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Self-induced transparency has been studied in detail experimentally for a simple two-level
atomic absorption. A Hg 11 laser pulse is used at resonance with the D, line of Rb. This sys-
tem eliminates many previous experimental problems such as nonuniform wave fronts and
degenerate off-resonant absorbers. Nonlinear transmission, pulse delays, pulse breakup,
peak amplification, incoherent-decay effects, off-resonance effects, and focusing effects have
been observed. Quantitative comparison with theory is obtained by computer solutions which
include the incoherent decay and optical-pulse shapes of the Hg-Rb system. Good agreement
is obtained with the theory of McCall and Hahn, Pulse compression by an order of magnitude
is obtained by focusing in the resonant absorber. The theory predicting preferred pulse widths
and velocities proposed by Davidovich and Eberly is discussed and found inappropriate for the
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Hg-Rb and other similar systems.

I. INTRODUCTION

This article describes a detailed experimental
investigation® of the propagation of a coherent op-
tical pulse in a resonant absorber in the self-in-
duced transparency® (SIT) region. These experi-
ments use the coincidence of a Hgir laser with a
simple atomic absorption in Rb(5s-5p) which pro-
vides the first system free from complications in
both optical pulse (coherent, no chirping, uniform
wave front, etc.) and absorber (two levels, uniform
gas, no degeneracy). We investigate the following
aspects of self-induced transparency: (a) nonlinear
transmission, (b) pulse delays, (c) pulse breakup
and peak amplification, (d) incoherent-decay effects
(T, and T3), (e) SIT off resonance, and (f) SIT with
focused pulses. It is found that considerable atten-
tion must be given to experimental conditions such
as chirping and uniformity of the wave front. How -
ever, if these effects are well understood, the
simultaneous solutions of Maxwell’s and Schro-
dinger’s equations? are in excellent agreement with
the experiments.

The self-induced transparency effects observed
in the laboratory are quite dramatic. An optical
pulse at low intensity incident on a resonant absorb-
er is normally absorbed according to Beer’s law,

IL)=ILe™", (1)

where I is the incident intensity, « is the absorp-
tion constant, and L is the length of the absorber.
aL is typically >5 for a SIT experiment, so that
low -intensity pulses are almost completely ab-
sorbed. Suddenly, as I is increased, the pulse
propagates through the absorber as if it were trans-
parent, but the pulse remains in the absorber much
longer (~x10-10% than required by its low-inten-
sity velocity (c/7, where 7 is the index of refrac-
tion). This striking behavior has been shown for a
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number of systems. The first was a ruby laser
pulse incident on a liquid-helium-cooled ruby ab-
sorber.? It has also been observed in gases using
CO, laser pulses absorbed by various SFg transi-
tions near 10.6 u. %% Dye laser pulses tuned to an
atomic potassium resonance’ have also shown indi-
cations of SIT. Even acoustic pulses resonant with
paramagnetic centers in solids® have demonstrated
SIT. However, all these experiments have unknown
or uncontrolled parameters (to be discussed in Sec.
IIC) which make quantitative comparison with the-
ory difficult or impossible. In contrast, this ar-
ticle describes results in a system that can be
compared directly with the theory. In addition to

a quantitative check of the theory, several new fea-
tures of SIT are demonstrated including off-reso-
nance effects, pulse compression by focusing in the
absorber, breakup of the incident pulse into pulse
chains, and amplification of the peak intensity of
the pulse.

In addition to the experimental results, several
aspects of the theory are studied in detail. The ef-
fects of incoherent relaxation by spontaneous decay
of atomic levels is included into the theory. Com-
puter solutions including incoherent decay and levels
other than the resonant pair are discussed in de-
tail. Computer solutions are important in SIT since
analytical solutions and approximations have been
obtained only in very limited regions. Finally,
Davidovich and Eberly® have questioned the theo-
retical approximations commonly made. They have
suggested a more nearly complete solution which
predicts that pulses propagating in the absorber
should attain a velocity of 3¢ and a preferred pulse
length. The applicability of these predictions to the
Hg-Rb system and other realizable systems is dis-
cussed. It is concluded that the Davidovich-Eberly
solutions do not apply in most systems studied to
date.
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The theory of SIT as it applies to the Hg-Rb sys-

tem is discussed in Sec. II along with computer solu-

tions which can be compared directly with the ex-
periment. Section III presents the details of ex-
perimental apparatus for the Hg laser and Rb ab-
sorber. Section IV is a summary of the results to
date including off-resonance and focusing experi-
ments. Finally, Sec. V is a summary of the re-
sults and some suggestions for future experiments.

II. THEORY

A. Vector Model and Coupled Wave-Particle Equations

For the atomic transition in Rb investigated in
this article, the vector model used to discuss SIT
is particularly simple. The Rb atoms are nonin-
teracting (in a vapor, n=10" cm™) and are in the
ground 5s state prior to optical excitation (see Fig.
1). This initial state is nondegenerate in a mag-
netic field (see Fig. 9) and for N atoms the energy
of the system is -3 Niw, Now consider the effect
of an applied resonant optical pulse with electric
field,

Elz, )= 8(z, t) {x cos.[wt - kz — B (2)]
-Psinfwt -kz -8()]}, (2)

where &(z, ¢) is the pulse envelope, x,y, and z are
spatial coordinates, ®(z) is the phase, w is the op-
tical frequency, and k is the wave vector. A cir-
cularly polarized wave is chosen here since the Rb
transition absorbs only one sense of circular po-
larization when Kk is parallel to the applied magnet-
ic field. Thermal motion Doppler-broadens the
atomic transitions so that the radiation excites a
fraction of the Rb dipoles proportional to the recip-
rocal width of the pulse envelope. However, first
gonsider only those atoms moving perpendicular to
k whose transition frequencies w, exactly match w.
Then E causes the atomic wave function to evolve
from the symmetric s state | b) to a superposition
(la)+10))/V2, where the system has a real op-
tical-frequency dipole, and then to the excited state
la). This process takes place coherently and the
energy given to the atom is coherently reradiated
back into the electromagnetic field as the atom is
driven back to the ground state. A pulse which
drives the system from [b) to | a) and back to 15)
is called a 27 pulse, because its area, defined by

A(z)=@p/m) [ 8z, t) at, (3)

where the transition dipole is p=el{(alT1b)!, is 27.
In a frame rotating at w, & appears stationary, and
the induced dipole caused by the superposition of s
and p states appears at 90° to §. A vector P can be
defined? as

ﬁ=uﬁo+vi}0~—(WK/w) Wo , (4)
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FIG. 1. Energy levels, states, and vector model for

SIT for the two-level Rb atom.

where

k=2p/h, W=%Niwy{o,),

u+iv=3Np{o,+io,),

N is the number of atoms, and (o) indicates the
expectation value of a Pauli matrix. It has been
shown? that P rotates about & in the rotating frame
as shown in Fig. 1. In this case A(z) is the angle
through which P rotates. If § is off resonance by
Aw=wy—w, the equation of motion for P is

:ﬁz ﬁx[ﬁox 8(2, t)+l/?)0Aw] ’ (5)

which follows directly from Schridinger’s equation

and is commonly called the Bloch equation. Pis
also related to § by Maxwell’s equation
PE2, 1) 2 PEuz,0) 41 ©P., 1) ®)
82° & & atr
where

P.(z,t)= f_:o g(aw) [u(aw, z, t) + iv(Aw, z, )]

Xei[wt-kx-w(z)] d(Aw) (7)
and
E,,(z, t)= é;(z, t)eitwt-k:-ou)] . (8)
The spectral distribution of absorbers is given by

g(Aw) with normalization

f_: glaw)d(aw)=1.

Equation (6) can be written as two scalar equations
using the usually valid assumption that # < w? and
P < oo
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98 1 a8 27w [ 2d>
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9z ¢ ot o g w)('u w d(aw)
(9)
and
9?8 1 9%8 3% (2)
o2 TF aE T 8
4r? (7 20
2_&& f g(Aw)<u+—c-o—>d(Aw),
- (10)
with n=1. It has been assumed that 8®/8¢=0, i.e.,

that the optical pulse is unchirped. In the experi-
ments discussed in this article, these further
simplifying approximations used by McCall and
Hahn can be made: (i) The # term is dropped in
Eq. (9), and (ii) the second-order Eq. (10) is ig-
nored altogether. Davidovich and Eberly® have ob-
tained analytic solutions for Eqgs. (9) and (10) as
they stand coupled with Bloch’s equations, which
differ significantly from the results predicted by
MccCall and Hahn; their analysis is inappropriate
for the pulse lengths in the present experiments
(see Appendix A).

One must now solve Maxwell’s [Eq. (9)] and
Bloch’s [Eq. (5)] equations simultaneously. An
analytic solution exists for A=2r, i.e.,

8(z, t):% sech[% (t—%—):l s

where V is the propagating velocity and 7 is the
characteristic pulse width. 2 Substitution back into
the original equation shows that a pulse of the form
of Eq. (11) is delayed in the medium by a time

(11)

Tp =%alLT. (12)
An inhomogeneous linewidth 1/ T% has been assumed
such that 7> T¥, thus assuring the same a for all
Fourier components of the pulse. It is also assumed
that @t>1/c. Both of these assumptions are valid
for the Hg-Rb system. For the experiments de-
scribed here oL ~5, T7=~2 nsec, and L=1 mm.

Thus 7,5 nsec, which means that the pulse moves
through the absorber very slowly (V~c¢/1500). Yet
the pulse is stable and propagates without attenua-
tion since energy absorbed by the atoms is co-
herently reradiated back into the electromagnetic
field. For actual experiments, a computer solu-
tion of the coupled Maxwell-Bloch equations is re-
quired since the input pulse is not sech in shape or
27 in area (see Sec. I B).

Before discussing the complete computer solu-
tions, an important insight into requirements for
the experiment can be gained by using a simpler
approach suggested by McCall and Hahn. 2° This
approach uses the area [Eq. (3)] and energy [Eq.
(15)] to characterize the pulse. The area theorem
[Ref. 2b, Eq. (36)] gives
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% =3 sinA(z) , (13)
and the pulse energy evolves as
d—:;—i—z—)- =-aTF(A, T, pulse shape), (14)
where
T@)=(c/4m) [ 8(z, 1P dt (15)

is the pulse energy per unit area. A good approx-
imation for many pulse shapes [Ref. 2c, Eq. (26)
and Ref. 2b, Fig. 2] is

F(A)=2(1 - cos A)/A? (16)
for A <3w. The general solution of Eq. (13) is
A(z)=2tan™ [e"**/%tan 3 A(0)] . 17

Equations (14), (16), and (17) are simple to solve
simultaneously on a computer. Figure 2(a) shows the
ratio of output to input energy as a function of A(0)
and 7'(0). Clearly demonstrated in this figure is the
sudden onset of transparency near A=7. For Fig.
2(a) it was assumed that (0) was uniform in the

x-y plane. This condition is obtained experimental-
ly only in a limited spatial region since the optical
pulse always has a finite transverse dimension.

For example, one often uses the Gaussian trans-
verse profile of the TEM,y, mode of a laser cavity:

: (18)
where 7 is the radius of the beam and w is its
width. Figure 2(b) shows the computed energy ratio
vs A(0, 0) integrated over a Gaussian intensity pro-
file. This shows that it is important experimental -
ly to aperture the detector so that only the uniform
region [8(7, L) ~8(0, L)] is observed if direct com-
parison is to be made with the uniform plane-wave
theory. Actually the experimental ratios predicted
by more exact computer solutions (see Sec. II B)
lie along the dashed curve in Fig. 2(c) because of
pulse reshaping [Eq. (16) is not exact] and spon-
taneous (incoherent) decay from the Rb excited
state.

In addition to coherent changes of state caused
by the driving field E, the Rb atoms decay inco-
herently from the excited state to two ground states
(see Fig. 9). This incoherent decay modifies the
pulse propagation. In particular, the 27 pulse will
gradually broaden in time and lose energy and area
until it falls below A =17, after which it decays
rapidly to the linear absorption region where Beer’s
law applies [Eq. (1)].

Since the Rb decay times to the ground levels are
42 and 84 nsec and the pulse widths were 5-10
nsec, these decay mechanisms are not negligible
and must be included in the theory. In Appendix B
we show that the effective Bloch equations are

8(r, 2=0)= 8(0, 0) e/
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FIG. 2. Computer solutions for the output-input energy
ratio of SIT pulses as a function of input energy and area;
(a) assumes uniform plane wave and no losses, (b) Gaus-
sian profile plane wave with no losses, (c) experimental
pulse shapes, T4 and T4 losses for Rb, and uniform plane
wave. All curves assume oL =5, Points on (c) are the
only computed points; (a) and (b) used closely spaced in-
put areas because of simplicity of program.

u=vAw-u/Ty, (19)

V= —ubw - K2EW/w - v/Ty , (20)

W=v8w - (x+ W)/Ty, (21)

% ==(2/T3=1/Ty) (x+ W), (22)
where

x =% Niwy(I) (23)

and I is the unity matrix for the two-level system
being excited. Note that N(I), the total number
of atoms in the two-level system, decreases as
atoms decay from the resonant two-level system
to the third level. Equation (22) describes this
loss of atoms by spontaneous decay. The decay
rates for Rb (see Appendix B) are

1 1 1 1
7 "5 +Tab =(33. 6 nsec)™, (24)
1. 1 +_1. = (56 nsec)™, (25)

Ty 21, 2T,

where 7., and 7, are the decay constants from level
la) to levels 1b) and | ¢) (note that if 7,,~ , then
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Ty=2T, as expected for a pure two-level system).
We have neglected radiation trapping effects which
were estimated to be small for the densities used
in these experiments.

B. Computer Solutions

The input pulse envelope for real experiments,
&(z, t) (which is rarely a simply expressed func-
tion of time), reshapes in the resonant medium and
loses energy until the stable sech pulses are at-
tained. Computer solutions seem to be the only
way to make direct comparisons with theory. For
Rb with pulse lengths of ~1-10 nsec, a good the-
oretical approximation is Eq. (9) (dropping the 2i/
w term) and Egs. (21)-(24). During each time in-
crement df sufficiently short so that 8(z, t) is near-
ly constant, one can assume & constant and the in-
coherent relaxation terms zero. In this limit one
can solve analytically for #, v, and W, i.e.,

u(t, Aw)=us{[k* 8%+ (Aw)? cosCt] /C?}

+ (v1AwsinCt)/C + Wy (k¥ AwE/wC?) (cosCt - 1),
(26)
v(t, Aw)=v, cosCt - [ (u Aw+ k2EW, /w)sinCt] /C |
(27)
W(t, Aw)=u,(w8Aw/C?) (cosCt - 1)

+v1(w8/C) sinCt + W, {[ (Aw)?+ k2 82 cosCt]/C?}

28
where (28)

C=[(aw)?+ k282} /2. (29)

The relaxation terms of Egs. (19)-(22) can now be
included by assuming u;, v;, and W; are slowly
varying functions of time during d¢. The values of
uy(dt), vi(dt), and Wy(dt) were computed at the end
of dt. The values used in the Egs. (26)-(28) were
the averaged values of the coefficients u,, v;, and
W, over the interval df. Next v(f, Aw) is summed
over Aw in order to calculate a new value of &(t)
from Eq. (9). The increments in Aw must be care-
fully chosen since the full range of the Fourier
transform of &(#) must be spanned. Computer solu-
tions shown here used fifty Aw increments each
equal to 0.4/7,, where Ty is the rise time of the
optical-pulse envelope (typically 5 nsec). Because
of the limit in Aw integration there are oscillations
expected with a period To=7/Awpy,,. This period
should be as small as possible for accurate deter-
mination of pulse shapes. The inhomogeneous
Doppler shape g (Aw) must also be included since
for Rb® the inverse Doppler width is ~0. 8 nsec.
Proceeding as described above, computer solu-
tions were used to predict the pulse shapes expected
for the Rb® absorber. The experimental input pulse
shapes were used with df=0.2-0.5 nsec. The com-
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FIG. 3. Input and output pulse shapes for oL ~ 5 and uniform-plane-wave conditions. Sampling scope output and in-

put pulses (obtained by rotating quarter wave plate through 90°) are shown in (a)—(e) corresponding to the peace-symbol
points in Fig. 138. Computer-generated output pulses are shown in (a’)—(e’) corresponding to the gun-barrel points of
Fig. 13. Many more experimental curves were taken as indicated in Fig. 13 showing the continuous transition from no
delay or reshaping to a 6r input pulse. For input intensities a few percent below that of (a) no delay was observed. The
maximum delay of about 8—10 nsec occurred just below (a), which has an area above r. Diffraction from the sharp
stripped edges of the spatial profile is severe in the extremely nonlinear region around n. This is believed responsible
for the lower transmission, higher input intensity, and shorter delay of the point (a) compared with (a’) calculated ne-
glecting diffraction. Point (b) is just above 27 with low loss and slight peaking. This almost lossless propagation through
an absorber with linear transmission of 0.7% is in excellent agreement with the theory of SIT. Points (c), (d), and (e)
show pulse breakup and peaking for inputs of just under 37 and 57 and approximately 6m. The areas given here are the
areas for a sech input pulse; the actual areas at the top of Fig. 13 are larger because of the nonhyperbolic secant nature
of the input, particularly the long tail. The slightly smaller experimental delays likely result from an actual experimental
aL of slightly under the measured value of 5. The change in aL required for complete agreement is well within the ex-
perimental uncertainty.

puter results for various input areas are shown in
Figs. 3(a’)-3(e’). Traces 3(a’) through 3(e’) corre-
spond to input areas of 5.7, 8.7, 10.5, 17.5, and
23, respectively. In 3(a’) the pulse is slightly be-
low 27 and is delayed more than expected by Eq.
(12). With the input area 8.7 in 3(b’) the output
pulse is nearly 27 after reshaping and incoherent
decay losses. The reshaping losses are caused by
variation from sech and by long experimental pulse
tails. In 3(c’) the area is nearly 37 at the input and
as the pulse evolves toward the stable 27 pulse in

the absorber, it narrows and its peak intensity in-
creases to greater than that of the input pulse (quite
remarkable behavior for an oL =5 absorber). In
3(d’) the input area is > 47 and the pulse evolves

to two 27 pulses caused by two complete rotations
of the Rb atoms from ground to excited state and
back. Finally, in 3(e’) the input area is > 67 and
the pulse is evolving toward three 27 pulses. A
number of other input areas were used to compute
pulse shapes and energy ratios. The energy ratios
are shown in Figs. 2(c) and 13.
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FIG. 4. Evolution of a 27 pulse with experimental in-
put pulse shape using computer solutions with (b) and with-
out (a) incoherent decay, Ty and Tj. Parameters are

(a) T1=2000 nsec, T4 =5000 nsec
Area aL Ey/Ey
6.28 0 1
6.27 2.5 0.97
6,275 5 0,968
6.278 10 0,966

(b) T =33.6 nsec, TJ =55 nsec

Area aL Ey/E;
6.28 0 1
6.1 2,5 0.876
6.0 5 0.775
5.8 10 0,568
2aL is labeled on each pulse.

These computer-generated pulses have included
all the losses expected experimentally except dif-
fraction. In particular it is interesting to study the
effects of T, and T3 on the pulse propagation. This
was done on the computer and the results are shown
in Fig. 4. In Fig. 4(a), the evolution of a 27 input
area pulse is shown with 7; and T; very long
(~5000 nsec) compared to the experimental input
pulse. Notice the reshaping of the pulse shape to
hyperbolic secant with very little energy loss. In
agreement with the area theorem [Eq. (13)] the area
remains stable at 27. Using the T, and T; appro-
priate for the Rb transition studied here, the 27
input pulse evolves as shown in Fig. 4(b). There
is a gradual loss of both energy and area as the
pulse lengthens to try to maintain the area at 27.
Eventually the area drops below 7 and the pulse
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loses area and energy rapidly until it reaches the
Beer’s-law region and is absorbed completely. Note
that the delay increases with losses for a 27 inci-
dent pulse since the gradual loss broadens the
pulse (as it tries to maintain its 27 area) and the
area gradually decreases toward n; both effects
tending to decrease the propagation velocity and in-
crease the delay. These results seem to be in con-
flict with computer solutions by Hopf and Scully, *°
which show a decrease in delay with increased
losses. The only relaxation terms included in Ref.
10 are decays to levels outside the resonant two-
level system. If the relaxation processes are pre-
dominantly out of the two-level system to a third
level, o may decrease enough during the pulse to
cause a decrease in SIT delay for an increase in
loss. This may explain the conflict between the
calculations shown in Fig. 4 and those in Ref. 10.

It is important to remember that pulse delay is
also a characteristic shown by incoherent satura-
tion effects, thus it is not a convincing demonstra-
tion of SIT.

Further computer studies of focused waves are
discussed in Sec. IVC. Computer studies are now
in progress to relate to a homogeneously broadened
line using pulse lengths much shorter than the in-
verse homogeneous linewidth. Similar computer
studies have recently been made by Estes, Eteson,
and Narducci. ! These conditions are of interest
for propagation of picosecond pulses in atomic ab-
sorbers.

C. Requirements for Optical Pulse and Absorber for Ideal SIT

Before continuing with the experimental details,
it is of interest to summarize the limitations im-
posed on the experiment by the theoretical assump-
tions. These limitations are summarized in Table
I. Computer and analytical SIT solutions assume
unique values of w, 8(#), and p, and thus require-
ments Al, A2, and B2, Requirements A4 and B4
are coupled since sufficient power can often be at-
tained by decreasing the beam diameter d; how-
ever, when ad?/x<1 the experiment has the added
complications of diffraction. Diffraction in SIT has
been included only qualitatively in the theory to date.
As will be discussed in Sec. IV B, the SIT effects
are largely unaltered if the laser is not at the exact
center of the resonance line, However, if the dis-
persive component of the susceptibility is of the
order of the absorptive component, effects like
self-focusing!® 'may dominate in the experiments.

The Rb-Hg system satisfies all the requirements
of Table I, and for the first time SIT experiments
can be compared directly with the theory. Recent
dye laser developments suggest that frequency and
phase-stability requirements can be met and their
use should greatly expand the applications of SIT.

It is hoped that the Hg-Rb system, which has been
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Ideal SIT experimental parameters.

jon

Ideal

Hg-Rb

Other systems

A. Optical pulse

1. Frequency and phase Single-mode gas laser
stability (Av «<1/7)

2. Plane wave of uniform Aperture and TEMy,
Intensity profile mode '

3. Stable coincidence with Single isotope in
good absorber magnetic field

4. Sufficient power for ~1-10 W/cem? for
27 pulses alkali atoms

B. Absorber

1. Homogeneous; variable Gas
al

2. Unique dipole moment, i.e., Degeneracy lifted
no degeneracy by magnetic field

3. T*<<rp<< T4, Ty (0.8<5-10<56,

34 nsec)
4. No diffraction effects ad®/A~4

Dye lasers are recently
also able to obtain
Av<<1/T

Often lacking in
previous experiments

Dye laser is tunable

Solids (e.g., ruby) may
be optically inhomogeneous

Confusing in SFg

ad?/A>1

Often lacking

used to test SIT, will serve as a model for future
experiments.

III. EXPERIMENTAL APPARATUS

The actual system chosen to approximate the
rather stringent assumptions of the theory (Table
I) consisted of a coherent optical pulse from a 2®Hg
laser and a single absorption cell of 8’Rb vapor.
The basic components of the system are shown in
Fig. 5. Thelaseris diagrammed as anoptical reso-
nator defined by mirrors M; and M,, a hollow-
cathode discharge tube pulsed at 160 pulses per
sec, an aperture A; for limiting the oscillations to
a single transverse mode, and a single-longitudi-
nal-mode selector SMS. A 5-10 nsec portion of the
1-usec laser output was gated through the linear
polarizer LP by applying a high-voltage pulse Vp¢
to the Pockels cell (PC). The *’Rbabsorbing atoms
composed a vapor of density 10''-10!% atoms/cm?
inthe 1-10 mm long cell (C). The 7944. 66-A out-
put of the Hg laser is separated by 3 A from the
zero magnetic field absorption of Rb at 7947.64 A
At 74. 5-kOe magnetic field B, produced by the
superconducting solenoid S, Zeeman tuned the Rb
absorption to coincide with the laser frequency.
This large field also removed the low-field compli-
cations arising from the hyperfine interaction be-
tween the electron and the nucleus with nuclear
spin 3. These hyperfine degeneracies are common
to all alkali atoms in zero field. The quarter-
wave plate QW transformed the linearly polarized

pulse into absorbable right or unabsorbable left
circularly polarized light. The input and output
pulses were easily compared by rotating the quar-
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FIG. 5. Schematic diagram of Hg-Rb SIT apparatus.
M is a 3-m totally reflecting mirror; V, is a 1-usec
voltage pulse causing 1-usec single-mode laser pulse; A,
is the aperture to select TEM,, mode; SMS is single-longi-
tudinal-mode selector; Vi is the mode-tuning voltage
across the piezoelectric transducer; M, is a 4% trans-
mission flat output mirror; P, is the Gaussian transverse
intensity profile; PC is the Pockels-cell gating 5—10 nsec
portion of the laser pulse; LP and CP are linear and circu-
lar polarizers; S.is a superconducting selenoid; Ly, Ly,
and Ly are imaging lenses; B is the magnetic field
(~74.5 kG); C is the Rb vapor cell; P, is the stripped
Gaussian profile after SIT interactions in the Rb cell; A,
is the limiting aperture used to observe a uniform trans-
verse intensity; and D is an avalanche photodiode or cross-
field photomultiplier detector.
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ter-wave plate through 90°. In some cases the in-
put intensity was increased with a lens L, posi-
tioned so that the cell was centered in the plane-
wave portion of the focal region. Lens L, imaged
the output of the cell in front of the detector D. An
aperture A, was usually used to select only the cen-
ter portion of the output beam originating from the
part of the Gaussian input beam approximately sat-
isfying the uniform-plane-wave condition. Lens

L; focused the output on the fast detector (avalanche
photodiode or crossed-field photomultiplier). The
temporal evolution of the output pulse was observed
with a sampling (or fast Tektronix 519 or 454) os-
cilloscope. The frequency of the laser was mon-
itored with a Fabry-Perot interferometer and con-
trolled within the laser gain curve by varying the
voltage V; on a piezoelectric stack to which the
single-mode selector was attached.

Details of the individual components and discus-
sions of how this system satisfies the restrictions
of the ideal assumptions of Sec. IIC comprise the
remainder of this section. For a quick reading,
look at Secs. IITA6 and IIIB3 only.

A. Coherent Optical Pulse
1. Lasev Construction and Opevation

Laser emission at 7945 A between the Tp 2P}, ,
and s 281/2 excited states of Hgi1 was reported in
passing in a detailed article on the characteristics
of the doublet companion line at 6150 A. 13 Under
contract with Bell Labs, Spectra Physics investi-
gated the characteristics of the 7945 -A transi-
tion. !* Basically, the laser consists of a 53-cm-
long hollow cathode 24 mm in diameter with an
anode at each end and containing helium at a pres-
sure of 30 Torr and 2®Hg vapor. Excitation with
50-A 6-kV microsecond-long pulses produces com-
parable length 7945-A optical pulses with 6-W peak
multimode power through a 4. 6% transmission out-
put mirror. Insertion of an aperture of the appro-
priate diameter limits the oscillation to the TEMy,
transverse mode which has the lowest diffraction
loss. The transverse mode patterns were observed
with a Seed Electronics model B infrared image
converter.

The Spectra - Physics design was modified to
increase the frequency stability and output power.

The cavity was lengthened to 287 cm using four Invar

rods, a 3-m-rad maximum-reflectivity mirror,
and the 4. 7% transmitting flat mirror. This ap-
proximately doubled the single-transverse-mode
power by better filling of the large-diameter gain
medium situated near the spherical mirror. The
entire laser was mounted on a 3-in. -thick slab of
aluminum supported by four Firestone 110B Air-
mount tires attached to a sturdy wooden table.
Without this vibration damping the longitudinal
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mode frequencies fluctuated wildly.
2. Single Longitudinal Mode

The use of the single isotope 2°2Hg in the laser
resulted in a Doppler width of 350 MHz and a gain
curve only slightly wider. The large atomic mass,
long wavelength, and low temperature (~80-100°C
for the hollow Kovar cathode) are responsible for
this small Doppler width. Nonetheless, a frequency
stability of at least + 50 MHz is needed to maintain
the laser frequency approximately centered within
the Rb 552-MHz Doppler width., Since the longi-
tudinal cavity modes are separated by c¢/2L ~52
MHz, it is clear that restriction to a single lon-
gitudinal mode is needed. The presence of more
than one longitudinal mode would greatly compli-
cate the interpretation of the SIT experiment.

A very simple but effective single-mode selector
(SMS) was suggested by Troitskii and Goldina'® and
further investigated by Smith, Schneider, and
Danielmeyer. '® A metallic film, thin compared
with the optical wavelength, is inserted in the cav-
ity near the flat mirror, forcing a node in the elec-
tromagnetic field. The film-flat distance is chosen
so that the mode spacing of this short cavity is
just greater than the frequency width of the gain
medium in order to optimize its mode selectivity.
Then the film-flat distance is varied to select the
desired longitudinal mode of the long cavity 1ying
within the gain curve. In this experiment a 50-A
Nichrome film was evaporated on a high-quality
quartz flat, affixed to a Lansing piezoelectric
stack, and inserted 30 cm from the flat mirror. !’
The effectiveness of this SMS is demonstrated in
Fig. 6 in which the spectral output of the laser is
displayed for various mode conditions.

3. Frequency Detection

The frequency profiles were observed with a
piezoelectric scanned Fabry-Perot interferometer
containing two flats with reflectance R=0. 985 sep-
arated by about 5 cm. The output of the Fabry-
Perot was focused by a lens of focal length f= 30
cm onto a pinhole of diameter d=50 pum; the reso-
lution of the pinhole was then about Av,=cd?/8xf2
~1.3 MHz. The reflecting finesse is expected to
be Np=7VR /(1 = R)~208. ! The nonflatness finesse
for the /200 flats should certainly be greater than
the calculated Ny= 100 over the small diameter of
the laser beam.!® These theoretical contributions
to the finesse are then consistent with an experi-
mental lower limit of 100 determined with a short
spacing. The frequency resolution with a spacing
t=5 cm was then the free spectral range F=c/2¢
= 3000 MHz divided by the finesse or about 30 MHz,
The transmission through the pinhole was detected
by an Amperex 56 TVP or RCA 31000F photomulti-
plier.
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FIG. 6. Fabry-Perot interferometer transmission of

the laser output under the following operating conditions:
(a) multimode, (b) single transverse mode, and (c) single
transverse and longitudinal mode. The vertical scale

is not the same in the three curves. The respective inte-
grated powers were 280, 60, and 20 pyW. The width in (c)
is the Fabry-Perot instrumental width. The dashed curve
in part (c) gives the laser output as its frequency is scan-
ned by moving the single-mode selector (and the spheri-
cal mirror unless discrete frequency steps are desired).
Notice that peak output occurs over a much wider frequency
range when the SMS is present. The traces were taken
with a PAR 160 Boxcar with a scanning rate of about

8 MHz/sec.

The Fabry-Perot plates were carefully aligned
perpendicular to the laser beam to increase the
coupling into the Fabry-Perot modes. A neutral
density attenuator between the interferometer and
laser prevented feedback into the laser. The laser
frequency was usually monitored without reducing
the maximum power by using the 1-usec pulse de-
flected at right angles by the Glans prism labeled
LP in Fig. 5.

Temperature changes can alter the transmission
frequency of the Fabry-Perot by varying the ef-
fective spacing. Invar expansion shifts the trans-
mission by —0.3 GHz/°C. Changes in the index
of air from density changes at constant pressure
amount to almost 0. 4 GHz/°C. The Fabry-Perot
etalon was placed inside a vacuum chamber to pre-
vent air current instabilities and greatly reduce
and slow down temperature variations of the invar

rods. Evacuation did improve the Fabry-Perot
stability substantially. But an annoying and still

unexplained lengthening of the spacing makes the
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fixed-frequency laser gain profile appear to shift
to higher frequencies at about 50 MHz/h.

4. Fvequency Selection and Stabilization

The laser frequency was then tunable in discrete
steps of 52 MHz by scanning the SMS through the
longitudinal modes within the gain curve. The fre-
quency could be varied by 400-500 MHz in this
manner. This tunability was particularly advan-
tageous during the runs with a superconducting
magnet operating in the persistent mode; the slow
decrease in field could be compensated by a de-
crease in laser frequency. It was also useful for
locating the center of the ®’Rb absorption line as
shown in Fig, 7. If the absorption center frequency
lay within the gain curve and the peak absorption
was in a reasonable range (10-99%), the center
frequency could be located within 50 MHz. By
periodic relocation of the center frequency and
periodic monitoring of the lasing mode and its posi-
tion within the gain curve, the laser and absorberfre-
quencies were held equal within +50 MHz through-
out the data taking. This corresponds to a long-
term frequency stability of +0. 13 ppm; only recently
has a dye laser stability approaching this value
(+0. 42 ppm) been reported. !° Clearly stable tunable
sources will permit the extension of coherent optic
experiments to a great variety of absorbers. Mean-
while, much has been and can be demonstrated and
learned with the 202Hg single-frequency gas laser,

The amplitude of the laser pulse was monitored
with an RCA 7102 photomultiplier. Whenever the
SMS mode was not centered on a longitudinal mode,
more than one of the longitudinal modes lased re-
sulting in a decrease in the amplitude of the laser
pulse. The signal-to-noise ratio of the sampling
oscilloscope pulse traces was increased by accepting
for sampling only those pulses arising from a laser
pulse with amplitude within a few percent of the
maximum amplitude. This discrimination was ac-
complished with a Tektronix 454 oscilloscope.

After the experiment of Ref. 1, the entire laser
was placed in a vacuum chamber, lengthening the

time between longitudinal mode jumps. The index
>
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FIG. 7. Absorption of the laser light by Rb®" at low
light intensities as the laser frequency is tuned through
the longitudinal modes by the SMS. Each discrete step
corresponds to a new longitudinal mode.
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gradients in the vicinity of the hot Brewster windows
were eliminated. Evacuation also buffered the
laser against room drafts and temperature changes.

5. Shovt Pulse Production and Atlenuation

The discharge-tube Brewster windows resulted
in a linearly polarized laser output. A Korad
Pockels cell and Glans-prism linear polarizer were
then sufficient to gate on a 5-10-nsec portion of
the 1-usec laser pulse. The laser trigger pulse
also triggered a Hewlett-Packard pulse generator
(222A or 1900 system) which triggered a Kappa
Scientific Corp. model KT-1000 sync pulse gener-
ator after a variable delay. The KT-1000 drove a
Kappa model PG-5 high voltage pulse generator
powered by a Kappa Thyratron control unit and a
Sorensen high-voltage power supply. The PG-5 out-
put was shaped with a 5- or 10-nsec Kappa NPF
plug-in pulse network. A 10-nsec plug-in was used
with double passage of the optical pulse through the
Pockels cell to obtain the 7-nsec pulse of Ref. 1. In
the compression experiment single passage with the
10-nsec plug-in was the normal mode of operation
although the 5-nsec plug-in was used briefly. Sec-
ondary peaks on the output of the 5-nsec plug-in re-
duced its usefulness.

The variable delay between the laser trigger and
the Pockels-cell actuation was utilized asavariable
attenuator since the long laser pulse decreased to
zero in a microsecond but maintained the same mode
structure. This method of attenuation was rapid and
did not deflect the beam as do neutral density fil-
ters.

In the early work, a Kerr cell was employed
rather than a Pockels cell. What appeared to be
pulse breakup occurred over too great a range of
input intensities to be the simple breakup predicted
by McCall and Hahn? and later seen with a Pockels
cell.! The phase shifts introduced by the Kerr cell
might be responsible. It is shown in Appendix C
that a Pockels-cell shutter does not introduce a
time-dependent phase shift as does a Kerr cell. The
lack of a significant phase shift or chirp on the op-
tical pulse of this experiment was demonstrated by
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FIG. 8. Comparison of the Rb Doppler absorption
profile, the spectral profile of the Pockels-cell pulse, and
the natural width of the 3™Rb absorption from radiation
damping.
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mixing the pulse with the much longer laser output
pulse (see Appendix C).

A final check on the spectral purity of the input
pulse was a Fabry-Perot scan yielding a frequency
spread of about 80 MHz. That scan is compared
with the ®'Rb absorption in Fig. 8. The width agrees
well with the Fourier transform of the 6. 5-nsec
input pulse envelope convolved with the Fabry-
Perot instrument function with a width of 25-30
MHz. Again any chirp during the pulse could be no
more than a small fraction of a radian,

6. Comparison with Ideal Optical Pulse

Referring back to Table I, one can compare the
actual Pockels-cell pulse with the characteristics
of the ideal optical pulse. First, the frequency and
phase stabilities are excellent; the spectral pro-
file of the pulse is the Fourier transform of the
pulse envelope. Second, the laser output is a2 plane
wave of Gaussian spatial profile. The uniform pro-
file condition is approximated by an aperture. The
Gaussian profile permits a demonstration of the
importance of the uniform condition. Third, there
is a stable coincidence with ®'Rb in a 74. 5-kOe mag-
netic field which approximates closely an ideal ab-
sorber (Sec. IIB). Fourth, sufficient power for
pulses with areas of several 7 is achieved by weak
focusing of the laser beam. For the transition used
in Rb, a 27 square pulse of width 7,="7 nsec corre-
sponds to an intensity of 2. 8 W/cm?® (see Sec. IIIB2).
A peak intensity of about 25 W/cm? was obtained by
focusing the 1-mm-diam beam to 116-um full width
at half-maximum (FWHM). By placing a short
(1-mm) Rb cell in the center of the focal region, the
plane-wave condition was approximated closely.
Table I summarizes the manner in which the present
optical pulse closely approximates the ideal pulse.

B. Simple Atomic Absorber

1. Rb in a Stvong Extevnal Magnetic Field

In low magnetic fields the eight *’Rb magnetic
substates of the 2S;,, ground state have many un-
resolved transitions to the 2P1 /2 excited state (see
Fig. 9). Each transition of different dipole moment
would be driven at a different rate by a coherent
optical field and SIT would be quite complicated. 5+2°
It is then fortunate that a strong magnetic field is
required to bring the Rb absorption into coincidence
with the 7944. 66-A 2®Hg 11 laser because the level
degeneracy is lifted.

In a strong external field the energy levels are
given approximately by?

WMy, My)=— wy HyM;/J = u HyM/I+haM M, ,
(30)
where the _.electx;ons and nuclei have total angular
momenta J and I with projections M; and M, along
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FIG. 9. Diagram of the relevant energy levels of *’Rb
as a function of magnetic field strength. The Zeeman
interaction at 74.5 kOe lifts the low-field degeneracy and
increases the absorption frequency to coincide with the
laser emission frequency.

the external field Hy; and have magnetic moments
4y and p;. The hyperfine separation Avyy is equal
to (I+3)a. The values of Avyp are 6. 83, 0. 816,
3.04, and 0. 36 GHz for the 5s52S;,, and 5p%Py,»
states of *’Rb and of *Rb, respectively.? The
hyperfine and external field contributions to the

a(2py,,) + a(s,,,)
2

POLARIZED LIGHT

745

TRANSMISSION OF RIGHT=-CIRCULARLY

MAGNETIC FIELD (kOe)

FIG. 10. Absorption of the 2?Hg 11 laser output as a
function of magnetic field strength at the 87TRb absorbers.
The absorption width is greater than the Doppler width

because the light intensity was too large to avoid nonlinear

transmission. The frequency width of the short laser
pulse also contributed to the observed absorption width.
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frequency separation between a substate (M;= -4,
M,) of the ground state and substate (M,=+3, M)
of the excited 2Py, state are then

Hng

27 [gJ(ZSI/z) _gJ(ZPI/Z)]

+‘2‘17Mfi [Avgp Py, 2) + Bvyp(Sy2)]

~ (1. 867 MHz/Oe) Hy+ (1. 915 GHz) M,
for ®"Rb(I= %)

~ (1, 867 MHz/Oe) Hy+ (0. 567 GHz) M,

for ®Rb(I=%). (31)

The electronic Zeeman effect is responsible for
most of the 3-A level shift needed for coincidence.
But it is the second term of Eq. (33) which is cru-
cial for resolving the transitions of different M.
For ¥Rb the four components are well resolved
with a separation of about 3.5 Doppler widths (see
Fig. 10). The six components of ®Rb on the other
hand have a separation of only one Doppler width.
The ®*Rb absorption is then inhomogeneous and al-
most uniform over about 3 GHz (see Fig. 11).

Two different superconducting magnets have been
used. The first did not have straight-through ac-
cess, so it was necessary to enter and leave the
magnet through the same opening about a meter
from the center of the magnet. The alignment of
the beam through the necessary optics and of the
two mirrors at the bottom of the magnet insert was
difficult and time consuming. With the magnet op-
erated in its persistent mode the rate of field de-
crease was about 20 MHz/h. The laser frequency
was kept in coincidence by adjusting its frequency

TRANSMISSION OF RIGHT-CIRCULARY
POLARIZED LIGHT

0.566
GHz 85Rb
' l 1.91GHz _| 87gp

1
77.6

745
MAGNETIC FIELD (kOe)
FIG. 11. Absorption by ®°Rb with a small impurity of
8Rb. The theoretical spacings and relative strengths of
the absorption lines for natural Rb are also shown.
Isotope shift is neglected.
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with the SMS. About once a day, the magnetic field
was increased to reset the Rb absorption to the
high-frequency side of the laser gain curve. The
operation of the second superconducting magnet
was simplified by its straight-through access and
its low -helium-loss normal-mode operation. This
permitted rapid field scanning and recentering of
the absorption on the laser emission. The magnet
access tubes, in which the Rb absorption cell and
heaters were placed, were evacuated to eliminate
deflections of the laser beam by index fluctuations
resulting from air flow around the 100 °C heaters.

2. Electric Dipole Moment

It is shown in Appendix D that from the 28-nsec
measured lifetime of the Rb 2P, ,, excited state one
finds a 42-nsec partial lifetime from the 5p%P;,,
(M,=+ 3, M;)substate la) to the 5s2S,,, M,=- 3,
M,) substate |b) and 84 nsec to the 5s 2S;,,(M,
=+3, M,) substate |c). The electric dipole moment
of the transition a~ b is then shown to be 4. 35
%107 esu cm.

The intensity I required for a 27 square pulse
follows immediately:

@p/n) [ 8at=(2p/n)8 y7,=2m, (32a)

I=c|8|*/4n=cai®/4p®T2=2.8 W/cm®, (32b)

with 7,= 7 nsec.
3. Compavrison with Ideal Absorber

The characteristics of the ideal absorber (sum-
marized in Table I) are approximated by *'Rb in a
strong magnetic field as follows: First, the Rb
vapor is homogeneous (statistical fluctuations are
<0.5%), and its density can easily be varied with
temperature. Second, a strong magnetic field lifts
the low-field degeneracy, yielding a simple two-
level absorption transition with a unique dipole
moment of 4. 35 D. Third, the pulse length 7, of
7 nsec is long compared with the inverse inhomo-
geneous width of 0.8 nsec; this ensures a uniform
absorption over the Fourier frequency spread of
the pulse as shown in Fig. 8. The coherence damp-
ing time, related to the excited spontaneous decay
time of 28 nsec, is long compared with 7,, as it
must be if coherence effects are to be studied.
Fourth, an absorption coefficient of 100 cm™ or
more can be achieved in a cell only 1 mm long.
This is much shorter than the plane-wave portion
of the focal region of the 38-cm lens used to ob-
tain sufficient input power. This was verified by
measuring the beam diameter as a function of dis-
tance from the cell. In summary, the absorber
chosen is an excellent approximation to the ideal
absorber as summarized in Table I. Two slight
departures are included in the computer simula-
tions (see Sec. II): first, weak coupling to a third
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level by spontaneous emission (84 nsec) and sec-
ond, relaxation losses between the levels by spon-
taneous emission (42 nsec).

C. Detection Equipment

The optical-pulse detector most often used was
a Texas Instruments TIXL59 silicon avalanche
photodiode with a gain of 100 and quantum efficiency
approaching 100% at 7945 A, Its distortion of a
1-nsec mode-locked He-Ne laser pulse consisted
of a 0. 3-nsec increase in width and a 10% under-
shoot after the pulse. In the compression experi-
ment a Sylvania Model 502 GaAs crossed-field
photomultiplier was used. It was slightly faster
than the TIXL59 and had a gain of 7x10% and a
quantum efficiency of a few percent at 7945 A, 1s
response width was checked to be less than 0. 4
nsec with an Ar mode-locked laser. The time re-
sponse of the photodiode is a sensitive function of
the focusing of the light onto the detector required
by the small active area (=0. 6 mm for the TIXL59).
Light falling on the sides of the detector exhibits a
much longer time constant. Thus, if focusing and
aperturing is not done carefully short pulses may
appear to have extended “tails.”

The detector outputs were monitored with a Hew-
lett-Packard 141A sampling oscilloscope with 0. 3-
nsec rise time or a Tektronix 564 oscilloscope with
3T2, 3S2, and S-2 plug-ins with a 75-psec rise
time.

A Cintra Model 101 gquantum radiometer with
model 1394 filter spectroradiometer probe made
the low-level power measurements simple.

1V. EXPERIMENTAL RESULTS AND DISCUSSION
A. Plane Wave

In Sec. III it was shown that the Hg-Rb system is
a close approximation to the ideal system for dem-
onstrating SIT as discussed in Sec. II. The uni-
form-plane-wave theory of SIT predicts a number
of interesting features of the coherent interaction
of an optical pulse with an absorber. The features
demonstrated here are nonlinear transmission,
large delays, pulse breakup, and peak amplifica-
tion.

1. Nonlinear Transmission

A greater than linear increase in output energy
for an increase in input energy characterizes other
nonlinear phenomena such as saturation in addition
to SIT. The mere observation of nonlinearity is
then poor evidence for SIT. But a careful compari-
son of the experimental data with theory in the non-
linear region is useful as a check on the theoretical
threshold power and the shape of the nonlinearity.

The nonlinear transmission under approximately
uniform-plane-wave conditions is shown in Fig. 12
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FIG. 12. Demonstration of nonlinear transmission on

the onset of SIT in ¥Rb vapor. An aperture selected the
approximately uniform portion of the plane-wave beam.

for an oL of 5, L=1 mm, and an input pulse about
7 nsec wide (shown in Fig. 15). A 38-cm lens fo-
cused the beam to a plane wavefront with Gaussian
intensity profile of 110-um full width. A uniform
spatial intensity profile was approximated by select-
ing only the center portion of the output as shown

by the inset. The relative input and output ener-
gies were measured by electronically integrating®®
the area of the pulse shape as the sampling oscil-
loscope storage was scanned at a uniform rate. The
0. 7% linear transmission was measured with a PAR
160 Boxcar using 1-usec laser pulses attenuated
well below the SIT threshold.

The experimental nonlinear transmission data are
compared with a computer simulation (as discussed
in Sec. I) in Fig. 13. The absolute power calibra-
tion is in good agreement with theory as discussed
in Sec. IVA6. The 27 pulse transparency is not
100% because the input pulse shape is not sech and
must be reshaped, and because spontaneous emis-
sion losses gradually destroy any coherence. Dif-
fraction losses and imperfect satisfaction of the
uniform-plane-wave assumption are believed re-
sponsible for the slightly lower transmission in the
experimental case. Violation of the uniform-plane-
wave condition is dramatized by the much slower
increase in nonlinear transmission when a Gaussian
spatial input profile is used. Most previous experi-
ments have been for a Gaussian profile, making
comparisons with plane-wave theories rather mean-
ingless. The data of Fig. 12 suggest a decrease
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in the transmission between 27 and 47 in agreement
with theory (see Secs. IV A3 and IV A4, where the
pulse shapes are discussed). The horizontal un-
certainties in Fig. 12 are certainly less than half
of the vertical uncertainties which arise from the
ratio of numbers; the output energy has larger fluc-
tuations because of the nonlinearity. This 37 de-
crease in transmission was reproducible. The the-
oretical predictions and experimental data for the
nonlinear transmission are then in good agreement.

2. Lavge Delays

A second prediction of SIT theory is a propagation
velocity for the peak intensity of a 27 pulse much
slower than the velocity of light in the absence of
SIT. Figure 14 is a pictorial diagram of this delay
mechanism. The energy which is absorbed from
the pulse in coherently exciting all of the atoms is
coherently returned to the trailing edge of the pulse
with no loss but with a delay 7, of about half apulse-
width 7 for each absorption length 1/« in the sample
of length L, i.e., Tp~37aL. Or more rigorously,

8 csech(t-2/V)/7], d8%/dz~28%/TV for t— -,
But the leading edge of the pulse is in the linear
regime so d8%/dz=-a8? i.e., 1/V=%3ator 7p
=L/V=3aL7. Actually 7 is the full width at half-
maximum 7, divided by 1. 76.

In Fig. 15 is shown an experimental output pulse
of width 7= 3. 8 nsec delayed by 3. 3 nsec from the
input pulse by SIT in Rb with oL =5+1.5, Taking
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FIG. 13, SIT nonlinear transmission in Rb vapor.
Solid curve is a uniform-plane-wave computer solution.
Solid dots are data taken with 200-um output aperture to
approximate uniform plane wave. Triangles are data
with no aperture corresponding to a plane-wave input
with Gaussian intensity profile. The pulse shapes for
the circled points are shown in Fig. 3.
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FIG. 14. Pictorial description of one rotation of the
macroscopic polarization vector P by a coherent electric
field with envelope &, as seen in the rotating frame. The
27 sech input pulse with characteristic width r is delayed
by 7p but not attenuated by its coherent interaction with
an ideal absorber of length L and absorption coefficient
a.

7p=3. 5 nsec with detector response subtracted,
Tp~2(3.5/1.176)=5 nsec. A delay of only 3. 3 nsec
is observed. Later discussion will show that for
Fig. 15, which is also Fig. 3(b), the input area was
about 2. 57 and that «L was slightly less than 5;
both effects would reduce the 5-nsec predicted de-
lay. Delays of ~10 nsec were seen in the maximum
delay region around an input area of 7. Delays of
20 nsec were seen at higher aL’s. One could make
plots of delay vs input area as a comparison
between experiment and theory, but it seems more
exacting to compare the total pulse shape including

breakup and peaking as is done in Secs. IV A3-IV A5,
The 3. 3-nsec delay in Fig, 15 is 1000 times longer

than the 3. 3-psec transit time for the same pulse
through an evacuated cell of the same length of 1
mm. The linear dispersive delay is negligible
compared with the SIT delay. ?* The production of

a delay of several nanoseconds by a simple very
short absorber may well find application in the min-
iaturization of optical electronics. For example,
the spatial lengths of the input pulse in vacuum and
the SIT propagating pulse in the absorber are 200
and 0.1 cm, respectively.

It should be emphasized that large delays also
occur for saturation phenomena so that they are
not conclusive evidence of SIT either. For exam-
ple, a saturation effect was observed in Rb when
the 1-pusec pulse irradiated the sample. At an in-
tensity too low to saturate the b to a transition in
Fig. 9, the atoms were optically pumped from the
state b to the state ¢ via a as in conventional opti-
cal pumping. An apparent delay of several tenths
of a microsecond resulted (Fig. 16).
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3. Pulse Breakup

A third prediction of SIT theory is the decom-
position of a pulse with area between 27n — 7 and
2rn+7 into n propagating 27 pulses. An example
of the experimentally observed breakup of a 47 pulse
into two 2 pulses is presented in Fig. 17. Ina
manner analogous to Fig. 14, one could argue that
a 47 pulse coherently excites and deexcites the
atoms twice. The breakup or dip in intensity occurs
because the 27 to 37 part of the pulse is absorbed
and reemitted at a later time. The second 27 pulse
is less intense and broader because it is returned
to the pulse by the driving action of the 37 to 4x
part of the pulse which is much less intense and
longer than the strong narrow 7 to 27 portion which
stimulates the first 27 pulse. The importance of
the uniform-plane-wave condition for the observa-
tion of pulse breakup is clearly reemphasized by
Fig. 17. Breakup of 67 pulses is shown in Sec.

IV A5. Pulse breakup would seem to be a unique
signature of SIT. For highly reproducible breakup
of a single frequency input pulse as in the present
experiment such would seem to be the case. But
anything might be seen in the case of single pulse
outputs where the input may consist of several fre-
quencies from different longitudinal modes and re-
gions of greatly differing transverse intensities.?
The results of this experiment are then the first
definitive demonstration of pulse breakup in SIT.?

4. Peak Amplification

SIT theory predicts that for certain values of the
input area the peak of the ouput intensity exceeds
the peak of the input intensity. The total output
pulse energy is less than the total input pulse en-
ergy, of course. This amplification effect is be-
lieved to be a unique signature of SIT, an effect dif-
ficult to produce or explain without the coherent in-
teraction and mutual coupling between atomic dipoles
and coherent light. Certainly no saturation theory

INTENSITY

TIME (nsec)
VACUUM 87RB WITH aL=5
TIME TO TRAVERSE L _
imm CELL c= 3.3 psec Tp = 3.3 nsec
VELOCITY c 1‘-:5 ~ €/1000
APPARENT INDEX =1000
SPATIAL LENGTH  TpCs(7nSe€C)C  TC/I000
OF PULSE =200Ccm =~0.cm

FIG. 15. SIT pulse delay in Rb vapor. The input area
is close to 2.5m; oL ~5, The input pulse is obtained by
rotating the quarter wave plate through 90°; this rotation
does not change the pulse in the absence of the Rb.
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INPUT, OUTPUT

INTENSITY

TIME (psec)

FIG. 16, Optical-bumping saturation effect in laser-
irradiated Rb.

can predict peaking of a pulse in traversing a sim-
ple two-level absorber. Slight peaking can be seen
in Fig. 15 for a 2. 57 pulse and substantial peaking
for the 47 to 57 pulse of Fig. 17. If a single output
pulse is desired, maximum peaking occurs for an
area of just under 37.

The output pulses for 27 and 37 input pulses are
compared qualitatively in Fig. 18. The peaking in
the 37 case is understood by noting that the energy
coherently absorbed in exciting the atoms by the
0-7 portion of the pulse is coherently stimulated to
return to the pulse by the short intense 7—2r por-
tion of the input pulse. The 27 pulse so emitted is
then shorter and consequently more intense than
the 27 pulse emitted by the relatively longer and

200 APERTURE

INTENSITY

NO APERTURE

0 5 i0 5 20
TIME (nsec)
FIG. 17. SIT pulse breakup in Rb vapor with and
without uniform transverse intensity profile. These data
were taken for an aL of 8-10.
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weaker 7-27 portion of the 27 input pulse. On the
other hand the 27-37 portion of the 37 input pulse
is lost by this simple argument, in agreement with
the dip in transmission in Fig. 13. Figure 3(c) is
an experimental illustration of a peak amplification
of § for an input pulse with area just below 37. The
time compression of over two is even more dra-
matic at higher aL’s if a spherical wave is used to
overcome losses and compel reshaping (see Sec.

IV C).

5. Summary of Plane-Wave SIT

Figure 3 summarizes the changes in output shape
and intensity as a function of input intensity for a
1-mm-long %'Rb absorption cell with oL ~5 in the
plane-wave focal region of a 38-cm lens. The beam
diameter was about 116 um in the cell; the exit of
the cell was magnified 6. 5 times and apertured by
a 200-um diameter hole to select the uniform por-
tion of the output. Almost identical SIT effects were
observed in the second magnet with the same optics
and oL but with a 1-cm-long cell.

Somewhat more spectacular breakup and peaking
have been observed with a sampling oscilloscope
under conditions similar to those of Fig. 3 but with
less well-known parameters; for example, see
Figs. 19 and 20.

The experimental demonstration of SIT in Rb is

t
an=kf € ot

T 2w

27 INPUT

g1)=0

E(t)

SUGGESTS:
(D GREATER ENERGY LOSS FOR 37 THAN 2 PULSE
(@ PEAK AMPLIFICATION FOR 37 PULSE

FIG. 18. Simple comparison of 27 and 37 sech input
pulses. Peaking occurs for the 37 case because the ex~
cited atoms are stimulated to reemit in the short time
ty to £y when the input is maximum. Since the output
pulse has area 27 with a width not much longer than
tor —ty, its peak must be higher than the input peak which
occurs in the ¢, to ¢y, time interval in which the input
area is only .
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FIG. 19. Other examples of peaking and pulse breakup

under conditions similar to Fig. 3 but at higher aL.

then in excellent agreement with the theory as pro-
posed by McCall and Hahn and extended to Rb in
Sec. II. The absence of adverse transverse effects
is discussed in Sec. IV A7. The stability of the ef-
fect for a pulse applied off resonance is shown in
Sec. IVB. The absence of chirp in the output is
also discussed in Sec. IV B.

6. Absolute Power Calibration

The experimental data of Fig. 13 were plotted
with the measured relative input intensities but
with an absolute intensity chosen so that the shapes
of the experimental and computer outputs looked
the same for the same input. In order to make a
careful comparison of theory with experiment it is
important to compare the absolute input energies.
An earlier absolute measurement of the power which
was in excellent agreement with the above fitting
procedure will now be described. The absolute
power calibration was made in several steps since
the average power reaching the cell was too low to
measure directly. The average power emerging
from the laser in 1-usec pulses at 160 pulses per
sec was about 10 uW as measured with a Cintra
radiometer. Only about 0.8X%10% of that power was
transmitted through the Pockels cell shutter; this
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ratio was determined from the areas of the 7-nsec
and 1-pusec pulses. Measured losses in the optics
further reduced the energy per pulse reaching the
Rb vapor to 2.5%10* ergs. This energy was dis-
tributed over a Gaussian transverse spatial profile
of width 116 pm. The energy per unit area in the
central, approximately uniform portion, was then
about (1.6+0.8) ergs/cm?. The corresponding
computer-calculated energy per unit area in Fig.

17 is 1.19 ergs/cm?. The agreement is well within
the uncertainty of the measurement. The measured
value is expected to be high because the experimen-
tal pulse was not quite zero beyond 20 nsec as as-
sumed for the computer and because the power
measurement was for optimum alignment which is
then an upper limit. It was shown in Secs. IV A3
and IV A4 thatthe 1.19-ergs/cm? point with area
equal to 23 looks like a 67 pulse. The 7-nsec
square-pulse calculation of Sec. III B2 gives 25
W/cm? for a 67 pulse or 1.76 ergs/cm?. But the
actual pulse has an intensity equivalent width of
about 7.5 nsec and an electric field equivalent width
of 10.9 nsec, where the equivalent width is for a
rectangular pulse of the same maximum value and
area. Then calculating the energy flow for a 10.9-
nsec rectangular pulse, one has 0.73 ergs/cm?.
The larger energy needed in the computer solution
arises from the fact that for the output to appear

as a 67 pulse the input area must be 23="7. 37 be-
cause the input shape is not sech and because there
is an appreciable tail on the pulse which is included
in the computer area but contributes little to the
formation of a 67 output pulse.

7. Transverse Effects

By scanning the detector aperture across the
beam one effectively changes the input intensity;
the output pulse shape changes with intensity in the

>
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Il I |
0 5 10 15 20
TIME (nsec)
FIG. 20. Multiple pulse breakup in a 1-cm-~long cell

with similar optics as explained for Fig. 3. The longer
input pulse permits indications of breakup into five output
pulses. The input was probably slightly larger than shown
since the output breakup usually caused oscillations about
the input.
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same way as shown in Fig. 3.

When the laser frequency is centered on the Rb
absorption, only those atoms moving transverse
to the beam are able to absorb the light. The beam
could not be much smaller than 100 um before the
transit time of the atoms across the uniform por-
tion of the laser beam would become comparable
to the pulse length.

a. Diffraction and stripping. One would expect
diffraction effects to become important for a Fres-
nel number 7 of order unity (n=R?/xL, where R
is the limiting radius, A the wavelength, and L the
length). This is about 4 for the 1-mm cell and 0. 4
for the 1-cm cell. These numbers could be much
smaller in the 7 region in which only the central
portion becomes transparent. Such a stripping
away of the less intense edges of a pulse was ob-
served by transverse scans. Gaussian inputs were
stripped into almost rectangular output profiles
of half the width at half-maximum. One might argue
that this stripping effect of SIT is much like insert-
ing apertures which reduce the diffraction losses.?
The length for calculating the the Fresnel number
may then be o™ yielding 1 =20 and 2 for «L =5 and
L=0.1and 1 cm, respectively. In any case the re-
sults in the 1-cm cell corroborate the results of
Fig. 3 and indicate the absence of any substantial
degradation of the pulse shapes in that figure re-
sulting from diffraction, except perhaps in the 7
region.

b. Focusing and defocusing. McCall and Hahn?
point out that focusing (blooming) can occur if the
applied frequency is on the high- (low-) frequency
side of the resonance line. A quantitative estimate
of these efforts can be made starting with their? Eq.
(57) for the phase shift for a 2r sech pulse §(z, #)
=(2/kT)sech[(1/7)(t - z/V)]:

de(2) _

dz
B ar? * ,
_Zﬂg(o)[o g(wo—w)

W -w ,
X<m) dw'-w), (33)

with w, the center of the Rb absorption and w the
center of the laser pulse profile. The dispersion
function in large parentheses has peak values of
F1/27 for w'=wF1/7. A crude approximation to
the integral is found by replacing the dispersion
function by a triangular function with zeroes at w’
=w¥2/7 and 0’ =w and with values ¥1/27 at w’
=w¥1/7 and by replacing the absorber spectral
density function by g((wg -~ @)+ 1/7) for @' <w and
w'>w, respectively; i.e.,

k<w>zﬁ%(§:ﬁ){g( (0= 4 7)
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o ((wne )= 1Y] (34a)
g((o ) )]

T

- E[——(“’O - “’)Bz] e P w? L (34p)
g T
where 8= (In2)/%/rAv,, and Av, is the full width
at half-maximum Doppler width. Equation (34b)
was obtained by expanding g((wg— @)£1/7)
= g(0)e B @0 @*1/M2 i nowers of B/7. The phase
shift ¢ over a distance L may now be estimated.
Assume «aL =20 as the largest reasonable absorp-
tion and choose wy~ w =~ 2rAvp for which ¢ is ap-
proximately maximum. Then with Av,=0.55 GHz
for ®Rb, ¢ =kL=-0.32/7 with 7 in nanoseconds.
For an input Gaussian transverse spatial profile,
the phase difference between a 27 input intensity
from the center of the profile and a 7 input intensity
from the edges is then A¢ =-0.032 if 7=5 nsec for
the 27 output pulse and 10 nsec for the 7 output
pulse. So for the laser frequency above the absorp-
tion center the central portion lags behind the outer
portions and focusing occurs. But the focusing in
this example is weak: The change in distance is
Al=A@X/2r~—-0.004 pm. If the 7 intensity occurs
at a radius of 40 um from the profile center the
focusing angle is 107 i.e., the focal length would
be about 40 cm. Presumably this focusing and the
corresponding defocusing for the laser frequency
below resonance could be observed. But focusing
and defocusing were unimportant in the experiment
summarized in Sec. IV A5, where |wy~w! < 2r4v,/
10 and oL ~5 (yielding a focal length of 1600 cm or
more by the above estimate).

Consistent with the lack of any important adverse
transverse effects, there was no evidence for the
formation of filaments as reported in Ref. 2.

B. Off-Resonance Plane-Wave Case

The experimental results of Sec. IV A were all
for the case of the laser frequency equal (within
Avy, /10) to the center frequency of the inhomogene-
ous absorption profile of width Av,. It was simple
to increase or decrease the magnetic field to study
SIT off resonance. Careful pulse shape and non-
linear transmission data were not taken and com-
pared with theory. But qualitatively the pulse
shapes off resonance were identical to those on
resonance provided the density was increased to
give the same aL off resonance. In other words,
the pulse shapes changed with «L by tuning off reso-
nance in the same manner as when aL is changed
on resonance by varying the temperature.

1. Focusing

No focusing or defocusing effects as discussed
in Sec. IV A7 (b)were observed even though the region
of maximum effect was scanned. However for alL
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FIG. 21. Frequency shift away from the center of the

absorption resonance at low input intensities. The laser
frequency was about 0.7 GHz above the center of the 0,55~
GHz wide absorption profile. The output was integrated
almost three times as long as the input. «L at the laser
frequency was roughly 7.

~5 the focal length from Sec. IVA7 (b)should have
been about 160 cm which would have been difficult
todetect with the shorterfocal-length optics used.
Certainly focusing and defocusing effects were
small under the conditions of this experiment and
rather than being a problem they would require
careful measurements to be seen at all.

2. Frequency Shifting

The question arises to the stability of off-reso-
nance SIT pulse propagation. Diels has treated this
case numerically assuming a Lorentzian absorp-
tion profile of width 0.1 GHz centered 0. 2 GHz
above the laser frequency.?” He found that a 2r
sech input pulse propagates with no change in shape
or frequency as shown analytically by McCall and
Hahn. But a sech input pulse of width 8 nsec and
area of 1. 67 was pulled toward the transition fre-
quency by 0.02 GHz while the area reshaped to a
2w sech output pulse. An on resonance oL of about
34 was required for this reshaping corresponding
to an oL of about 2 at the laser frequency. Thus
Diels’s computer solution is in agreement with the
observation mentioned above that reshaping occurs
at about the same rate on and off resonance for the
same aL. Diels’s computer calculation yielded a
shift of 10% of the laser-absorber frequency differ-
ence with the input pulse profile spanning about 20%
of that difference (assuming his 8 nsec is the
FWHM) and 40% of the linewidth. In the Rb sys-
tem, a 5-nsec pulse spans only about 15% of the line-
width. One would then expect the frequency pulling
to be less since there is less change in oL across
the pulse profile.

A search for frequency shifts was made using the
Fabry-Perot described in Sec. IITA3. A PAR 160
boxcar and PDP-8 data averager were used to in-
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tegrate the short Fabry-Perot output pulses to im-
prove the signal-to-noise ratio. The integration
was limited to a few minutes by slow drifts of the
Fabry-Perot spacing and the laser frequency. The
Fabry-Perot instrument function had a FWHM of
about 25-30 MHz with 3000-MHz free spectral
range as determined with the 1-usec-long laser
pulse. Frequency shifts of 5 or 10 MHz of the out-
put relative to the ~100-MHz-wide input profile
could have been seen. No pulling toward the reso-
nance was observed over a wide range of input
areas (*7-37) and aL’s (3-10) and out to two Dop-
pler widths below the lower 5'Rb resonance or
above the upper one.

Two effects were observed however. First, at
the lowest input areas around 7 a shift was seen as
much as 10 or 20 MHz away from the resonance
with the laser frequency about a Doppler width
above or below the transition frequency (see Fig.
21). This shift away from resonance is expected
at low intensities as a consequence of the higher
absorption coefficient for those Fourier frequency
components of the pulse closer to resonance. It
is interesting that Diels’s numerical solution shows
a shift away from resonance in the first 10% of the
sample length, probably because a thin sample ab-
sorbs more of the frequency components close to
resonance but is too weak to appreciably reshape
the pulse. At greater sample lengths reshaping be-
comes more important; since there are more atoms
closer to resonance taking part in the reshaping it
is plausible that the pulse center frequency shifts
toward the resonance center. But in the Rb experi-
ment only the linear shift away from center was
observed. The absence of experimental shifts
damped out the intention to study them numerically.
A shift of 2% of the absorption width could have been
detected compared with the 10% shift in Diels’s
numerical solution. Presumably, the smaller ratio
of pulse frequency width to absorption width and
perhaps the Doppler rather than Lorentzian profile
account for the unimportance of frequency pulling
in the Rb case.

The second interesting observation was the change
in pulse frequency profile as a result of SIT reshap-
ing. A 27 pulse changes shape very little in either
the time or frequency domain. But a 37 pulse is
narrowed (broadened) in the time (frequency) do-
main and conversely for a 7 input pulse as shown
in Fig. 22.

3. Chirping

That the output pulse profile appeared as the
Fourier transform convolved with the Fabry-Perot
instrument function is taken as a convincing de-
monstration of the absence of large chirps intro-
duced by SIT. Such convolutions were not carried
out with precision, but any chirp would have to be



1652 R. E.
\a)
6
>
= nseC 1 inpuUT
w
2z
w
-
z
OUTPUT
7y
/ \
/ \
/ \
/ 9 nsec \
/ NN
\\
//
0 10 20 30
TIME (nsec)
(b)
.
-
o
=
2
(o]
-
o
a
w
a
1
E 95
MHz
2| iNPUT
u
60
MHz
OUTPUT
L 1 L L
0 100 200

FREQUENCY INCREMENT (MHz)

FIG. 22. SIT lengthening of a = 1 pulse in the time
domain (a) accompanied by narrowing in the frequency
domain (b). The output in (c) was integrated 3 as long
as the input.

small compared with the frequency width. The

lack of any noticeable change in profile for a 27 in-
put pulse would be inconsistent with a chirp of more
than 10 MHz for the duration of the pulse. David-
ovich and Eberly® have invoked the possibility of
chirping to explain the difference between their very
short preferred-pulse-width SIT pulses and the Hg-
Rb results, but they have given no estimate of the
magnitude of the hypothetical chirps. The slowly
varying envelope approximation leads to Eqs. (19)-

SLUSHER AND H. M. GIBBS 5

(22) and (9) without the % term, the numerical solu-
tions of which are in excellent agreement with ex-
perimental results as discussed in Sec. IV A.
Chirps were not permitted in the calculations and
did not appear in the observations to the accuracy
stated above. In Appendix A it is shown that the
terms usually discarded, but retained by Davidovich
and Eberly in Eqs. (9) and (10), are negligible for
the Hg-Rb system and may be masked by effects
caused by nonresonant levels.

C. Pulse Shortening with a Uniform Spherical Wave

In Secs. IVA3 and IV A4 it was shown that a uni-
form-plane-wave input pulse with area just under
37 is reshaped by SIT into a propagating pulse of
area 2y with its peak amplified and its width nar-
rowed relative to the input pulse. With lenses the
output 27 pulse could be spatially compressed to
increase its intensity to 37; further compression
and amplification could then be achieved in a sec-
ond sample, etc. This sequential scheme is approx-
imated crudely by focusing the input through a
single absorption cell with a simple lens. A com-
pression of an order of magnitude has been reported
by this technique.? A 1, 3-cm focal-length lens
focused the 0. 8-mm-diam laser beam through a
87Rb absorption cell of length L =5 mm; see Fig.
23(a). The unchirped 10-nsec input pulse was the
single-pass transmission of the 1-usec laser pulse
through the Pockels-cell shutter. A Sylvania 502
GaAs crossed-field photomultiplier and 75-psec
rise-time Tektronix sampling oscilloscope pro-
vided fast detection (see Sec. IIIC). The results
are shown in Fig. 23(b) in which each trace was
obtained by 30-sec sweeps of the sampling gate
corresponding to about 5000 distinct input pulses.

A computer simulation of this pulse compression
was made in which Eq. (9) was replaced by

88 188 & 2 =
wte —a-z-=—;-—~z—wf glaw)v(r, t, Aw) d(Aw)

- (35)

for an incoming uniform spherical wave, where 7
is the radial distance from the focal point. The
agreement between the calculations and data shown
in Fig. 23 is excellent considering the averaging
effects of diffraction and limited time response and
stability.

A simple argument favoring the geometry of Fig.
23 is as follows: An input pulse of area A equal to
37 loses an area of 7 while being reshaped into a
27 pulse in a reshaping length Lp=R/a, where R

is typically 3-5:
9A -A
7 | gr - 3Lg (36)

Reshaping, and hence amplification and compres-
sion, will continue throughout the absorber if this
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FIG. 23. Optical-pulse compression by focusing. (a)

Optical-pulse compressor. L1 is a 13-mm minimum
aberration single-element lens. The top and bottom of the
absorption cell were about 6.6 and 1.6 mm above the

focal point, respectively. The aperture A shown at the
cell exit was, in fact, a 25-um aperture placed at the
image plane of an output magnifying telescope consisting

of 2.5- and 31-cm lenses. (b) Comparison of experimental
data with computer simulation. The solid and dashed
curves are the experimental and theoretical output pulses
with L~ 25 as viewed through the 25-um aperture. The
dotted curve is the pulse detected through the aperture with
aL ~0 (obtained simply by converting the input polariza-
tion from absorbable right-circularly polarized to unab-
sorbable left-circularly polarized light). The input pulse
area of 3,57 assumed in the uniform-profile computer
calculation agrees well with the experimental calibration
of the area by SIT without focusing. In the computer calcu-
lation the pulse intensity is assumed to increase by focus-
ing as the inverse square of the distance to the theoretical
focal point. The inclusion of diffraction, laser amplitude
fluctuations, and time jitter would broaden and attenuate
the computer output pulse.
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reshaping loss is offset by a gain A/3L;. Or since
A=(2p/n) ., 8(t)at,

88 8

N 37
97 |eatn 3Lr 37

But from Eq. (35) the gain from a single simple
lens is /7. So optimum compression occurs
when 7 is approximately constant and equal to 3Ly.
The cell was placed as shown in Fig. 23 to approx-
imate »=3L;. Inclusion of the focal region within
the cell increased the transmission but reduced the
compression because the gain in pulse area by
focusing was much greater than the loss by reshap-
ing.

The actual input area in Fig. 23 was probably
somewhat over 37; with an aL of 25 any small sec-
ond pulse is greatly attenuated. But for higher in-
tensities breakup into two well-separated pulses
can be seen as shown in Fig. 24.

Since the 0. 55 GHz ®"Rb Doppler absorption width
is little larger than the spectral width of the com-
pressed pulse z(ﬂzr'r,)'l ~0. 3 GHz, the question arises
whether the compression is limited by the absorp-
tion width. In Sec. IIIB1 and Fig. 11 itwas shown
that the ®*Rb absorption at 74. 5 kOe is inhomogene-
ous and almost uniform over 3 GHz. Experimental
and computer comparisons of both ®Rb and ¥’Rb
showed little difference in their effectiveness in
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FIG. 24. Pulse breakup of a uniform spherical wave

into two well-separated pulses. Conditions were similar
to those of Fig. 23 except for slightly higher «L, and of
course, higher input intensity. The compensation of
losses by focusing permits a high oL, and hence good
pulse separation, without excessive reduction in the trans-
mission.
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compressing the 10-nsec input pulses. Presumably
%Rb would be preferred for 1-nsec input pulses
however.

V. SUMMARY

The ideal conditions for observing the important
features of self-induced transparency as predicted
by McCall and Hahn have been shown to be closely
approximated by the Hg-Rb system. Excellent
agreement between computer simulation and actual
observation was obtained for the following interest-
ing features: nonlinear transmission, large delays,
pulse breakup, and peak amplification of a uniform
plane wave and time compression of a uniform
spherical wave. These basic characteristics of SIT
were shown to be much more important than focus-
ing, defocusing, or frequency shifting, or chirping
evenoff resonance. Theterms in Maxwell’s equations
(9) and (10) retained by Davidovich and Eberly in
their preferred-width pulse theory were shown to
be negligible over the times of the present experi-
ment, consistent with the excellent agreement
between data and the theory of McCall and Hahn.

Possible extensions of this work include pulse
compression in the picosecond regime, SIT in
homogeneously broadened absorbers, investiga-
tions of ways to approximate the nondegeneracy
and uniform-plane-wave conditions more easily
in a greater number of systems, and development
of SIT optical integrated circuit delay and compres-
sion components.
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APPENDIX A: PREFERRED-WIDTH REGIME

Davidovich and Eberly (DE) retain the u term in
Eq. (9) and the 8§/, &, and v terms in Eq. (10).°
They assume that 8¢/8¢=0 so that four of their
equations look like Egs. (22) and (24)-(26) of
McCall and Hahn.? They then find the McCall and
Hahn equations (42) and (52)—(54) stillto be the solu-
tions for 8, u, v, and W. Thenby substitution in
their original equations and assuming a Lorentzian
spectral profile g (Aw) they obtain values of the pulse
velocity V, field §, pulse width 7, and linear phase
shift Ak=®&'=088&/8z as a function of the atomic pa-
rameters. In the DE solutions there are sech® and
sech terms in the second wave equation; equating
of the coefficients of the sech® and sech terms to
zero fixes both V and 7. On resonance for Rb they
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find V=% and r~0.1 nsec. Why are these values
so different from the values V=¢/1000 and 7=10
nsec found experimentally ? DE attribute this dif-
ference to chirping in the experimental pulse.®

The various terms in the wave equations are
evaluated crudely in Table II for the conditions of
the present Rb experiment and for the parameters
of the DE solution. In the first equation shown in
column (a), the 8’, &, and w? terms dominate in
both cases since &'/ and &/w are less than 107
even off resonance. It is the second wave equation
of column (a’) which leads to the preferred-width
results. For on-resonance calculations [g(w) maxi-
mum for w=w,|, this equation has been neglected
entirely as in the simulation of the Rb experiment
[symmetric g(w) is assumed]. This appears justi-
fied because all of the terms are small relative to
the terms driving § in the first wave equation. For
example, A§/& ~% in a time 7 from the w?v term
of (a) but A§/8 ~10°%if §''= - (8n/c?)[gwo in (b").
However, DE do have a point in that this equation
must be satisfied. How is this done without making
V large so that the sech® part of the 8" term is as
small as the wo term? From the numerical esti-
mates given in (b’), it is apparent that the §'' term
is not offset by unchirped on-resonance terms.
Then how large a phase shift would be necessary to
satisfy (a’)? The && term cancels the §’’ term for
&/w=~10"" or a net chirp over the pulse of less than
50 kHz or a phase shift of about 2 mrad. Alterna-
tively &'/k~10"° or a phase shift of 0. 01 mrad would
suffice. This would require that the ®§ and &'&
terms have sech® components, i.e., $ and & must
have sech? components. So although (a’) must be
satisfied, this might occur in a number of different
ways not all of which include chirps. Thus the chirp
required to satisfy the second wave equation would
have been much too small to have been observed
in the Rb experiment. If the laser-absorber co-
incidence were stable to a few Hz and ¢f spontaneous
emission losses could be eliminated and if no other
terms such as from other transitions or chirping
were important, then in a sample length of several
hundred absorption lengths (a~!) the pulse might
evolve to the preferred width and velocity. But
for practical conditions the SIT features discussed
in Secs. IVA1-IV A5 (which occurin the first few
absorption lengths) would proceed with no need
for the DE solution to explain them.

Are there other experimentally realizable condi~
tions under which the DE approach is essential for
a correct treatment? When the input pulse width
is in the neighborhood of the DE preferred width,
the terms retained by DE can no longer be disre-
garded. For example, if a 0.1-nsec input pulse
were incident on *Rb, then A8§/8 ~1 from the w?v
term of (a) in Table II and A§/8 ~1 from the on-
resonance wv term of (a’). That is, both wave
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The terms of the two equations are listed

in columns (a) and (a’). In columns (b) and (b’), numerical values of the terms are given for the present Rb experiment
with the following approximations. A traveling wave solution is assumed: 8/8z=—(1/V)8 /6t~ —1/VT with V=¢/1000 and
7~ 1078, The value of § is assumed to satisfy k§7~ 27, K=8Xx 10°, The integrals over the spectral profile g(Aw) are ap-
proximated by [g(Aw)f(Aw) d(Aw) ~g(0)f(©0) for symmetric f(Aw) and [g(0)f(0)/7] [6w/(1/7)]for asymmetric f(Aw) where
F(Aw) has width ~ 1/7; g(0)=0.27x 10~ from the Doppler profile. Finally «(0)=v(0)=Np~4x 10-°. All units are cgs.
The terms included by McCall and Hahn and by Gibbs and Slusher are underlined. In columns (c) and (¢’) a similar
evaluation of the terms is given for the Davidovich and Eberly solution: V=3%c, T~ 10-19; they included the underlined terms
in their analytic solution. The 76w terms vanish on resonance and w=1/7. The & and &' terms are difficult to evaluate;
usually & =9®/6¢ is assumed zero to eliminate & terms in the Bloch equation.

(a) (b) () @’) (b*) c’)
-2k & 104 6x 10° & 10-1 10
- 2 * -
—281 8 10% /% 1088 /k —% 10~ 1
2 o
—227 w8 102 4% 105 - 238 10887/ 1019%7 /1
2 .. . . .
+27; 28 10%2/w 108/w - (@)% 10%(&/k)° 1011(@ * /k)?
—8a 109@ n/kZ 10“@”/}32
+1288/c? 10%5 /0 1013/ 02 - 2—25 wd8 10°0 /0 1018/ 0
S 1040/ w? 1058/ w? +L(3)28 10%(®/ w)? 10113/ w)?
2 J8U 2
C C
+§%T‘fgi" 1071 10° =j—;ng1'i 10750 10"% 18w
8 .
+-§7"fguxz 1076w 1075w -~ Jgwd 103 10
8 :, . . 8 .. o .
—;zlfgdm 1073(&/ w) (T6w) 10(®/w) (Tow) +;—2’3fg<1>v 1073¢/w 10&/w
4
—--j—;lfngv 104 10° —;7" Jgw'u 104760 1086w
. . . 8 . . .
+-687"fgw<1>v 10%®/w 10%®/w + c—;’ [gwdu 104®/w) (T6w) 108(8/w) (Téw)
-‘f% Jgd% 1043 /w)? 108(8/w)? —%gl Jg@) 1048/ w) 2 (16 w) 108(3/ w)2(T6w)

+§T’ngv21§ 1040/ w? 1088/

equations contribute about equally to changes in &,
and both would have to be included in a correct the-
oretical calculation even on resonance (assuming

no relaxation, no off-resonance levels, and no
backward traveling wave introduce dominating terms
or destroy the independence of the two wave equa-
tions).

The 0.1-nsec Rb experiment would still not be
easy to accomplish under the DE assumptions. For
exact resonance with two levels and &=0, the in-
evitable presence of other electric dipole transitions
in real systems can easily contribute more to the
second equation (a’) than the DE terms. Off-reso-
nance transitions can be divided into two classes:

(I) those with the same lower level as the resonant
transition and (II) those from other occupied lower
levels. For Rb the most important class II transi-
tions are the D, transitions from the other three
M, levels (see Fig. 9). The DE term [gwvy is ap-
proximately g(0)wvy/7% where vy < Ng py is the on-
resonance polarization. The w? term, which van-
ishes by symmetry for the resonant transition, is

non-negligible for off-resonant polarizations uyy.

In the rotating frame the polarization adiabatically
follows the effective electric field far off resonance,
S0 uyp *Nyg pyr/TAw [Eq. (52) of Ref. 2b]. Assum-
ing Aw is almost constant over the nonresonant
spectral profile gyz(Aw) of width 5, one has

f grrwiuyg d(Aw) =g yg (O)WZT/R5/TWQR ’ (A1)

where wgg is frequency difference between the two
transitions. The ratio of the w?uyy term to the
wvg term is then

ngR(O)_G__NNRﬁNR
gr(0) wer Nphr

For ®Rb this reduces to wT8/wqg ~6x10° with &
~0.56 GHz, wgp ~1.9 GHz, and 7=10 nsec. For
the present experiment the w?uyy term still intro-
duces only a slight linear phase shift. The large
ratio of the w?x term to the DE term would not
change the DE analysis. It appears that the w?uyz
term in the DE analysis results in A2+0, V=~ic,
and a different preferred width.

wT . (A2)



1656 R. E.

The largest class I transition in *Rb is the
D, (S, /5 to 2Py ,,) line of the same m;. The lower
level of the off-resonance transition is emptied and
refilled by the action of the & field on the resonant
transition. The off-resonance polarization is then
unable to adiabatically follow the effective electric
field since it is modulated by the effect of the on-
resonance polarization. The w?uy, term may then
contribute sech® terms which would change the V
~3c of DE. The ratio of the magnitudes of the
w?uyr and wvy, terms is again approximated by Eq.
(A2). For the D lines in ®'Rb, the ratio is about
100 with 6 0. 56 GHz, wgz~238 cm™, and 7=10
nsec. In this case, it is quite likely that the DE
analysis is inappropriate and that the off-resonant
transitions would contribute much more to the evo-
lution of the pulse envelope than the DE term. It
is difficult to conceive of a real atom where this
would not be the case.

In conclusion, it has been shown that the DE pre-
diction of a preferred width and velocity does not
invalidate the good agreement between the present
experimental results and the usual theory of SIT
based on the neglect of the second wave equation.
Evolution toward the DE preferred values is un-
doubtedly quite slow. Spontaneous emission damp-
ing would ordinarily destroy the pulse long before
the preferred values were attained, unless the in-
put pulse was very nearly the preferred pulse it-
self. Even so, other electric dipole transitions,
which are always present, introduce terms much
larger than those included by DE. Even if one
granted the other assumptions of DE, the $=0 as-
sumption would still be suspect. The stability of

the preferred solution should be examined by solving

the set of five simultaneous equations with u, v,

W, &, and & all being functions of Aw, z, and ¢.
Laboratory systems also have incoherent damping,
inhomogeneities, and particle velocity effects which
may affect the propagation more than the second
wave equation. The pulse evolution in a real ab-
sorbing system in the picosecond regime is now
under study.

APPENDIX B: BLOCH’S EQUATIONS FOR SPONTANEOUS
EMISSION

Several theoretical treatments®° of SIT have in-
cluded damping caused by incoherent-decay pro-
cesses. However, previous inclusions of the trans-
verse (decay of # and v) and longitudinal (decay of
W) decay times, T, and T,, respectively, do not
specify how they are evaluated for spontaneous
radiation between states of a two-level atom. In
addition, for the Rb atom in a magnetic field studied
here, the excited state also decays spontaneously
to a third level. Decay from the third level back
to the ground state is very slow compared to the
nanosecond time scale of the SIT experiment, so
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that atoms decaying to the third level are lost from
the excited two-level system. This third-level loss
is small for Rb (effects on the SIT pulse shapes are
only a few percent), but it has been included in the
computer solutions for accuracy and completeness.
Inthis Appendix the spontaneous decay is included
correctly into Bloch’s equations, and afourthequa-
tion is added to account for losses to the third level.
Effects caused by radiation trapping are not included
because they are difficult and geometry dependent
and are expected to be small for the densities used
in these experiments (x~10°-10'2 cm™®). Radiation
trapping may be quite important for densities above
10'* cm™® and their effect on SIT might be quite
interesting.

The theoretical treatment of a damped driven
two-level atom by Mollow and Miller® is followed
here. Their treatment correctly includes spon-
taneous decay between states of a two-level sys-
tem. In terms of the usual density-matrix notation
their Eqs. (2.42) and (2. 43) give

Paa == Kpyq » (B1)

Py = KDy » (B2)

Pas == 5K Pas (B3)
where

K=1/7, . (B4)

Next, to include loss from the excited state to the
third level, one can follow Hopf and Scully,!® who

treat losses from both ground and excited state to
other states. For Rb using their notation we have

Y%a=1/Toe, %=0, (B5)

Yar =2V + %) = 3%, - (B6)
Now, using the Bloch equation notation,

(0 2)=Pgq = Pop = 2W/ Ny , (B7)

(0% ) =Py + Poa = 24/Np (B8)

(oy)=(pgy = Poa) = 20/Np , (B9)

one obtains [with Egs.(1.10a)~(1.10d) of Ref. 10b
and Eqgs. (B1)-(B3) above] the following Bloch
equations:

u=+vaw - (y, +K) 3u , (B10)

1}=_qu_(.},“+1()%_1‘%8_. w, (B11)

W=v8w - (3, +K)x+ W), (B12)

x==3%y, (x+ W), (B13)
where x is defined as

%= 3NFiwg (04q + Ppp) - (B14)

The transverse and longitudinal relaxation are now
identified as
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1 Y, po 1
" 2+K 2_‘_C“;+Tab s (B15)
1 y+K_ 1 1
T, 2 21, 27’ (B16)

for Rb, 1,.=84 nsec, 1, =42 nsec, T,=33.6 nsec,
and T,=56 nsec. The Bloch equations in terms of
T, and T; are shown in Eq. (19)-(22).

APPENDIX C: COMPARISON OF KERR- AND POCKELS-CELL
SHUTTERS AND PHASE STABILITY OF THE OPTICAL PULSE

That a Kerr cell does and a Pockels cell does
not introduce a time-varying phase shift on the
short output pulse can be seen as follows. Let the
linearly polarized laser pulse be represented by

E=8,0t)x+9)2"2cos®, (c1)

where §(¢) is the microsecond scale variation in
the laser output and ® =wt - kz. The effect of the
Kerr cell is to introduce an additional phase $¢(t)
along the applied field direction 9 and to reduce the
% phase by 3¢ ()%

Egc =%‘¥2@~) [%cos(®-30)+Hcos(@+3¢)] . (C2)

The final linear polarizer of the Kerr-cell shutter
(KCS) transmits only along (% — $)/V2:

EKCSZ[(&_j))' —E.KC/\/E] (C3a)
=8 ,(f) sinko(t) sin[@++ ()] (C3b)
=8 xest) sin[ @+¢ @(1)] . (C3c)

Thus, the phase of the Kerr-cell output is time de-
pendent, i.e., it is impossible to choose a frame
of reference rotating at a constant angular velocity
in which the optical driving field is fixed in direc-
tion. Since ¢(¢) varies from zero to 7 and then back
to zero, the direction of Ex.g changes by 30° and
back in the rotating frame. This behavior violates
the assumption of no phase variation of Table I
(A1),

The Pockels cell introduces a positive phase
shift along one axis and a negative one along the
other®:

- 8 . .
Epc= \/"g) [xcos(®@—-3B)+Pcos(®@+38)]. (C4)
The Pockels-cell-shutter pulse is then
Epcs=8,(t) sinzB(t) sin® (C5a)
=8 pos(t) Sind® (C5b)

i.e., apulse of constant phase and variable ampli-
tude appearing at rest in the appropriate rotating
frame.

- Thedistinction between the Kerr-cell and Pockels-
cell pulses was further investigated by mixing each
with the long input pulse. The input pulse was con-
verted to the output polarization by two linear po-
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larizers. With mirrors and beam splitters it by-
passed the Pockels shutter and rejoined the Pockels-
cell beam before being mixed by the TI1XL59 silicon
avalanche photodiode. This different path through
air fluctuations, mirror vibrations, etc., intro-
duced a time-varying phase shift a(¢) unto this
reference carrier wave

E,=8,(t)cos(@+a), (C6)

where the amplitude is adjusted to equal the peak
of Excs and Epqg. The mixing signals are then

dEc+Excs‘a>av:%g(2)[1+5in2%¢
- 2sins¢ sin(a -4¢], (C7a)
(| E, + Eocsl)ay =363 (1 + sin}p
- 2sina singg) . (C'7b)

Assume that (E%.g),, and (E.g). are equal to
182%sin?iB and are given by the dashed curves in
Fig. 26. The expected signal for various values
of the uncontrolled phase « are given in Figs. 25(a)
and 25(b) as calculated from Egs. (C7a) and (C7b).
Corresponding experimental mixing signals are
shown in Fig. 26. Incomplete mixing prevented

2
Q
2
»

T

a=31/2

€

w

< lEC * EKCSIZ>AV/

}_ a=3m/2

2
<|EC + EPCS|2>AV/i§—

TIME (nsec)

FIG. 25. Calculated mixing of the output pulse from
the (a) Kerr-cell and (b) Pockels-cell shutters with the
carrier wave of the same frequency but with phase
difference @. The shutter input pulses are the dashed
curves in Fig. 26. The undesired phase shift in the
Kerr~-cell pulse gives rise to the higher frequency oscilla-
tion in (a) (e.g., @=4m). The dashed curve in (b) is an
example of the asymmetry occurring with a linear chirp
(of +7 in the figure).
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3 ~d[L(w) dw] = dx Ryyliwn(w)dw , (D2)
.o where n(w) 6w is the density of atoms able to absorb
“i\' . light between w and w +6w.*® The absorption coeffi-
K . cient k(w) is then
5 I
¢ klw)=- gi(—@)—/%= 4rtwpin(w)/%ic , (D3)
v . L (w)
\u—/o w where the transition dipole is pg=el(#,),,|. For a
7 < Doppler broadened line
T e T e n(w)=nmyglw) = mpan™!/2 7 e 0® (D4)
)
TIME fnsee where n, is the density of atoms in the ground state
b, vo=wgy/2r is the center frequency of the transi-
wole ol tion, and a=(In2)"/27Av,, where Av, is the Doppler

€

<|Ec+ EPCS|Z>AV/

/ N
// N
o - ! L ! 1 St —— ey
0 10 20 30 40
TIME (nsec)
FIG. 26. Experimental mixing of the output pulse

from the (a) Kerr-cell and (b) Pockels-cell shutters with
the carrier wave of the same frequency but with random
phase differences. Comparison with Fig. 25(b) shows
that the Pockels-cell output pulse was free of phase shifts.
Dashed curves are the experimental inputs.

attainment of a maximum twice the sum of the
separate input intensities. However, several con-
clusions can be drawn. First, an extra oscillation
occurs in the Kerr-cell mixing signal for some &’s
as anticipated, showing the undesired phase shift.
Second, the symmetry in both cases demonstrates
that the integrated chirp over the pulse is much
less than 1/7. The dashed curve in Fig. 25(b) in-
dicates the effect of a linear chirp from 0 to 7 over
the entirepulselength. Third, the Pockels-cell-
shutter optical pulse used in the present SIT ex-
periments was free of significant phase shifts and
chirps as required, i.e., ¢ <1/7.

APPENDIX D: ABSORPTION COEFFICIENT AND ELECTRIC
DIPOLE MOMENT

The transition probability per unit time that an
atom will absorb a resonance photon of frequency
vo=(E, - E,)/h in a transition from ground state b
to excited state a is%

Ry = 4m%e(w) | (r, ) |2/ Poc (D1)

where I(w)Aw is the total incident intensity in Aw
and (7,),, is the matrix element of the component

q of the electron position vector T along the direc-
tion of polarization of the incident light. Neglecting
spontaneous emission back into the beam, one has
for the decrease of the intensity in a distance dx

width (FWHM).3® The absorption coefficient a at
the center of the line is then

a=klwy) =8n2n, pi(n~ In2)/2/(\iav ) . (D5)

This expression agrees with Eq. (36) of Ref 2(b) if
the dipole p, is related to the McCall-Hahn dipole
Pun bY po=V2pyn

The electric dipole moment is found from the
measured lifetime 7, of the upper state and the
theoretical expression for spontaneous emission.
The total radiative lifetime of the Rb 5p 2P, /2 €X~-
cited state has been measured to be 28.1+0.5
nsec.’ The partial lifetime of the 2P, ,,(M, = + 3,
M) to 2S,,,(M,=~-3%, M,) transition is needed to
calculate the dipole moment of interest here. Since
state mixing is negligible, the low- and high-field
values of the lifetime are the same. The total life-
times of the excited substates are all equal. Since
the high field effectively decouples Tand 3, AM,;
=0 for an electronic transition. The 2Pl,2 (M,
=+3, M;=%) excited state |a) can then make a
transition to the 2S,,, (M, = -3, M;=3%) ground state
Ib) or to a third state Ic), 2S,,, (M;=+3) (see
Fig. 9). Neglecting the 6-A difference in wave-
lengths of the two transitions

Tae/Tas= | ) |7/ | (r0)]2
(~ 1 ) (-i <1>

[ (7'M |71, @) TM, |2

(D6a)

(D6b)

where

J 1 IV, e
oc(_M} g MJ) (" @) ng)

by Edmonds’s Eq. (5.4.1).% Then since
1,11 (o)

Tac Tav Ta

and 7,= 28 nsec, we find that 7,.= 27, = 84 nsec.
From the partial lifetime 7, =42 nsec, one finds
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the dipole moment p,=6.16%10"!® esucm from Eq.
(36.22) of Ref. 32:

L_4e 2 4w0
Ter 3_7&:5”( Pl "= gt (o)
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since | (J'=3, M'=5\F|J=3%, M=-$) =1 =4,

=3lr(}, 1)1J=%, M==-3)=p,/e.%3® The dipole
moment to be substituted into the theory using the
notation of McCall and Hahn is then p =pyy=py/V2
=4,35%10"% esucm.
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