tion theory with g faster than the electrostatic energy.
Nevertheless, it cannot by any means be precluded that
the interaction is attractive. If at the same time the
attraction increases rapidly with increasing coupling
constant, then such a situation could be an indication of
quark confinement in a less simplified model of the
interaction.

The naturalness and nontriviality of the model con-
sidered here seem to me to justify publication of this
paper, despite the absence of definite conclusions.

I am very grateful to V. N. Gribov for numerous
stimulating discussions, which for more than two years
have maintained my interest in the present problem. I
am also extremely grateful to him and to A. L. Vainsh-
tein for a number of very important critical remarks,
to L. B. Okun’ for his interest in the work and valuable
comments, and to B. N. Breizman and V. S. Synakh for
a helpful discussion of the possibilities of solving the
resulting equations.

DFormally, the situation recalls the one that arises in the
solution of the problem of the behavior of a small deviation of
the Yang—Mills field from the Coulomb solution correspond-
ing to a single point center.!!) However, the singularity of
the vector field found in [ in the Coulomb potential for suf-
ficiently large coupling constant, or “the fall toward the cen-
ter,” is by no means peculiar to the Yang—Mills problem.
This phenomenon is well known in the ordinary relativistic
Coulomb problem and does not depend in renormalizable the-
ory on the spin of the particle (in this case, the problem con-
cerns the renormalizable interaction of a vector particle).
The dependence that is found in the present paper of the so-
lution on the magnitude of the coupling constant is peculiar to
the Yang-—-Mills situation and certainly has no electrodynam-
ic analog.

DThis possibility of interpreting the absence of a solution was
pointed out by V. N. Gribov.

" 13. E. Mandula, Phys. Lett. B 67, 175 (1977).
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Ways of increasing the sensitivity of the method of intracavity laser spectroscopy (ICLS) are investigated
experimentally and theoretically. Factors restricting sensitivity include the selective properties of the

cavity, finite time of continuous generation in the neighborhood of the line under investigation,

spontaneous emission of the active medium, and spatial inhomogeneity of inversion decay in the active
medium. The selective properties of the cavity can be improved by simplifying it and reducing the area of
surfaces in its interior. The optimum configuration is a cavity with a single surface separating the medium
under investigation from the active medium. In contrast to most other work concerned with ICLS, it is
shown that the influence of spatial inhomogeneities in inversion decay is negligible in comparison with the

influence of spontaneous emission in practical lasers. Spontaneous emission restricts the sensitivity of the

ICLS method to ~10~'2 cm™!. A sensitivity of 10~° cm™! has been achieved experimentally in the range
between 0.6 and 1.06 p. This sensitivity is determined by the time of quasicontinuous generation in the
neighborhood of the absorption line under investigation. A concentration sensitivity for the detection of I,

and NO, of better than 10~° mole/mole has been achieved.

PACS numbers: 42.60.Da, 42.60.Kg

1. INTRODUCTION

Intracavity laser spectroscopy (ICLS)"™2°! is based on
the availability of active media in which the amplifica-
tion coefficient can be held constant in the neighborhood
of a given absorption (amplification) line. The theoreti-
cal sensitivity limit of this method that can be attained
in the case of continuous generation is determined by
the ratio sm/J,,, of spontaneous to induced radiated pow-
er per longitudinal mode:

8ky kg =SnlTmy _ (1)
where %, and k,, are, respectively, the absorption coef-

ficient for the given line and the threshold absorption
coefficient, both averaged over the length L of the
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cavity.

Quantitative measurements are based on the time de-
pendence of the generated spectrum. The time ¢ of
stable generation in the neighborhood of a given line,
necessary for the intensity to fall by a factor of e, is
related to 6% ,(wo) and the velocity of light by the follow-
ing formula;+®!

t=1/cbk;(@00)  (Sky>kpy 5.u/Tm). ' 2)

In lasers with an inhomogeneously broadened ampli-
fication band, the amplification coefficient can be held
constant with a high degree of precision due to inhomo-
geneous saturation in a spectral interval comparable
with the amplification band width. For example, in
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neodymium glass lasers, one can readily achieve a
generation band width of 100 cm™ for an amplification
band width of 200 cm™.,'! A total of 10* modes are then
simultaneously generated. With this number of gener-
ated modes, the decay of the inverted population 7z (x)
along the generation axis occurs relatively uniformly
and need not be taken into account. Under the condi-
tions of free generation, dyes exhibit homogeneous
broadening,t”? but the amplification linewidth itself is
very large (I'~ 100 cm™). At the center of the amplifi-
cation line, the amplification coefficient 2(w) can be
written in the form

k(0—wo) =k(wo) [1—(A0/T)®], Ao=06—0,.

The width ¥ of the lines under investigation, for ex-
ample, under atmospheric conditions, is usually ~0.05
~0.2 cm™. It is sufficient to have a generated spectrum
width Aw~1 em™ to detect this by the ICLS method. It
is clear from the results reported by Suchkovt? that the
relative change in the amplification coefficient &(w)
within the interval Aw for Aw~1 cm™ and I'~ 1000 cm™
is ~10™. For k,,(w,)~10™ cm™, the absolute departure
from constancy of the amplification coefficient in the
interval Aw is ~107° cm™ and this is, in principle,

" sufficient for the detection of a line with an absorption
coefficient ;> 107° cm™,

However, for given cavity length in the dye laser, the
number of generated longitudinal modes for aw~1 ¢m™
is reduced by a factor of 100 as compared with the neo-
dymium glass laser. Moreover, this is accompanied by
a sharp increase in longitudinal inversion decay in-
homogeneities and in their influence on the generation
spectrum. Changes in the generation spectrum due to
decay inhomogeneities may turn out to be so substantial
that the line under investigation becomes undetectable
against the background due to these inhomogeneities.
Longitudinal inhomogeneities can, in fact, be avoided,
for example, by producing unidirectional generation in
a ring cavity. At the same time, the high sensitivity of
the method to selective losses in the cavity means that
“parasitic selection” due to, for example, interference
effects, must be prevented, so that its influence on the
generation spectrum is substantially smaller than the
influence of the line under investigation. In a straight
cavity, the level of parasitic selection is lower be-
cause of the smaller number of elements and, there-
fore, studies of the ICLS method under the conditions of
inhomogeneous decay of the active medium at the nodes
and antinodes of standing waves in the straight cavity
are of undoubted interest. Theoretical studies of this
problem were begun by Hansch et al.1® and were con-
tinued by Stepanov et al."'”? They were carried out
within the framework of the rate equations, including
spatial effects, and were used by Statz and de Mars!?!
to explain multimode generation.

Unfortunately, the analysis and conclusions reported
by Hansch et al.'1 and Stepanov et al.'"} were based on
the assumption that the active medium filled the cavity
volume uniformly. Estimates of the limiting sensitivity
based on this assumption yield values of 10®-107" cm™.
We have obtained a sensitivity of the order of 10%-107°
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cm™ and have shown that this sensitivity is restricted
only by the actual time of generation in the neighbor-
hood of the line under investigation and not by spatial
inhomogeneities. This is so because the length of the
active region is usually a small part of the total length
L of the cavity. For example, in continuously operating
dye lasers, the thickness I of the active region formed
by the freely flowing stream of the dye solution is 0.1-1
mm, whereas the length of the cavity is L ~1000 mm.
Hansch et al.'®? gave the small magnitude of ! as the
reason for the fivefold excess of their measured sensi-
tivity of the ICLS method (~10™ cm™) as compared with
the value predicted on the basis of the mathematical
model of the dye laser in which it is assumed that the
active medium fills the entire cavity uniformly. We
note that no attempt was made by Hansch et al.'®! to in-
crease the sensitivity of the ICLS method by minimizing
selection (for example, the cavity used by these work-
ers contained two mirrors on plane-parallel substrates).
Antonov et al."'4 increased the sensitivity of the ICLS
method in the case of continuously-operating lasers to
107 em™ and, in their work, the sensitivity was re-
stricted by the true time of continuous generation,
which did not exceed 400 psec.

In this paper, we report a theoretical and experimen-
tal study by the ICLS method of the generation spectrum
of the continuously-operating dye laser. In accordance
with the foregoing, most of the attention is devoted to
longitudinal inhomogeneities in inversion decay, bearing
in mind the fact that the thickness ! of the active region
is a small fraction of the total length L of the cavity.
The position x,(0 < x,< L) of the active medium relative
to the mirrors, the angle ¢ of the plane of the stream
to the axis of the cavity, and spontaneous emission are
also taken into account.

2. THEORETICAL ANALYSIS OF THE GENERATION
SPECTRUM

When the active medium occupies only part of the
cavity length, effects connected with inhomogeneities in
the active medium are accompanied by effects connected
with the boundaries of the active region (boundary ef-
fects).’??) For example, in the limiting case of an in-
finitesimally thin active region located at the point x,,
and oriented at right-angles to the optical axis (¢ =0),
the amplification is a maximum for modes that have a
node at x,, and is zero for modes that have an antinode
at x,. As the length of the active medium increases,
the difference between the maximum and minimum am-
plification is reduced in proportion to A/2l, where X is
the wavelength of the radiation. There is an analogous
reduction in this difference with increasing ¢. In con-
trast to volume effects, the influence of the boundary
effects does not depend on the number of modes. More-
over, the influence of the relative disposition of the
boundaries of the active regions between the nodes and
antinodes of a mode m’ on its amplification &, is ap-
preciable even for a very small excess of the pump
above the threshold, i.e., even in the absence of volume
inhomogeneities in the inversion population: 7(x)=n,.
To determine &, it is then necessary to integrate
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R s (r) =y E2 (r) over the volume V of the active medium.
We shall assume that the continuously-operating dye
laser generates the single transverse mode with a
Gaussian caustic E2(r) « exp{—(2%+y?)/R?}, where y,z
are coordinates in the plane perpendicular to the axis of
the cavity (the x axis). We have

Fo o Ty 4
B Ve ( am'z )
J (r) _j; _L{ exp ) Z dzdyd:
nlR* L  2am'l 2nm’z, 27Rtg @ \*
= - xp{—
2 am T T e‘p{ ( » ) }] @®

where X,=x,+1/2 +y tang.

The second term in the brackets describes the rela-
tive effect of the boundaries of the active region on am-
plification:

km-m.’v.,j En*(r)dV.

In (3), R is the radius of the caustic and X is the wave-
length of the radiation. It is clear from (3) that the in-
fluence of the boundaries falls in proportion to L/xlm’
=)/2nl as the thickness ! of the stream increases.
Their influence decreases still faster as |¢| increases.
If we suppose that, for m’=2X10°%, 1=0.5 mm, and
L~10% mm, which are typical values for continuously-
operating dye lasers, we find from (3) that

J‘ En*(r)dV = "l—f [1£3-10~ exp{— (120 tg 9)*} ]. 4)

It is clear from this result that, when tang < 0.01, the
influence of boundary effects on the amplification %, is
substantial and may prevent the detection of weak lines.
However, the usual procedure for reducing losses is to
rotate the plane of the stream of the dye solution
through an angle ¢ close to the Brewster angle, and
tang ~ 1. Equation (4) shows that the influence of the
boundaries of the active region on the amplification &,
is then negligible. Accordingly, when we take longitu-
dinal spatial inhomogeneities into account, we shall not
henceforth complicate the equations by including the
transverse structure of the field or the boundary effects.

The initial balance equations for the analysis of the
generation spectrum, which take into account nonuni-
form decay of inversion at the nodes and antinodes of
standing waves in the cavity, assuming an empty lower
level, can be written in the form

dn(z, t) n(.z, t) -un':: ' (5)
-dt L
x+i/2
t_iﬂ;__;_'___ J;m + B (M) j n(.t,t) «in mz::dx, )

xo=1/2

where n(x,t) is the population of the upper level, M, is
the number of photons corresponding to the m-th

mode, p is the pump, 7 is the lifetime of the active par-
ticles in the upper level, and T, and B, are, respec-
tively, the photon lifetime in the cavity and the proba-
bility of stimulated emission at the frequency w,.. The
equation for the number of photons includes a factor
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representing spontaneous emission:

M/t B (Mo 1)

where it is assumed that the two polarizations are
equally probably.

Longitudinal inhomogeneities and spontaneous emis-
sion determine the distribution of the radiation over the
spectrum of M,,, but have very little effect on the total
number of photons in the cavity, I,=ZM_,, or the mean
density n, of active particles. The population n(x,¢)
can, therefore, be written in the form

n(z, t)=notny(z, t) (ni(z, t)<n). (7
For M, we have the following additional condition
Y M=t ®

The quantities n, and I, in (7) and (8) are the stationary
solutions of the simplest set of rate equations
dn(z,t) n I dI 1 I (9)

2 Bns, Ll 4Bn—.
dt PTTTRYTT & 7. L

Substituting (7) in (5), and recalling that n,(x, ) <n,,
we have

M B 2nm'z
cos .

L . L (10)

n(z,t)=n, +—
P

If we now substitute this equation into (6) and, for sim-
plicity, integrate for xo=L/ 2 (longitudinal inhomogenei-
ties are minimal at the center of the cavity) but neglect
boundary effects in accordance with (4), we obtain the
following expression for the mode ¢’:

==L (M1
dt Ty ( )

aMy Mg [ Bynol
L

sin[n(m’—q")I/L) .

B, n,*
1)™ = Mp B
El =1 2a(m’'—a"\N/L !

(11)

where, for m’=q’,

sin[n(m’'—q")I/L] _Z_
2a(m’—q’)/L 27

Expanding sin[7(m’ —¢’)l/L] in (11) into a series up to
the term (I/L)* inclusive (we recall that, in practise,
1/L~107-10™), we obtain

M, - + M,B,n.l Bon,l
dt T, L L
Bo’lnu’ .
—M.(— Cc- E—2qD+q¢*C 12
(1) [ w( ~2D+0) ], (12)

where ¢=¢q’ -=m,, m=m'-m,, so that w, corresponds
to the maximum of the amplification coe?f'&ment k(w,),
and

c= Z(—nw,., D=Z (~1)"mMa, E=Y" (~O)"ms.. (13)

The first two terms on the right-hand side of (12) -
describe, respectively, the losses and amplification of
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radiation in the cavity, whereas the first term is inde-
pendent of M, and determines the contribution of spon-
taneous radiation. The last term describes the influ.
ence of longitudinal inhomogeneities in nl(x, t) on the
- generation spectrum. This term is absent in the case
of unidirectional generation in a ring laser. Let us be-
gin with this case.

Neglecting the last term in (12), we have, for station-
ary conditions (dM /dt=0),

L —1)_‘.

7B (14)

e

The quantity B(w,))=L/T B n/l is the ratio of losses to
amplification of radiation:
B(@g) =kuor(wq) /kse(@e). - (15)

Since (6) includes a contribution of spontaneous emis-
sion to M, the function B(wq) is somewhat greater than

" unity. The lack of amplification as compared with
losses (say, per one pass) is compensated by photons
emitted spontaneously during this time, and this also
ensures that the stationary conditions are maintained.
Near the maximum of the generation band, and in the

absence of absorption lines within the cavity, we may
write

B =pwa [+ (222) ],

(16)
where w, corresponds to the center of the amplification
band, dw=7nc/L is the frequency difference between
neighboring modes, and IV is the width of the amplifica-
tion band, including a contribution due to the broad-band
cavity selection used to tune the generation frequency.
Substituting (16) in (14), and using (8), we find that the
generation spectrum has the dispersion profile with
width at half-height given by ¥ =0mdw. For dm we then
have

Iy 1
om=3 (%) 7

The relative reduction in amplification due to spontan-
eous emission (as compared with losses at the frequen-
cy w,) is determined by the expression

17)

a1 1
. L (18)
It will be useful to consider a numerical example: sup-
pose there is no selection in the cavity and I''=2000
em™, T,=3 X10™® sec; generated power, including ra-
diation losses, P=0.01 W, A=5X10" cm, and L=50
cm. In this example, the total number of photons in the
cavity is given by

Ii=pTo/ho=~15-10*, &m=10%°, Smdw~icm-L

If there is an absorption line at the frequency w, with a
dispersion profile and width y;= Am8w~0.1 cm™, which
is typical for atomospheric pressure, and absorption
coefficient k,(w,), we find from (14) that the generation
spectrum exhibits a valley which also has the dispersion
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profile with width y, which, for y, <y=0mdw, is given
by

kyj(00) 1%

Fa 6D (19)

'th"'ft[ 1+

The generated intensity at the frequency w, which cor-
responds to the center of the absorption line is given by

k(o) |-
My (o) =M (o) 04‘7.;%5‘%-%1_)) ‘

(20)
Equations (19) and (20) determine the change in the
stationary generation spectrum when a weak absorption

line is introduced into the cavity in the case where (1)
the valley width v, <7 is much smaller than the genera-
tion linewidth, (2) the valley is at the center of the genera-
tion line, and (3) the stationary generation spectrum is
determined exclusively by spontaneous emission.

To investigate spatial inhomogeneities in the decay of
active particles on the generation spectrum, we return
to Eq. (12). To exhibit the influence of spatial inhomo-
geneities in a pure form, we ignore for the moment the
term Byngl/L, which is responsible for spontaneous

emission. We then have

dM, M, M Bl By*lng? oA

e Ty — My(—1)¢ [c——- E—2¢D+¢C) | .
at T, L L oL, E-2aDte ]

(21)

The last term in (21) represents the spatial inhomogen-
eity of decay and is a parabolic function of g but changes
sign as (-1)%.

If there are no absorption lines in the cavity, the sum
of the first two terms (losses and amplification) is also
a quadratic function of g. This means that the condition
M /dt=0 can be simultaneously satisfied only for three
values of g. For all other values, dM /dt<0.

Thus, under steady-state conditions, there are only
three modes in the interval of values of ¢ for which
|2nl,/L|<7/4, and the expansion of sin[m(m -¢)I/L] into
a series is valid. We recall that we are considering the
case where I/L~10°-10™ and the active region is lo-
cated at the center of the cavity. When M, is at the cen-
ter of the amplification line, M,, =M., (symmetric
case). The solution of (21) with M_, +M,+M,, =1, yields

olT, n—1—n(26w/T)*

4 1—m2l/120F (22)

4":1 =

M= "’: ~(n—1); (23)

where 7 is the relative excess of the pump over the
threshold (n=p/p,y).

The presence of three modes is due to the fact that
spatial inhomogeneity in the decay of the active medium
ensures that the reduction in amplification for side
modes is compensated by an increase in the number of
active particles falling into the nodes of these oscilla-
tion modes. This additional amplification is k,,(26w/I)?
~107% ¢m™, i.e., it is much smaller than the contribu-
tion of spontaneous emission. It may be expected that
longitudinal inhomogeneities in the inverted population
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will have a very slight effect on the generation spectrum
obtained when only spontaneous emission is taken into
account.

The solution given by (22) is physically interesting
only when the generation spectrum determined by spon-
taneous emission contains a small (~3~10) number of
modes. In this case, it is necessary to investigate the
combined influence of spontaneous emission and in-
homogeneities in the decay of the active medium on the
generation spectrum.

Suppose that the generation spectrum, which has the
dispersion profile (17), contains a dispersion valley
(19), (21) at its center, due to an absorption line. Let
us write the spectrum in the form

M Mo—M,
T A+ (g/6m)? A+ (q/Am)*’

(24)

M,

To obtain a direct estimate of the influence of longitudi-
nal inhomogeneities in inversion on the generation spec-
trum, let us evaluate the last term in (21), which is
responsible for the additional amplification due to the
spatial distribution of inversion:

dM, B*notl [ c— il

bt == My(~1) 5L - (E-2aD+¢°C) ] . (25)

We restrict our attention to the symmetric case M.,
=M,,. We have

D=y (~1)%gM=0.

The case &m > Am > 1 is important in practise and,
for this case, we have

C=Z (=) e=Ms ngm ex (— n?zm ) _(Mo—Ml) “Azm exp( - nzm ).'
(26)

B= Y (-tyeqhtmit, ZO ey (- 22 )
—(Mo—M)) n(ASM)JMP(' nAzm ) 27

Substituting (26) and (27) into (25), and comparing the
additional amplification 6dM q/ dt with the contribution of
spontaneous emission Bynyl/L=1/T,, we obtain the fol-
lowing condition after some simple rearrangement:

A
My emmemct, (28)
ém

This ensures that the influence of spatial inhomogen-
eities is small. Returning now to the above special case
1,~10%,6m~10%,L~10% cm, we see that, for spectral
lines with v;= Ambw~0.1 cm™ and M ~1,/6m, condition
(28) is satisfied with a considerable margin.

For nonstationary generation, if we neglect the influ-
ence of spontaneous emission and the spatial inhomo-
geneities in inversion, we obtain the following expres-
sion from (12) for absorption lines with &,(w)>%,,(8 -1):

1 260g1* ¢
1;10(:)=T(:)—Mq(0)e.\-p{—[—r“"’-] —T—} expl—k, (@)et],  (29)
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where the normalizing factor I(¢) is given by the condi-
tion =M (t)=I(t). 1t is easily seen that (29) describes
absorption in an optical cell with optical path length
L,,=ct.

Assuming, for simplicity, that M (0)=M,, we see
that the generation spectrum for k,(w)=0 has a Gaussian
shape of width

1(t) =T (T/1)". (30)

The condition for the validity of (29) is that the width
¥(t) is large in comparison with the stationary width (17)
determined by spontaneous emission:

r(%)%»f?)-(-?—)-):—]%. (31)

3. EXPERIMENTAL INVESTIGATION OF THE SPEC-
TRUM USING A DYE LASER

There are a few papers in the literature
which a continuous dye laser is used in conjunction with
the ICLS method. However, in all these cases, the con-
tinuous dye laser was designed so that it had minimum
threshold, maximum possible efficiency, convenience
of operation, and so on, but no attempt was made to
satisfy the specific conditions that must be satisfied by
the continuous dye laser in the case of the ICLS method.
The most important of these is the absence of parasitic
selection in the cavity and maximum generation stabili-
ty. Attempts to reach the generation threshold led
some workers to the use of three-mirrort*15191 or
even four-mirror™®! cavities ensuring compensation of
the astigmatism of the stream. In some experiments,
the dye was pumped through the cell,!5:16:1%1 which in-
troduced two extra elements into the cavity, namely,
the cell windows. A further selecting element (for ex-
ample, a prism'*)) was introduced into the cavity for
wavelength tuning. However, any additional element in-
troduced into the cavity necessarily leads to the ap-
pearance of microinhomogeneities due to, for example,
any defect of this element. The presence of microin-
homogeneity of size d < /2 and scattering cross section
o at a point x, in the cavity produces additional losses
with period 8¢ =L/x, (x,<L/2, which are maximum for
modes having a node at x,, in accordance with the equa-
tion

[14-16,191] in

A My
dt T

2ca sin*(nigqz,/L)
aRy (x,) L (32)
Let us suppose that 6~ (x/10)?,R,~10" cm (microin-
homogeneity in the region of the caustic). The resulting
additional losses M /T, correspond to T =2 X 10™ sec.
Parasitic selection with period 6g =2 is detected in a
time T,.

Additional losses appear when some of the mirrors
in the cavity are used at oblique incidence. Let us sup-
pose that the direction of propagation of the radiation is
at an angle a to the normal to the mirror, in which
case the distribution of the radiation with this angle is

2az'tga

u(z') ~ sin® ———. (33)
7.
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A mirror defect of size d<)\/tana will also produce
parasitic selection with equivalent ARL ~d?/D?, where
D is the beam diameter on the mirror. Consequently,
mirror defects have the smallest influence on the spec-
trum when o =0. Moreover, additional selection is in-
troduced by reflection from the back of the mirrors
which, in some cases, are not cut at an angle to the re-
flecting surface, or are cut at a small angle,[14716.19]

Adequate filtration of the dye solution and constant
parameters of the active region in the working matetial
are essential to ensure maximum generation stability.
Poor filtration leads to a reduction in the true genera-
tion time (for example, to 200-400 usec'**)) due to the
complete break in generation when optical microin-
homogeneities, for example, bubbles, enter the active
region. These defects have meant that sensitivities
better than 107 em™ have not so far been achieved by
using the ICLS method with continuously-operating dye
lasers.

To increase the sensitivity in accordance with the
above analysis of the various factors which influence it,
we have built a continuously-operating dye laser with a
freely flowing stream of a solution of rhodamine 6G in
ethylene glycol. The concentric cavity of the laser was
formed by two mirrors with radii of curvature equal to
300 mm. The flat stream of the dye solution had a
thickness of 0.2 mm and was located at the center of the
resonator at the Brewster angle to the optical axis.

The dye was pumped and filtered by a standard pump
and a filter from a dye laser. The laser cavity mirrors
had reflection coefficients of 99-99.6%, a thickness of
40 mm, and a back surface cut at 10°. The continuous-
ly-operating dye laser was pumped by a CR8 argon
laser with stabilized output radiation. This radiation
was focused by a lens into a 20 mm spot in the dye
stream. To reduce parasitic selection in the cavity, we

o 5
gl »

o -
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did not use an additional selector, and the genération.
frequency tuning was achieved by varying the position of
the dye stream, by rotating it, and by varying the pow-
er spectrum of the pump radiation. To avoid optical in-
homogeneities (fluctuations in atmospheric density and
dust), the cavity was isolated from the atmosphere by
glass windows, and provision was made for flushing
with an inert gas and filling with the material under in-
vestigation. The system was agssembled on a vibration-
free table. The continuity of generation was monitored
with a photomultiplier and an oscillograph. Both radia-
tion integrated over the entire spectrum and radiation
in narrow spectral intervals containing a few modes
could be monitored.

The emission spectrum was recorded with the UF-90
autocollimating camera containing a 1200-line/mm dif-
fraction grating, 100 mm long. The grating was used in
the second order. Because of the high intensity emitted
by the continuously-operated dye laser, we succeeded
in using threefold dispersion of the grating with the aid
of a flat mirror which enabled us, at least in principle,
to obtain any number of reflections from the grating and
thus increase the resolution and dispersion of the spec-
trograph. The theoretical resolving power of the spec-
trograph was then 6 X 10° and the dispersion was
0.8 A/mm. The actual resolution was etter than 0.05
cm™,

We used this system to obtain the absorption spec-
trum of atmospheric air in the wavelength range 585-
605 nm, which was mainly due to the presence of water
vapor. This spectrum was then compared with atmo-
spheric absorption spectra obtained previously by tradi-
tional methods, using optical paths of several kilo-
meters, ! the ICLS method,""*14! and tabulations of the
solar spectrum.'®*! Many new absorption lines, pre-
viously not seen, were discovered and lines identified

FIG. 1. Atmospheric ab-
sorption spectrum obtained
with the aid of a dye laser

for different generation times.

-FAV

2wt

without interruption

988 .964

Bsev et al. 2%



9(Ip/ 1)
7

25+

0

i

)
10°% 0 7077

70'21, sec

FIG. 2. Depth of valley in the dye-laser generation spectrum
as a function of generation time for three different water-vapor
lines with different equivalent widths 4] for the solar spec-
trum: 1—A=5906, 30 A, AA=2x10"3 A; 2—A=5907.48 A, A\
=3.0x10"% &; 3—A=5908.21 A, AA=9.5%10"3 A,

erroneously as solar lines were located. Comparison
of microdensitometer scans of the spectrum obtained in
this way with previously published spectra shows that
the sensitivity which we have attained corresponds to an
optical length of the absorbing layer of not less than
1000 km. The following experiments were also carried
out to determine the sensitivity of our system.

The atmospheric absorption spectrum (Fig. 1) was
recorded for generation times ¢ between 3 X107 and
3 X107 sec. This time was varied by mechanical chop-
ping of the pump radiation. The effective length of the
absorbing layer could thus be varied from 10 to 10 000
km. Analysis of the spectra shows the presence of a
monotonic increase in sensitivity with increasing gen-
eration time, up to 0.03 sec. However, linearity was
observed only up to 3msec and, for longer generation
times, there were breaks in generation other than those
due to modulation, and these led to deviation from lin-
earity. This shows that the effective length of the ab-
sorbing layer was not less than 1000 km. Figure 2
shows the results obtained as a result of an analysis of
these spectra. It gives the valley depth for some of the
water-vapor lines'?4! as a function of the generation
length.

The next independent experiment was concerned with
the time of stable continuous generation and was de-
signed to determine the spectrum width when maximum
stability was attained without change in the generation
frequency. The width of the generation spectrum
achieved in these experiments was 3 A. The woidth of
the amplification band of the dye was I'~1000 A, and
the relative change in the amplification coefficient in
this region was (AT/T)2~107°. The threshold amplifi-
cation coefficient was k,,~10™ cm™. Consequently, the
sensitivity was 6k ~k,,(AT/T)?~10" cm™ and corre-
sponding time of stable generation was ¢~ 1/cbk~3
X102 gec.

The limiting sensitivity of our system, determined by
spontaneous emission, can be calculated from (1) and is
8k ~10" ecm™, which corresponds to a generation time
of 1 sec. Consequently, the sensitivity attained in our
experiments is not the limiting sensitivity, but is re-
stricted by mechanical vibrations of cavity elements,
instabilities in pump radiation, and other factors pro-
ducing a variation in the generation spectrum with time.
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The observed behavior of the generated intensity as a
function of time, recorded in a narrow spectral interval
of ~0.1 cm™, confirmed that the true time of continuous
generation was ~0.01 sec. However, the sensitivity that
we have attained is much greater than the “limiting sen-
sitivity” calculated by Stepanov et al.™" on the errone-
ous assumption that spatial inhomogeneity has a domi-
nant effect on the sensitivity. This confirms the calcu-
lations given above.

To determine the concentration sensitivity of the sys-
tem in the presence of iodine vapor, controlled amounts
of I, in the range 0.001-0.1 g were introduced into the
laboratory enclosure which had a volume of 200 m3., A
ventilator was used to produce uniform mixing. When
2 mg of I, was introduced, this could be reliably de-
tected in the spectrum of the atmosphere. The relative
concentration of I, under these conditions is 10™ or
1 ppb. The absorption coefficient corresponding to this
concentration is 107 c¢cm™,25]

The atmospheric spectrum was found to contain, in
some intervals, both absorption and amplification lines.
It was established that the intensity of the amplification
lines was determined by the concentration of NO, in the
atmosphere. As in the case of the iodine vapor, con-
trolled amounts of NO, were introduced into the room by
depositing known numbers of 25-mg drops of a 50% so-
lution of nitric acid on a copper surface. The genera-
tion spectrum was then found to consist mainly of strong
individual gain lines, reliably identified as being due to
NO, (Fig. 3). These gain lines did not vanish when the
concentration was reduced to the background level. The
gain lines were also reported in our previous paper,'®?
and an analysis of published data®®! on the spectroscop-
ic properties of the NO, molecule shows that the ap-
pearance of the gain lines can be qualitatively explained
by the pumping of NO, by the argon laser radiation.

4. EXPERIMENT WITH THE Nd3* LASER

To increase the sensitivity of the ICLS method in the
case of the Nd** laser,'>™*] and to investigate the depen-
dence on time, we built a system which enabled us to
vary the generation time of this laser from 5 X10™ to
1072 sec. This was done by adding different numbers of
storage capacitors (between 1 and 20, 500 uF each,
coupled by suitable inductances) used to supply two
pulsed ISP-250 lamps which produced inversion in the
glass rod containing Nd** (diameter 4 mm, length
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FIG. 3. Spectrum of NO, obtained with a continuously-operat-

ing dye laser for different NO, concentrations in the atmo-
sphere: 1—10"8 atm; 2—2 x10°7 atm; 3—107% atm.
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50 mm). To reduce parasitic selection, the mirrors
had a thickness of about 40 mm, the back face was cut
at 10°, and the reflection was close to 100%. The ends
of the active element were cut at the Brewster angle.
The tube containing the gas under investigation was
hermetically sealed at one end by a mirror and by the
rod at the other end. The spectrograph was the auto-
collimating UF-90 tube with a 300-line/mm diffraction
grating used in the fifth order with twofold dispersion.
The resolving power of the spectrograph was ~0.07 cm™
and the dispersion was 1.3 cm™/mm. The continuity of
generation and the generation time were monitored by
slit scanning and a photodiode operating in conjunction
with an oscillograph. To investigate the sensitivity ob-
tained in this way, we used CO, gas with different par-
tial pressures of air up to a total pressure in the cell of
1 atm. The laser generation band contained an R branch
of the (04°3 - 00°0) transition (Fig. 4) for which the line
intensities were known'®"? [thus, for example, for the
line with j =14, we have $=0.042 cm™km™atm™
(»=9399.0 cm™)].

Figure 4 shows the CO, absorption spectra for dif-
ferent generation lengths and partial pressure of CO,
equal to 0.05 atm. In all the experiments, CO, was di-
luted with air up to 1 atm in order to broaden the lines
up to 0.08 cm™, It is important to remember that the
photographs show the generation spectrum correspond-
ing to the entire pulse and, therefore, the blackening on
the film is proportional to

T

[ T(hexp[—=(w.ty]dt,

where a(w,t)=k(w)cta/L, al/L is the cavity occupation
factor (in our case, 0.6), 2=pS/Av is the absorption co-
efficient, p is the CO, pressure, S is the absorption line’
intensity, and Av is its width.

Figure 5 shows the results of an analysis of micro-
densitometer tracings of the above line, averaged over
a large number of measurements. The graph gives the
valley depth in the generation spectrum as a function of
log(kct) at a number of pressures of the mixture. For
generation times up to 3 msec, the graphs are identi-
cal, i.e., the reduction in pressure for the same in-
crease in generation time produces the same valley in
the spectrum. The sensitivity ceases to increase as
the generation time is increased further, and this oc-
curs more rapidly as the partial pressure of CO, in the
cell is increased. Analysis of the slit scans of the gen-
eration spectrum shows that, as the generation time in-
creases, the spectrum contracts, and this contraction
is greater at higher CO, concentrations in the tube. The
recorded CO, lines lie at the edge of the spectrum, so
that the effective generation time in the region of the
lines under investigation is 2.5 msec at a CO, pressure
of 0.2 atm, and increases to 6 msec when the pressure
is reduced to 0.01 atm. This is in good agreement with
the results shown in Fig. 4. The contraction of the gen-
eration spectrum with increasing generation time may
be connected with the fact that the amplification coeffi-
cient of the Nd** glass varies over the nonuniform spec-
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FIG. 4. Absorption spectrum of CO, in the atmosphere, ob-
tained with the aid of an Nd®* glass laser with different genera-
tion times: 1—5 x10™ sec; 2—1.3 %1073 sec; 3—5 x1073 sec;
4—10"2 sec. Partial pressure of CO, is 0.05 atm for all the
spectra.

trum, there are energy losses in the inductances in the
charging system, and there is the strong integrated ab-
sorption in the R branch which produces a break in gen-
eration in this region.

It is clear from our results that we have reliably re-
corded the CO, lines on the integrated spectrum with
absorption coefficient =2 X10™® cm™. For water-vapor
lines which are located at the generation center, this
figure is 10® cm™, which corresponds to an effective
length of 1000 km. This length is greater still when the
scanned spectra are recorded. We have thus demon-
strated that the sensitivity of the ICLS method used in
conjunction with the Nd* glass laser increases as the
generation time increases up to 10 msec. Restrictions
due to spontaneous noise in this range have not yet been
observed.

5. CONCLUSIONS

The monotonic increase in the valley depth in the gen-
eration spectra of the lasers that we have investigated
up to T =0.01 sec suggests that the effective length of
the absorbed layer in the 0.6 and 1.06 p bands is at
present not less than 1000 km, and this does not appear
to be the limiting figure because it is restricted only by
the true generation time.

Our results show that the ICLS method is, in fact, the
most sensitive, fast, and accessible method of detecting

L9lip/1)
ozt

ls‘

FIG. 5. Depth of valley on the CO, lines in the generation
spectrum of the Nd®* glass laser for different generation times
and different CO, partial pressures: 1—0.05 atm, 2—0.016
atm, 3—0.006 atm. Measurements were performed for the
j=14 line associated with the [04%3 — 00%] vibrational transi-
tion in the R band of CO,.
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small amounts of impurities in gases but, for the pur-
poses of certification of gas purity, it will be necessary
to develop special methods because published informa-
tion shows a lack of calibration techniques for the de-
termination of impurities at the level of sensitivity and
rapidity that we have attained.
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The selective-laser-excitation technique was used to examine the structure of the inhomogeneously

broadened bands of the Nd** ion in silicate glass. A survey diagram of the Stark splittings of the Iy, level
in various optical centers in the glass is presented for the first time. The luminescence decay kinetics and
the radiative transition probabilities A4 for various centers in neodymium glass are investigated. It is
shown that the variations of the mean lifetime of the *F;, level under selective excitation of various optical
centers in the glass correlate with the variations of A for the centers.

PACS numbers: 61.40.Df, 71.70.Ej, 78.55.Hx

instantaneously at selected times after the excitation
enable one to approach the study of the Stark structure
of inhomogeneously broadened spectra and the relaxa-
tion processes hidden by the inhomogeneous broadening
at a qualitatively new level.[*+?]

Lasers with fixed wavelength, but especially tunable
lasers, have recently been finding wider and wider
application as excitation sources for spectroscopic
studies. This is due to their unique capability of con-
centrating luminous energy in space, in time, and in
spectrum. The use of laser sources to excite lumines-
cence together with stroboscopic photorecorders that
allow one to fix the emission (record the spectrum)

Inhomogeneous broadening of spectra is a manifesta-
tion of the disorder of the structure of the activated
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