* dw / [S P2 (@) dm]z (4.1)
As was shown above, in the particular cases of homogeneous and Doppler broadening this leads to
Egs. (3.8), (3.15). The index of amplification observed upon irradiation differs from these values and is

dependent on the displacement of the generation line wy relative to the center of the source spectral
line. If wyg=0, it follows from Eq. (3.1) that

% = Ji [ \ P2 (@) do (4.2)
/3

If wyp =mc/2L, then

sy = Juspa (/2L [ § @a (@) do 4.3)

@

From Egs,.(3.1), (3.4) it follows that the relative measurement error
e = S (92 ()] doo/P; (0n) S @ (@) do — 1 (4.9
For a homogeneously broadened contour, from Egs. (2.2), (3.3), (3.6), and (4.2) we have
=1+ 4(0u/Aop)?2 — 1| ) 4.5)

If wpp =0, then & =1/,. If wpy > Aw,, the measured value %,—~ 0 and ¢ — «, while if wpr/Aw, =1/,, then
£ =0, For Doppler broadening from Eqgs. (2.3), (3.3), (3.1), and (4.2) we have

6= ——17127exp [41112 (-Z’T‘i-)z]_ 1 (4.8)

If wyp > ,, then %y—~0, &~ and & =0, if wp/Aw,=1/2V2, The error e as a function of Awpr/Aw, for
the cases of homogeneous and Doppler broadening of the amplification line is presented in Fig, 4, For
monochromatic irradiation of a contour broadened simultaneously by two independent mechanisms, de-
scribed separately by fluctuations ¢, and ¢,(w), the total spectrum is given by the packet formula [4]

2 =m0 e©—1nd [{edo (4.7
t @

The integral f¢1dw is introduced to preserve normalization, while it is obvious in the given case that
w

S Prdo = S Podw

If w=0, then
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2(0) = {01(0) @ @) do [ § o (4.8)

which in combination with Eq. (3.1) gives an expression for determination of %, analogous to Eq. (3.2), It
then follows that upon irradiation of the amplification contour (multimode regime) by the probe contour

(in the case of a laser this implies the multimode regime) the measured index of amplification will appear
the same as if 2 monochromatic source were to irradiate the center of an amplification contour developed
from the functions ¢(w) and ¢,(w), describing the form of the source line and the amplification line of the
medium examined,

5. Multimode Laser Irradiating Active Medium of Single-Mode Laser

The index of amplification of the medium in the center of the amplification line in this case will be
described by Eq. (4.2), and the measured index of amplification will be given by Eq. (3.2). Hence , it follows
that the error is

e=$01(0)d0 [ {01 (0) g2 (0)do — 1 (5.1)
For homogeneously broadened lines ¢;(w) and ¢, () it follows from Egs. (3.3), (3.6), and (5.1) that

& =|Awy/Aw, | (5.2)
For Doppler broadening of the lines ¢4(w) and @4} it follows from Egs. (3.3), (3.11), and (5.1) that

e=|V 1+ (Ao/Amy)? — 1] (5.3)

In both cases &0 only if Awy < Aw,, The error ¢ as a function of Aw;/Aw, for homogeneous and Dop-
pler broadening with the same broadening mechanisms for ¢,(w) and ¢,() is presented in Fig. 5. For dif-
fering broadening mechanisms it follows from Egs. (3.3), (3.15), and (5.1) that

& = nAm1/412 —1 (5.4)
for homogeneous broadening of the source line, and

nAw

o=t T -1 (5.5)

for Doppler broadening of the source line,

6, Method of Calibrated Losses

This method is based upon the introduction into the resonator of elements having sharply defined
losses [5]. The critical loss value at which generation ceases is taken as the amplification coefficient. An
undoubtable advantage of this method is the elimination of the problem of noncorrespondence of the probe
and studied lines, It is necessary, however, to consider that powerful lasers, as a rule,generate in a multi-
mode regime, At the same time termination of generation must obviously occur in a single-mode regime.
This means that errors occur analogous to those considered in Sec. 3.

This effect involves not only axial, but also transverse modes, the critical losses for which are
strongly dependent on the order of the mode because of diffraction,

We note that in the irradiation method differences in transverse modes are of little significance, since
the frequency shift with different transverse indices is much less than ¢/2L [1]. Noncorrespondence be-
tween measured and real coefficients of amplification can occur with any form of selectivity curve in the
introduced losses, i.e., introduction of plan-parallel plates produces interferometer effects, leading to
mode selection, Another example of selectivity is the introduction of BaF, plates into the resonator of a
CO, laser, which leads to a sharp change in the generated wavelength from 10,6 u to 9.6 u because of the
nearness of the barium fluoride absorption boundary, Moreover, this method is applicable only to media
with very high amplifications, in which the critical losses introduced greatly exceed the remaining types
of loss. In that case the calibrated-loss method will agree satisfactorily with the irradiation method,

7. Measurement of the Index of Amplification in Molecular Lasers

As an example of the above we will analyze the methods employed in measuring the index of amplifica-
tion in molecular lasers using carbon dioxide. A characteristic peculiarity of CO, lasers is the exceptional
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diversity of their parameters and methods of active-medium excitation, Since the form and width of ampli-
fication lines are determined by molecular velocity and collision frequency, gas temperature and density
are most significant, As a probe source it is usual to employ CO, lasers with axial discharge in sealed
tubes, or with axial injection [6-10]. For such devices the gas temperature is usually that of the room
(300°K) with composition CO,, Ny, He, 1, 2, 5, mm Hg, respectively. In this case Doppler broadening is about
55 MHz, Shock broadening may be determined from the values of specific shock half-widths [11] for CO,—
CO, collisions (3.3 MHz), CO,—N, collisions (2,7 MHz), and CO,~He collisions (2.3 MHz). The total broad-
ening for the above mixture is then ~20 MHz. Lasers of this type usually operate in one axial mode, since
Avpy=c¢/2L~100 MHz, which increases the line width, It is sufficient, however, for the line width to in-
crease several times for this condition to become inoperative, For simplification of the analysis we may
assume a Doppler contour in the probe. The additional error introduced by ignoring shock broadening is

—l/ Tn2 Aw; 7.1
g = 2 - ’ r (a)

where p is the gas pressure, We will now consider active media which are at present widely employed.

A. Electrical-Discharge Lasers with Transverse Injection [12-14], Temperatures little different
from room temperature and pressures of the order of 10-100 mm Hg are characteristic of these devices,
At the lower limit of this interval we may assume Doppler broadening; at the upper, homogeneous broaden~
ing. At the lower limit Aw;/Aw,~1, at the upper Aw,/Aw,~4,

B. Gasdynamic and Chemical Lasers, Room temperature and pressures of ~100 mm Hg are char-
acteristic [15-17]. Then Aw,/Aw, ~4,

C. Pulse-Type TEA Lasers [18-20]. Atmospheric pressure and temperatures of 600-800°K are char-
acteristic, The amplification line contour in these lasers is homogeneously broadened, while Aw,/ Aw, ~20-
100. A unique quality of these lasers is that due o the great broadening, overlap of lines corresponding to
differing vibration—rotation transitions develops [20]. Thus, the real width of the amplification contour may
exceed Aw, by a factor of tens.

The analysis performed in this study has shown that the question of the methodology of amplification-
coefficient measurement must not be treated without consideration of the modal composition of generation,
Depending on this mode structure increase in Aw,/Aw, may lead to improved (Sec. 2) or degraded (Sec. 3)
accuracy. We have evaluated the errors which may develop due to lack of control over what vibra-
tion—rotation transitions are involved in generation.* In a number of cases analysis of the error develop-
ing from this cause may be performed in a manner analogous to that used for differing modal composition,
For the probe laser this may be accomplished by substitution of axial modes for spectral lines. When rel-
atively low-power lasers are used for probing, it is quite possible that generation due to concurrence of
vibration—rotation transitions will occur on only the most powerful line P (20). However, forthe medium
being studied such an analogy is inapplicable, since the amplification contour is the envelope of separate
modes, but not of separate lines. An exception is the TEA laser, in which the individual lines overlap into
a continuous band,

In conclusion we will turn to the question of the reliability of studies where the amplification coef-
ficient of CO, lasers has been measured without spectral [6-8] or modal control (all studies known to the
authors, for example, [6-10]). As was shown above, in many cases the errors are reduced by laser gener-
ation on one line in one mode. However,even then there remain errors related to uncertainty in the fre-
quency of the axial mode within the limits ¢/4L and errors connected with ambiguity in interpretation of
the value of index of amplification obtained due to ignoring the generation regime in which it is proposed
to utilize the medium studied. Analysis of such errors was performed in Secs, 1 and 3, The index of am-
plification measured in these experiments defines within an error given by Egs, (2)-(4) the index of ampli-
fication of the medium in the single-mode regime, while the error is smaller, the greater Aw,/Aw,, i.e.,
in the final consideration, p,/p;, where p, and p,; are the gas pressures inthe medium studied and the radia-
tion sources,t This fact explains the satisfactory agreement of the results obtained in [6~10]. To convert
the experimental data to multimode-generation regimes, Eqs. (4.5), (4.6) (Fig, 4), and Eq, (4.8) shouldbe used.

*Tt is to be understood that the question of which of the vibrational modes 00°1-10°0 or 00°1-02°0 occurs in
generation has been clarified experimentally.
fAt pressures above 10 mm Hg, homogeneous broadening predominates,
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In general then, it is necessary to give more attention to careful control over spectral and modal
composition. The first of these may be accomplished with diffraction devices and the second, with inter-
ference devices of high resolving power (for example, Fabry— Perot interferometers)., Stabilization of the
mode position may be accomplished by adjustment of resonator length (for example, with piezoceramics)
[21].
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