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Nonlinear ring structures in forward scattering of resonant monochromatic laser radiation
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We present experimental and theoretical investigations of a Gaussian laser beam interacting with

Zeeman-tuned J=1—+J=0 atomic systems. In our experiment a single-mode cw dye-laser beam

traverses a neon discharge in a longitudinal magnetic field. The excited neon transitions used for these

studies are 1s4(J= 1,g = 1.464)—+2p3( J=0) and 1s2(J= 1,g = 1.034)~2p, (J=0). In the laser-

induced forward-scattered light, dark and bright ring-shaped structures are observed. The ring struc-

tures are investigated as a function of the magnetic detuning of the m =+1 sublevels and as a function of
the laser-beam power. W'e find that the line shapes of the spectra, i.e., the forward-scattered light inten-

sities as a function of the magnetic detuning, are sensitive to the transverse intensity distribution of the

laser beam. Analytical expressions based on a semiclassical theory are derived and the calculated results

on the ring structures and the spectra are compared with the experimental results. Good agreement be-

tween the calculated and the experimental results are obtained only when the transverse effects are taken

into account.

PACS number(s): 32.80.Bx, 33.55.Fi

I. INTRODUCTION

The propagation of electromagnetic radiation through
an absorbing medium is a fundamental problem in atom
and light interactions. When a beam of light propagates
through a medium, the interaction processes sometimes
manifest themselves as spectacular ring structures in the
traversed light [1]. These phenomena can be particularly
fascinating in high-intensity laser-beam penetrations
through vapors and liquids. In this work we present
transverse-ring-structure effects observed in a laser in-
teraction with a magnetically tuned gaseous medium.

Since the discoveries that Hanle made [2] in the early
1920s it has been known that magneto-optic techniques
are well suited for investigations of the interaction be-
tween atoms and light. Several configurations have been
developed and employed in these investigations [2]. One
method is based on the selective detection of only that
light which is scattered in the same direction as the origi-
nal exciting light propagates. During the 1960s and the
early 1970s these, so-called, forward-scattering experi-
ments were performed using conventional light sources
[3,4]. These investigations founded the basic understand-
ing and terminology of the phenomena. When lasers be-
came available as light sources new features in the
forward-scattering phenomena were observed [5,6]. Be-
cause of the high intensity of the laser beams many of the
new features were caused by nonlinear interaction pro-
cesses. All of these processes were not directly under-
stood and it took many years before satisfactory theoreti-
cal descriptions were given [7—10] to explain the results
of the early laser-based measurements.

Recently there has grown a renewed interest in
forward-scattering and magneto-optic phenomena related
to it [11—19]. Many of the investigations have dealt with
the processes involved in the creation of the measured
signals. Calculated signal shapes that are in agreement

with the measured ones have been derived using a variety
of theoretical models [10,15—21]. The mathematical
treatments in some of the descriptions are very similar to
those used in polarization spectroscopy. Especially for-
ward scattering is very closely related to polarization
spectroscopy [20,22]. Forward-scattering and recently
the Hanle-effect studies have also attracted interest as
configurations for investigations that have been extended
to include partially coherent and nonmonochromatic
laser light [20,23,24].

Experimentally, magneto-optical studies and, in partic-
ular, the forward-scattering studies are easy to perform.
The standard procedure is to direct a linearly polarized
beam of light to traverse an absorber cell. The absorber
cell is in a tuneable magnetic field. The intensity of the
forward-scattered light is then measured after a polariza-
tion analyzer. The transmission axis of the analyzer is
oriented perpendicular to the original beam polarization.
The forward-scattered light intensity is measured as a
function of the magnetic field strength. This is usually
done in the Faraday geometry, i.e., the magnetic field is
collinear with the light beam. When the magnetic field is

perpendicular to the direction of the light beam the
geometry is called the Voigt geometry [12,16].

In this paper we present investigations dealing with the
consequences that the transverse intensity distribution of
a laser beam has on the forward-scattered light. It is well

known that the transverse intensity distributions of laser
beams play an important role in laser spectroscopy.
Therefore it is surprising that there do not seem to exist
reports on detailed studies on the effect of the spatial
structure of the laser beam on forward-scattered light.
Our findings show that laser beams may easily induce
forward-scattered light distributions that have ring-
shaped dark and bright structures. We present results on
such transverse structures. Recently we have brieAy re-
ported on the first results of our studies [19]. Now we
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give a more extensive description of these phenomena.
This paper is composed as follows. After this introduc-

tory section we present the experimental setup. In Sec.
III we describe our theoretical treatment of the phenome-
na. Next we give both experimental and theoretical re-
sults on the transverse intensity distributions of the
forward-scattered light. Thereafter we describe the
consequences the spatial distributions have on the spec-
trum of forward-scattered light. We close the paper with
a discussion.

II. EXPERIMENT

To study the effects that the laser-beam transverse in-
tensity distributions create, we employ neon as the in-
teraction matter. The neon-gas discharge cell and the de-
vices important to this description are shown in Fig. 1.
The cell has windows of high-quality fused quartz in or-
der to minimize signal-shape degradation due to eventual
birefringent and/or dichroic effects. The window separa-
tion is 9 cm and the windows are slightly tilted ( -4') to
eliminate occurrence of reAected-light interference and
optical feedback effects. The inner diameter of the cell is
4 mm. The discharge current of 6 mA in the cell is main-
tained between a tungsten pin anode and a cylindrical
stainless steel cold cathode. We focus the beam from a
single-mode ring dye laser (CR-699-21) into the center of
the discharge. To ensure that the laser beam is linearly
polarized, we have introduced a high-quality prism polar-
izer in the entrance beam. In the outgoing beam we have
another high-quality crossed prism polarizer to serve as
an analyzer. As detectors we employ (depending on the
measurements) either a 1728 pixel charge-coupled device
(CCD) or an ordinary p i nphot-o-diode. The CCD type is
TH7811CD (Thomson Composants Militaires et Spa-
tiaux) and it has the pixel size of 13 X 13 pm . The
forward-scattered light intensity can be so high that it is
clearly seen by the bare eye for nonzero magnetic fields.
For high forward-scattered light intensities we introduce
a neutral density filter (neutral density equal to 1.0) in or-
der to avoid saturation of the detectors. The longitudinal

magnetic field is derived from a pair of Helmholtz coils.
The coils have a radius of 5 cm which is slightly larger
than the useful interaction length (4 cm) of the discharge.
The field uniformity over the useful discharge has been
measured to be better than 1%. The measurement of the
field uniformity has been carried out using two Teslame-
ters, the analog scales of which allow a reading accuracy
within l%%uo. Hall-effect probes have been shifted over the
useful discharge volume with a positioning device con-
structed for the purpose.

In our measurements we determine the Doppler-
broadened line center of the investigated transition in the
following way. After wavemeter diagnostics (to find the
transition wavelength) we attenuate the laser beam to a
sufficiently low intensity. We monitor the absorption of
the traversed beam and tune the laser frequency until
maximum absorption is reached. The ring dye laser is
optimized to lase on a TEMOO mode. Thus a Gaussian
transverse intensity distribution is introduced into the
neon cell. In Fig. 2 a recording of the laser-beam trans-
verse profile is shown. The recording has been taken
after the beam has traversed the absorber cell without a
discharge. A suitable intensity on the CCD array has
been adjusted by tuning the analyzer slightly from its
crossed orientation. The spikes seen in the recording of
Fig. 2 arise mainly from interference effects in the protec-
tive plastic layer on the CCD surface. In our recordings
we have tried to minimize the spiky structure by adjust-
ments of the CCD orientation. The recording of Fig. 2 is
a representative one and the beam profile it shows is the
one used in the measurements. The triangular points in
Fig. 2 are from a least-squares fit of a Gaussian function
to the experimental data.
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FIG. 1. Schematics of the experiment. The attenuator is in-
serted in measurements that saturate the detector. The detector
is a CCD for measurements of forward-scattered light distribu-
tions. For measurements of forward-scattering spectra the
detector is a p-i-n diode.

Position (mm)
FIG. 2. The transverse intensity distribution of the interact-

ing laser beam; the beam intensity as a function of the position
on the CCD. The triangles are from a least-squares fit of a
Gaussian function to the recorded curve.
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III. THEORY E =4 exp[i(kz+cot)]+c. c. (3)

We have previously published papers on our theoreti-
cal treatment concerning these types of magneto-optical
effects [17—19,25,26]. There are also other theoretical in-
vestigations focused on the same problems, but in those
works [7—11,15,20) different approaches compared to
ours have been chosen. In the following we outline our
semiclassical calculations in order to make the present
description comprehensible.

A representation that describes the monochromatic
laser field at the entrance of the absorber is

E;„=eE exp [i ( kz + cot) ]+c c.
where e is the unit vector of the beam polarization. The
polarization that the electric field induces is of the form

P=Pexp[ —i (kz +cot)]+c.c.

and the electric field in the medium is of the form

g*(z)=PE*— J P(E (z'))dz' .
2cco 0

(4)

As the sample is considered to be optically thin we have
P(E (z)) =P(E (z =0)). The field out from the cell is

E,„,=E;„+ ImIPexp[ —i (kz+cot)] J,coL

«o (5)

where L is the length of the interacting medium.
Insertion of an analyzer in the beam is modeled by a

projection operator, i.e., a unit vector a parallel with the
analyzer transmission axis. For an arbitrary analyzer an-
gle the measured signal becomes proportional to

The amplitudes in Eqs. (1)—(3) are assumed to be slow-
ly varying. Substitution of Eqs. (2) and (3) into the wave
equation yields, after integration,

(E,„, a) =(E;„a) +2(E;„a) Im[a Pexp[ i (kz+—cot)]}+ 1m[a Pexp[ i (kz—+et)] j
CE,o co

'2

(6)

In the forward-scattering case a is perpendicular to E;„
and only the third term in Eq. (6) remains. For discus-
sion of the role of the two other terms we refer to our
previous publications [25,26].

The times associated with the optical frequencies are
very short compared with the measurement time con-
stants. Time averaging gives the signal

S ~ [Im(a.P)] (7)

J,=Q

In the present forward-scattering case the signal con-
tains only the parts of the induced polarization responsi-
ble for the dispersion of the medium. The polarization is
calculated to the third order using density-matrix formal-
ism [27]. A pure J=1 to 0 transition is considered (Fig.
3). The linearly polarized electric field imposes the mag-
netic sublevel coupling selection rule

~
b, m

~

= 1. As the in-
vestigations are restricted to low beam intensities the cal-

5 =[&(h)]
&7rku

yab ya yb

y, (2y, b Vb ) y +g—

2 2A

27 b Xb fb +4~

2

(8)

where A=gp~8/h is the magnetic splitting between the
Zeeman sublevels (Fig. 3) and ku is the Doppler
linewidth. The population damping constant of the
upper (lower) level is denoted by y, (yb ) and the coher-
ence damping constant by y,b. The broader dispersive
part associated with y, b arises from the population
transfer (the population effect [25,26]) between the levels
a and b. The narrower dispersive part associated with yb
originates from the coherent Hanle signal (the Zeernan
coherence effect [25,26]).

The factor p in Eq. (8) is the Rabi frequency
(P=Eplh). A fundamental (TEMOO) laser mode requires
introduction of a spatially dependent Rabi frequency

culation of the signal is carried out as an expansion series
of the laser intensity up to the second order. The laser
frequency is assumed to be tuned to the absorber line
center. In the Doppler limit the signal is

m=-1 m=O

2
EoP

h
exp

ro

2

(9)

FIG. 3. The level system considered. A magnetic field detun-
ing 6 shifts the sublevels m =+1 and —1 from the laser-field
interaction between the levels a and b.

where ro is the distance from the beam center where the
intensity has decreased to 1/e of its maximum value
(Eo) . The factor W(h) in Eq. (8) is due to the Doppler
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background and it is proportional to the laser intensity
2

W(b„r) =const X (r)
ku

- exp
ku —:10

—:10
333 MHz
222 MHz

It should be pointed out that in deriving Eq. (8) we
have not included any variations of the laser beam in the
z direction. As we focus the beam into the cell the non-
linear contributions change with the size of the beam.
Strictly taken this should also be taken into account.
This effect is, however, smaller than those induced by the
transversal intensity distribution of the beam and in order
to keep our model simple we do not consider z direction
effects.

The features of forward-scattering signals as a function
of the magnetic detuning 6 have been studied many times
before [6,10,17,18]. The purpose of this work is to com-
pare the spatial structures predicted by Eqs. (8)—(10) with
experimental recordings and to investigate how the sig-
nals as a function of the detuning 6 depend on the spatial
structure.

~ W
M —:10

—:10

175 MHz

156 MHz

148 MHz

130 MHz

111 MHz

37 MHz

IV. RESUI.TS ON TRANSVERSE
LIGHT INTENSITY DISTRIBUTIONS

In this section we present both experimental and calcu-
lated results. First we show how the transverse intensity
distribution of forward-scattered light depends on the
magnetic field detuning. Next we show how it depends
on the laser-beam power.

All experimental recordings shown in this paper have
been taken with a lens at the cell entrance having a focal
length f =10 cm. We have examined the scattered light
intensity distributions using other lenses having f =100,
50, and 30 cm. Small changes in the distributions can be
observed with different lenses. However, the relevant
features of the distributions remain quite insensitive to
the selection of the lens focal length.

Figure 4 shows the forward-scattered light intensity as
a function of the position on the CCD. To scan all the
CCD pixels we have used a time of 1 s. The recordings
have been obtained using the is&(J= l,g = 1.464)-
2p3(J=0) transition in neon. The corresponding laser
wavelength is 607.4 nm. All the recordings shown in Fig.
4 have been obtained with the laser input power 10 mW
and the gas pressure 75 Pa (0.56 Torr). The magnetic
field detuning (h=gpiiB/h) starts from 37 MHz and
ends with 333 MHz. For low magnetic detunings the
forward-scattered light intensity distribution resembles
the shape of the Gaussian input laser beam. Very obvi-
ous transverse structures appear for magnetic field detun-
ings between 130 and 250 MHz while they disappear
again for detunings above 300 MHz. If the transverse
structures are viewed in two dimensions (i.e., viewed on a
piece of paper) the dips in the recordings of Fig. 4 consti-
tute to dark rings. The intensity maxima in Fig. 4 form
bright rings or a bright spot in the center of the scattered
light. The structures are very stable. For the 10-mW in-
put power and a detuning 6=260 MHz the total scat-
tered light power is 0.3 mW.

A calculated reproduction of the curves presented in

Fig. 4 can be done using Eqs. (8)—(10). The results are
plotted in Fig. 5. For the decay parameters (in frequency
units) we have used y, = 10 MHz, y b

=30 MHz, y', b
= 84

MHz. We have scaled Eqs. (8) and (10) so that ku =1.

—:10
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I

0
Position {mm)

FIT+. 5. Calculated results on the transverse intensity distri-
bution of forward-scattered light to be compared with the
curves of Fig. 4. The curves have been calculated using Eqs.
(8)—(1o).

0
Position {mm)

FIG. 4. Experimental results on the forward-scattered light
intensity as a function of the position on the CCD. Neon transi-
tion: 1s4(J =1,g =1.464)-F3(J =0). The magnetic detuning
parameter starts from 6=37 MHz and ends with 6=333 MHz.
All the recordings have been obtained using the constant laser
power of 10 m%'. The recordings where ten times attenuation
of the scattered light has been required are denoted by —'10.
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FIG. 6. Experimental forward-scattered light intensity as a
function of the position on the CCD. Neon transition:
1s4(J=1,g =1.464)-2@3(J=0). To the right the total laser-
beam power into the cell is given starting from 0.6 mW and end-
ing with 10 mW. All curves have been recorded with the con-
stant magnetic detuning 6= 130 MHz.

The Rabi frequency used is P =0.45 MHz . This
represents an average Rabi frequency value since we have
not taken into account the size change of the beam due to
the focusing in the experimental procedure. The con-
sistency of our choice of the decay parameters yb and y, b

has briefiy been checked against data obtained from
zero-field level-crossing experiments similar to those in
Ref. [25]. Fixing the values for the decay parameters we
have searched for a P value which produces curves that
resemble the experimental ones. The beam radius ro has
been extracted from the least-squares fit of Fig. 2 result-
ing in ro=1.7 mm. We have not tried to perform de-
tailed fit procedures of our theoretical expressions to the
experimental data. We have only inserted realistic pa-
rameter values into our equations to examine if the
relevant features of the experimental curves can theoreti-
cally be reproduced.

The explanation for the structures is as follows. The
laser power is kept constant at a level where the non-
linear contributions (i.e., the population effect and the
Zeeman coherence effect) are significant. For small mag-
netic detunings (6) the nonlinear parts in Eq. (8) are
dominant and the transverse intensity distribution is
nearly Gaussian. Because the nonlinear parts have a
g'(r) dependence the width of the light distribution for
low 6:s is narrower than that of the original incoming
beam. For intermediate 6:s the linear part (which is of
an opposite sign) becomes comparable to the nonlinear
parts. Thus, for some intensity, i.e., for some value of
Ii(r) the linear and the nonlinear parts will cancel and

10 mW

7.5 mW

5.0 mW

~ W

2.5 mW

1.2 mW

0.6 mW

I I

-11 0
Position (mm)

FIG. 7. Calculated results to be compared with the experi-
mental ones of Fig. 6. The curves have been calculated using
Eqs. (8)—(10).

cause a dip in the transverse intensity distribution. For
large magnetic detunings (6) the nonlinear parts are
tuned out of interaction and only the linear part remains.
The intensity distribution becomes Gaussian again. The
linear part is proportional to P (r) which results in a
broader distribution than that caused by the nonlinear
parts.

To check the validity of the explanation given above it
is straightforward to study the distributions as a function
of the laser power. In Fig. 6 recordings of the transverse
intensity distribution for various laser powers are shown
when the magnetic detuning has been kept at the con-
stant value 6=130 MHz. The same kind of structures as
those presented before appear. These are again repro-
duced using Eqs. (8)—(10). The calculated results are
shown in Fig. 7. Obviously for low laser powers the
linear part of Eq. (8) is dominant while the nonlinear
parts become dominant for high laser powers. The agree-
ment between the experimental recordings and the calcu-
lated curves is good up to the beam power of about 10
mW. For higher powers the theory predicts much higher
signals than that actually recorded. One reason for this
discrepancy between the experimental results and the
theoretical predictions is that Eq. (8) is derived in a low
power approximation.

V. CONSEQUENCES TO SPECTRA
OF FORWARD-SCATTERED LIGHT

It has already been mentioned that usually in these ex-
periments the intensity of the forward-scattered light is
measured as a function of the magnetic field detuning. In
some cases the scattered light intensity is high enough to
be easily measured using an ordinary photodiode. Some
experiments require a photomultiplier to serve as a detec-
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tor. Depending on the amount of the scattered light that
is measured, i.e., the part that is integrated, the spectrum
shape is altered.

In Fig. 8 two experimental recordings are shown.
Both curves have been recorded using the
ls~(J= l,g = 1.464)-2p3( J =0) neon transition. The
laser input power to the cell was 7 mW, the gas pressure
was 75 Pa, and the discharge current was 6 mA. The
upper curve has been measured with a small active area
photodiode placed in the center of the scattered light.
The diode active surface area is approximately 1 X 1 mm
while the diameter of the visible scattered light distribu-
tion was around 2 cm. Thus the upper curve constitutes
to a recording of a quite constant beam intensity over the
observed area. Or, in other words, the upper curve
represents a case where a low degree of integration of the
scattered light has been used. The lower curve in Fig. 8
represents a case where a high degree of integration of
the scattered light has been used. In recording of the
lower curve a lens was inserted after the analyzer in order
to collect the scattered light on the photodiode. Approx-
imately 50—70%%uo of the total scattered light was detected
by the photodiode. For the 7-mW input power to the cell
the scattered light power was 0.2 mW for the detuning
5=260 MHz. The measurement time for one curve of
those in Fig. 8 was around one to two minutes.

The most distinguishable difference in the two record-
ings of Fig. 8 can be seen in the nonlinear contributions
in the vicinity to the zero-detuning values in the curves.

The upper curve shows —as it should —a more pro-
nounced structure compared with the lower one. The
light intensity in the beam center is higher than the aver-
age (integrated) intensity. A more careful
examination —particularly an expanded vertical axis of
Fig. 8—shows another difference between the curves.
The minima on both sides of the zero-detuning value in
the upper curve reach well the same intensity value as the
dip in the center. In the lower curve the side minima are
slightly above the intensity value of the center dip. This
second feature in forward-scattering spectra is better ob-
served for transitions having larger level linewidths.

In Fig. 9 two experimental recordings are shown where
the 1s2(J= 1,g =1.034)-2p, (J =0) neon transition has
been used. This transition wavelength is 585.2 nm. The
laser power was 8 mW, the neon-gas pressure was 75 Pa,
and the discharge current 6 mA. Again as in the previ-
ous figure the upper curve in Fig. 9 has been recorded
with the photodiode in the center of the scattered-light
distribution while the lower curve has been obtained by
focusing 50—70%%uo of the scattered light on the photo-
diode. Also, again as in the previous figure the nonlinear
contribution in the central parts of the curves in Fig. 9 is
more pronounced for the upper "nonintegrated" case
than for the lower "integrated" case. Moreover, now the
wing structure difference between the two cases is much
more clear. The upper "nonintegrated" recording shows
wing minima extending much closer to the center dip
value than those of the lower "integrated" recording. It
is also clear that the wing minima in the "nonintegrated"
upper curve do not fully reach the center dip value in this
case of the ls2-2p

&
transition.

In comparing the recordings of Fig. 9 with those of

-270 0 270

Detuning (MHz)

FIG. 8. Experimental forward-scattering spectra; the scat-
tered light intensity as a function of the magnetic detuning h.
Recordings obtained using the neon transition
1s4(J =1,g =1.464)-2p3(J =0) and the laser power 7 mW. In
the upper curve only the light in the very center of the forward-
scattered distribution is recorded. The lower curve corresponds
to a recording where most of the forward-scattered light is col-
lected (by a lens) on the detector. For the detuning b, =260
MHz the scattered-light power is 0.2 mW.

I I

-190 0 190

Detuning (MHz)

FIG. 9. Experimental forward-scattering spectra. Neon tran-
sition: 1s&(J=1,g =1.034)-2p&(J =0). Laser power 8 mW.
For the detuning 5=180 MHz the scattered-light power is 8

pW. Otherwise the same as Fig. 8.
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Fig. 8 it is obvious that those of Fig. 9 show more noise
than the ones in Fig. 9. The transition Is2-2p, (Fig. 9) is
much more absorptive than the transition Is~-2p3 (Fig.
8). For the 8-mW input power to the cell (Fig. 9), the to-
tal scattered-light power was around 8 pW for the detun-
ing 6=180 MHz. In principle, by using a smaller active
area photodiode than the (1X1 mm ) one used in this
work, we would reduce the spatial integration. A smaller
detector would, however, require a longer measurement
(integration) time and/or efFective filtering to improve the
signal to noise ratio in the case of the absorptive transi-
tion Is&-2p, (see upper curve of Fig. 9).

Next we present our calculated results. In Fig. 10 two
curves are shown to be compared with those of Fig. 8
and, particularly, with those of Fig. 9. The upper curve
of Fig. 10 constitutes the "nonintegrated" case and it has
been obtained using Eqs. (8) and (10) without any as-
sumptions on the transverse intensity distribution on the
interacting beam. To obtain the lower curve Eq. (9) has
been used in combination with Eqs. (8) and (10) together
with an integration over r. The damping constants used
in calculating both curves are (in frequency units) y, = 15
MHz, y&

=75 MHz, and y, b
= 110MHz. The peak value

for the Rabi frequency used is P =0.5 MHz . Again, as
before, we have not carried out a detailed fit to obtain
these parameters. However, it should be mentioned that
calculated forward-scattering signal shapes are sensitive
to the damping constant and Rabi frequency values.
Comparison of the two curves in Fig. 10 shows the same
features as the experimental ones of Fig. 8 and even more
as those of Fig. 9. Our calculations show that in the "in-
tegrated" case the wing minima deviations from the
center dip value are more pronounced for larger damping
constant values than for smaller ones.

I I I

-190 0 190

Detuning (MHz)

FIG. 10. Calculated forward-scattering spectra to be com-

pared with the experimental ones of Fig. 9. Calculations per-

formed using Eqs. (8)—(10).

VI. DISCUSSIOX

We have investigated the transverse intensity distribu-
tion of forward-scattered light induced by a Ciaussian
laser beam. In the first part concerning the results in this
work we have compared experimental and calculated
forward-scattered light intensity distributions. In Figs. 4
and 5 we have presented this comparison when the mag-
netic sublevel detuning has been varied. In Figs. 6 and 7
we have presented the results when the laser power has
been varied. The experimental curves of Figs. 4 and 6
have been recorded using the Is4(J = I)-2p3(J=0) neon
transition. The conclusion from the results of Figs. 4—7
is that the agreement between our experimental and cal-
culated results is satisfactory.

In the second part concerning the results in this work
we have presented forward-scattering signals as a func-
tion of the magnetic detuning. We have presented experi-
mental results in Figs. 8 and 9 obtained with the neon
transitions Is4(J = I)-2p3(J =0) and Is&(J =1)-
2p, (J =0), respectively. In Fig. 10 we have presented the
calculated results. Comparing the curves of Figs. 8 —10,
it can be concluded that if accurate values are extracted
from fit procedures of theoretical expressions to experi-
mental data, it is worthwhile to consider taking into ac-
count the transverse effects in the light and matter in-
teractions.

Concerning comparison of the experimental results of
Fig. 9 with the calculated ones of Fig. 10, a more detailed
discussion is required. As already mentioned, the neon
transition Is2(J =1)-2p, (J =0) is a very absorptive one.
For instance, with this transition it is hard to obtain any
results by removing the analyzing polarization prism
from our experiment in order to carry out a conventional
zero-field level-crossing experiment, i.e., by measuring
the signal directly from the beam that has traversed the
sample [25]. By using the forward-scattering method
("where only the light that has interacted is detected") re-
sults are easily obtained. However, these results do not
fully agree with our calculated ones. The calculated
upper curve of Fig. 10, representing the "nonintegrated"
case, shows a signal structure where the wing minima ex-
tend exactly to the same minimum value as the center
one. For the experimental upper curve of Fig. 9 this is
not the case. One reason for this discrepancy between
the experimental and calculated results is due to the fol-
lowing. In deriving Eqs. (8)—(10) we assumed an optical-
ly thin matter. Neon cannot be considered optically thin
when we are dealing with the Is2(J = 1)-2p, (J =0) tran-
sition. However, as the curves of Figs. 9 and 10 show, a
considerably better agreement between experimental and
theoretical results is obtained by including the transverse
effects in the description.

In working with the is2( J = I )-2p i (J =0) transition
we have studied the optical depth problem by lowering
the gas pressure from the value 75 Pa. We can lower the
pressure to 30—40 Pa and for a rapid experiment even
down to around 10 Pa. For the pressures 30—40 Pa we
cannot observe relevant changes in the signals compared
with those we observe at 75 Pa. Below 30 Pa the sputter-
ing from the cell cathode becomes very effective and the
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discharge conditions are degraded so fast that the signal
shapes change during a recording.

This work has dealt with the problem of the wing mini-
ma appearance in forward-scattering spectra. At this
point, a comparison to one phenomenon capable of pro-
ducing line shapes similar to those reported here should
be mentioned. If the interacting electromagnetic field is
allowed to be partially coherent the wing minima in
forward-scattering spectra do not reach the zero-
detuning value [20]. The theoretical spectra [20] resem-
ble very much those we have presented. We believe,
however, that particularly in our experiment the line
shapes are due to the transverse effects and that they are
much more significant than those of fluctuating fields.
Usually effects due to fluctuations in a laser field become
observable when the spectral width of the laser is compa-
rable to the linewidths in the experiment. In our case the
linewidth of our laser is around 500 kHz while the experi-
ment response linewidths are tens of MHz.

A comment, worth mentioning, originates from a
closer look at the experimental recordings of Figs. 8 and
9. Obviously the curves show slight asymmetries, i.e.,
they are not exactly similar to each other on both sides of
the zero-detuning value. Symmetries of forward-
scattering spectra are extremely sensitive to the polariza-
tion properties of the interacting field and to the mutual
orientation of the polarizer and the analyzer prisms.
Very small deviations from a perfect perpendicular orien-
tation of these prisms show up as asymmetries in the
spectra.

To perform forward-scattering experiments using neon
as the sample is quite ideal. Neon provides transitions
with pure J = 1-J=0 states. Natural neon consists of ap-
proximately 91% of Ne, 9% of Ne, and a vanishing
amount of 'Ne. Thus, in analyzing results from neon ex-
periments, usually there are no problems with hyperfine
structures and the experimental results can be compared
with not too complicated theoretical predictions. How-
ever, due to the two even neon isotopes, some features in
forward-scattering spectra can be expected which have
not been included in this work.

In this work we have investigated the case where the
single-mode laser frequency has been assumed to be per-
fectly tuned to the center of an absorber velocity profile.
The velocity profile has been assumed to consist of only a
single Gaussian-shaped distribution. Because the isotope
shifts of Ne and Ne transitions are nearly the same
[28,29] as the velocity profile linewidths for the transi-
tions, the actual absorbing profile consists of two overlap-

ping velocity profiles. Our preliminary experimental re-
sults show that the line shapes of forward-scattering spec-
tra also depend on the detuning of the laser frequency
from the absorber line center. In the case of two overlap-
ping profiles the laser frequency is always detuned from
one of the centers of the two distributions. To take into
account the consequences to the spectra because of the
laser frequency detuning from the two absorber line
centers requires a more laborious theoretical calculation
than the one considered in this publication. Work on the
dark and bright ring structures and the spectra depen-
dencies on the laser frequency detuning from absorber
line centers is in progress.

Finally we compare our ring structures with those of,
so-called, cone or conical emission. Recently conical
emission has been studied quite thoroughly [30—33].
Conical emission can be induced with both pulsed and cw
lasers. A clear difference to our forward-scattering ex-
periment is that conical emission is typically produced
with several hundred milliwatts of cw power or pulsed
power from watts up to kilowatts. A conclusion that can
be drawn from this is that much higher-order nonlineari-
ties are induced in the conical emission case than in our
forward-scattering case. Another difference between
these cases is that in conical emission the laser frequen-
cies are typically detuned well away (usually blueshifted)
from the resonance line center while we work with quite
small detunings. In conical emission, new frequencies are
generated in the light-matter interactions. Analogously
to the Fabry-Perot interferometer diagnostics of the coni-
cal emission in [30] we have examined our scattered light.
With a scanning Fabry-Perot interferometer having a free
spectral range of 2 GHz and a finesse of 200, we have not
observed generation of new frequencies. We have per-
formed the observations scanning the magnetic field
while fixing the detuning of the laser frequency even far
into the wings of the investigated resonance lines. As a
conclusion we can state that, although the appearance of
forward-scattered ring structures is quite similar to that
of conical emission, the processes involved in creation of
the forward-scattering rings are not as complicated as
those leading to conical emission. However, in conical
emission the cone structure depends also on the trans-
verse beam profile. In forward scattering, and generally
in level-crossing investigations information on atomic pa-
rameters can be derived from the magneto-optic spectra.
It has been shown in this work that the spectra are sensi-
tive to the laser-beam transverse profile —the parameter
which is often ignored in these investigations.

*Present address: Joint Institute for Laboratory Astrophy-
sics, Boulder, Colorado 80309-0440.
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