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A simple differential analysis of the Lamb-dip structure using a stationary helicoidal
wave is described. This technique enables us to separate the anisotropic contribution
from the isotropic one and shows that the observed Lamb dip on the 3.39-pm line of Ne~o

is partially anisotropic.

The Lamb dip predicted by Lamb's self-con-
sistency theory' has been studied by many au-
thors, both experimentally' and theoretically. '
The usual observation is performed on the output
power of a linearly polarized monomode laser.
This resonance at the center of a Doppler profile
is described in the scalar theory as a Lorentzian
of width 2y„. The "hole-burning" concept intro-
duced by Bennett' gives a simple phenomenologi-
cal interpretation of the resonance by merging at
line center of two atomic packets which interact
with the two progressive waves of the stationary
mode. In a recent probe experiment' on the ac-
tive column of an He-Ne laser, we have directly
shown and measured the induced anisotropies oc-
curring in the "atoms+ field" system. That is to
say, we have isolated the anisotropic contribution
of the saturation depending on the level degenera-
cies which were previously considered in Zee-
man laser theory. ' We describe a new experiment
using a stationary helicoidal wave on the 3.39-p.m
line of Ne" which allows the study of the Lamb-

dip structure by observation of its isotropic and
anisotropic parts. This simple differential analy-
sis shows that, on this particular line, the Lamb
dip is partially anisotropic and necessitates an
interpretation in the spatial vectorial model, '
even in zero magnetic field. According to Ben-
nett's physical interpretation of the Lamb dip, it
is then necessary to introduce the concept of
"aligned holes. "

The scheme of the apparatus is shown in Fig.
1(a). A monomode laser with a stationary field
having either a linear or a helicoidal structure is
realized. When both slow axes of the A./4 plates
are in the incidence plane of the Brewster win-
dow, the polarization of the field is linear [Fig.
1(b)] all along the laser. On the contrary, if the
A/4 plate No. 1 is rotated through +45', the sta-
tionary field in the active medium between the
two plates is represented by either a right-handed
or a left-handed helix [Fig. 1(c)]; this field con-
figuration has been proposed by Evtuhov and Sieg-
man' and by Kastler, ' and has been experimental-
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FIG. 2. Theoretical curve and experimental points
of the output intensity with a linearly polarized field.
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FIG. 1. Schematic of the experimental apparatus.
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ly analyzed on the A= 3.39 p.m line. " Our experi-
ment enables one to compare, without varying
any other parameter, the Lamb-dip shape in both
cases. We notice that indeed the laser field is the
same beyond the two A/4 plates, and so the loss-
es are left unchanged. When the field is helicoid-
al, the two counterpropagating waves are both
circularly polarized, one right-handed 0' and
another left-handed 0 . Note that the stationary

helicoidal wave has a constant amplitude and must
be distinguished from a circular stationary wave.
On the contrary, when the field is linearly polar-
ized, each progressive wave contains both 0's
and so creates alignment. The saturation has
then, in this ease, two physical origins": a sca-
lar one due to level populations and a tensorial
one due to alignment (or Zeeman coherences) In.
the case of the stationary helicoidal wave, each
progressive wave creates orientation instead of
alignment and so the second type of saturation
must disappear, and the total saturation at the
line center decreases. The experimental results
reported on Figs. 2 and 3 confirm this structure.
With the experimental conditions (total pressure
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FIG. 4. Zero-field. magnetic resonances for the two
polarized fields.
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0.6 Torr, ratio Ne"/He' =-,', output power ~10
pW), the Lamb dip on the 3.39-)um line with lin-
ear polarization is partially due to the alignment
of the 'I'4 level, that is, due to the anisotropic
contribution. This can be confirmed by studying
the magnetic resonance at zero field, when an
axial magnetic field is applied to the active medi-
um. Figure 4 shows that the zero-field resonance
(due essentially to Zeeman coherences) for a
fixed mode position out of the line center disap-
pears completely in the case of the helicoidal
wave.

A previous analysis" of the anisotropies in-
duced by the saturating field in the active column
of the laser enables us to calculate by application
of the resonance condition' the expression of the
output power, for both linearly polarized a,nd heli-
coidal waves. The resonance condition is written

6'2612 g,S., 8 = b,
where

are the Jones reflection matrices. 6', , represent
the propagation matrices calculated in reference"
for each propagating wave. In the case of linear
polarization, for a laser of length L,

e ikg I 0
6'

1 ~ 2 0 e jbyL)IP

so that the resonance condition for the x lasing
component may be written as

k„=(2iL) ' ln(rr„) (2)

In the case of the linearly polarized field with 0„
calculated up to third order by the usual perturba-
tion theory, this leads to

11 1 2+Aps Z)($) ) 2I)p
R (I I )

S). + S3 S) + S2 S2 3

L r „re, %cv ) c,ck ' ' &,'(0) &,'(0) Fb'(2) Fb'( )
(3)

In the case of an helicoidal polarized field, the losses remain unchanged and (2) leads to the intensity

I rr e cm e al
' I' ')0) I' ')0) )' '(0) I' '(b)) (4)

If we let d, and d„denote, respectively, the denominators of expressions (3) and (4), the above intensi-
ties may be written as follows:

I, =A'(1 —B'Z'(~) j/d„
I„=A'il —B'Z'(5) )/d„.

The parameters A' and B' describe the loss and gain in the medium; iVo is the excitation parameter;
Z($) is the plasma dispersion function; I, and I, are the velocity integrals (ReI, gives the usual
Lorentzian in the Doppler-limit approximation) whereas S, S„S„and S, represent the sums"

S2 —
Eml ) am bml+l I u b m+1 +2aIm

s, =Z. I ~....„l', s, =g. l q,.„l'I v .... , I'.
For the 3.39-pm line in particular (Jb= 1, J,=2) S, -46, S, -21, and S,-1. The 1', b'(0) and 1, b'(2)
describe the relaxation rates of the level populations and of the Zeeman coherences. By equating in
the weak-pressure approximation' the different relaxation rates I, ,' for this line, " it is seen that,
for the same excitation, the ratio of the denominators of (5) becomes at line center

d„/d, =(2s, +s, +s,)/2(s, +s, +s,) =0.64.

More important is the fact that the I, integral coefficients describing the Lamb dips are in a ratio

(s, +s, +s,)/(s, +s,) =3.

(5)

Hence the Lamb dip should be enhanced by a factor of 3 by changing the helicoidal polarization into a
linear one. Comparison of experimental data with theory can be done directly using expressions (3)
and (4). However, in order to compare our results with other works, we first utilize the phenomeno-
logical formula proposed for a linearly polarized wave by Szoke and Javan' and modified by Cordover
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and Bonczyk, ' i.e„
2C C'2 I

I(X) =A[1 —Bexp(X')] 1 —
~ +D 1+~ ~, ( E),

— (6)

where D appears as an enhancement coefficient
of the Lamb dip. The theoretical curves corre-
sponding to this formula have been reported in
Figs. 2 and 3 with the following parameters: B
=0.588, C =0.165, E =0.03; A. is an amplitude
parameter; D, =0.15 in the case of a linear wave;
and D„=0.05 in the case of the helicoidal wave.
We see that the enhancement coefficient D, in the
linear-wave case is three times greater than the
D„ for the helicoidal wave in agreement with our
previous calculations. We find also as ratio at
line center of the denominators of the phenomeno-
logical formula d„/d, =0.87, which is very close
to that predicted theoretically. The usual linear-
ly polarized Lamb dip at 3.39 pm therefore ap-
pears as partially anisotropic. Very good agree-
ment with experimental points for both polariza-
tions is observed. The B parameter of expres-
sion (6) has been experimentally evaluated to 8
=(losses)/(unsaturated gain) =0.60. Equations (3)
and (4) lead to identical theoretical curves direct-
ly derived from I, and I, integrals. "

We have therefore obtained, with the helicoidal
wave, a simple decomposition of the Lamb dip
into two experimentally separable contributions.
In agreement with the theoretical analysis the na-
ture and enhancement of the Lamb dip depends
on the saturating field polarization and on the
level degeneracies. We note also that to the three
sums S„S„and S, which characterize the laser
line correspond to the three possible Lamb-dip
profiles; indeed, in addition to the two preceding
profiles, one can consider that obtained with a
circular field polarization (in this case only S,
occurs in the intensity denominator). This can be
extended to the absorption case outside the reso-
nator, giving a new method of investigation of J
levels (kinetic momenta, etc.). Further informa-
tion on the asymmetry seen on the Lamb dip at
3.39 p.m and also observed by Bennett" might be
obtained with use of our analysis.

! The authors wish to thank Tran Chanh True for
his help in carrying out some of the calculations.
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