INFORMATION TO USERS

This material was produced from a microfilm copy of the original document. While
the most advanced technological means to photograph and reproduce this document
have been used, the quality is heavily dependent upon the quality of the original
submitted.

The following explanation of techniques is provided to help you understand
markings or patterns which may appear on this reproduction.

1.

The sign or “target’”’ for pages apparently lacking from the document
photographed is ‘‘Missing Page(s)". If it was possible to obtain the missing
page(s) or section, they are spliced into the film along with adjacent pages.
This may have necessitated cutting thru an image and duplicating adjacent
pages to insure you complete continuity.

. When an image on the film is obliterated with a large round black mark, it

is an indication that the photographer suspected that the copy may have
moved during exposure and thus cause a blurred image. You will find a
good image of the page in the adjacent frame.

.When a map, drawing or chart, etc., was part of the material being

photographed the photographer followed a definite method in
“sectioning” the material. It is customary to begin photoing at the upper
left hand corner of a large sheet and to continue photoing from left to
right in equal sections with a small overlap. If necessary, sectioning is
continued again — beginning below the first row and continuing on until
complete.

. The majority of users indicate that the textual content is of greatest value,

however, a somewhat higher quality reproduction could be made from
“photographs” if essential to the understanding of the dissertation. Silver
prints of “photographs”” may be ordered at additional charge by writing
the Order Department, giving the catalog number, title, author and
specific pages you wish reproduced.

.PLEASE NOTE: Some pages may have indistinct print. Filmed as

received.

Xerox University Microfilms

300 North Zeeb Road
Ann Arbor, Michigan 48106



74-13,448
SALAMO, Gregory Joseph, 1944-
EFFECTS OF DEGENERACIES ON SELF-INDUCED
TRANSPARENCY.

The City University of New York, Ph.D., 1974
Physics, optics

University Microfilms, A XEROX Company , Ann Arbor, Michigan

© COPYRIGHT BY
GREGORY JOSEPH SATAMO
1974

ii



EFFECTS OF DEGENERACIES ON SELF-INDUCED
TRANSPARENCY
by
GREGORY JOSEPH SALAMO

A dissertation submitted to the Graduate
Faculty in Physics in partial fulfillment of the
requirements for the degree of Doctor of

Philosophy, The City University of New York.

1974



This manuscript has been read and accepted for the
Graduate Faculty in Physics in satisfaction of the
dissertation requirement for the degree of Doctor

of Philosophy.
WW T b
/=25~ 74 eorge ik 0

date Chalrman of Examining Committee

(=29~ 74 ’7?7wwm ad W%

Executive Officer

Sam McCall

Joseph Krieger

Melnn Lax

Supervisory Committee

The City University of New York

iii



Acknowledgments

I would like to thank Hyatt M. Gibbs for he
contributed most to my development as an experimentalist.

I would also like to thank him for his sincere and honest
friendship during this work.

I thank George G. Churchill whose contribution
and efforts to the development of the apparatus and
experiment were great and with whom working was a pleasure.

I would 1like to thank my wife Jacqueline, who during
this work gave to'me the most important thing of all, love
and understanding. I dedicate this work to my son Paul and
my little girl Melody, who provided the daily Jjoy in my life.

I should also like to thank the faculty of Brooklyn
College who I believe gave to me the most fulfilling and
enjoyable education. In particular, I would like to thank
Professor George Skorinko, Professor Alvin M. Halpern,
Professor John Dooley, and Professor Louls S. Celenza, who
it seemed at any hour of any day helped me through most of
my course work. A special thanks to Professor George
Skorinko for guiding my studies through school and helping
with all kinds of problems.

I would like to thank Dr. Samuel L. McCall who
helped greatly in analyzing the data using the pulse-area-
pulse-energy approach.

I would like to thank Professor Narkis Tzoar
at Clty College for an interesting presentation of solid

state theory.
iv



It is a pleasure to also acknowledge several helpful
conversations with Dr. Eric Ippen of Bell Laboratories on
the operation and construction of dye lasers.

A special thanks to Miss Patricia A. Murray for
typing the final draft of this thesis.

Finally, I would like to acknowledge financial
support from Brooklyn College, and to a smaller degree,

Bell ILaboratories, which made this thesis possible.



II.

III.

Iv.

VI.

Table of Contents
Introduction

Experimental Apparatus

. Dye ILaser Construction

. Dye and Circulating System

. Dye Cell and Windows

. Single Longitudinal Mode

. Dye Laser Tuning and Alignment

. Comparison with Ideal Optical Pulse

HEHOQWwWP

Atomic Absorber
A. Hyperfine Structure of Na

B. Strong Magnetic Field
C. Weak Magnetic Field

Pulse-Area-Pulse-Energy Approach
Comparison Between Theory and Experiment
A. Weak Field D Transitions
B. Do Transitions: High Field for the

Excited State and Low Field for the
Ground State

Conclusions

vi

10

16
16
21
22
22

26

29
31

30
38

45

51

51
55

59



List of Tables

1. Relative Transition Dipole Moments for
the Dl Degenerate Case

2. Relative Transition Dipole Moments for
the D2 Degenerate Case

vii

121

122



10.
11.

12.

13.

14,

15.

16.

List of Figures

Diagram of Basic Apparatus

Dye Laser Cavity

Dye Laser Stability Range Adjustments
Dye Circulating System

Dye Cells Used in Dye Laser

Reduction in Spectral Width Due to Each
Etalon

Uniform-Plane-Wave Condition

Energy Level Diagram of Na in a Large
Magnetic Field

Hyperfine Structure of Na

Partial Lifetimes

Output Pulse Shapes in the Nondegenerate

Case for Linearly Polarized Transitions

Output Pulse Shapes in the Nondegenerate
Case for Circularly Polarized Transitions

Allowed D Transitions in the Degenerate

Case

D) Degenerate Case with 281/2(F=2)
Transitions

Dy Degenerate Case with 281/2(F=1,2)
Transitions

D Degenerate Case with 281/2(F=1)
Transitions

viii

64
66
68
70
72
T4

76
78

80
82
8L

87

89

91

95

99



17.

18.

19.

20.

21.

22.

D, Degenerate Case with 2S%£2(F=1)
Transitions and Increased

Allowed Do Transitions in the Degenerate
Case

D, Degenerate Case with 281/2(F=1)
Transitions

Do Degenerate Case with 281/2(F=2)
Transitions

Data for D, Transition in Zero Magnetic
Field

S(A), F(A), and W(A) curves for the
Nondegenerate Case

ix

103

105

107

111

115

118



10

I. Introduction

When a group of atoms is coherently excited by a
short optical pulse, a macroscopic polarization is induced.
This polarization will then add coherently to the driving
electric field and reshape the pulse. The evolution of the-
system can be described by a self-consistent solution of
Schrodinger's equation, which describes the induced polari-
zation, and Maxwell's equations, which describe the effect
of the induced polarization on the pulse. This simultaneous
solution constitutes the state of self-induced transparency
(SIT) first described and observed by S. L. McCall and
E. L. Hahn.'

Since the initial observations of self-induced
transparency in rubyl and SF6,2 experiments have continued
to show remarkable agreement between theory and experiment.
In particular, observations of peak intensity amplification

3

~and pulse breakup in a simple atomic system,- which were
compared with computer simulation, have clearly demonstrated
the accuracy of the McCall-Hahn description of this coherent
optical effect.

This thesis describes the observation of SIT using
a C. W, dye laser and sodium vapor. We have studied for
the first time SIT in a degenerate system with clearly

defined transition dipole moments. Due to Doppler broaden-

ing in Na, the dye laser, tuned to elther the Dl or the D2



of the optical pulse, as is the case for the D
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transition, excites many transition dipoles even in the
presence of large magnetic fields. For small magnetic
fields of 60 to 150 Gauss, many of these excited transitions
have different dipole moments and it therefore becomes
possible to study SIT when several different transition
dipoles are excited. Since several different two level
systems are excited by the optical pulse, this will be
referred to as the degenerate case. This experiment
demonstrates, in this case, that although the degeneracy
does diminish the features of SIT, all of the characteristics
including pulse breakup are still observed. If the magnetic
field is increased to 2 or 3 kilogauss, the excited transi-
tions have exactly the same transition dipole moment and

the degeneracy should in no way affect the characteristics
of SIT. Experimental results are in complete agreement with
this expectation. Since the optical pulse excites identical
two level systems, this is referred to as the nondegenerate
case. The dye laser - Na experiment therefore provides a
system which by simple adjustment of the magnetic field can
be converted from a system with identical transition dipole
moments to a system with several different transition dipole
moments. In this way a direct comparison can be made between
the two cases and the effect of exciting several different
clearly defined transition dipole moments on the features of
SIT may be identified. As the magnetic field is lowered to
zero an interesting thing happens. If the hyperfine energy

splitting is greater than %?3where Tp is the width in time

1
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transition in Na, each transition is distinct. Therefore,
several different dipoles are excited and the system is the
same as the case for low magnetic fields of 60 to 150 Gauss.
However, for the D2 transition in Na the hyperfine energy
splitting is less than %L and transitions are not distinct.
In this case a representation can be chosen in which
transitions are independent of one another. In this repre-
sentation each transition has exactly the same dipole moment
and the characteristics of SIT are expected to be unaffected
by the degeneracy as was observed experimentally.

In addition to investigation of degeneracy effects on
the characteristics of SIT this experiment demonstrates for

m

the first time ™ that a C.W. dye laser can be used to study
coherent optical effects. The results from the dye laser -
Na system are in fact as clear a demonstration of SIT as
any previous experimental results, and this system has the
additional advantage of not requiring the expense and incon-
venience of a superconducting magnet to bring the laser and
absorber into coincidence.3 In this way this experiment
could stimulate further coherent optics experiments on a
similar system. This is especially true today since dye
lasers, offering the promise of a versatile tool, can now
be found in many laboratories. In addition, since C.W. dye
lasers are now tunable over a large bandwidth, many of the
potential uses of SIT3 and other related phenomena (photon

echoes5 and optical nutations6) are now closer to reality.

An example of this can be seen in the Na experiment, SIT
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phenomena were studied on both the Dl and D2 transitions in
sodium. For light linearly polarized parallel to a large

magnetic field with the propagation vector perpendicular to
the field the same input pulse was seen to correspond to an
output area of about 67 for the D2 transition but closer to
bar for the Dl transition. This observation is in agreement
with theory since the dipole moment of the D2 transition is
a factor of.vﬁ'larger than the dipole moment of the Dl
transition. Similar results were seen for light circularly

polarized along the magnetic field. In this case the transi-
tion dipole of the 281/2(MJ=1/2) to 2P3/2(MJ=3/2) transition

is a factor of the ./3 larger than the transition dipole of

2
the Sl/E(MJz'l/g) to 2P3/2(MJ=1/'2) transition and a factor

of the,Vfg larger than the transition dipole of the

2 2

=-1/2) to Pl/E(MJ=+l/2) transition. For the same

Sy so(M;
intensity input pulse the output pulse was seen to correspond
in area to 67 for the 2Sl/g(MJ=l/'2) to 2P(MJ=3/'2) transition,

2 _ 2
3m for the Sl/E(MJ——l/Q) to

P3/2(MJ=1/2) transition, and
4T for the 281/2(MJ=-1/2) o 2Pl/2(MJ=1/2) transition. This
is an indication that it may be possible to measure relative
dipole strengths for different transitions using a tunable
dye laser and SIT phenomena.

Experimental results for the case of ildentical excited
transition dipoles include a clear demonstration of pulse
break-up, peak intensity amplification, pulse delays, and

nonlinear transmission. These results were found to be

nearly the same as a previous RD experiment3 where comparison
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between theory and experiment was shown to be excellent.
Therefore, there is good agreement between‘theory and
experiment for Na also. In addition, the case in which
different transition dipoles are excilted is found to be
described qualitatively using the pulse-area-pulse-energy

description of McCall and Hahn.7
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II. Experimental Apparatus

The basic apparatus used in our investigations is
shown in Fig. 1. A Coherent Radiation 53B argon laser was
used to pump a Rhodamine 6G tunable C.W. dye laser. The dye
laser was constructed using a cavity design first introduced
by Dienes, Ippen, and Shank.8 The output of the dye laser
was then gated through a Glans prism (GP) by a Pockels cell
(PC) at the rate of 100 pps.3 This resulted in 5 nsec
pulses which were focused by a lens (L) into a 2-mm sodium
cell (Na). The sodium cell was housed in an oven and placed
in a magnetic field which could be varied from zero to eight
kilogauss. A lens (L2) was used to image the excited region
in the cell onto an aperture (A3) in order to select only the
uniform-plane-wave excited region for observation. The out-
put from the aperture was then focused by a third lens (L3)
onto a fast detector (Dl) and then displayed on a fast 7904
Tektronix oscilloscope. The frequency profile of the dye
laser was continuously monitored by a scanning Fabry-Perot
interferometer.

The remainder of this section is devoted to a more

detailed description of the apparatus.

A. Dye Laser Construction

The dye laser cavity configuration is shown in Fig. 2.

The astigmatically compensated cavity design was first

16
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introduced to dye lasers by Dienes, Ippen and Shank.8 The
cavity consisted of three mirrors (M;,Mp,M3) and one Brewster
angle prism (P). The Rhodamine 6G dye was pumped by the
argon laser beam which entered the cavity through the prism
and was focused by the 10 cm mirrbr (M3) into the dye cell
to a beam diameter of about 30um.

Astigmatic compensation can be achieved with this
cavity design since the astigmatism produced due to‘ﬁhe_angle

of incidence at mirror M, can be compensated by the'astig—

3
matism produced due to focusing into the Brewster-angle dye
cell. An analysis of the folded three-mirror cavity has been
performed by Kogelnik, Ippen, Dienes and Shank using imaging
rules.9 This analysis yields equations for quantities of
interest, such as, the stability range, the size and location

of the beam waist, and the angle 6 necessary to achieve

astigmatic compensation. These equations are:

Stability range = 28 = F— (1)

R
where d2 is the separation between R, and R3 while f = 39.

The stability range can be adjusted by varying the separation

between Rl and R3 from

dy(max) = Ry, + £ + 28 (2)

to

d,(min) = R, + f.



In the stability-range center the beam waist deviates

very little from R, . This deviation is given by

2
S
t = ® - (3)
1R
The confocal parameter b is
21w 2
b = — = 28 (4)

where WO is the radius of the beam waist and A 1s the wave
- length of light in the cavity. The angle © necessary to
achieve astigmatic compensation can be found from the

equation

2 {2
(n _l)t4 L~ £ sin6 tane (5)
n

where n is the index of refraction and t is the thickness of
the dye cell. The parameters for our dye laser cavity were,
R, = 5em, £ =--2 = 5cm, Ry, = @, dy = 100cm, t ~ 1.5mm, and

n= 1.5 for both the dye solution and for the glass windows.
Therefore, our cavity had a stability range of 2S = 2.5mm,'

tl = 31y, 2WO = 31p, and 6 ~ T7°.

The dye laser was initial}y operated with the cavity
adjusted near the middle of the stability range. For this
configuration the output of the dye laser was about UA° wide
and modulated in amplitude at a p-sec rate. Both characteris-
tics were much improved by placing an aperture at mirror M2

and operating near the edge of the stability range correspond-

ing to the largest M; to Mg separation (d(max) = f+R;+28).

18
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Under these conditions, the spectral output of the laser

was reduced to about .5A° and the p-sec amplitude modulation
was lowered to a few percent. Attempts to use the aperture
when the cavity was adjusted to the middle or other end of
the stability range also resulted in a reduction in the
spectral output. However, this was accompanied by a severe
reduction in output power. Therefore, for our experiment,
the cavity was adjusted near the edge of the stability range
. corresponding to dl = dl(max). Occasionally, lasing would
occur along several paths in the cavity simultaneouély. This
problem was also eliminated by the presence of the aperture
near M, . The more desirable characteristics found when
operating with the cavity configuration corresponding to the
larger separation between M; and Mg (d,=d, (max)) can perhaps
be explained by examining the lowest-order mode of the cavity
as a function of the stability range. When the cavity is
adjusted near the edge of the stability range where dl =

d, (max), the lowest order cavity mode is such that the dye
laser beam is focused on M, (Fig. 3a). On the other hand,
when the cavity is adjusted to the other end of the stability
range where d; = dl(min), the dye laser beam is parallel at
M, (Fig 3b). In addition we should keep in mind the experi-
mental observation that lasing can occur along several paths
simul taneously and each at a.different wave length. In

Fig. 3a lasing along another path can occur only if that
path, in the short leg of the cavity, is shorter than shown

since we are on the stability edge where d, = dl(max). This
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would mean that the mode along the additional optical path
would not be focused on mirror M, and would not lase due to
the aperture at M2. On the other hand, in Fig. 3b, lasing
along another path can occur only if the path in the short
leg of the cavity is longer than shown since dl = dl(min).
Therefore the mode along the additional optical path would
tend to be focused on M2 and not prevented from lasing by
the aperture. If the aperture is closed down tight in an
effort to prevent unwanted modes from lasing, power would be
lost from the dominant mode..

The only disadvantage of operating on the stability
edge where dq = dl(max) was that the output of the dye laser
was astigmatically distorted. This was perhaps due to the
fact that compensation becomes very critical at the edge of
the stability range. For example, the cavity could be stable
in the vertical plane (tangential rays) but at the near edge
of the stability range in the horizontal plane (sagittal rays).
In addition, as was mentioned previously, at this edge of the
stability range the cavity mode is focused on mirror Mg.

This means that the cavity mode 1s also focused through the
Brewster-angle prism and therefore could give rise to a
further astigmatic distortion similar to that caused by
focusing into the Brewster-angle dye cell. Therefore, in
scanning through the stability range the angle 6 for astig-
matic correction would have to be changed.

In order to operate the dye laser on the edge of the

stability range where dl = dl(max), it was necessary to use



a lens (LM) to focus the argon laser beam near Ml’ as shown
in Fig. 2. 1In this way, the argon beam waist is moved out
about 2.5cm beyond thevfocal point of mirror M3 which 1is
also the location of the dye waist on this edge of the
stability range. It was expected that this would also more
closely mode match the two walsts since the dye laser is also
focused at mirror Ml on this edge of the stability range. At
the other edge the dye waist is located at the focal point
of M3. For operation on this edge of the stability range
the lens would have to be removed so that the argon waist
could be moved closer to the focal point of M3.

The dye laser was rigidly held together by the use of
Cervit rods which have a low thermal coefficient of expansion.
In addition, in order to minimize vibrations, both the dye
laser and argon laser were mounted on a slab of aluminum

which was floated on four Firestone 110B tires.

B. Dye and Circulating System

The circulating system for the Rhodamine 6G dye is
shown in Fig. 4. The dye was dissolved in a solution of
distilled water and 5% (by vol.) Ammonyx-LO. The concentra-
L

tion of the solution was about 2x10 ' molar. Higher concen-
trations were found to lead to thermal deterioration of the
dye-cell windows. The dye was circulated by a micropump model
1284 V pump through the Millipore filter, the buffer reservoir,
and on through the cell. With an input pressure of about

70 psi the dye velocity in the cell was about 18 m/sec.

21



Inert cobothane tubing was used to flow the dye while
stainless steel and copper fittings were used to couple
sections together. It was found necessary to use a restric-
tion at the output of the circulating system in order to
prevent cavitation from occurring inside the dye cell. The
use of the restriction reduced the spectral output of the
dye laser from typically 100 MHz to 20 MHz and improved the

frequency stability of the laser.

C. Dye Cell and Windows

Several types of dye cells were tried, some of which
are shown in Fig. 5. Of those shown 1t was found that the
cells with the short 6mm flow path (cells A and B) worked
best. The shorter path allowed a high velocity which was
necessary to prevent thermal problems. Experimentally, no
distinction was noticed between cells A and B which were
designed to give turbulent and laminar flow, respectively.

Several types of windows were also tried, all of
which were 0.25mm thick. Fused quartz windows worked well,
but it was found that Corning glass cover slips were cheaper
and had similar optical quality. Sapphire windows were tried
once but poor optical gquality resulted in low output laser
power and thus discouraged further efforts. All windows

were epoxyed on with Torr Seal (made by Varian).

D. Single Longitudinal Mode

As mentioned previously the spectral output of the

dye laser was about 40 GHz. The longitudinal modes of the
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1 meter cavity were about 150 MHz apart. Single mode
operation was achieved With the addition of three etalons
into the cavity. The first etalon was a Corning cover slip
250um thick corresponding to a spectral range of 400 GHz.
This etalon narrowed the spectral output to about 25 GHz
indicating a finesse of 16. That such a high finesse is
possible from an uncoated etalon is related to the multiple
passes which occur in the laser cavity. The effective
finesse in a laser cavity is N times the finesse of the
etalon outside the cavity, where N is the average number of
round trips a photon makes in the cavity. The spectral
output of the laser was then reduced to about 2.5 GHz by
adding a second etalon 3mm thick having a free spectral range
of about 33 GHz. The finesse of this etalon was therefore
about 13. The addttion of a second etalon increases the
cavity loss per pass and therefore lowers the round trip
number N. This explains why the effective finesse of the
second etalon was less than 16. It also explains the
experimental observation that when an additional etalon is
added to a cavity the finesse of preceding etalons is found
to diminish. Finally, a 1 cm etalon was added which had a
reflective coating of 20% on each side. This etalon generally
seiécted a single mode although sometimes two cavity modes
oscillated simultaneously. This indicates that the etalon
actually limited the spectral output to about 150 MHz.
Therefore, the free spectral range of the 1 cm etalon was

10 GHz and its effective finesse about 66. This higher
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finesse was due to the 20% coating. The actual spectral

width of the single longitudinal mode was 20 MHz. Figure 6
shows the reduction in the frequency profile with the addition
of each etalon.

Although the last etalon selects a single cavity mode,
it is the finesse of the cavity itself which ultimately
determines the width of the cavity mode and the spectral
width of the dye laser. Thé finesse of the cavity is limited
by such things as mechanical stability, air currents, and
temperature changes. These factors are in general common
to all laser cavities and are dealt with in a straightforward
way. However, the dye laser has the additional optical path
instabilities due to the dye cell. Thermal effects and
cavitation are very detrimental to narrowline operation of
the dye laser. High dye velocities are necessary to prevent
thermal effects and a restriction at the output of the
circulating system (see II-B) is necessary to prevent

cavitation.

E. Dye laser Tuning and Alignment

The output of the dye laser was monitored by a
scanning Fabry-Perot interferometer (FPl). The free spectral
range (FSR) of the Fabry-Perot was 3 GHz and the finesse was
better than 100. This Fabry-Perot was used to obtain infor-
mation on the spectral width of the single longitudinal mode
and for fine tuning. In addition, it was found convenient
to use a second Fabry-Perot (FPQ), with a larger FSR of

60 GHz and a finesse of about 20 in order to monitor the
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spectral output of the laser before and after inserting
etalons into the cavity. For example, the laser was tuned

to the Dl absorption line in Na by tilting mirror M2 until
fluorescence was seen in the Osram Lamp (Ol) which was not
excited electrically but was heated by heater tape. Compari-
son of the laser output with an electrically excited Osram
Lamp (02) through spectrometer (S) made it easy to distinguish
the Dl line from the D2 line. The 250um etalon was then
inserted into the cavity and tilted slightly until fluorescence
could again be seen in the heated Osram Lamp. The 3mm etalon
was then added and tilted to tune the laser back on to the

Dl line. 1In general, the laser would oscillate in two modes
of the 3mm etalon and required further tilting of the 250um
etalon to be corrected. During this time the Fabry-Perot
(FP,), which was calibrated with respect to the fluorescence
from the heated Osram Lamp, provided a visual picture of the
effect of tilting and inserting each etalon. It therefore
indicated which etalon should be tilted to correct a milti-
mode problem and also indicated how much tilt was required

to find resonance. Finally, the lcm etalon was added followed
by retuning to the Dl line by tilting each etalon while
observing the Fabry-Perot (FP2) and the fluorescence from the
Osram Lamp. Fine tuning of the laser in discrete steps of

150 MHz was accomplished by heating the lcm etalon followed

by slight tilt adjustments on the 3mm and 250um etalons to

keep the laser in a single longitudinal mode.
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F. Comparison With Ideal Optical Pulse

In an attempt to satisfy the uniform plane wave
condition and have sufficient power for 4r pulses, the dye
laser was focused by a long focal length lens (38cm) to a
diameter of about 75um into a short. Na cell (2mm). Dif-
fraction effects should be negligible since 23 > 1. In
addition, the focal region was imaged by a lgﬁs onto a 100um
aperture as shown in Fig. 7. Since the image of the focal
‘region was maghified by a factor of 3, the aperture selected
a fraction of the focal region which was nearly uniform.in
intensity for observation. Care was taken to choose a lens
with resolution capable of resolving the uniform-plane-wave
region. The focal region in the Na cell can be estimated by
measuring the size of the image at the aperture. In our
experiment the cross-section of the image was 163um by 288um.
The cross-~section of the output beam of the dye laser was
approximately 6mm by 2.5mm. An aperture was used A, (Fig. 1)
which improved this to about 4mm by 2.5. The expected dif-
fraction limited beam waist from a rectangular aperture is
then 70um by 90um which agrees with the experimental value
of 54um by 99um. The peak power of the light pulse was
measured to be about UmW which gives an average peak inten-

sity of about 80 W/cm?. The intensity necessary for a 27
pulse can be estimated by (see Sec. III-B)



) 2
?12[ Cat o "E’ Eu’ma,:x T T 2
€ 2 2 -
1 =2l ILﬁXL = ucgn 5 = 7.7 W/ent, (6)
P,

Therefore, there was enough intensity for 6w pulses which were

clearly observed.
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III. Atomic Absorber

An energy level diagram of sodium as a function of
magnetic field is shown in Fig. 8. In a strong magnetic
field the nuclear spin I and the electronic angular momentum
J are decoupled so that the good quantum numbers for the
system are J, M., E, and MI' In this case, the separation
between M; sublevels is 4y3 MHz (Sec. III-B) for the grouﬁd
state °8; /o end less than 50 MHz for the My sublevels of the
2P1/2 and the 2 3/2 excited states. As a result of the
1.7 GHz Doppler width allowed tran51tlons between IJMJIMI>
ground states of the same JMJI but different MI and excited
states |J'M IMI> of the same J’ MJ,I but different MI are
not resolved. However, the transition electric dipole
moment is the same for any allowed transition between MI
sublevels of the ground state esl/Q(MJ=l/2) (or 281/2(MJ=-1/2))
to sublevels of an excited state 2Pl/2(MJ=l/2) (or
2P1/2(MJ=’1/2))' Therefore, although a MI degeneracy does
exist, the excited dipoles are exactly the same and the
characteristics of SIT should be unaffected. As was stated
before we shall refer to this case in which identical dipoles
are excited as the nondegenerate case.

On the other hand, in weak magnetic fields, the good

quantum numbers are 1,J,F, MF' In this case, the transition

dipole moments from a |FMp> ground state to a |F'M%> excited
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state can be and in general are different for different
|F'Mé>. Therefore, the degeneracy due to overlapping
transitions allows states with different transition dipole
moments to be excited by the optical pulse. This is
referred to as the degenerate case. The question then to
which this thesis is directed is: will this degeneracy in
general destroy the characteristics of SIT? The answer to
this question is: no. Only in special cases was excitation
of several different transition dipoles found to diminish
the characteristic features of SIT. For example, for the Dl
degenerate case, all of the characteristic features of SIT
were seen to be similar to the nondegenerate case. However,
for the D2 degenerate case, although nonlinear transmission
and long delays were found similar to the nondegenerate
case, the characteristic features of peaking and breakup
were seen to be greatly diminished. These results can be
explained on the basis of the relative value of the excited
transition dipoles (Sec. V).

After a short discussion of the hyperfine structure
of Na we proceed to calculate the electric dipole moments
for the allowed transitions in the limit of large magnetic
field (Sec. III-B) and in the limit of low magnetic field
(Sec. III-C). The reader who is not interested in the
transition dipole moment calculation and the corresponding
intensity calculation for 2T area pulses may proceed to
Section IV where the pulse-area-pulse-energy approach is

described.
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A, Hyperfine Structure of Na

An energy level diagram showing the hyperfine structure
of Na is shown in Fig. 9. The Hamiltonian including the

hyperfine interaction may be written as

H =Hqy +ha I:J (7)

where.Ho is the Hamiltonian without the hyperfine interaction,
h is Planck's constant, I the nuclear spin, J the electronic
angular momentum, and "a" a number dependent on I and J. The
eigenstates for the system can be represented as |I,J,F,Mﬁ>
where F is the total angular momentum and MF the azimuthal
component. In this representation the energy change due to

the hyperfine interaction is given bylo

W(F) = <FMpIJ|hal-J|FMIT> = [ha/2) [F(F+1)-I(I+1)-J(J+1)].
(8)

The dependence of this expression on F indicates that states
of same I and J but different F have different energy eigen-
values. However, states with same F, I, and J, but different

MF do have the same energy eigenvalues. The energy difference

between states |FMFIJ> and |(F—l)MFIJ> is given bylo

W(F) - W(F-1) = haF,
(9)

or Av = aP.

HF

Experimental determination of AVHF will then yield the quan-

tity "a" which is a function of I and J but not F and MF‘



For sodium the hyperfine energy separation of the 281/2

ground state is 1772 MHz and 192 MHz for the 2Pl/2 excited

11 2

state. The P3/2 state has components F = 3,2,1,0. The

hyperfine energy separations for these states are 60, 35,

2
1 The number "a" can now be

and 19 MHz respectively.
determined and will be used to calculate the energy separa-
tion of MI sublevels of a given MJ state at large magnetic

fields.

B. Strong Magnetic Field

In a strong magnetic field the magnetic dipole energy

for the state specified by MIMJ is given bylo

M HM. MHM
_ MgHoMy  MpHoMy
W(MMy) = - TT

5 + haM M.. (10)

IJ

For the 281/2 ground state the separation between levels of
different MI but same MJ 1s therefore approximately given by
AW = ha(AMI)M ) (11)

F L]

where "a" was shown to be For the values

M. = £1/2, AM_ =1

J I
hAv hAv
HE ,1 HF
AW = —5— (5) = -7 >
so that
Ay
AW HE _ 1772 _
- =77 = U3 MHz. (12)



- 2 _
Similarly for the P1/2’ MJ = +1/2

Av
" T T2

AW

E (3) = 3= = 48 MHz. (13)

2
For the P3/2, MJ =% 1/2

v
BE (1) = 32 - 8.8 Mz, (14)
while for MJ = +3/2

Av
M- JE (3) = 26.3 uuz. (15)

In the Na-dye laser experiment, Na was heated to
temperatures around 200°C, At these temperatures the Na

Doppler Width13

z? - %;i VO‘/?E
Avpy = === VoV it (16)

is then about 1700 MHz. Therefore, transitions for different
My between the ground state IJ,MJ,I,MI> and the excited state

IJ',M I’MI> are separated in frequency by only 1/3 of a

J’
Doppler width and are therefore unresolved.

For light linearly polarized parallel to the magnetic
field and the wave vector perpendicular to the field the
allowed transitions correspond to AMJ = 0, The dipole moment
of such transitions can be found from the lifetime of the

. 3 2 - -
excited state. For example, the P3/2(MJ——1/2,MI—3/2)
excited state |a> can make a transition to the 281/2

. 2
(M;=-1/2,M;=3/2) state |b> or to the Sl/Q(MJ=l/2,MI=3/2)

state |c>. The ratio of the partial lifetimes of the excited

33
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state can be found by application of the Wigner Eckart
14

theorem giving
T, 3/2 1 1/2\° 32 1 1/2\2
2c _ =2
Tab  \+1/2 0o -1/2 +1/2 -1 1/2
(17)
This relation is true for any substate MI of the 2P3/2
excited state. Since15
1 1 1 1
= + = (18)
Ty Tab Tac 10 nsec ’
we find 7, = 48 nsec, and Top = 24 nsec, as shown in
Fig. 10a. The dipole for the |b)> to |a) transition can
then be found from™®
3 2
Loy (pp ) -1/2,3/2 - -1/2,3/2
1 2
T ) (19)
ab 3fic
‘s _ -18
giving (pD ) = 5.1X10 esu cm as the
2 -1/2,3/2 -»-1/2,3/2

dipole moment for any allowed transition between sublevels

2 2 .
of the Sl/? ground state and sublevels of the P3/2 excited
state. This transition dipole moment is related to the

McCall-Hahn dipole moment by3’l

(pp)
(b, M. H. - e -1/2,3/2 »-1/2,3/2
2 ‘1/2:3/2 _>"l/2:3/2 \/z
(20)
= 3.68x10™8 esu-cm = /2D, -

The intensity required for a 27 square pulse can now be

calculated



€2 2
2 d 2 _ ) _ “max _ crh _ 2
f'ﬁEf é’dt.-"—’%‘p'gmax Tp_EW’I- Lar —4p212—7.7W/cm
P (21)
with Tp = 5 nsec.

In the same way, we can calculate the ratio of

2

the partial lifetimes of the Pl/E(MJ='l/2’MI=3/2) excited

state giving

T

ac _
2L =12 (22)
ab
so that T, = 24 nsec and Top = 48 nsec as shown in Fig. 10b.

s . 2 2
The transition dipole moment for the Sl/? to Pl/?

transition is then:

(pp M.H.
JM-E. - 2-1/2,3/2 »-1/2,3/2 _ |
o)

(le ~1/2,3/2 —-1/2,3/2 S (23)

So that the intensity for a 27 pulse will be:

I = 7.7/Cv§'watts/bm2.

Experimentally this difference in transition dipole moment

2 2 e - .
of the 81/2 to P3/2 transition and the transition dipole

2 2 . s
moment of the 81/2 to Pl/? transition was observed. For
the same input pulse, the output pulse on the Dl transition
exhibited characteristic U4m breakup while 6T breakup was

seen on the D, transition (compare Fig. 1lla and 11b).
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For light circularly polarized along the magnetic
field the allowed transitions correspond to AMJ = *1, As
in the previous cases the transition dipole moment of the
allowed transitions can be found from the lifetime of the
excited state. For the D, transition the 2P1/2
(MJ=1/2,MI$3/2) state |a) can make a transition to the
281/2 (MJ=-1/2,MI=3/2) state |b) or the 281/2 MJ=+1/2,
MI=3/2) state |c>. The ratio of the partial lifetimes of

the excited state is then given byl)'L
2 -2
Too 1/2 1 1/2 1/2 1 1/2 ,
Tab -1/2 1 -1/2 -1/2 0 1/2
(24)
which gives by Eq. (18),
Too = 48 nsec and Top = 24 nsec.

This decay scheme is shown in Fig. 10c. Since it is
exactly the same as the decay scheme for linearly polarized
light on the D2 transition the transition dipole moment
between states |a) and |b) is also the same and found from

Eq. (19) to be

M.H.
®o ) 30 12,3 = VR (=5)

Likewise we can calculate the ratio of partial lifetimes of

2 R . s
the P3/2 (MJ=1/2,MI=3/2) excited state giving

T

ac
—_ = 1 s 26
=g (26)
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The dipole moment for this transition then is

so that 7 = 24 nsec and Tob = 48 nsec as shown in Fig. 10d.

(pp )™ = pg- (27)
2 1/2,3/2 »3/2,3/2

For the 2P3/2 (MJ=3/2,MI=3/2) excited state,decay can only
occur to the 281/2 (MJ=1/2,MI=3/?) state. This transition
is therefore a two level system and Tab is Jjust the total
lifetime 16 nsec. It is interesting to point out that in
this case coherent optic studies can be made on a pure two
level system, that is, there is no complication of a third
level. The transition dipole moment can be found by
comparison with the Dl transition dipole previously con-
sidered. Since the lifetime for the |a) to |b) transition
in that case was 48 nsec the dipole moment in this case

will be ,/3 larger and equal to

)M.H.

o 1/2,3/2 —3/2,3/2 =V30o- (28)

(Pp
Experimentally these differences in transition dipoles
moments were also observed. For the same input pulse, the
output pulse on the Dl transition exhibited characteristic

. 2 _ 2 _
U breakup while the S1 o (My=-1/2) to P3 o (My=+1./2) D,
transition exhibited 3w characteristics and the
2 _ _ 2 _ R -
S, 2 (MJ—+1/2) to “Py /o (MJ-3/2) D, transition exhibited

characteristic 6w breakup (Fig. 12).
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C. Weak Magnetic Field

In a weak magnetic field the good quantum numbers
are I,J,F,MF. In this case, the dipole moment for a
transition between a given IFMF) ground state to a IF'M%)
excited state will be different for different |F’M§>. In
order to analyze SIT data it therefore becomes necessary
to calculate the dipole moment for each degenerate transi-
tion. Since we are only interested in the relative dipole
moments we choose, as a convenience, the dipole moment of
the 281/2 to 2Pl/2 transition with linearly polarized light
in high magnetic fields as a reference.

For simplicity we consider first the Dl transition.
For light linearly polarized parallel to the magnetic field
and the wave vector perpendicular to the magnetic field the
allowed transitions are shown in Fig: 13. It is important
to point out that in taking the good quantum numbers to be
F and MF we have assumed that the hyperfine interaction 1is
stronger than the interaction between the electromagnetic

field of the optical pulse and the dipole moment of the atom.
That 1s,

pE < hAvHF. (29)

For a 2mn pulse we can estimate p*E as

2p€maxT o
_——TT"“E = 2mn
(30)
_2mAn _ hn _
Pnax = B = Bgo © BhAL,

b p
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where Af is the Fourier transform of our pulse and is 60 MHz.

For a Ur pulse
p*E/h = 120 MHz. (31)

Since the hyperfine interaction energy for the 2P1/2 state
is 192 MHz, the condition p-E <hAvHF is assumed wvalid and
each allowed transition may be considered distinct. The

relative dipole strengths can then be calculated by

p2 = ¢ [<Fruy| vl me> |

5 Froo1 F )
p° = C Mﬁla . M‘ (2F+1) (2F/ +1) (32)
g F
S T A & >
X (I lxlla)=.
F J 1

These values are then compared with the dipole moment of the
Dl transition with linearly polarized light in a large

magnetic field which is given by

2 v ] 2
(pp. ) CI<KT"M;T My|ry| M IMD |

1'L.P.
(33)

J! 1 J

2 2

= C ¢ (J’”r”J) = Py
- 0 M

Since we are interested in the relative values of the dipole

moments we assign P, = 1. The results are tabulated



in Table 1. These results remain valid even as the magnetic
field is lowered to zero since the excited transitions remain
distinct due to the large hyperfine separation. Therefore,
for weak magnetic fields on the order of O to 150 Gauss,
several different but clearly defined transition dipoles

are excited by the optical pulse (Table 1). Experimental
results for this case (Fig. 1k4a,15a,16a,17) indicate that

the features of SIT are sharp and, in fact, do not differ
very much from the high field nondegenerate case.

For the D2 transition the condition
p-E <hAvyg (34)

is not satisfied. The hyperfine splitting of the 2P3/2
excited state varies between 19 and 60 MHz as discussed in

Sec. III-A. Therefore,

p*E >-hAvHF (35)

is assumed to be valid in this case. A weak magnetic field
of 60 to 150 Gauss is large enough to decouple I and J for
the excited state so that the good quantum numbers are

Jd, MJ, I’ MI for the excited state. The ground state
hyperfine splitting energy is large, however, so that for
fields between 60 and about 150 Gauss the good quantum
numbers are I,J,F,MF for the ground state.

From the equation

HoH |
%? = _%rg-[gJ(2P3/2)] = 1.67 MHz/Gauss (36)



the separation between the M. = 1/2 and M

J J
excited state is on the order of 110 to 220 MHz.

= -1/2 substates
2
th
Therefore, transitions between the 281/2 ground states to
the 2P3/.2 (MJ=1/2) excited states can be considered distinct
- 2 B .
from transitions to the P3/2 (M;=-1/2) excited states.

These transitions are shown in Fig. 18. The relative dipole

strengths can then be calculated by

p2

" ? l 2
CI<TM;T My v | FMRIT) |

2
J! 1 J J I F
C ! ) ' ’ (37)
—MJ 0 MJ. MJ MI -MF

x (2F+1) (' ||lzll3)2

These values are compared with the dipole moment of the Dl
transition for linearly polarized light in a large magnetic
field and the relative values are tabulated in Table 2.

Therefore, for fields between 60 and 150 Guass,
several different but clearly defined dipoles (Table 2) are
excited by the optical pulse. Experimental results show
(Fig. 19a and 20a), in this case, that although the features
of SIT are diminished all of the characteristics of SIT,
including pulse breakup, are to some degree observed.

As the magnetic field is lowered the transitions
between the 251/2 ground states and the 21'>3/2 (M;=1/2)
excited states are no longer distinct from transitions to
the 2P3/2 (MJ=-1/2) excited states. The allowed transitions

are shown in Fig. 21b. However, a representation may be chosen



in which all transitions are distinct and have identical
transition dipole moments.7 Therefore, nondegenerate
self-induced transparency should be observed and the
characteristics of SIT should be as sharp as in the high
magnetic field case. Experimental results were in complete
agreement with this theoretical prediction (Fig. 21la).

That a representation can be chosen in which all transitions
are distinct and have the same transition dipole moment is
shown in the following analysis. As shown in Fig. 18,

each sublevel of the 281/2 ground state is now excited to
two excited states. For example, the 281/2 (F=1,MF=-1)
2133/.2 (M;=1/2,M;=-3/2) state |a)
and to the 2133/.2 (My=-1/2,M =-1/2) state |d>. The basis

state |b) is excited to the

for the excited state of the atom is now transformed from
|a) and |@> to ¥, and ¥,. Where

pa pb

¥ = 1w +
* (Pa+pb)l/ pa+pb)l/
and (38)
Pg, Py
Vo = 0> - ————75la>
2 @zm%f/g @aﬂ%f/

The coefficients were chosen to satisfy the conditions

b2



* *
wl’l’l=’1’2w2=l

*

(39)
[<¥y lzle>]® =D, 7+, 2

<1l/2lI'|C> =0

Therefore, with wl and Wg as the wavefunctions for the
excited states there is only one transition dipole moment

given by

p = ylrfer = Vi (ko)

The same procedure may be followed for all sublevels of the
2 2 .o
Sl/? (F=1) ground state and 81/2 (F=2) ground state giving
the result that all transition dipoles are independent,
identical, and have the value p =.2 relative to the Dy
transition dipole moment for linearly polarized light in a

large magnetic field.
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IV. Pulse-Area-Pulse-Energy Approach
1

In the McCall-Hahn theory™ of self-induced
transparency, Bloch's equations and Maxwell's equations
are solved simultaneously to yield a self consistent
solution which describes the evolution of the pulse. For
the experiment in Na, as in a previous experiment in Rb,3
Bloch's equations must be modified to correctly iﬁclﬁde
spontaneous decay effects to a third level. The modified
Bloch equations and Maxwell's equations could then be used
to simulate our experiment on a computer and a comparison
could be made between theory and experiment. In Rb such a
comparison was made and excellent agreement found.3 Sihce
the Na experimental results in a large magnetic field
(Fig. 11) are nearly identical to the Rb results taken
under similar conditions, there is good agreement between
theory and experiment in the Na case also.17

In a weak magnetic field, however, there exists no
previous detailed experiment with which to compare, and
direct comparison between theory and experiment becomes
important if any conclusions about degeneracy effects are
to be made. However, we are not interested in a detailed
analysis of SIT in Na with degeneracy. Rather, it would

be more valuable to compare experiment with theory in a

simple way in order to understand the effect of degeneracy

L5



on the SIT effect. In this way one may be able to make

general statements on degeneracy effects which would be

applicable to other systems as well as the experiment in

Na. This goal can be achieved by comparing the experiment

with the pulse-area-pulse-energy approach by McCall and Hahn.7
For a simple two-level system the area theoreml’7 can

be written as

&= - 2s(a) (41)

m

00
where S(A) = sin A and A %? J, €(z,t)dt. This theorem,
which is derived from Maxwell's”and Bloch's equations,
describes the evolution of the area of the pulse. In the

same way the equationl’7

% = - ad F(A,J, pulse shape), (42)

[o2]

whereJ = ﬁ%J‘ E?(z,t)dt is the pulse energy per unit area,

describes thé®evolution of the energy of the pulse. The
quantity F describes deviations from Beer's Law and gives

quantitative information about losses in the system. It

has been shown that F(A) can be estimated by7
2(l-cos (A
F(a) = 2 %8 (8)) . (43)

Together these two equations, in a simplified and qualita-
tive way, provide a method to analyze the effect of

degeneracy on SIT phenomena.
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When degeneracies are present, the area theorem can

be generalized tol’7
dA a o 18:P;sin(p;A)
-z =35 (44)
i 84P4

where, as discussed in Sec. III-G p; are the relative
transition dipole moments taken with respect to the linearly
polarized transition dipole moment of the Dl transition in
Na, which was assigned the value 1. A is always definedvas

the area for the dipole of value 1, i.e.
5 ,
a=2l) g eas, (45)

and g; are the statistical weights for the degenerate pi
excited dipoles.

Likewise the equation describing the energy of the

pulse can be generalizedl’7 to
& = - o) (46)
2 2
sg.p,° 2(1-cos(p; A)Up,~ A7)
where F(A) = o . (47)
% 85P3

In addition to the pulse area and pulse energy, an interesting
and useful quantity to consider is the evolution of the

energy stored in exactly resonant atoms which is given by

3g; 2(1-cos (p; A))

561

W(A) o

: (48)
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In Fig. 22 we plot S(A) and W(A) as a function of
area for the case of a single excited dipole, such as, the
Dl or D2
curves do not describe the evolution to a hyperbolic

line for Na in large magnetic fields. These

secant traveling-wave pulse. Detailed information about

the shape, width, or peak intensity of the pulse is beyond
the capability of the Energy-Area equations. However, much
can be learned about the general features of the SIT effect.
Features, such as, stable areas, losses, propagation and
pulse widths, can be quantitatively estimated by the pulse-
area-pulse-energy equations or the curves of Fig.22. 1In
addition, features, such as, peak amplification and pulse
breakup can be qualitatively descriﬁed by the theory. For
example, (Fig. 22) stable areas of multiples of 2m (or less
than 27 if losses are included) are quantitatively predicted
by the S(A) curve. W(A) and F(A) indicate that a stable
area is accompanied by lossless propagation. If the input
pulse area is slightly above 7, S(A) indicates that the
pulse area will evolve to 2r while W(A) and F(A) indicate
that during the evolution to a‘zv area pulse, energy will

be lost and the atoms left excited. Together these curves
indicate that the pulse width will have to increase to
achieve an area of 2T, W(A) also indicates that the 27
stable area solution can be described as energy being absorbed
during the first half of the pulse, when energy stored in the

atoms is increasing, followed by energy being returned to the



pulse during the second half of the pulse, when stored
energy in the atoms is decreasing.

For an input area slightly less than 3w, W(A) indi-
cates that energy is absorbed during the first third of the
pulse, returned to the peak of the pulse during the second
third and absorbed during the final third. As a result,
peaking and narrowing of the input pulse is expected during
evolution to a stable 2m area. For an input area near
br, S(A) indicates that the pulse evolves to a stable Qr
area. W(A) describes the evolution as energy being absorbed
during the first quarter of the pulse, returned during the

second quarter while peaking above the input pulse, absorbed

during the third quarter while dipping below the input pulse,

and returned during the final quarter while again peaking
above the input pulse. As a result pulse breakup features

can be qualitatively explained in this way.

h9
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Footnotes

A

For the Na experiment, the optical pulse shape was
very nearly identical to the Rb experiment since the
same Pockels cell was used. The only theoretical
difference between the two experiments was the values
of T; and Tp’. However, computer analysis of the Rb
experiment indicated that results were not sensitive
to Tq and To! as long as they were a few times larger
than" 17p. For Na this is the case.
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V. Comparison Between Theory and Experiment

The pulse-area-pulse-energy analysis will now be
applied to the case where several dipoles, which differ
in magnitude, are excited by an optical pulse. In our
analysis, emphasis will be placed on pulse breakup since
experimentally, it was this feature of the SIT effect
which seemed the most sensitive to degeneracy effects.

For example, in all cases, propagation with very
little loss was seen to occur. In fact, the predicted
loss by the function F(A) was on the order of relaxation
losses due to finite Tl and Té. Therefore, measuring
energy loss for a stable area did not seem to be a sensitive
approach. Comparison-of-—the valuyes of stable pulse areas
which evolve would seem a difficult approach since 1t
requires accurate determination of the area of the pulse.
Pulse delay times are also highly dependent on
losses in the system which again do not deviate substantially
from the loss due to finite Té and Tl' On the other hand,
pulse breakup could be quickly observed and qualitatively

compared.

A. Weak Field Dl Transitions

For the date of Fig. 1l4a the dye laser was tuned
(900 MHz off center) to the low frequency side of the Dl
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transition in a weak magnetic field. For light linearly
polarized parallel to the field, this corresponds to
transitions between Mp sublevels of the 281/2 (F=2) ground
state to My sublevels of the 2P1/2 excited state (Fig. 14b).
The data indicate that although several transition dipoles

are excited, the characteristics of SIT phenomena are nearly
as clear as in the nondegenerate case. In particular, pulse
breakup is clearly present. The function S(A) is plotted in
Fig. 1lldc. This curve indicates that stable areas do exist

at values near 2m and 4m. The F(A) curve (Fig. 1lle) indicates
that nearly lossless propagation will occur after evolution
to a stable area. W(A), plotted in Fig. 14d indicates that
energy is absorbed and returned to the pulse in much the

same way as in the nondegenerate case (Fig. 22). For this
reason, it may be theoretically argued that features, such

as pulse breakup and peaking, should be as clear in this
degenerate case as in the nondegenerate case. This may

even be more nearly true experimentally since the detector
resolution was about lnsec. Physically, the predicted results
can be understood by examining the relative value of the
various transition dipoles. There are three distinct dipoles
which have the relative values 1, ./3/%, /I/F. They also
differ in statistical weight as seen in Table 1. Since the
two largest transition dipoles are not very different (.86

to 1) and since the largest transition dipole is dominant

in intensity (absorption 2 to 1), it is not surprising that

the two dipole types are radiating and absorbing energy



together during the time of the pulse. It is also reasonable
that the stable area is slightly greater than 47 for the
largest transition dipole and a 1little under 4w for the
weaker transition dipole in an effort to minimize losses
by satisfying the excited dipoles with a pulse as close as
possible to 4T in area for both. The smallest transition
dipole (1/2) is small in area and low in intensity (3 to 1)
compared to the largest transition dipole. As a result it
does not affect the change in energy in the atoms during
the absorption or emission stages of the evolution of the
system., The fact that this transition dipole is exactly a
factor of two lower in area than the largest transition
dipole means that a 4T pulse for the larger transition dipole
is a 27 pulse for the smallest giving low loss for both di-
poles for the stable area near A4r.

The data shown in Fig. 15a were taken after tuning
the laser to the center of the absorption profile, so that
transition dipoles are excited from both the F=1 and F=2
ground states (Fig. 15b). As a result, the largest transition
dipole is not as dominant in intensity (absorption 4 to 3),
and we can eXpect smaller changes in the energy stored in
the atoms as indicated in the W(A) curve in Fig. 15d. How-
ever, an area of slightly above U4m for the largest transition
dipole and slightly below 4m for the weaker transition dipole
still corresponds to low-loss propagation as seen in the S(A)
curve (Fig. 15c) and the F(A) curve (Fig. 15e). Qualitatively

then, we may expect some small changes in SIT characteristics,
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especially breakup, as was the case (compare Fig. 15a
to Fig. 1lla).

As the laser was tuned from the center to the
high-frequency side of the Dl line, we noticed two things.
First, pulse breakup features were diminishing and second,

a was decreasing. The decrease in the absorption coefficient
is easily explained since @ on the high-frequency side is

lower by a factor of 3 from a on the low-frequency side.

5
The allowed transitions are shown in Fig. 16b. Furthermore,
the statistical weights now make the largest dipole moment
weaker in intensity than the intermediate dipole
(absorption 2 to 3) and closer to the intensity of the
lowest dipole (absorption 2 to 1). As a result pulse breakup
is expected to diminish as seen experimentally when tuned
900 MHz off center (Fig. 16a). The S(A) and F(A) curves
(Fig. 16c and 1l6e) are little changed from similar curves
on the low frequency side (Fig. 14). The W(A) curve
(Fig. 16d4) indicates that smaller changes in the energy
stored in the atoms can be expected resulting in poorer pulse
breakup. However, since @ has also diminished, it is possible
that the poorer feature of pulse breakup could be due to the
change in alL for the sample. In Fig. 17 we have increased
oL, in order to answer this question and find that pulse
breakup features improve. In fact, although they do not
seem to be as good as breakup features on the low-frequency

side, they do not differ substantially.



In summary SIT characteristics on the D1 transition
in weak magnetic fields are not very different from the
nondegenerate case in large magnetic fields. In addition,
the characteristics of SIT do not vary much as we tune the
laser from the low frequency side of the Dl transition
(F=2) to the high frequency side (F=1). This agrees well
with theory since the S(A), F(A), and W(A) curves are not
very different from the nondegenerate case and do not vary
much from the low frequency side to the high frequency side

of the Dl transition.

B. QQ Transitions: High Field for the Excited State Low
Field for the Ground State

For the data of Fig. 19a the dye laser was tuned
(900 MHz off center) to the high-frequency side of the D,
transition (F=1) in a field of 60 to 150 Gauss. The allowed
transitions for light linearly polarized parallel to the
magnetic field are shown in Fig. 19b. As discussed in
Sec. III-C¢ all transitions can be considered distinct. The
data show that pulse breakup is not as sharply defined as
in the previous case for the Dl transition (compare Fig. 19a
with Fig. 1l4a). The function S(A) is plotted in Fig. 19c.
This curve indicates that a stable area does exist near 27
but there is some doubt about a 3.27 stable area. The
addition of losses could make the stable area unstable.
The F(A) curve (Fig. 19e) indicates that stable areas are

accompanied by higher losses than in the Dl case (compare
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Fig. 19e with Fig. 1lle). The W(A) curve (Fig. 19d) indicates
that the change in energy in the atoms as a function of area
i1s not as large as in the case of the D; transition (compare
Fig. 19d with Fig. 14d). Energy absorbed from the pulse
during the first quarter is nearly the same as in the Dl
line case. Energy returned to the pulse during the second
quarter is less than in the Dl-line case so that peaking of
the first peak is expected to be less. During the third
quarter less energy is absorbed than in the Dl case and
therefore the valley in the output pulse is expected to be
less. For the last quarter considerably less energy is
returned to the pulse so that the second peak is expected

to be much lower in the D2 case than the Dl case. Over all,
pulse breakup on the high frequency D2 transition is expected
to be poorer than the Dl transition. Experimentally, this
was clearly the case.

As the laser was tuned from the high-frequency side
of the line to the low, the absorption increased (as expected
since a increases by a factor of 5/3) and pulse breakup
became slightly less pronounced. The allowed low frequency
D, transitions are shown in Fig. 20b. S(A) and F(A) curves
look very much alike (compare Fig. 20c,e and 19c,e) for
either side of the line. W(A), however, does indicate that
energy absorbed or returned to the field is less for the
low frequency side than high frequency side. This indicates

that pulse breakup features would be diminished on the low

frequency side of the resonance as was observed experimentally.
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The observed difference (1800 MHz off center) however, was
small (compare Fig. 20a with Fig. 19a).

In summary, SIT characteristics of pulse breakup were
experimentally observed to be considerably poorer for the
D, transition than the D; transition. Comparison of W(A),
S(A), and F(A) curves for both transitions also indicate
relatively less pronounced breakup for the D2 transition.
However, in all cases, the characteristic features of non-
linear transmission and long delays remained similar to
nondegenerate SIT.

Physically, why does one see poorer breakup on the D2
transition? The answer is that the dipoles compete more in
the case of the Dy transitions. For the Dl transition the
relative dipoles are 1,0.87, and 0.5. The stable area of
4.27m then corresponds to an area of 3.7ﬁ for the .87 dipole
and 2.1lr for the 0.5 dipole. Therefore, the pulse has chosen
the "best" area to, as efficiently as possible, return the
excited atoms back to the ground state. However, in the D2
high-frequency case the excited dipoles are 1.22, 1.0, 0.7.
A stable area of 3.2m for the intermediate transition dipole
of relative magnitude 1, corresponds to 3.94r and 2.24r for
the 1.22 and 0.7 transition dipoles respectively. Therefore,
the stable area of 3.27m almost returns the 0.7 and 1.22 transi-
tion dipoles to the ground state but leaves the intermediate
transition dipole excited. This accounts for the higher
value of F(A) at the stable area for the D, case (Fig. 19e)

as compared to the value of F(A) at the stable area for the
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D, case (Fig. ll4e). Interrelated with the higher value
of F(A) is the fact that these three transition dipole types
are not radiating and absorbing energy from the pulse at
the same time. For example, during the time of the pulse
which corresponds to an area changing from 2m to 37 for
~the 1.22 transition dipoles energy is being absorbed from
the pulse and stored in the atoms. However, an area change
from 27 to 3m for the 1.22 transition dipoles correspond to
an area change of 1.167m to 1.74m for the .7 transition
dipoles and 1.64m to 2.46T for the 1.0 transition dipoles.
This means that these dipole types do not work together as
they do in the case of the Dl transition, to modulate the
optical pulse. Rather, while one transition dipole type
(1.22) is absorbing energy from the pulse, the second (.7)
is returning energy to the pulse, and the third (1.0) does
both. As a result, the energy (W(A)) stored in the atoms
does not oscillate as much and pulse breakup characteristics
are not as sharp. The same type of argument will apply for
the low-frequency side of the D2 transition where there are

four different dipole types.
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VI. Conclusions

The effects of degeneracy on SIT have been

investigated by several authors. [+ 18,19,20,21,22,23, 24

18,21,24

All of the experimental work and most of the theo-

retical work20’21’22’23 have been directed toward gaseous
SF6 as the absorbing medium. These investigations were
limited by the complicated degénerate system of SF6. In
fact, the question of the effect of degeneracy in SF6 still
remains the subject of debate today.24

In order to gain further insight on the effect of
degeneracy and the limitations it imposes on SIT phenomena
we have studied SIT in Na vapor using & dye laser. There
are three advantages of the dye laser-Na system as compared
to the 002 laser-SF6 system. First, Na is a simpler system
which has clearly defined degenerate transitions with known
transition dipole moments. Second, there are at least two
sets of clearly defined combinations of excited transition
dipoles which can be studied independently. Third, in high
magnetic fields the Na system becomes nondegenerate. There-
fore, observation of SIT in the nondegenerate case can be
directly compared with a system in which the only change is
to make it degenerate.

The results of this investigation are as follows. On

the Dl transition there are three distinct excited transition



dipoles. Two are nearly equal and the third comparatively
small, It was found in agreement with a pulse-area-pulse-
energy analysis that SIT characteristics were not very
different from the nondegenerate case. There are two con-
clusions which can be made. First, if the dipoles are nearly
equal, SIT characteristics will not be appreciably affected.
Second, if there is a dominant dipole, SIT will again not

be appreciably affected.

On the D2 transition there are again at least three
distinct transition dipole moments. However, in this case
there is no single dominant transition dipole moment. Rather,
the difference in two of the transition dipole moments
results ih one absorbing energy from the pulse while the
other .. reradiating energy to the pulse. As a result the
transition dipoles do not work together to modulate the pulse.
In this case, it was found that SIT characteristics were less
pronounced than in the nondegenerate case. This result was
qualitatively predicted by the pulse-area-pulse-energy analysis.
There are two conclusions which can be made. First, if the
transition dipole moments differ by an amount which prevents
them from absorbing and reradiating energy simultaneously,
pulse breakup characteristics, although present, will be
largely diminished. Second, energy will be lost in this
case, since a 27T area pulse for one transition dipole will
be about 3T in area for the second transition dipole and
therefore leaveatoms excited as the pulse propagates through

the medium.
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In summary, for the Na-dye laser experiment, the
characteristic features of nonlinear transmission and long
delays were found to be similar in the degenerate and
nondegenerate cases. Moreover, the features of peaking
and pulse breakup were found for the Dl degenerate case
to be similar to nondegenerate SIT. Only for the Dy
degenerate case were the features of peaking and pulse breakup
largely reduced. However, even in this case, the experi-
ment suggests that if it were not for the limitation on oL
imposed by Té, it would be possible to sharpen pulse breakup
features by simply increasing al.. Therefore, the presence
of degeneracy, in general, does not as severely limit the
application of pulse breakup or peaking for useful devices
as was originally indicated by studies in SF6.

A pulse-area-pulse-energy analysis has been shown to
be a qualitative indicator of the relative extent of
peaking and pulse breakup to be expected in a degenerate
system. This is particularly useful since a pulse-area-
pulse-energy analysis may be performed on a small computer,
such as a PDP-8, as was the case in this experiment. Such
an analysis is simpler and inexpensive in comparison to
computer solutions of Bloch's and Maxwell's equations.

In addition to degeneracy studies, the dye laser-Na
experiment demonstrates for the first time that a C.W. dye
laser can be used to study coherent optical effects. Sharp
characteristics of pulse breakup, peak amplification, pulse

delays, and nonlinear transmission have been observed in Na
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vapor. Moreover, it has been shown that by tuning the
laser from the Dq to the D, transition in Na it is
possible to observe the difference in the transition
dipole moment by the use of the characteristics of SIT.
This therefore illustrates the potential of SIT phenomena
to measure relative, if not absolute, transition dipole
strengths. Finally, it has been shown that for the D2
transition in Na nondegenerate SIT (or similar coherent
optical effects) can be studied without the necessity of

a magnetic field.
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Fig. 1. Diagram of Basic Apparatus
Ly is the lens to focus the laser beam into the Na
cell; Lo is the lens to image the uniform-plane-wave
region onto the aperture; Lz is the lens to focus into
the detector; MAG is the magnetic coils producing a
magnetic field B directed into the paper; Az is the
aperture to select the uniform portion of tﬁe excita-
tion region; GP is the Glans prism and PC the Pockels
cell; L) is the lens to move the argon waist in the
dye cell to the edge of the stability range and mode
match argon and dye waists: F.P. 1 is the Fabry-Perot
to monitor the spectral width of the single longitud-
inal mode; F.P. 2 is the Fabry-Perot with a larger
free spectral range to monitor the spectral width of
the laser before and after inserting etalons into the
cavity; Oy is the Osram Lamp which was not excited
electrica}ly but was heated by heater tape. The
fluorescence from this lamp was observed while the
laser was tuned onto the Dj or Do lines of Na; Op is
the Osram Lamp which was excited electrically and used
as a reference for spectrometer (S) in order to dis-
tinguish the D7 line from the Do line in Naj; and S is
the spectrometer used to tune the dye laser to the Dj
or Do transitions in Na. This spectrometer made it
easy to distinguish the Dy from the Do transition in
Na. ‘
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Fig. 2. Dye Laser Cavity

Argon pump beam is focused near mirror M, in order to
move the argon waist in dye cell ©to same position as
the dye laser walst when cavity is adjusted to edge of
stabllity range. Dye cell and prism are at Brewster
angle. Three etalons are used to narrow spectral out-
put of laser to 20 MHz.. On this edge of stability
range the dye laser waist is focused on Mirror Mo.
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Fig. 3(a). When dye laser cavity is
adjusted near the edge of stability range where
dy = dj(max), the lowest order cavity mode is
focused on Mo. The aperture prevents cavity modes

which are parallel at M, from lasing (dotted lines).

Shown in (b) is the dye laser cavity adjusted near
other edge of stability range where d; = dj(min).
The lowest order mode is parallel at & The aper-
ture is not effective in preventing modes which are
focused at Mp from lasing (dotted lines).
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Fig. 4. Dye Circulating System
Dye is circulated by gear pump through a Millipore
filter, buffer reservoir, and the dye cell. Dye
velocity was about 18m/sec. A restriction at the

output of the dye system was used to prevent cavita-
tion.
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Fig. 5. Dye Cells Used in Dye lLaser
Cells A and B have a short flow path .64cm to allow
a high dye velocity in the cell. No distinction
was observed between cells A and B which were
designed to give turbulent and laminar flow respec-
tively. Cell C with the longer flow path 1.27cm
gave rise to thermal problems.
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Fig. 6. The reduction in spectral width
due to each etalon. The spectral width with just the
prism alone is about 40 GHz. The 250um etalon nar-
rows the spectral output to 25 GHz. Addition of the
3mm etalon reduces the profile to about 2.5 GHz. By
adding the lcm etalon operation in a single longitu-
dinal mode is obtained. This mode is 20 MHz wide.
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Fig. 7. Uniform-Plane-Wave Condition
The excitation region of about 75um was imaged by a
15.24em lens onto a 100um aperture. Since the image
of the focal region was magnified by a factor of 3,
the aperture selects the fraction of the excitation

region which was nearly uniform in intensity for
observation.
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Fig. 8. Energy level diagram of Na in a
magnetic field not showing the zero-field hyperfine
structure (see Fig. 9). In magnetic fields above 2
to 3 kG the good quantum numbers are J,Mj,I,My where,
each My state has 4 My substates since I'= 3/2. 1In

his case the separation between M; sublevels of the

"Po /o state 1s of the order of 25 ﬁHz. For fthe 2Pl/2
stéée the separation is 48 MHz, and for the =S /

state 443 MHz. Since the Doppler width is 1708 Z,
transitions between My substates of the |JMIM[)> ground
state to My substates of a |JMjIMp> excited state

were not resolved.
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Hyperfine structure of Na
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Fig. 10. Partial lifetimes of excited
states in a large magnetic field for linearly (a and b)
and circularly (c and d) polarized D; (b and c) and
Do (a and b) transitions.
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Fig. 11. Experimental output pulse shapes
as seen for the Dj transitions (a) and the Dp transi-
tions (b) for linearly polarized light in a large
magnetic field.
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Fig. 12. Data for circularly polarized transitions for
2
(a) Sl/E(MJ=-l/2) to Pl/2(MJ=l/2);
2 2
(b) Sl/Q(MJ=—1/2) to

(c) 281/2(MJ=1/2) to 2P3/2(M5=3/2).

2

Py o (My=1/2); and

Experimentally, the predicted differences in the transi-
tion dipole moments for these three transitions were
observed. For the same input pulse, the output pulse
on the Dy transition exhibited characteristic L4r break-
up while the 281{2(MJ=—1/2) to 2P3 /o (Mzy=1/2) Dp
rans%tion e§hib'5ed 3? charagterlitic breakup and the
-S Mgy=1/2) to “P3/o(Mgy=3/2) Do transition exhibited
ch&égctgriétic 6 b%éékup. /
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Fig. 13. Allowed Dy transitions in a weak
magnetic field for light linearly polarized parallel
to the magnetic field and wave vector perpendicular
to the magnetic field.
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Fig. 14. Output pulse shapes (a), allowed
transitions (b), S(A) curve (c), W(A) curve (d), and
F(A) curve (e) with the laser tuned (900 MHz off center)
to the low frequency side (F=2) of the Dj transition
in a weak magnetic field. ©Pulse breakup is nearly as
sharp as in the nondegenerate case (Fig. 11). Like-
wise the curves S(A), W(A), and F(A) do not deviate
much from similar nondegenerate curves (Fig. 22).
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Fig. 15. Output pulse shapes (a), allowed
transitions (b), S(A) curve (c), W(A) curve (d), and
F(A) curve (e) with the laser tuned to the center of
the Dy transition in a weak maghetic field (F=1 and
F=2). Pulse breakup looks slightly diminished rela-
tive to the low frequency side (Fig. 14) but still
sharp. Nor do the theoretical curves S{A), W(A), or
F(A) differ much either.
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Fig. 16. Output pulse shapes (a), allowed
transitions (b), S(A) curve (c), W(A) curve (d), and
F(A) curve (e) with the laser tuned (900 MHz off
center) to the high frequency side (F=1) of the Dg
transition., Pulse breakup is further diminished, but
is clearly present. The curves S(A), W(A), and F(A)
do not deviate much from those for the low frequency
side of the Dy transition (Fig. 14). But for the

same temperature one would expect less reshaping, i.e.

less pronounced breakup, for the high frequency side

which has an aL only 3/5 that of the low frequency
side.
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Fig. 17. Output pulse shapes with the
laser tuned to the high-frequency side of the Dy
transition with al increased. Pulse breakup is
shown to have improved.
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Fig. 18. Allowed Dp transitions in a weak
magnetic field for light linearly polarized parallel
to the magnetic field and wave vector perpendicular to
the magnetic field.
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Fig. 19. Output pulse shapes (a), allowed
transitions (b), S(A) curve (c), W(A) curve (d), and
F(A) curve (e) with the laser tuned (900 MHz off
center) to the high-frequency side (¥=1) of the Dp
transition in a magnetic field of 60 to 150 Gauss.
Pulse breakup, although diminished relative to the Dy
transition in a weak magnetic fleld, is somewhat pre-
sent. The curves S(A) and F(A) do not deviate much
from those of the Dy transition in a weak magnetic
field. However, the W(A) curve does indicate smaller

oscillations in the energy stored in the atoms. Pulse

breakup therefore, is expected to be diminished.
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Fig. 20. Output pulse shapes (a), allowed
transitions (b), S(A) curve (c), W(A) curve (d), and
F(A) curve (e) with the laser tuned (1800 MHz off
center) to the low frequency side of the D, transition
in a magnetic field between 60 and 150 Gauss. Pulse
breakup is less pronounced than on the high-frequency
side (Fig. 19) but the difference is small. Likewise,
the curves S(4), F(A), and W(A) do not deviate much
either.
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Fig. 21. Data (a) for the D, transition
with linearly polarized light in zero magnetic field.
Pulse breakup is seen to be sharp as predicted.
Transitions between the ground and excited states are
no longer distinct (b) in zero magnetic field. How-
ever a representation is chosen in which all transitions

are distinct and have identical transition dipole
moments.
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Fig. 22. The functions S(A), F(A), and
W(A) are plotted for a single nondegenerate transition
dipole, such as, the Dj or Do transition dipole for
linearly polarized light parallel to a large magnetic
field.
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Table 1
Dl Transition Dipoles in Zero Magnetic Field Relative to
the Dl Transition Dipole Moment in a Large Magnetic Field
for Light Linearly Polarized Along the Field

F Py &;
1| 378 | 2
1 1 1
1 | JI/E | 2
2 | JV3/& 2
2 1 3
o | JIm | e




Dy

the D4 Transition Dipole Moment in & Large Magnetic Fileld

for ILight Linearly Polarized Along the Field

Table 2

Transition Dipoles in Zero Magnetic Field Relative to

F Ps g;
1 | /372 2
1 1 2
1 14/2 2
2 |2 2
2 |72 | 2
2 1 2
> | E | 2
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