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A theory ofline shape for a Doppler broadened probe in the presence of a strong infrared pump is
presented. The optical analog of Bloch equations has been developed; the T I , T2 relaxations are
introduced phenomenologically in these equations. Doppler broadening of both the pump and
signal transitions are taken into account to obtain the absorption coefficient for the signal. This
leads to a Doppler broadened Gaussian function weighted by a pump induced Lorentzian
function whose position and linewidth are controlled by the detuning and power respectively of
the pump radiation. The absorption coefficient is further modulated by a Lorentzian function
containing the fourth power ofthe radiation. The off-resonance pumping leads to two
symmetrically located "Lamb dips" or "peaks" around the Gaussian pedestal for co- and counter
propagating laser radiations. A calculation of the line shape of the central sub-Doppler feature for
the on-resonance pumping is in good agreement with the observed variation of linewidth with
pressure. Numerical results are presented graphically to demonstrate the pump and signal power
dependence of the central hole or peak for the bent and cascade-type double resonances. The
results obtained confirm the expected behavior based on level populations.

I. INTRODUCTION
The double resonance methods have been profitably
used by microwave spectroscopists for more than a decade.
The underlying theory of the method is known from Javan's I
paper for a three level maser which was formulated well before the experimental realization of the double resonance
methods in molecular spectroscopy. In the case of rotational
transitions in the microwave region the Doppler broadening
is much smaller compared to the line broadening due to
collisions. Hence the use oflow pressure allows one to obtain
extremely narrow lines in the microwave spectra. The difficulty associated with the large crowding of rotational lines in
the microwave spectra can be circumvented by using double
resonance techniques when one can pick out only those transitions which have one energy level common with the transition that is in resonance with the pump. The presence of a
strong pumping radiation can cause a large enhancement of
the signal intensity. The line shape of the microwave-microwave double resonance signal has been calculated2 •3 on the
basis ofJavan's theory for the different values of pump power, as well as for the different values of the off-resonance
pumping. In the case of infrared or optical region the large
Doppler broadening leads to a broad Gaussian line shape.
The appearance of narrow structures on the Doppler broadened spectrum has been investigated by several authors.4-9
Schlossberg and Javan4 treated the absorption of two weak
monochromatic radiations at closely spaced frequencies lying within the Doppler broadening of the resonance. By
means of the third order polarization theory they obtained
an appreciable nonlinear coupling between the two fields.
This coupling leads to a sharp resonance when the frequency
difference between the applied radiations becomes equal to
that of two of the components which form either level strucalTo whom correspondence should be addressed. Physics Department, University College of Science, 92, A.P.C. Road, Calcutta-700 009, India.
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ture. Tang and Statz5 also discussed the resonance absorption of two linearly polarized radiations in special situations.
Feld and Javan7 investigated a three level atomic system
with a strong pump field and a weak probe field with arbitrary frequencies. They included radiative decay and hard
collisions in their theoretical treatment. They also assumed
that the pump field fully saturates one transition. The emitted power of the weak probe signal is calculated in terms of
the transition rates. Using this so-called transition rate approach they demonstrated the laser-induced line narrowing
effect on the Doppler broadened transitions. Hansch and
Toschek lO worked out the theory of a three-level gas laser
amplifier on the basis of the density matrix equations by
taking account of the level degeneracy, light polarization,
and inelastic and dephasing collision. More recently, Ta•
d t he l'me sh ape fior the Infrared-micro.
kami'1112'
. mvestlgate
wave double resonance for either microwave or infrared
used as a weak signal with the other as the pump. They used
the density matrix approach and included the two-photon
effect. The results predicted holes and peaks on the Doppler
broadened Gaussian background for the different level
schemes. McGurk et al. 13 developed the optical analog of
Bloch equations for a two-level system in the presence of a
resonating field. A steady state solution leads to the absorption line shape. They also indicated the extension of the theory to a three level system and demonstrated the line shape
of the narrow hole sitting on the Gaussian background. They
assumed small power for the pump and signal so that the
two-photon effects were omitted.
In this paper we consider a general case of two Doppler
broadened transitions under the effect of a strong pump and
a weak signal. The two laser radiations are incident on a
three level system (Fig. 1), both of the radiations being in
near resonance with any two of the energy level differences
of the system. In such a case we request the following conditions to hold: (1) Both the frequencies are within the Doppler
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where Il is the dipole moment operator. The density matrix u
for the Hamiltonian in Eq. (3) satisfies the following rate
equation:
-r~b

~b

if! au = [H,u] ,

(4)

at

-~a

-~a

(b)

(a)

FIG. 1. Energy level configuration for a three level system. The broad and
the narrow lines represent the pump and the signal frequencies respectively,
(a) bent configuration, (b) cascade configuration.

where relaxation effects are not included. If p is the density
matrix in the interaction representation, then we get the following rate equations for the components of P under the
rotating wave approximation:
ifz :tPaa = Eslpabllba -llabPba)

width of the transitions, so that the frequency detuning is
small. (2) The homogeneous linewidths produced by collisions are small, i.e., a low pressure system is used. (3) The
Rabi frequency arising from the interaction of the applied
electric field with the electric dipole is small so that the magnitude of the coherency splitting is small compared to the
transition frequency. (4) The longitudinal and transverse relaxation times are taken into account. The velocity changing
collisions are disregarded. (5) The magnitudes of the applied
pump and signal fields are considerable but not large enough
to produce a dominant two-photon effect. The relaxation
effects are introduced in a phenomenological way. A nonlinear term involving the product of the two transition dipole
moments is introduced. The calculated line shapes will be
used to compare with recent IRIR double resonance features
observed in NH 3 • 14 The effect of increasing pump and signal
powers on the line shape of the sub-Doppler features for the
bent and cascade type double resonances will be discussed.
In Sec. II we derive the line shape for the signal transition from the optical Bloch equations of a three level system.
The Doppler broadening is included. We also discuss the
effect of spatial degeneracy and the collisional transfer of
resonance. In Sec. III we present the calculations for a few
model three level systems to show the effect of varying pump
and signal powers. We also attempt to simulate the line
shapes of infrared-infrared double resonance ofNH3 which
has been reported in recent experiments. 14 Section IV presents a discussion of line broadening mechanisms.
II. THEORY

We consider the molecular gas as an ensemble of nondegenerate three level quantum systems. Two plane-polarized
coherent electromagnetic waves are incident on the system.
The incident waves are at near resonance with the energy
level differences shown in Fig. l(a), so that

~=-

and
~

Aws
~=-

= WDs

- Ws

(1)

-llacPca)'
(5a)

Pbb

= Eslpballab

-llbaPab)'

(5b)

if! :t PCC

= Ep(Pcallac

-llcaPac) ,

(5c)

if!

if!

:t

Pab = Esllablpaa - Pbb) - EpllacPcb - PabMws ,

(5d)
if! :t Pbc = pbcfz{Aws - Awp) - EsllbaPac

+ Ep Pballac ,
(5e)

if! !Pac

= Epllaclpaa

-Pcc)-EsllabPbc -PacMwp.
(5f)

We have assumed in the above that the transitions a _ band
a - c are dipole allowed. Under the effect of the applied
electromagnetic field the molecular dipoles will be oriented
towards the field direction and a macroscopic polarization
will develop
(6)

P = NTr(;.tu),

where N is the number of molecules per unit volume. Using
the interaction representation for the density matrix we get
P = N !llcaPac exp(iwpt)

+ Ilba Pab exp(iwst) + c.c.J.(7)

The above expression allows us to introduce the real and
imaginary parts of the polarization associated with the pump
and signal as follows:

+ iPp; = Ilca Pac'
Psr + iPs; = Ilba Pab .

Ppr

A. Optical Bloch equations In three level systems

Awp = wop - wp
are small where

!

+ Eplpacllca

(8a)
(8b)

Further we introduce a nonlinear term involving the nondiagonal element Pbc and corresponding to the product of the
two transition dipoles 11
P nr + iPn; = Ilcallab Pbc .
We also define

(8c)

ANp =N(Paa -Pcc)'
~

The perturbed Hamiltonian of the three level system under
the influence of the two electromagnetic fields, with the intensities Ep and Es and the frequencies wp and Ws ' respectively, is

ANs =N(Paa -Pbb)·
With these definitions and using the rate equations for the
density matrix we obtain the optical analog of the Bloch
equations:

(3)

(9a)
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(11)

(9b)

Assuming a Maxwell velocity distribution, the total absorption coefficient is

(9c)

~
+-=0,
Tls

-d (Ii
dt 4

) s
~N

E
S

P.Sl

(9)
e
1E P .
:2 P pI

+ -Ii4

~Ns

- ~Nos
Tis

= 0,

(9f)

Es

2

P nr _

+ ""iIJLab I Ppi + T

2n

-

0,

00

e

_ '1'.,12

I

y(v,ws)dw,

(12)

00

21~wD

(13)

and

~WD
- -~ P
Ii 'IT

-

1T

+

where
q = ~ln

(9d)

f

q

y(ws ) = ~

=~

c

~

2kTln 2

M

(14)

is defined as the Doppler half-width at temperature T and M
is the molecular weight.

c. Steady state solution
Weare interested in double resonance experiments with
two continuous wave lasers. Hence we consider the steady
state solutions of Eq. (9). Substituting the solution for Psi in
Eqs. (11) and (12) we obtain

(9g)

(9h)

(15)

where
where the denominator MI is

_ 2JLac
K1--Ii

Above we have introduced collisional relaxation times

T2 and TI for the polarization and the population differences, respectively, in a phenomenological way. We also introduce a relaxation time T 2n for the nonlinear terms P nr
and P ni • When the perturbing radiations are withdrawn all
the polarization terms decay to their equilibrium values of
zero and the population differences ~Np
and ~Ns
decay to
the equilibrium values of ~N
Op and ~N
Os, respectively.

(16)

and
(17)

B. Doppler broadening
Considering the molecules to be in motion either along
or opposite to the direction of propagation of electromagnetic radiations with velocity v we replace ~wp
and ~ws
by
(lOa)

We have also assumed that the relaxation of the nonlinear
term is much faster than that of the linear terms so that T 2n is
much smaller compared to T ls and T 2p • Further we assume
a small signal power so that Xs T ls < 1. We also assume that
the Doppler width ~w D is large compared to the collisional
broadening. In the limit of the large T ls we can approximate

(lOb)

where w' = wsvlc, r = wp/ws and X = + 1 or - 1, when
the two radiations are traveling in the same or opposite directions. Hence the polarization terms are functions of molecular velocity. The coefficient of absorption for signal transition is defined as

+ (~W:)2
+X~Tls/
+ 1X;T2n/Tls
= m5(wOs - Ws + w').

lITi,

(18)

From Eqs. (15) and (18) we get the total absorption coefficient as
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y(OJs) =

11" 3/2" K 2 OJ

q

2 s exp [ - q2(OJs - OJOs )2 ]

C

_

X {iJ.N.

Os
X

{

I

+

iJ.Nopx;(T,s + !T2n )/2
[(lIT2P ) + {wop - OJp + Xr(OJ s - OJosWT2P

(19)

x;x;T'P(T,s + !T2n )/4
}
{(lIT2s + x; TIs +!X;T2n}{(lIT2P)+x;TIP + (OJ op -OJp +Xr(OJs -OJOSWT2P} .

When the pump and signal powers are small, the nonlinear
terms in the polarization will be insignificant. In such a case
in Eq: (19) may be neglected. In this
the term containing
case the expression for y(OJs ) reduces to the absorption coefficient calculated by McGurk et al.13 for steady state double
resonance where the two-photon effects are completely
omitted. Thus the signal line shape for low incident powers is
given by a Gaussian curve modulated by a Lorentzian hole
whose
width
is
determined
by
the
factor
[(lInp ) + x; (Tlp IT2P )],12 and whose amplitude is governed by x; (Tlp IT2p )' In the case of infrared spectroscopy
the linewidth of the hole is much small compared to the
Doppler width expressed by q. When the power levels are
increased so that the two-photon effects cannot be neglected,
we have to consider the full expression given by the Eq. (19).
The additional factor in Eq. (19) will lead to further modification of the saturation dip. In the present three-level
scheme the effect of the additional nonlinear term is to lower
the amplitude of the Lorentzian hole. The line shape of the
hole is given by a Lorentzian when the Doppler broadening
is large. The inclusion of the terms containing x;x; in the
numerator will lead to a change in the line shape since the
resultant line shape is given by a convolution of the two Lorentzian functions. However, this effect is very small since the
net contribution from this term is of the order of
Instead of the level scheme given in Fig. I(a) which is
known as type I or bent type double resonance we may have a
level scheme shown in Fig. I(b), which corresponds to type II
or cascade type double resonance. In the case of type II, we
can derive the formula of Y(OJ s ) in the same way and the
result is an expression for y(OJs ) given by Eq. (19) with (iJ.N Op I
iJ.N0.) replaced by - (iJ.N Op I iJ.N 0. ). This means that instead
of getting a Lorentzian hole burned on the Doppler broadened absorption profile we get a Lorentzian peak sitting on
the Gaussian pedestal.

x; x;

x; .

!

}

+ x; TIp]

radiations are polarized perpendicular to each other. Figures
2(a) and 2(b) represent the two possible combinations of selection rules: (a) IUfp = 0 and 1Uf. = ± 1 and (b) IUfp
= ± 1 and IUfs = O. Thus the line shape of the observed
double resonance signal is obtained by summing the absorption coefficients of the transitions shown in the Fig. 2. All of
these transitions have the same frequencies for both the
pump and the signal transitions. Their absorption coefficients differ by the values ofJ-Lac and J-Lab which may easily be
calculated for a particular JkM ~ J' k 'M' = transition. 15,16
In the case of Stark-tuned double resonance the energy
levels with different M values are split up. For the second
order Stark splitting the different types of DR signals that
may arise may be represented as follows:

iJ.Mp = 0, iJ.Ms =

± 1.

If the common level has 1M I = J the transitions are
± J ~ ± J, ± J ~ ± (J - 1), these two signals have the
same frequencies and we get a single double resonance signal
for the pumping as depicted in Fig. 3(a). When M = 0 we get
iJ.Mp = 0, iJ.M. = ± 1 thus giving only one DR signal
for M = 0 ~ 0 pumping as shown in Fig. 3(b). When
0< 1M I <J, for each pumping frequency one observes two
double resonance signals each of which consists of two different double resonance processes shown in Figs. 3(c) and
3(d).

= ± 1, iJ.Ms = O.
alMp I = 1 we get two

iJ.Mp

For
double resonance processes
± (J - n - l)~
± (J - n), ± (J - n - 1~ ± (J - n - 1)
having the same frequencies as depicted in Fig. 4(a). Similarly for a IMp I = - 1 we get a signal from the processes
shown in Fig. 4(b).

D. Spatial degeneracy

The three-level scheme presented above considers nondegenerate energy levels. The formulation is applicable to
molecular vibration-rotation energy levels (v, J,k ). However,
these levels have (2J + I)-fold spatial degeneracy as well as
spin degeneracy. Ifwe exclude from the treatment the effect
of the nuclear quadrupole effects and the symmetry of internal roters, if any, which produces near degeneracies we can
consider the effect of this spatial degeneracy on the line
shape.
In the absence of Stark field the calculation of the transition dipole moment has to take account of the double resonance processes as given in Fig. 2 when the pump and signal

(a)

L':IMp=O,

L':IMs=±l

- 3IJ-l 12J-'ttC3I

J n

J 1

+

-;r

+

-J

(bl

J

J

.6Mp=±I •

+

+

±1

-J-rn

":1

-J+n

.6Ms=O

FIG. 2. Energy level scheme to show the DR transitions including the spatial degeneracy in absence of the Stark field for (a) ilMp = 0 and ilM,
= ± 1 and (b) ilMp = ± 1 and ilM, = O.
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E. Transfer of resonances

h. Mp=O. t:.IMsl=-1

The above formulation of the signal line shape in the
presence of the off-resonance pumping does not include the
fact that the off-resonance pumping frequency may itself be
on resonance with another energy level difference. This is
often true in the case of the Stark-tuned double resonance
experiments as discussed earlier. In such a case one has to
consider the collisional transfer of resonances between the
pairs of energy levels. These transfers are associated with
change of the states but the velocity is preserved. 17-19 In the
case of type I double resonance (Fig. 5) the collisions transfer
the resonances between (a --+- c) and (d --+- f). We consider the
transfer induced by the on-resonance (a --+- c) pumping to the
level populations of d and! We can write

h.Mp=O. h.IMsl =+1
(b)

(0)

3I:'~

h.Mp=O, h.IMsl =+1
(e)

(d)

FIG. 3. Energy level scheme to show the DR transitions including the spatial degeneracy in the presence of the Stark field for (a) t:.Mp = 0, aiM. I
= -I. (b) t:.Mp =0. alM.1 = + I. (c) t:.Mp =0. alM.1 = + 1. and (d)
t:.Mp = o. alM.1 = - I and n = 0.1 ..... J - 2 in (c) and (d) andJ>2.

We have so far considered the on-resonance pumping
effects on the signal. However, in the presence of the Stark
field along with the on-resonance pumping, there would be a
few cases of off-resonance pumping since the M levels are
very closely spaced. The line shapes for these cases are also
obtained from Eq. (19). For the on-resonance pumping
(.awp = 0), the maximum of the Lorentzian dip is at
Ws = WOs giving a central dip where the dips corresponding
to the copropagating and the counterpropagating waves coincide. For the off-resonance pumping the dips are obtained
from

Pdd =P~d

3r::::",', 3r:"~
£l.IMpl=+l, 6Ms=0
(0)

(21a)

Pff = pJr + f(Pcc - p~c)'

(21b)

where P~a
and P~c
describe the populations in the levels a
and c in the absence of pumping, P~d
and pJr describe the
populations in the absence of collisional transfer, f is the
transfer coefficient. The change in population difference
produced by the pumping is controlled by the pump power
Ep and the transition probability /-Lac' If the population difference (Na - N c ) is reduced to a fraction F of its equilibrium value (N~
- N~)
by pumping we get

.aN ~p

= .aNop - f(1 -

F)N~

[ 1 - exp( -

:~)]

(22)

for the population difference ofthe levels d andfin the presence of collisional transfer induced by the pumping. Similarly, the signal population difference.a Nt,. in the presence of
the transfer is given by

.aN~

(20)

Thus there are two dips symetrically located on the two sides
of the resonance frequency WOs' The spacing between them is
determined by the magnitude of the off-resonance pumping
.awp and the frequency ratio wp / Ws' In such cases, at signal
resonance Ws = WOs' the pumping effect on the signal frequency is small because of the larger denominator. This
would give rise to the normal peak height of the Doppler
absorption curve. The fractional height of the Lorentzian
dip is the same as in the case of the on-resonance pumping,
but the actual height of the dip becomes much smaller because the signal is off resonance.

+flpaa -P~a)'

=.aNos - !f(1 -

F)N~

[1 - exp ( - :~) ].(23)

There is no transfer to the level e. These changes in the population differences may be introduced in Eq. (19) to find the
effect of resonance transfer of pumping on the sub-Doppler
features. The change in.aN Op /.aN Os will cause an appreciable change in the peak height of the Lamb dip.
III. CALCULATIONS

We have calculated the signal absorption coefficients
[Eq. (19)] for the two types of double resonances shown in
Fig. 1 to demonstrate the effect of the varying pump and
signal powers on the line shape, particularly the subDoppler features. We also present simulation of the double
resonance line shapes in NH3 as has been studied recently by
infrared-infrared double resonance experiments. 14
Figure 6 shows the absorption line shape for a fixed value of signal power and varying pump powers. We have used
c-~

61Mpl =-1, £l.Ms=O

-----,r-1r---- e

(b)

FIG. 4. Energy level configuration for the DR transitions including spatial
degeneracy in the presence of the Stark field for (a) A IMp I = + I. AM,
=0. (b) A IMp I = -I.AM, =O.n=O.I ....,J-I and J> 1.

o ____~

FIG. 5. Energy level diagram showing the collisional transfer of pumping.

____ ~-d
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I-
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l-

e
!: 1·65

:0

o

:.c

c

l-

e
c

,,0

a
b

921·2473

Ws in cm-l

FIG. 6. Line shape of infrared-infrared double resonance for the bent configuration [Fig. l(a)] for a fixed value ofx, l' = 0.1 and the values ofxp l' of (a)
4.0, (b) 1.0, (c) 0.5, and (d) 0.0.

the signal frequency WOs = 921.2550 cm -1 corresponding to
thev2[aQ (9,9)] transition and wop = 1775.2674cm- 1corresponding to the v4 [a R R (9,9)] transition of NH3.14 We assume Tis = T2s = TIP = T2P = T and T 211 is much smaller
compared to T. The value of T is taken approximately as 0.7
pS.20 We also have q = 558 per cm- 1 at the temperature
T = 300 K which corresponds to a Doppler half-width of 80
MHz approximately and AN Op / AN Os = 1.53 from the
Boltzmann distribution. The transition dipole moment for
the signal is taken as 0.23 D.21 The pump is assumed to be on
resonance so that we get the central sub-Doppler features. It
is found that the height and the half-width of the central dip
increases with increasing pump power. When xp T is very
large the half-width becomes large and the peak height
reaches saturation. In Fig. 7 we present similar calculations
for a fixed value of the pump power and varying signal powers. It is noticeable that the height and the half-width of the
dip decreases with increasing Xs T. This may be associated
with the relatively lower pumping rate for the stronger signal
radiation. However, the overall feature of these curves is that
the signal power has a relatively small effect on the double
resonance line shape and it arises from the additional term in
Eq. (19) which corresponds to the two-photon effect. It may
be noted that our formulation of Eq. (19) sets an upper limit
to the value of Xs • Hence the effect of the larger signal power
could not be ascertained. Nevertheless, the double resonance
process itself precludes the use of high signal power. The
model calculations presented above are aimed at demonstrating the effect of the radiation powers on the DR line
shape. Hence we have assumed the energy levels to be single
and no effect of spatial degeneracy is considered.
Figures 8 and 9 represent similar calculations carried
out for the double resonance of the cascade type shown in

FIG. 7. Line shape of infrared-infrared double resonance for the bent configuration [Fig. 1(a)] fora fixed vaIueofxp1' = 4.0 and the vaIues of x, l' of (a)
0.7 and (b) 0.1.

Fig. lIb). We have used Was = 1035.4426 cm -1 correspondingtothev2[asQ (5,3)] transition and wOp = 1053.8802cm- 1
corresponding to the v 2 [ssR (5,3)] transition ofNH3.22 The
other parameters are kept the same except for the fact that
4·8

a

b

3'6

~

'c
:::I

>e

l-

!: 2-4

:.c
l-

e

5

1·2

O~

______
1035·4070

~

______
~

______
~

____
~

1035·4090

FIG. 8. Line shape of infrared-infrared double resonance for the cascade
configuration [Fig. l(b)] for a fixed value of x, l' = 0.1 and the values for xp l'
of (a) 4.0, (b) 1.0, and (c) 0.0.
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FIG. 9. Line shape of infrared-infrared double resonance for the cascade
configuration [Fig. I(b)] for a fixed value ofxp 1" = 4.0 and the values for x, 1"
of (a) 0.7 and (b) 0.1. The curve (c) represents the Gaussian background when
Xp1"=O.

ANoplANos = 1.013 in this case. In Fig. 8 we have plotted
the signal line shapes for a fixed value of the signal power and
varying pump powers. In this case we obtain an inverted
Lamb dip or peak sitting on the top of the Gaussian pedestal.
This sub-Doppler feature also increases in height and halfwidth with the increasing pump power. Figure 9 shows the
line shapes for the fixed value of xp T and varying signal powers Xs T. The figure also includes a case for xp T = 0 to show
the location of the Gaussian pedestal. In this case the peak
height of the central sub-Doppler feature increases with increasing signal power, contrary to what was observed in the
other case (Fig. 7). This may be due to the larger population
of the upper signal or lower pump level caused by the large
signal power. In the work of McGurk et al. 13 the signal power was assumed to be negligible hence the signal power dependence of the line shape could not be ascertained from
their work.
We have also attempted to simulate the line shape for
the Stark-tuned DR signals v 2[aQ (9,9)] and v2[aQ (7,7)]
ofNH3 observed by pumping the transitions v4[a RR (9,9)]
and v 4 [a R R (7,7)], respectively.14 In the former case the
pump radiation is locked to the M = 9_10 component of
thev4[aRR (9,9)] transition at wop = 1775.2674cm- 1 and
the signal line shapes are calculated for the M = 7, 8, and 9
Stark components (AM = 0) of the v2[aQ (9,9)] transition.
Thus theM = 9 component of the signal is pumped on-resonance and the others are pumped off-resonance. The onresonance pumping case corresponds to Fig. 4(a) where the
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effects of the two signals arising from the double degeneracy
are included. The values ofxp andxs may be calculated from
the known laser powers and the transition moments. The
laser powers used in the experiment were 10 WI cm2 for
pump14 and approximately 1 mW/cm 2 for the signal. 23
However, the value of f.Lac for the relevant Stark component
becomes difficult to determine. The pump laser-induced line
shape for the transmission change !:J.T IT of the M = 9 central Lamb dip has a full width at half maximum (FWHM) of
3.2 ± 0.15 MHz at a pressure of 10 mTorr and a pump power of 8 WIcm 2. Our expression for the absorption coefficient
shows that the half-width at half maximum (HWHM) of the
sub-Doppler feature is roughly given by (x; + lIr)1/2.
From the pressure broadening coefficient of 25 MHz/Torr
ofNH3,24 we obtain lIT = 0.25 MHz at 10 mTorr. The observed linewidth includes contributions also from the beam
divergence, the field inhomogeneity and the laser linewidth
in addition to the pressure and power broadening. Our formulation does not include these effects. Weber and Terhune 14 discussed these broadening mechanisms and their estimates give the transit time broadening as 0.16 MHz and the
broadening due to the field inhomogeneity as 1% of the
Doppler broadening, i.e., 0.8 MHz. The linewidth of the diode laser is estimated to be 1 MHz or less. Considering all
these facts we obtain the power broadening due to pumping
asxp = 0.57 MHz. At a pressure of 30mTorr, we obtain liT
= 0.75 MHz. With the value ofxp = 0.57 MHz we obtain a
FWHM of 3.5 MHz which is in good agreement with the
observedFWHMof3.8 MHz at 30mTorr. In the case of the
M = 7 and 8 components the calculated line shapes show
two sub-Doppler features symmetrically located around the
central Gaussian. The magnitude of the off-resonance
pumping frequency is determined by the Eq. (20) and the
observed value 14 of(w s - was). The line shapes have Doppler
widths of nearly 80 MHz for each of the components. We
have convoluted these lineshapes and this is reproduced in
Fig. 10. The values of xp and lIT used in this calculation
correspond to the pump power of 10 W Icm 2 and pressure of
30 mTorr. The relative heights of the Stark components 15
are taken to be proportional to M 2. There is very good agreement of the sub-Doppler features with the observed curve
regarding their relative heights and half-widths. 14 However,
the overall line shape of the spectrum cannot be compared
with the observed line shape. In the observed curve the maximum of the absorption is at the M = 9 component, whereas
in the computed line shape this is at a frequency intermediate
between the M = 9 and M = 8 components. One reason for
this may be because of the fact that the base line of the observed spectrum is not clearly defined. However, it may also
be noted that a convolution of three Gaussian curves each
having a width of 80 MHz and frequency spacing of the
order of 50 MHz with intensity ratio of 1:0.80:0.60 would
not yield a line shape shown in the observed curve. The observed curve is obtained by searching the strong signals with
a peak-finding computer programme and finally interpolating between them. This process might have resulted in a loss
of the overall line shape. Regarding the line shape of the subDoppler features we would also note that we have not taken
account of the collisional transfer of resonances as discussed
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in Sec. II E. The change in the population difference would
also modify the shape of the DR features. The evaluation of
these effects is not feasible at the moment because of our lack
of knowledge of the transfer coefficients. The best way to do
that would be to fit the line shape to obtain these data. However, the experimental data are insufficient for doing that.
The same calculations have also been performed for the
v4[aRR (7,7)] pump and the v 2[aQ (7,7)] signal transitions
of NH3 • 14 These are reproduced in Fig. 11. The pumping
frequency is locked to the (7~8)
component at mop
= 1754.9804 cm- I , the pump power is 6 W/cm2 and the
pressure is 34 mTorr. For evaluation of xp we have calculated/lac for the pumpingJ k M = 7,~8
from the value
of /lac obtained earlier for the (9,~lO)
pumping.
Because of the large Stark field used in this experiment the
separation between the M components is large, hence there is
no overlap between the Doppler produced Gaussian back-

grounds. The relative heights of these signals agree with the
experimental observation. Only the on-resonance pumping
case show a central Lamb dip. For the other Stark components the sub-Doppler features would be far from the central
frequency mas and may be well beyond the Doppler profile.
Hence they will not be seen. Again the probability of collisional transfer of resonances in this case would be much
small compared to the case presented in Fig. lO because of
the larger separation of the M levels. The inclusion of this
transfer would lead to a change in the relative height and
width ofthe DR features of Figs. lO and 11.
IV. DISCUSSION

The pumping by an infrared laser produces narrow subDoppler features on the Gaussian background which is normally obtained from diode laser spectroscopy of gaseous
molecules. This provides an opportunity of studying the dif-
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ferent kinds of line broadening mechanism. The pressure
and power broadening can be evaluated from the steady state
solution of the optical Bloch equations. The pressure broadening is introduced phenomenologically in terms of the relaxation times. The power broadening is contained in the
density matrix equations. A careful study of the power
broadening effects have been presented to show how the experimentalline shape can degrade with the power when the
other broadening mechanisms remain unchanged. The effect
of the signal power on the peak height of the sub-Doppler
feature is also studied. In addition to the broadening produced by the pump power and the pressure there are other
kinds of broadening effects in the observed line shape which
are not accommodated in the theoretical derivation. It is
intriguing that in spite of the monochromatic character of
the laser radiation it has a linewidth which is a sizable fraction of the observed linewidth.
In a highly stable laser the radiation linewidth of the
order of 100 kHz arises mainly from the acoustical and mechanical perturbations of the cavity length. 25 The perturbations are usually uncontrollable and consist of a discrete set
of frequencies. Qualitatively, we consider the laser frequency
to be modulated by a single frequency such that
w'(t)

= w + TJ cos pt,

(24)

where TJ is the frequency fluctuation and p is the modulation
frequency. When TJ is small this would add an extra TJ 2/2
term to the square ofthe linewidth
+ l/~.
When TJ is of
the order of magnitude of xp this effect becomes more complicated. We have eliminated this effect by assuming it to be
additive. The other broadening effects like the beam inhomogeneity and the transit time have been discussed by
Weber and Terhune 14 and have to be accounted for in phenomenological ways.
What is more difficult is to evaluate the effect of collisional transfer from nearby energy levels. This is very often
encountered in molecular spectroscopy. Evaluation of these

x;

4023

effects needs more experimental studies. We have indicated
the effect of spatial degeneracy in the case of both zero and
nonzero Stark fields. Inclusion of these processes would
modify xp and Xs thereby affecting the line shape.
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