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Determination of the speed of light by absolute
wavelength measurement of the R(14) line of the
CO; 9.4-um band and the known frequency of this line
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Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
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A precision long-arm scanning Michelson interferometer system is described that is capable of measuring absolute
laser wavelength to within several parts in 10° in the 10-um spectral range and to within several parts in 10!! in the
visible range. The R(14) line of the CO2 9.4-um band is measured to be 9.305 385 613 (70) um. This measured
value and the known frequency of this line give a value for the speed of light: ¢ = 299 792 457.6 (2.2) m/sec, in
agreement with the recent independent measurements of ¢ and its recommended value.

Since the late 1960’s, in a continuing experimental
program at MIT, a precision scanning long-arm vacuum
Michelson interferometer has been developed and
perfected for an accurate comparison of two widely
different laser wavelengths, one of them lying in the far
infrared or the infrared and the other in the visible re-
gion. In the experiment, the visible laser is a fre-
quency-stabilized He-Ne 633-nm laser having an ac-
curately calibrated wavelength with respect to a Kr
standard. The measurements are performed by si-
multaneous fringe counting and relative fringe-phase
comparison at the two wavelengths, while the scanning
arm of the interferometer is varied over a path length
of about 50 cm. The precise absolute wavelength of the
far-infrared or the infrared laser is obtained from this
simultaneous fringe counting and the calibrated
wavelength of the He-Ne laser. On-line data processing
has made possible measurements of relative phases to
within a small fraction of the He-Ne red fringe. The
limiting accuracy of these measurements is set by the
ability to make correction for the systematic fringe shift
caused by diffraction. These shifts were minimized by
using large-aperture optical components. Other major
practical limitations to the accuracy arise from the
laser-beam quality, the quality of optical surfaces, and
the ability to align the two laser beams collinearly.
Over the past several years, the design of the inter-
ferometer and the measuring procedures have been
refined to obtain higher accuracy.!? Our accuracy limit
at this time is several parts in 109 in the 10-um region
of the spectrum. In the visible region (where the dif-
fraction fringe shift is appreciably less), the interfer-
ometer can be adapted and applied to the absolute
Jaser-wavelength measurements to within a few parts
in 10'". Because of its low-Q and broadband operating
capability, it can be used as a broadband spectrometer
for precise spectroscopic studies through accurate laser
wavelength measurements over the entire wavelength

region permitted by its transmitting optics (the beam-
splitter, the windows, and the compensator). An ap-
plication of this has recently been reported? in a spec-
troscopic study of the COy 0111-(1110,0310); band,
which oscillates in the 11.2-um region.

The first use of this interferometer in a precision
determination of ¢ by simultaneous measurements of
the absolute laser wavelength and frequency was re-
ported! in 1969. In that experiment the interferometer
was used to measure the absolute wavelength of a D,O
84-um laser radiation: this, together with the precise
measured frequency? of that laser line, gave a value for
the speed of light to within an accuracy of 2 parts in 108,
comparable at that time with the best previous mea-
surements. This Letter reports the application of the
interferometer with the improved precision to an in-
dependent determination of ¢ to within an accuracy of
7 parts in 109 the measurement is done by precise
wavelength determination of the center of the Dop-
pler-free resonance of the R(14) line of the CO; 9.4-
um (00°1)-(10°0, 02°0);; band.> The known absolute
frequency of this line® and the measured wavelength
give a precise value of ¢. Our measured value agrees
with the recent measurements of ¢ with a comparable
accuracy.”

Figure 1 is a block diagram of the experiment. An
important feature of the interferometer is the use of a
flat mirror on one arm and a corner reflector on the
variable arm: with this configuration the two beams
having different wavelengths can be made accurately
parallel, since flat interference patterns are obtained
only when the beams corresponding to each wavelength
are perpendicular to the flat mirror.

The wavelength measurements reported here were
performed using a frequency-stabilized CO, laser os-
cillating at the center of the narrow Doppler-free reso-
nance belonging to the R(14) line. This Doppler-free
resonance is obtained by a well-known method®8 in which
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Fig. 1 Simplified block diagram of the experimental setup:
BS = beam splitter, COMP = ccmpensator, GE = germanium
slab (reflects the red and transmits the infrared), BEX =
beam expander, FIS = feedback-isolation optics (polarizer,
quarter-wave plate, attenuator). All the optics have a large
size with a useful aperture of 50 mm. The corner reflector
carriage rides on two carefully polished stainless steel rods,
and its surface in contact with the rods is coated with Teflon.
The translation is obtained by the motion of an ac-synchro-
nous motor with this motion transferred to the carriage by the
use of gears, pulleys, and a strong steel cable. A heavy fly-
wheel (inside the vacuum-interferometer assembly) attached
to the main pulley gives a highly uniform and jitter-free
translation over a length of about 50 cm.

the laser-induced fluorescence at the (001) — (000)
4.3-um CO, emission band is used in the detection
system. Resonance full widths of 1 part in 10® were
typical in this experiment.? The laser frequency was
stabilized at the line center to within one tenth of the
resonance width.

In order to avoid fringe modulation, the CO. laser
used in the measurement was stabilized to its zero beat
with respect to a frequency-modulated laser, which was
first-derivative locked to the center of the R(14) Dop-
pler-free resonance.

The He-Ne laser used was likewise stabilized to the
center frequency of a second laser locked to the inverted
[.amb dip obtained with a low-pressure intracavity io-
dine cell. Two He-Ne lasers similarly and indepen-
dently locked to the center frequency of the iodine in-
verted Lamb dip were used to determine the He-Ne
laser frequency resetability. From the beat note ob-
tained by mixing the output of the two lasers, their
frequency resetability was estimated'” to be 5 parts
in 101,

The largest systematic error requiring correction
arises from the fringe shift due to diffraction of the
spatially limited beam propagating in the interferom-
eter (without an aperture in its beam path). Since this
error scales as A2, the dominant diffraction correction
is introduced by the CO, infrared beam.

It is known that, for the lowest-order propagation
mode consisting of a TEMyy, Gaussian beam, this cor-
rection is given by (A = Aexp)/A = —=22/(47%w,?), where
Aexp 18 the experimental value given by the ratio of the
fringe counts and w, is the heam radius at 1/ of its
E-field distribution.'’ .12

With the laser optimally aligned for operation on its

lowest-order mode, the beam profile was carefully
measured at the input of the interferometer. It was
found that this beam profile reproducibly and domi-
nantly consisted of the TEMgo mode with a small ad-
mixture of the high-order modes in such a way as to
cause a slightly astigmatic beam with, in fact, perfect
collimation along its two principal axes. (This profile
was characteristic of the CO, laser used in the experi-
ment; it utilized one Brewster-angle polarizing plate in
its cavity.) It can be shown that, for this astigmatic
beam, the diffraction correction has the same form as
the TEMg, mode given above after substituting for
1/w¢?, the quantity %(1/we, % + 1/wg, ?), where wq,, and
wgy are the beam radii along the two principal direc-
tions.13

Since the corner reflector is used at its center, the
small empty spaces existing between its adjacent mir-
rors cause diffraction resulting in an additional small
correction. This correction can be estimated by the
scalar diffraction theory.!3 Correcting for this and the
diffraction effect, one obtains

b.__>‘_°_2=—£_< 1 i 1)(1_ 9ao ),
A 872 \wo, 2 woy? 2v 7w,

wherein the last factor, ao, is the width of the empty
space at the junction of the corner reflector’s mirrors,
which is much smaller than the quantity w, given by
(wow + woy)/2. Inspection shows that other diffraction
fringe shifts are much smaller, and their contributions
lie below our experimental error.

The measurements of the beam widths were per-
formed with a detector, a pinhole, and a two-dimen-
sional beam-steering mechanism displaying the CO,
beam profile at the input of the interferometer. The
spacing ao was estimated from a large-scale photograph
of the corner reflector.

From the above studies, the final diffraction correc-
tion is found to be [(A — Aexp)/A] = —1.89 X 10-8, cor-
responding to (A — Aeyp) = ~1.76 X 10~7 um. The un-
certainty of this result is conservatively estimated to be
+20% according to the following: 8% comes from wo,
and wo, measurements (which were performed with
+4% precision); another 8% originates from ag deter-
mination (which was measured with £25% uncertainty
for wo ~ 10 mm and ap ~ 0.6 mm).

The experimental results are plotted in Fig. 2. For
each point of the plot, the red and infrared fringes have
been maximized before scanning. For each group of six
data points (separated by vertical lines on the plot), the
red and infrared beams have been carefully recentered
on the corner reflector for any position along the scan
by realigning the entire interferometer. This centering
on the corner reflector (for any position along the scan)
was used to obtain the required parallelism of the red
and the infrared beams with respect to the axis of the
reflector translation. In the absence of this parallelism,
as the interferometer arm is varied, the wavefront of the
beam reflected by the corner reflector moves across the
fixed wavefront of the beam reflected by the flat mirror;
this introduces an error if these wavefronts are not
perfectly flat. The experimental scatter seen in Fig. 2
is in part caused by this effect. (The slight deviation
from a perfectly flat wavefront is caused by the lack of
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Fig. 2 Plot of the experimental results obtained directly from
the ratio of the fringe counts. The origin of the vertical axis
is chosen at the final result (AMEasuRED), Which is obtained
by subtracting the diffraction correction (1.76 X 10~7 um)
from the average of the experimental data. One standard
deviation (¢ = 0.43 107 um) is indicated by an error bar. The
lines marked NPL, NBS, and REC correspond, respectively,
to values of the wavelength of the R(14) line calculated by
using the values of the speed of light given by the National
Physical Laboratory, Teddington (England), the National
Bureau of Standards, Boulder (Colorado) and the recom-
mended value of ¢ (see Ref. 7).

perfect flatness of our beam splitter and the compen-
sator, which were made of sodium chloride.) The pre-
cision of each data point is typically 1-2 parts in 10, as
determined by a least-squares fit to a straight line of the
‘elative fringe phases determined at 38 equally spaced
intervals during a scan.

In the measured value A\MeasURED, We use the rec-
ommended'4 value for the i component of iodine-127:
0.632 991 399 um (uncertainty £4 parts in 10°). The
experimental standard deviation is 4.3 X 1078 um. By
combining quadratically the standard deviation and the
uncertainty of the diffrection correction, one finds that
the uncertainty of the ratio Aco,/AHe Ne i$ £6 parts in
10°. The uncertainty of Ag(4) is £7.2 1079, and the
result is found to be:  Ag(14) = 9.305 385 613 (70) um.

This gives a value for the speed of light ¢ = 299 792
457.6 (2.2) m/s (relative uncertainty +7.3 parts in 109).
This is in excellent agreement with the recommended !
value of ¢ (299 729 458 m/sec) based on the previous
independent measurements of this quantity.”

The ratio found for Ag14)/A1.i) also compares very
well with the ratio of their frequencies calculated from
the frequency of the R(14) line and the frequency of the
i component of the iodine transition deduced from the
recent wavelength comparison!'” of an iodine-stabilized
He Ne 633-nm laser with the wavelength of a meth-
ane-stabilized 3.39-um He Ne laser. The differcnce
hetween the two ratios is 2.8 parts in 109,

"This work was supported by the Air Force Cambridge
Research Laboratories, the National Science Founda-
tion, and the U.S. Army Research Office, Durham,
North Carolina. J.-P. Monchalin is now at Fcole
Polytechnique, Université de Montréal; M. J. Kelly at
Physics Department, University of California, Berkcley;
N. A. Kurnit at Los Alamos Scientific Laboratory, Los
Alamos, New Mexico; A. Szoke at Lawrence Livermore
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SUPERRADIANCE IN EXPERIMENTALLY RELEVANT REGIMES

J. €. MacGilliveay and M. S. Feld'
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Abstract: This paper erplores the assumptions made in the
semiclassical description of superradiance. Simple expressions
for observable output paramcters in several experimentally
relevant regimes are given. Implications of these results to
some possible applications of superradiance are discussed.

L. [NTRODUCTION

In view of the renewed oxperimental interest in superrndiancc,l-“
a detafled list of specific limiting conditions® for the applica-
bility of the simple theoretical modo1°°7 which accurately
described the results of the initial cxperiments8 seams appropriate.
In this paper the semiclassical model and its exact solution in
the "ideal superradiance” limit will be briefly reviewed. The
cffect of relaxing each of the assumptions made in obtaining this
limit will be described, emphasizing the amount by which the
parameters of an actual system can depart from ideality without
significantly altering the analytlical expressions for the expect-
ed output radiation. The chinges in these expressions which occur
when some of the constraints are further relaxed will then be dis-
cusseds Finally, the implications of these results to some poten-
tial applications of superradiance will be mentioned.
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These considerations should be of particular interest to
those attempting to observe superradiance in other systems, and
are relevant to the problems of x-ray laser system design9 and
ultrashort pulse generation.

Superradiance is the spontaneous radiative decay of an
assembly of atoms or molecules in the collective mode. It is
the optimal process for extract ing cohcerent energy from an
inverted system. In this process incoherent emission induces a
small macroscopic polarization in an inverted two-level medium
which gives rise to a growing clectric fleld and consequently an
increasing polarization in space and time. After a long delay,
a highly directional pulse is emitted, often accompanied by
ringing. The peak output power is proportional to the square of
the number of radiators, N.

In our theoretical model” the semiclassical approach
(classical fields, quantized molecules) has been adopted in order
to take propagation effects fully into account. Semiclassical
discussions have also been given by Burnham and Chino,lo Friedberg
and Hartmnhn,ll Arecchi and Courtens,!? and Bul].ough.l3 In fact,
Dicke!" gave a semiclassical description in his original paper.
For a discussion of quantized fi=2ld models, see Bonifacio and
I.uginto15 and references contained therein.

The coupled Maxwell-Schrodinger equations in the slowly-

varying cnvelope approximation, written in complex form, are7’16

WE/ox = ~vE + 21k ):V'MP 5 (la)
| “:

AP/aT = ~l= ~ ikv]P + " En + A . (1b)
|2 +H (4]

W/AT = A = a/T, = (1/4) Re 12 T (1c)

Here P(x,T,v,M) and E(x,T) arc the complex, slowly varying
cnvelopes of the polarization density per velocity interval dv

in degenerate M_-state M and of the electric field, respectively,
at position x and retarded time T = t-x/c; n(x,T,v,M) is the
fnversion density; « accounts for diffraction or other loss; Tl

is the population deecay time; T, is the polarization decay time;

Y

A is oo source term deseribing the rate of producltion of n; n, is

the dipole moment component parallel to the direction of polariza-

tion; and XV M denotes a velocity integral and a sum over degener-
’

ate Megiates,  The remainfng notation is the same as in Ref. 7.
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SUPERRADIANCE IN EXPERIMENTALLY RELEVANT REGIMES 3

Spontaneous emission from the exicted state is simulated in
this model by a randomly phased polarization source term Ap which

describes the rate of production of P. (The expression for Ap is

given in Ref. 7.) The superradiant process can be initiated by
either spontancous emission or background thermal radiation. How~
ever, only spontaneous emission will be considered in this paper,
since blackbody radiation (described in detail in Ref. 7) is
relatively unimportant at wavelengths shorter than 50 u, as in the
experiments of current interest.

Three basic assumptions are incorporated in Eqs. (1), the
implications of which will be discussed below:

1) The semiclassical model with a polarization source term
to simulate spontancous cmission is used, instead of a quantized
field model.

2) The plane wave approximation is utilized., Thus, effects
associated with finite beam diameter are neglected.

3) The interaction of forward and backward travelling waves
is ignored.

Computer solutions of Eqs. (1) should be used for precise
comparisons with experimental data. However, approximate analy-
tical solutions which are in close agreement with the computer
results can be obtained in certain limiting cases. These results
arc useful in estimating relevant experimental parameters and as
an aid to understanding the underlying physical processes.

II. TDEAL SUPERRADIANCE

In this limit an cxact solution of the resulting equations
can be obtained, with simple expressions for experimentally
obscrvable quantities such as output Intensity, pulse width, and
delay time. These can be useful in determining the feasibility
of a proposed superradfant scheme and in optimizing an existing
system,

The assumptions made to obtain the "ideal superradiance’
limit, in addition to those built into Eqs. (1), are: (4)
I/Tl = I/T? = I/T; = 0, where Tz is the dephasing time; (5)

P(t - 0) = 0 (no initial polarization at the superradiant
transition); (6) + - 03 (7) no level peneracy (0 js summed over
degenerate M ostates and )I? is averaged over M ostates); (8) swept
excitation (system inverted by a pulse travelling longitudinally
through the medium at the speed of light); (9) zero inversion
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time (system inverted instantancously); and (10) no feedback.
Furthermore, (11) Ap is sct cqual to zero and replaced by an

equivalent delta-function input electric field. FEach of these
assumptions is discus:ed below.

Given these assumptions, %qs. (1) become’

A/ ox 20k P

aP/ar = 1.an/h

an/ar = - EP/h

.

and n, E, and P are all real. The solution of these equations

is o= cos g, = nng, sin W, Ny " n(t = 0), and

dyp/dT = n U/h 3
7

where
T
P(x,T) = j. (nz/h)E(x,T')dT'

(Za)
(2b)

(2¢)

(3)

(4)

is the partial arca of the pulse. (The total area 6(x) : ¥(x,™).)
Applying the transformation w = V2xT to Eqs. (2a) and (3) gives

the pendulum equation, !’

V" (1/w)Y' = sin w/(TRL) 3 (5)

where ¢ = p(w) and

P8 ek
R~ 20 2n l2 I
nongh

i the charactervistic vadiation damping Cime ol 1he col leet fve

(6)
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Equations (2b-c) give rise to the familiar Bloch vector picture.

As can be scen from the z1' dependence of Eq. (5), this system is

analogous to a spatial array of coupled pendula, initially tipped

at a uniform small angle (w = 0) = 0(x = 0) = 00,18 which fall
as a phased array.

The solution of Eq. (5) is completely determined by two para-
meters, 10 TR and the inftial tipping angle GO. For a given value

of 00, a single curve relates Ti[p to T/TR (see Fig. 4 of Ref. 7),
and approximate expressions in terms of ¢ = In (2n/60) can be

derived for the peak output power

2 2
x4 T a
Tp oth/erp N " (7a)

the width of the output pulse

l'w ~ 'Iva « N v (7b)
and the energy contained in the first lobe of emitted radiation
F.p “ 4Nha/4 N s (7¢)

The delay time from the inversion to I is

2 -1
T 2 h o«
Ty ¥ Tpd /h = N 5 (7d)

[ at T T 6ik. Typlc: e o -
so that ln lwb/o Fypically, 10 ¢ 20

111, APPLICABILITY OF IDEAL SUPERRADIANCE
The repions of validity of cach of the assumptions listed
above will now he disenssed,
Ao Simplitying Assumptions Which Have Little Effect on Output

We first consider those assumptions which can be completely
removed without significantly affecting the ideal solution.
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a) The semiclassical approach describes the system for
1 ‘*'TR, since at TR there is one photon in each mode of the radi-

ation field.’ Although, strictly speaking, the semiclassical
description breaks down for T < TR’ we are only interested in the

output at TD‘ which is typically 25-100 T Fluctuations in the

R’
fields during the first TR will have little effect on the output
at TD due to the logarithmic dependence of the output on the

initial conditions through ¢. Thus, the randomly phased polari-
zation source, constructed to be consistent with the requirements
of thermal vquilibrium,7 should give correct results for T »»TR.

b) Computér analysi:s shows that the effect of l\p on the

evolution of thg system is almost identical to that of a delta-
function input ; ficld of appropriate magnitude to give

! 4
¢ * In [VZnN (;nuL))/'], where al is the small-signal field gain,
T
2

so that al, = /TR, where ré is the inverse linewidth. This is

understandablg since fluctuations at the far end of the medium
are amplified’ over the greatest length and therefore dominate.
{

¢) Coéputvr analysi: of the interactfon between forward
and backward travelling waves shows that this effect is virtually
negligible in all swept excitation systems, and it is also
neglipgible in uniformly excited systems for which L/c < TD.

(This latter casce is discussed below.) This is so because the
forward and backward waves only become sizable in the same
region after much of the stored energy has been radiated.!?

. 2
d) Computer calculations show that replacing , by its
average value over M states and n by its sum over M states has
Tittle effect on the output radiation. Therefore, the influence
of level degencracy is insignificant,

B. Assumptions Which Can Significantly Affect Output

For the remaining ascamptions, small deviations from ideality

are of little importance hat large deviations can cause significant

changes in the output,  The following conclusions have been
. 5
ver b ted by computer solat fons ol Fga, (1),

@) The lifetimes nced not be infinite, which would imply
infinite gain:

i) The net gain (pain minus loss) must be large enough
so that the total arca of the output pulse can grow to n. This
leads to the requirement’
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SUPERRADIANCE IN EXPERIMENTALLY RELEVANT REGIMES 7

(@ ~ )L 2 ¢ 5 (10a)

In the opposite limit where (a-k)L < 1, collective effects can still
be important (since TR « qu) but only . small fraction of the

energy is radiated coherently (since Té 4‘TR); this regime, which

we refer to as "limited superradiance”,’ includes such familiar
effects as free induction decay and echos.  In the intermediate
regime, where 1< (0 v)L < ¢, the peak intensity will be signifi-
cantly less than that given by Eq. 7(a); analytical results in
this regime can be obtained from the linear theory of Crisp.zo

itl) Tl must be greater than Vn [Eq. 7(d)], otherwise the

population will decay incoherently and reduce the amount of
coherent output.  This leads to the condition for efficient output

al, » (:ay/A)'ré/'rJ % (10b)

: s . *
There i< no similar requirement on T2 or T2 since effects due to

large dephasing or polarization decay rates are offset by high
gain.

b) As Tong as the inversion time 1 is less than the observed
delay time, a non-zero 1 will have little cffect on the output
other than to increase the observed delay time from TD to

Ty * /2. this gives the requirement

t % 20 ’ (10c)

I the supervadiant output occurs betore the inversion process
terminates, then only the early part of the population inversion
can contribute to the First burst of radiation.”!  In the simple
case where the inversion density in the absence of superradiant
emisnion is oequal to At, A constant, then”

(

I
D observed

/ S

Ay /AT LA
sp

| 2hwALA ¥

I’

and
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= R/g}ﬂp/x)LA

Simple forms other than At can also be solved analytically, and
graphical solutions are also possible,”

This same method can be used to provide an approximate
solution for the case where Tl % TD‘ in violation of requirement
(10bh) above. -

) Ezcesaive loss vocan diminish superradiance in two ways.
It can redoce the net gaing making requirement (10a) harder to
folfill.  Superradiant behavior also requires that

S v odx < ¢/h . (10d)

When [ v dx @ ¢/4 the pulse stops narrowing and the intensity no
longer grows with length. For constant «, Ip = th/ATR(KL)z-22

In the case of diffraction of a Gaussian beam,

2
Sovodx = 1/2 In[l v (ML/A)T|. This quantity is always small when
the Fresnel number is targer than unity.

d) Uniform excitation (entire system inverted simultaneously,
in contrast to swept excitation) will have little effect on the
output as long as the transit time T(r = L/c is less thau the

observed delay time, other than to increase the observed delay
time to Ty + Tlr/?. When Tlr is longer than the delay time, the

system will no longer radiate as a single entity; this places a
condition on the length I, (Mcooperation length'):
o

b b '4"1.,, $> 1 2n? : (10¢)

Longer systems will break up into a number of independently
radiating scegments in a manner described by Arecchi and Courtens.12
In this Timit, the output intensity II‘ “ nAhwe and no longer

increases with incveasing Tenpthe Note that requirement (10¢)

docs not apply to swepl excitation,

) The presence of polarization at the superradiant transi-
tion t 0 will have little offect provided that
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= o L
P(t )) “znOO

Larger values of P(t = 0) are equivalent to increasi

(10f)

ng the initial

tipping anple of the Rloch vector, which shortens the delay time

and reduces the ringing.  This increases the difficu

1ty of com-

pleting the inversion process before coherent emission begins.

In principle, a pulse of arca exactly n could comple
initially absorbing medium without residual polariza
cnergy conscervation argument shows that such a pulse
be shorter than TR in order not to lose area as it t

medinmg for longer pulses, the effects of self-induc
and pulse propagation become relevane, 0212216523520
matter, schemes to d'rectly invert two-level systems
not feasible due to problems associated with loss, 1
transverse variations in the clectric field associat
profile, and the difficulty of generating a pulse of

These problems can be circumvented by using ind
methods such as three level pumping® and two photon
a nonrcesonant intermediate state. All observations
up to now have employed such schemes. However, the
that when the pump radiation is turned off, a large
polarization could be left at the pump transition.

tely invert an
tion. An
would have to
raverses the

ed transparency
As a practical
are probably
cvel degeneracy,
ed with beam
exactly area m.

irect excitation
excitation with

of superradiance
problem remains

residual

This can result

in superradiance at this transition, which would deplete the

population available for superradiance at the desired wavelength.

This problem can be overcome by using an incoherent

pump pulse, or

by choosing a much shorter wavelength for the pump transition

(to increase its TR).

One should also note that in indirect excitation schemes the
background emission which initiates superradiance can be modified

by the presence of the pump field through multiple q

uantum transi-

tions. This would increase the effective initial tipping angle,

particularly if 1 is long.

i) Ihe effect of feedback on the output is negligible as
long, as the output ficld due to the initializing spontaneous
cmisgion is significantly greater than the additional output

which results from the feedback process. Comparing

these two

quantitics gives a condition on the feedback fraction F:

( i
i /I/(“).\ | 'b)) ]

(10g)

=k -
(r 10 in the HF experiments.Y’?9) In long systems, where
transit time is appreciable, the influence of feedback decreases.
Computer caleanlations in this regime have not yet been made.

—— SO — - e ——
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The effect of significant feedback is to drastically shorten
the delay times and reduce the ringing; the effect is analogous
to continuing to push a pendulum after it has started to fall.
The system acts as if it were subject to a different, larger
initial condition.

g) The plane wave approximat ion breaks down when the solid
angle factor p of Rehler and I".Iwrly/" (a2 function of A, L, and ))
falls in the small Fresnel number regime of Fig. 5 of Ref. 26;
the break between the two regimes js relatively sharp and occurs
near Fresnel number 2A/A1 = 1/10.

For small Fresnel number Ty = quaﬂ/nAA. The output should be

indecpendent of length in this regime, but the output intensity
should still be proportional to the square of the population
inversion density.,  We have done no computer analysis in the small
Fresnel number regime.

To properly account for the spatial variations of E associated
with finite bean diameter, and with focusing and defocusing in a
high gain medium, a transverse spatial dependence must be added
to Eqs. (1). This aspect of the analysis deserves further
attention,

V. SOME APPLICATIONS OF SUPERRADIANCE

A. Spin-Phonon Superradiance

1t may be possible to observe an acoustical analog of super-
radiance in the spin-phonon interaction process in paramagnetic
rrystals.;'/ In such a'system the paramagnetic spins are coupled
to the lattice vibrations (in a manner described by Jacobsen and
Stevens?®).  As shown in Ref. 29, in the slowly varying envelope
approximation the coupled spin-phonon cquations become almost
identical in form to Eqs. (1).3% Acoustical pain can be suitably
defined, and so in a high gain medium, it should be possible for
an initially inverted ensemble of spins, perturbed by kT fluctua-
tions, to rapidly transfer its stored energy to the lattice.
The ensuing, acoustic waves should have all the properties of
the coherent emission observed in optical superradiance.
Recent Ty, Hahn and Wilson/ proposed a related experiment to
obscrve capervadiant cmizbon in a spin-phonon system by preparing
the spins in a phased arvay.  The phonon avalanche experiment of
Brya and Wagner, W although probably not a true coherent effect,
wits an Interesting advance along these lines.
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h. X-ray Lascrs

The requirements for efficient superradiant emission should
also be of interest to designers of x-ray laser systems. Due to
the short lifetimes of the transitions and the lack of suitable
mirrors in this regime, most proposed schemes use a singlc pass
high gain swept-excitation system. Thus, x-ray lasers will super-
radiate, Consequently, the conventiona! rate equation analysis
is not applicable, and the above considerations can be useful
to estimate the output bhehavior, Some of the discussions in
Section 111 are especially retevant to the x-ray regime; in parti-

cular, Tl is usually so short that the inversion process will not

hbe completed by the time superradiance occurs [see Eq. (10c)]).

As ment ioned above, the rate equation analysis gives incor-
rect results. For example, in the Na scheme of Duguay and Rent-
zopis,‘7 rate cquation analysis predicts (at the threshold value)
Ip about 10 times smaller and Tw about 10 times larger than the

semiclassical predictions.? 1In addition, the threshold inversion
density is a factor of 10 smaller than the corresponding rate
equation threshold.

Specific applications of these requirements to x-ray laser
schemes arc discussed turther in Ref, 9.

C. Ultrashort Pulse Generation

Since superradiance is the optimum method for extracting
coherent encrgy from an inverted medium, it is interesting to
consider it as a method for generating ultrashort pulses. Although
in the ideal case Tw decreases with increasing N, many of the

conditions listed above restrict the shortness of output pulses
one can hope to achieve. Combining Eqs. (7b), (7d), and (10c)
shows that the inversion time places a particularly restrictive
limit on the minimum Tw which can be generated superradiantly:

Tw > 21/¢ s (1)

fherefore, ultrashort pulse generation by this method requires
swept excitation, small v, and as short an inversion time as
possibles  Values of Tw/l less than 1/10 appear possible.

Note that superradiance is a transient process, and so the
penceration of altrashort pulses by this method is inherently
different from the mode locking approach, where short pulses
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are generated by mixing a set ol cqually-spaced phase corvelated
modes to synthesize a Fourier spectrum,
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Abstract: This paper explores the assumptions made in the
semiclassical description of superradiance. Simple expressions
tor observable output parameters in several experimentally
relevant regimes are given. Implications of these results to
some possible applications of superradiance are discussed.

I. INTRODUCTION

In view of the renewed experimental interest in supertadiance,l-
a detailed list of specific limiting conditions® for the applica-
bility of the simple theoretical model®’” which accurately
described the results of the initial experiments® seems appropriate,.
In this paper the semiclassical model and its exact solution in
the "idcal superradiance" limit will be briefly reviewed. The
effect of relaxing each of the assumptions made in obtaining this
limit will be described, emphasizing the amount by which the
parameters of an actual system can depart from ideality without
significantly altering the analytical expressions for the expect-
ed output radiation. The changes in these expressions which occur
when some of the constraints are further relaxed will then be dis-
cussed. Finally, the implications of these results to some poten-
tial applications of superradiance will be mertioned.
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These considerations should be of particular interest to
those attempting to observe superradiance in other systems, and
are relevant to the problems of x-ray laser system design9 and
ultrashort pulse generation.

Superradiance is the spontaneous radiative decay of an
assembly of atoms or molecules in the collective mode. It is
the optimal process for extracting coherent energy from an
inverted system. In this process incoherent emission induces a
small macroscopic polarization in an inverted two-level medium
which gives rise to a growing clectric field and consequently an
increasing polarization in space and time. After a long delay, 5
a highly directional pulse is ¢mitted, often accompanied by
ringing. The peak output power is proportional to the square of
the number of radiators, N. -

In our theoretical model’ the semiclassical approach
(classical fields, quantized molecules) has been adopted in order
to take propagation effects fuily into account. Semiclassical
dlscussions have also been given by Burnham and Chiao 10 Friedberg
and Hartmann,l! Arecchi and C0urtens,17 and Bullough. 3 1In fact,
Dickel™ gave a semiclassical description in his original paper.
For a discussion of quantized §ield models, see Bonifacio and
luglato!® and references contained therein.

The coupled Maxwell-Schrodinger equations in the slowly-
varying envelope approximation, written in complex form, are’’16

0E/ox = -¢E + 21k >:V’MP 5 (la)
HZ

o T L ) oz

aP/aT = (rz ikv)P + 7 in + Ap . (1b)

/3T = A = n/T] - (1A) Re €r*y . (1¢)

Here P(x,T,v,M) and E(x,T) are the complex, slowly varying
envelopes of the polarization density per velocity interval dv

In degenerate M_-state M and of the electric field, respectively,
at position x and retarded time ' = t-x/c; n(x,T,v,M) is the
inversion density; « accounts for diffraction or other loss; T1 >

-

Is the population decay time; T, Ls the polarization decay time;

2
A is a source term describing the¢ rate of production of nj; uz is

the dipole moment component parallel to the direction of polariza-
tion; and ZV M denotes a velocity integral and a sum over degener-

ate M-states. The remaining notation is the same as in Ref. 7.
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Spontaneous emission from the exicted state is simulated in
this model by a randomly phased polarization source term A which

describes the rate of production of P. (The expression for Ap is

given in Ref. 7.) The supcrradiant process can be initiated by
either spontaneous emission or background thermal radiation. How-
ever, only spontaneous emission will be considered in this paper,
since blackbody radiation (described in detail in Ref. 7) is
relatively unimportant at wavelengths shorter than 50 u, as in the
experiments of current interest.

Three basic assumptions are incorporated in Egqs. (1), the
implications of which will be discussed below:

1) The semiclassical model with a polarization source term
to simulate spontaneous emission is used, instead of a quantized
field model.

2) The plane wave approximation is utilized. Thus, effects
associated with finite beam diameter are neglected.

3) The interaction of forward and backward travelling waves
is ignored.

Computer solutions of Eqs. (1) should be used for precise
comparisons with experimental data. However, approximate analy-
tical solutions which are in close agreement with the computer
results can be obtained in certain limiting cases. These results
are useful in estimating relecvant experimental parameters and as
an aid to understanding the underlying physical processes.

II. IDEAL SUPERRADIANCE

In this limit an exact solution of the resulting equations
can be obtalned, with simple cxpressions for experimentally
observable quantities such as output intensity, pulse width, and
delay time. These can be useful in determining the feasibility
of a proposed superradiant scheme and in optimizing an existing
system,

The assumptions made to obtain the "ideal superradiance"
1imit, in addition to those built into Eqs. (1), are: (4)

l/T1 = l/T2 = 1/T; = 0, where T; is the dephasing time; (5)

P(t = 6) = 0 (no initial polarization at the superradiant
transition); (6) x = 0; (7) no level generacy (n is summed over
degenerate M states and M, is .veraged over M states); (8) swept

cxcltation (system inverted by a pulse travelling longitudinally
through the medium at the speed of light); (9) zero inversion
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t tme (system irv ed Instantanecusly); and (10) no feedback.
Furthermore, (1. Ap is set equal to zero and replaced by an

cquivalent delta-function input clectric field. Each of these
assumptions is discussed below.

Given these assumptions, Eqs. (1) become’
aE/ox = 21k P 5 (2a)
2 -
aP/3T = uynE/h 5 (2b)
an/dT = ~ EP/h x (2¢) i
and n, E, and P are all real. The solution of these equations
is n = n, cos ¢, P = u,ng sin v, ny = n(t = 0), and
»
dy/dT = U7E/h . 3)
where
T
Y(x,T) = f (u, M)E(x,T")dr! (4)
is the partial area of the pulse. (The total area 0(x) P(x,®).)
o
Applying the transformation w = v2xT to Eqs. (2a) and (3) gives
the pendulum cquation,17
" + (1/w)y' = sin W/(TRL) 3 (5) |
i
where ¢ = Y(w) and i
o
lR = Zm 2w 2 (®) ~

i+ the characteristic radiation damping time of the collective
systoem.

A
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Equations (2b-c) give rise to the familiar Bloch vector picture.

As can be seen from the z1 dependence of Eq. (5), this system is

analogous to a spatial array of coupled pendula, initially tipped

at a uniform small angle y(w = 0) = 6(x = Q) = 60,18 which fall

as a phased array.

The solution of Eq. (5) is completely determined by two para-
meters, 10 TR and the initial tipping angle 90. For a given value

of 64, a single curve relates Tglp to T/TR (see Fig. 4 of Ref. 7),

and approximate expressions in terms of ¢ = 1n (27/6,.) can be
0
derived for the peak output power

. = Ath/'rR¢2 Wi o, (7a)

the width of the output pulse

]'w ™ ]Rlb « N s (7b)
and the energy contained in the first lobe of emitted radiation

Hp * 4Nhw/¢ < N s (7c)

The delay time from the inversion to Ip is

B T IR |
10 © Tpd /4 = N 5 (7d)

so that TD i Tw¢/4. Typically, 10 < ¢ < 20.

II1. APPLICABILITY OF IDEAL SUPERRADIANCE
The regions of validity of each of the assumptions listed
above will now be discussed.
A. Simplifying Assumptions Which Have Little Effect on Output

We first consider those assumptions which can be completely
removed without signiflcantly affecting the ideal solution.
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a) The semiclassical approach describes the system for
T »'FR, since at TR there is one photon in each mode of the radi-

ation field.’ Although, strictly speaking, the semiclassical
description breaks down for T < TR' we are only interested in the

output at TD’ which is typicaily 25-100 TR. Fluctuations in the

fields during the first T  will have little effect on the output

R
at TD due to the logarithmic dependence of the output on the

initial conditions through ¢. Thus, the randomly phased polari-
zatlon source, constructed to be consistent with the requirements
of thermal equilibrium,7 shouid give correct results for T » TR.

b) Computer analysis shows that the effect of Ap on the

evolution of the system is almost identical to that of a delta-
function input E field of appropriate magnitude to give

¢ ¥ 1n V27N (2naL)3/a], wherc alL is the small-signal field gain,
80 that al = Té/TR, where Té is the inverse linewidth. This is

understandable since fluctuations at the far end of the medium
are amplified over the greatest length and therefore dominate.

c) Computer analysis of the interaction between forward
and backward travelling waves shows that this effect is virtually
negligible in all swept excitation systems, and it is also
negligible in uniformly excited systems for which L/c s TD.

(This latter case is discussed below.) This is so because the
forward and backward waves only become sizable in the same
region after much of the stored energy has been radiated.!?

d) Computer calculations show that replacing ui by its

average value over M states and n by its sum over M states has
little effect on the output radiation. Therefore, the influence
of level degeneracy is insignificant.

B. Assumptions Which Can Significantly Affect Output

For the remaining assumptions, small deviations from ideality
are of little importance but large deviations can cause significant
changes in the output. The following conclusions have been
verified by computer solutions of Eqs. (1).°

a) The lifetimes need not be infinite, which would imply
Infinite gain:

i) The net gain (gain minus loss) must be large enough

s0 that the total area of the output pulse can grow to w. This
leads to the requirement5

B
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(@ - )L 2 ¢ . (10a)

In the opposite limit where (a-k)L < 1, collective effects can still
be important (since Ty <« qu) but only a small fraction of the
energy is radiated coherently (since Té «:TR); this regime, which

we refer to as "limited superradiance",’ includes such familiar
effects as free induction decay and echos. In the intermediate
regime, where 1 < (a-k)L < ¢, the peak intensity will be signifi-
cantly less than that given by Eq. 7(a); analytical results in

this regime can be obtained from the linear theory of Crisp.20

ii) Tl must be greater than TD [Eq. 7(d)], otherwise the

population will decay incoherently and reduce the amount of
coherent output. This leads to the condition for efficient output

o, (@2/4)T5/T1 y (10b)

There is no similar requirement on T2 or T; since effects due to

large7dephasing or polarization decay rates are offset by high
gain.

b) As long as the inversion time T is less than the observed
delay time, a non-zero T will have little effect on the output
other than to increase the observed delay time from TD to

TD + 1/2. This gives the requirement

T $ 2T, y (10c)

If the superradiant output occurs before the inversion process
terminates, then only the early part of the population inversion
can contribute to the first burst of radiation.2?! 1In the simple
case where the inversion density in the absence of superradiant
emission is equal to At, A constant, then?®

/ 2 ps2
(T = hﬂTsp¢ /A"LA

D)observed ’

I_ = 2hwALA ’
P

and
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Tw = 8/wTSP/A2LA .

Simple forms other than At can also be solved analytically, and
graphical solutions are also possible.9

This same method can be used to provide an approximate
solution for the case where T, < T., in violation of requirement
1 D
(10b) above.

<) Excesslve loss x can diminish superradiance in two ways.
It can reduce the net j;;ain, making requirement (10a) harder to
fulfill. Superradiant behavior also requires that

I v dx < ¢/4 . (10d)

When / v dx z ¢/4 the pulse stops narrowing and the intensity no
longer grows with length. For constant «, Ip = th/&TR(KL)Z-Z2

In the case of diffraction of a Gaussian beam,

/ kdx = 1/2 1In[l + (AL/A)ZI. This quantity is always small when
the Fresnel number is larger than unity.

d) Uniform excitation (entire system inverted simultaneously,
in contrast to swept excitation) will have little effect on the
output as long as the transit time Ttr = L/c is less than the

observed delay time, other than to Increase the observed delay
time to T“ + Ttr/Z. When Ttr is longer than the delay time, the

system will no longer radiate as a single entity; this places a
condition on the length Lc ("cooperation length"):

Lz bk = /cTsp ¢2/2nA2 . (10e)

€

Longer systems will break up into a number of independently
radiating segments in a manner described by Arecchi and Courtens. !
In this limit, the output intensity Ip = nAhwc and no longer

increases with increasiny, length. Note that requirement (10e)
does not apply to swept c¢xcitation.

¢) The presence o! polarization at the superradiant transi-
tion t = 0 will bave little effect provided that
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P(t = 0) «u,nb, : (10f)
Larger values of P(t = 0) are equivalent to increasing the initial

tipping angle of the Bloch vector, which shortens the delay time
and reduces the ringing. This increases the difficulty of com-
pleting the inversion process before coherent emission begins.

In principle, a pulse of area exactly 7 could completely invert an
initially absorbing medium without residual polarization. An
energy conservation argument shows that such a pulse would have to
be shorter than TR in order not to lose area as it traverses the

medium; for longer pulse:s, the effects of self-induced transparency
and pulse propagation become relevant.1021251622324 Aq 5 practical
matter, schemes to directly invert two-level systems are probably
not feasible due to problems associated with loss, level degeneracy,
transverse variations in the electric field associated with beam
prolile, and the difficulty of generating a pulse of exactly area .

These problems can be circumvented by using indirect excitation
methods such as three level pumping8 and two photon excitation with
a nonresonant intermediate state. Ail observations of superradiance
up to now have employed such schemes. However, the problem remains
that when the pump radiation is turned off, a large residual
polarization could be left at the pump transition. This can result
in superradiance at this transition, which would deplete the
population available for superradiance at the desired wavelength.
This problem can be overcome by using an incoherent pump pulse, or
by choosing a much shorter wavelength for the pump transition

(to increase its 'I'R).

One should also note that in indirect excitation schemes the
background emission which initiates superradiance can be modified
by the presence of the pump field through multiple quantum transi-
tions. This would increase the effective initial tipping angle,
particularly if 1 is long.

f) The effect of feedback on the output is negligible as
long as the output field due to the initializing spontaneous
emission is significantly greater than the additional output
which results from the feedback process. Comparing these two
quantities gives a condition on the feedback fraction F:

0.35¢ ¢2

F s 4/ (e ) . (10g)

<4 >
(F - 10" in the HF experiments.”””) In long systems, where
transit time 1s appreciable, the influence of feedback decreases.
Computer calculations {n this regime have not yet been made.




10 J. C. MacGILLIVRAY AND M. S. FELD

The effect of significant feedback is to drastically shorten
the delay times and reduce the ringing; the effect is analogous
to continuing to push a pendulum after it has started to fall.
The system acts as if it were subject to a different, larger
initial condition.

g) The plane wave approximation breaks down when the solid
angle factor u of Rehler and Eberly?® (a function of A, L, and 1)
falls in the small Fresnel number regime of Fig. 5 of Ref. 26;
the break between the two rcgimes is relatively sharp and occurs
near Fresnel number 2A/AL * 1/10.

For small Fresnel number TR = Tspén/nAA. The output should be

independent of length in this regime, but the output intensity
should still be proportional to the square of the population
inversion density. We have done no computer analysis in the small
Fresnel number regime.

To properly account for the spatial variations of E associated
with finite beam diameter, and with focusing and defocusing in a
high gain medium, a transverse spatial dependence must be added
to Eqs. (1). This aspect of the analysis deserves further
attention.

IV. SOME APP1.LCATIONS OF SUPERRADIANCE

A. Spin-Phonon Superradiance

It may be possible to observe an acoustical analog of super-
radiance in the spin-phonon interaction process in paramagnetic
crystals.27 In such a system the paramagnetic spins are coupled
to the lattice vibrations (in a manner described by Jacobsen and
Stevens?8). As shown in Ref. 29, in the slowly varying envelope
approximation the coupled spin—ghonon equations become almost
fdentical in form to Eqs. (1).3% Acoustical gain can be suitably
defined, and so in a high gain medium, it should be possible for
an initially inverted ensemble of spins, perturbed by kT fluctua-
tlons, to rapidly transfer its stored energy to the lattice.

The ensuing acoustic waves should have all the properties of
the coherent emission observed in optical superradiance.

Recently, Hahn and Wilson27 proposed a related experiment to
observe superradiant emission in a spin-phonon system by preparing
the spins in a phased array. The phonon avalanche experiment of
Brya and Wagner, 3! although probably not a true coherent effect,
was an interesting advance along these lines.
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B. X-ray Lasers

The requirements for efficient superradiant emission should
also be of interest to designers of x-ray laser systems. Due to
the short lifetimes of the transitions and the lack of suitable
mirrors in this regime, most proposed schemes use a single pass
high gain swept-excitation system. Thus, x-ray lasers will super-
radiate. Consequently, the conventional rate equation analysis
is not applicable, and the above considerations can be useful
to estimate the output bchavior. Some of the discussions in
Section IIT are especially relevant to the x-ray regime; in parti-
cular, T1 is usually so short that the inversion process will not

be completed by the time superradiance occurs [see Eq. (10c)].

As mentioned above, the rate equation analysis gives incor-
rect results. For example, in the Na scheme of Duguay and Rent-
zepis,3? rate equation analysis predicts (at the threshold value)
Ip about 10 times smaller and TH about 10 times larger than the

semiclassical predictionr-.9 In addition, the threshold inversion
density Is a factor of 10 smaller than the corresponding rate
equation threshold.

Specific applications of these requirements to x-ray laser
schemes are discussed further in Ref. 9.

C. Ultrashort Pulse Generation

Since superradiance is the optimum method for extracting
coherent energy from an inverted medium, it is interesting to
consider it as a method for generating ultrashort pulses. Although
in the ideal case Tw decreases with increasing N, many of the

conditions listed above restrict the shortness of output pulses
one can hope to achieve. Combining Eqs. (7b), (7d), and (10c)
shows that the inversion time places a particularly restrictive
limit on the minimum Tw which can be generated superradiantly:

T, 2 2u/¢ . (11)

Therefore, ultrashort pulse generation by this method requires
swept excitation, small ¢, and as short an inversion time as
possible. Values of Tw/1 less than 1/10 appear possible.

Note that superradiance i{s a transient process, and so the
generatlon of ultrashort pulses by this method is inherently
different from the mode Jocking approach, where short pulses




12

J. C. MacGILLIVRAY AND M. S. FELD

are generated by mixing a set of equally-spaced phase correlated
modes to synthesize a Fourier spectrum.
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This paper presents a semuclassical treatn ot of the erclution of an iminally inverted system into a

call

superradiant ~fate i an extended. optically “hick medium In thas process spontaneous emission and
background thermal radistion 1mtiate the colle: tive radiative decay and produce a superradiant output pulse of
intensity propertional 1o the square of the ramber of rudiators The trestment s based on the coupled

Maxweli-Schrodinger cquations. moditied to i ude a fluctuating polanization source properly constructed to

account for the (dects o f

parameters vign

cantly influence the esolntion process

spontaneous emission Computer results show that for a high-gain system only two

T,. the churactenstic radistnon damping time of the

collrctive system and - a function of the cor ony which iritate the superradiant process. In this lim:t one

obtains a normalized cmission curse and i ¢ analytical expressions for the me delay, pulse width, and
’ r )

peak intensity of the output radistion These 1 ults are 10 good agreement with experiments A coimpanson of
our model with previous treatments of superra ance is given

I INTRODUCTION

Superruadiance, the idea that the spontanéous
emission rate of an assembly of atonis (or mo!-
cules) can be much greater than that of the sar.e
number of 1solated atams, hes been the subject
of muen theoretical discussion suice 1L was ori lin-
ally proposed by Dicke’ in 1654, In tre process of
superradiant ciission the atoms are coupled to-
gether by their common radiation field, and so
decay cooperaftively. ‘The intensity emitted by NV
atoms 1s therefore proportiondl to N¥ instead of
N. Thug, superradicnce 1s o fundamental effect.

Historicallv, obscervitions of cooperative en s-
sion effects po bach ot least us far as Hahn's @ din-
echo expariment of 1420.° I the easutne year
experimental Guservations of frov-indaction & cav,
echos, and other cooperative emission effects
have been made in toth aptical” and longer-wae-
length regimes  svch phenomena can be termod
“limited superraaiwces,” i that only a small frac-
tion of the enerpy stored i the sampie 1s emi'ted
cooperativeiv, s¢ that the decay of the sample is

essentially unaffectea by the conperaiive raaiaion.’
In 1973 the first observation of “steong supci -
radiance” was muade n optically pumped HF ¢ .5
In this experiment virtually all of the enerpry ‘ored
in ghe sample was enntted cooperatively, and o
the decay of the sampie was dramat:cally acce ler-
ated. Althouph the enntted radiation had all th e
characteristics of superradiance deseribed by
Dicke, the detiled belavior (e, ringing, time
delay of output) differed substantially from th ¢
predicted by the thearetcal elaboratuns of Dicke's
work then avialable, ™' Guided by the experirien-
tal obscervations, a sunple theorctical model v as
develope d" ' which aceurately deseribed the [va-
tures of the emitted radiation. The prescent p.per

L]
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is an elaboration of that model. itecent experi-
mental observations and their analysis are pre-
sented in another paper.'**

Dicke considered two regimes, distuigunshed by
whether the sample is small (“pcint sampie”) or
large (“extended medium ™) compared to the wave-
length of the emitted radiation. The description of
superradiant emission in an extended sample, such
as occurs in the HE experiments, requires a more
complex analysis, €ince propa;ation cffcets must
be fully taken into account. Althoich most theoret-
ical treatments of superradiance have used quan-
tized fields,””!2:17" prapagation effccts are more
casily included in the semiclassical onproach
(ciassical fields, quantized nioiccules) used by
Dicke'**! and a few others.®!3:11:==-" The riodel
presented here makes use of the semiclassical
approach which, as discussed below, adequately
describes a superradiant system. In fact, there
is nothing inherently quantum mecharical about
superrcdiance, as is illustrated by Dicke's de-
scriptiont*?! of how a coliection of clsssical dipoles
appropriately prepared can exhibit superradiant
behavior. Later, our semiclassical results will
be compared with some results obtained in quan-
tized field treatments.

The theory developed in this paper is relevant to
several patentially useful applications of super-
radiance. For example, it may be possible to pro-
duce ultrashort superradiant pulses of large peak
intensity.*® The results of this work should also
be applicable to x-ray lasers®” where, owing to the
lack of suitable reflective surfaces, feedback is
absent and one must depend on single-pass gain.
Superradiant emission should also be observable
in spin-lattice systems. ™™

In an extremely long (or dense) sample, features
of the superradiant output may be modified. The
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maximum spatial extent of a system which can
superradiate as a whole, and the minimum dura-
tion of its output pulses, arc limited by effects
such as finite transit time, diffraction, and the

nature and duration of the excitation process. These

effects are discussed in another paper®’; they are
insignificant in the case of optically pumped HF
gas at mTorr pressures in samples shorter than
~10 m (about 10 times the sample length of the
experiments).

The remainder of this paper contains the follow -
ing sections: 1I, Experimental Observation of
Superradiance. III, Physical Principles. IV, Tie-
oretical Model with Pclarization Source, with sub-
sections: A, Introduction; B, Coupled Maxwell-
Schrodinger equations; C, Polarization source;

D, Blackbody radiation and “equivalent input fie!d.”
V, Numerical Results. VI, Simplified Theory.
VII, Connections with Other Work.

Lengthy mathematical discussions have been

placed in the appendixes.

I EXPERIMENTAL OBSERVATION OF SUPLLRRADIANCE

In the experiments® ' g lon;r sample cell of
low-pressure HE pas 1s pumped by a short intense
pulsc from an HF laser operating on a single ® or
P branch transition between the ¢ 0 and 1 vibri-
tional levels (Fig. 1). This produces a nearly com-
plete population inversion between two adjacent
rotational levels in the first excited vibrational
state, corresponding to a transition in the 50-250-
um range. The infrared radiation from this counled
transition (which is not at the same frequency a-

the pump transition) is studied as a function of time.

There are no mirrors, and care 1s taken to mini-
mize feedback. A detailed description of the ex-
periments and their comparison with theory is
given in Ref. °5.

An example of the observed output intensity is
shown in Fiy. 2(c). After a considerable delay
(~1-2 jusec) with respect to the ~100-nsec pump
pulse [ Figr. 2(a)], radiation is emitted in a series
of intense, short (~100 nsec) bursts of diminishing

R 29

PUMP TRANSITION// COULPLED
(~25%u) TRANSISTION
[FAR INFRAHED)
veo{—il -

FILTER
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= { \ -
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LOW PRE SSURE
HWF CELL

FIG. 1. HF level scheme and schematic of experi-
mental setup.
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FIG. 2. Comparison of observed output and incoher-
ent spontaneous cmission. Time is plotted on a logarith-
mic scale. (a) Pepulation-inverting laser pulse. ®)
Output expected from incoherent spontanecus cmission,
exhibiting exponcntial decay and an isotropic radiation
pattern. (c) Observed output, exhibiting ringing, a
highly directional radiation pattern, and a peak inten-
sity of ~10'% times that of ®). The insct shows the time
evolution of the same pulse with a lincar time scale.

size (“ringing”); the process is completed within

a few usec. The radiation pattern is highly dirce-
tional; almost all of the radiation is emitted mto

a very small angle along the axis of the pump beam.

If the radiation emitted by this system were in-
coherent spontaneous emission. then it would have
a long exponential decay (the radiative lifetime of
these transitions is in the 1-10-sce range), and
the radiation pattern would be isotropic [ Fig. 2(b)j.
Furthermore, the observed peak intensity is ten
orders of magnitude greater than that expected for
incoherent radiation. It is therefore clear that the
process observed is not incoherent spontaneous
emission. It is also clear that the output signal is
not “amplified spontancous emission”*~* in the
usual sense, since the pulse evolution time is much
longer than the time over which population inver-
sion occurs.

The observed radiation is also distinct from that
of an “ordinary” high-gain laser, even one which
can oscillate without mirrors, such as a saturated-
molecular-nitrogen laser (3300A).+** In the
nitrogen system the peak output intensity is direct-
ly proportional to the total population difference
between the levels of the laser transition. There-
fore, when the length or pressure is increased,
the peak intensity increases proportionally. In
contrast, the peak intensity of the observed output
pulses in HF is proportional to the square of the
pressure.'*!* This proportionality is in agreement




with the theorctical conclusions illustrated in Vig.
4 below.

The observed output radiation is therefore dis-
tinct from both incoherent emission and norma!
laser radiation. The N° dependence and the direc-
tionality of the observed radiation agree with the
predictions of Dicke'*?! for the behavior of a s.per-
radiant system (Sec. III). The present analysi. of
a superradiant system 1s based on the semicla - si-
cal formalism®" which, as shown below, predicts
the same N7 dependence and directionality as
Dicke's analysis. The seniclassical formulis.a
makes possible a detailed deseription of the ticae
evolution of the system und allows one to estat lish
the specific conditions under which superradicace
can occur 1 an extended samiple. Furthermore,
in the special case of “limited superradiance ™
described below, the results of the present ani-
lysis reducc to those obtained in previous theo-
retical treatments of superradiance.' "7 The
interpretation of the present experiment as the
observation of supcrradiance 1s based on the con-
nections of the present theory with previous treat-
ments of Dicke and others, and the agreement of
this theory with our experiments.

I PHYSICAL PRINCIPLES

In his original treatment, Dicke! considerec
the radiative decay of an assembly of molecul: s
for both a point saumple (where the wavelength of
emitted radiation A 1s much greater than the ¢ am-
ple length L) and an extended medium (L >>X). In
a point sample,* by treating the entire collec'.on
of N molecules as a sinvle quantum-mechanic.:l -
system, he found that an initially totally inverted
system will cvolve into a “superradiant” state
whose intensity is N7/4 times the intensity radiated
by a single molecule. This 1s larger by a factor
of N/4 than the intensity radiated by NV incoherent
molecules.

For an extended medium, Dicke' showed that an
array of quantum-mechanical dipoles phased along
an axis could also produce superradiant emission. ™
Most of the radition from the array is enntted
into a small solid anple alonge the axis. For sos-
tems in which the Fresonel number 2A /AL o5 1
(“disk”), the fraction of solid angle within which
the radiation adds coherently 1s'!

f=892/4m -A%¥/4n | (1)

where A is thc cross-sectional arca of the sa:nple.
In our HF systeni, where the Fresnel number is of
order unitly, the correct formula'! gives a vaiue
only slightly different from that of kq. (1), and
S~107% ‘The output rudiation intensity of the array
of dipoles is larger than the radiated intensity of
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N incoherent dipoles by a factor Nr~10°,
The power / radiated by this array of N dipoles
can be written in the form!'®

1-N( hw/T,), (2)

where T, is the characteristic radiation damping
time of the collective system,*’

T =T, (87/uAL) 3

n =N/AL, and T, is the lifetime of an isolated
molecular dipole. Therefore, the emitted power
is proportional to N?f.

In an extended molecular sample which is evolv-
ing to a superradiant state, a macroscopic polari-
zation is established over a region of space, This
polarization 1s equivalent to a phascd array of
dipoles which can be represented quantum mech-
anically as coherent mixtures of the stationary
states of the molecules.?! In the cusc of a (J
=J + 1)~ (J ..., =J) rotational transitica of a di-
atomic molecule such as HF, T, is given by

hwy /Ty =3 L ul?wl/c?, (4)
where®
J+1
22 YL
l“ ““on’sy (5)

and u, is the dipole moment of the molecule. Com-
bining Eqs. (3) and (4), we have
.y 2m 2rn
TR'= R —ﬁ'—pfur L, (6)
where n(M) is the population inversion donsity be-
tween the states |7 i) and [J ..., M), ny is
the sum of n(M) over all M levels in ./, . and

J AR LT
w2z N1 407 20 LEACIISICT N
==J

ny
(7
where
pe (M) 2 (04 1,M)=(J,00)]. (8)
In our HF case,
2
2_ Mo J41
Be* <434+ 8 (9)

when the excitation pulse is a P branch transition,
and

PN

2_ M J+L
He® 7372741

(10)

for an R branch excitation pulse.

Equation (2) shows that when the sample radiates
as a collective system, the lifetime decreases
from T,, to ~7,. T, can therefore be interpreted
as a characteristic radiation damping time of the
collective system. For the HF system, T,,~1 sec
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and n~10"-10* cm™?, so T;~10"® sec. In order
for the system to decay by the collective mode
rather than as independent radiators it 1S neces-
sary that Tp<«T,,. For a‘“disk"” this requires
that nA271 >>1; i.e., there must be a large numb: ¢
of meclecules in a “‘diffraction volume™ A*L
=(A*/A)AL. This requirement also insures that
there are many molecules in a cyhinder of cros
section A% and length L. so that a coherent wave
front can be properly reconstructed.

Consider next the process by which a macro-
scopic polarization builds up in an iniually in-
verted system (the two ad)acent rotational levels
of interest in the HF ¢ =1 level). In the Bloch
formalism "' for a point sample, a totally invert.d
system corresponds to a vector pointing straigh:
up, analogous to a rigid pendulum balanced exac ty
on end. Sinularly, our initially inverted extend: d
medium corresponds to a spatial distribution of
Bloch vectors all pomting straaght up. The in-
dividual Bloch vectors of the extended medium,
which are coupled together via the common rad-
ation field, may cvolve differently owing to proy-a-
gation effects.

Just as the pendulum s unstable to small fluciu-
ations, so the excited molecular system 1s un-
stable to a small perturbing ficld, imtiated by
spontancous cmission from one of the excited
molecules or by baczpround thermal radiation,
This weak propuyrating eleetric field induces a
small macroscopic poiarization i the medium,
which acts as a source to create additional elec'ric
field in the medium which, in turn, produces n:re
polarization. ThiS regenerative process gives
rise to a growing electric field and an increasi
polarization throughout the medwurn | Fig. 3(a)].
Therefore, a superradiant state slowly evolves
over a sizable portion of the sample cell.' This
state corresponds to the Bloch vectors pointing
sideways over a sizable region of space, at which
time radiation is emitted at a greatly enhanced
rate. This process leads to a rapid deexcitation of
that regon of the medivm, after which essentially
all of the population s an the lower level; e, the
Bloeh vectora all point downward, Deexeited ro-
plons can then be reexeited by radiation from o her
ringing,” obscrved

. .

regions, which pives rise to the
in the output radition,

Figure 3 plots the polarization envelope ¢ and
the population invers:on density n, respectivels
throughout the sample at several instants of tine,
Thesc values have been calculated from a theoreti-
cal model (developed in the following scctions)
based on the mtuitive picture presented above.

~Mntice that & and n vary slowly in space and tit.e
throuphout the nictdium, giving rise to several
regions of locally uniform polarization. These -.

POLARIZAT!ON (ARB UNITS)

@a)

1210074
—

S i e

()

FIG. 3. Sketch of (a) the polarizztion cnvelepe § and
) *he population inversion density n in the medium as
functions of x at ¢ - 507%, 1007, 1507g, and 20074.
The corresponding output intensity patteen is shown at
the right of (a). The double peaks in¢ (v) occur when-
ever the ringing is sufficiently large (Ref, 40),

spatial variations in & and n are due to propaga-
tion effects in a high-gain medium, a crucial point
which was not appreciated in some earlier work.
The ringing in the output radiation (Fig. 3) is a
direct consequence of these spatial variations (see
Scc. V).

The time evolution of the radiation emitted by an
initially inverted system depends on many factors,
including broadening, diffraction ioss, and level
degeneracy. However, as shown in Sec. V, in a
high-gain system the major features of the output
radiation pulsc are determined by 7Ty and the loga-
rithm of 0, (described below), and a normalized
curve can be drawn which gives the output intensity
I(T) multiplied by T; as a function of time in units
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of Ty (T is the retarded time at the end of the
sample). This curve (Fig. 4) depicts a burst «f
radiation with ringing preceded by a long dela..
The scaling of the curve is such that when T :s
halved, the system radiates twice as fast and 'he
peak intensity 1s quadrupled. This curve exhi’its
the N? intensity dependence which is characte: istic
of superradiant emission, Since the peak inte: sity
is proportional to 1 ;* and T, 1S proportional !
N~'. Experimental data exhibiting this scalin are
given in Ref. 15.

The shape of this curve depends on €, a paiam-
eter which is a measure of the conditions which
initiate the superradiant pulse [Eq. (20) below .
Whenever ¢,«<1, the delay time 7 from the t me
of inversion to the peiak of the first lobe of enitted
radiation is nuch creater than 7. This long delay
time may be understood by considering a pencalum

which 1s initially balanced exactly on end. The time

required for the pendulum to fall following a « mall
perturbation can be much lonver than the oseilla-
tion period. In an anaforous manner, the time
necessary for the completely mverted systen. to
develop o macroscopie polarization ean be m ch
longer than the collective radhation time 1'g. This
point will be discussed in Sec. V9

In the experiments, superradiant pulses ar: ob-
served simultancously in both the forward an.
backward directions with respect to the popul..tion-
inverting laser pulse. This comes about beciise
in the HF system the transit time through the
sample cell 15 short compared to the time ne. ded
for the system to superradiate (~7,), so that the
electromagnetic waves cun grow in both directions
simullancously without interacting appreciably

FI1G. 4. Normalized output curve. This curve i~ the
output response to a small rectangular input pulse of
area 0g in a nondegenerate system where T, Ty - and
kL 0. The time scales as Ty and the intensity scles
as 7', Note that the shape of the normalized out: at
curve depends on 2. 1, 7, and T, can all be ox
pressed in terms of 7y and 0, (see Sec. VD).

during most of the pulse evolution time. (Long
transit times and different excitation configurations
are discussed in Sec. VI and Ref. 26.) This is so
because in order for the waves to interact, either
(1) they must become large in the same region of
the medium at the same time, so that the coherent
interactions which couple the forward and backward
waves become important, or (it) the population
depletion by one wave must affect the subsequent
growth of the other wave. The former effect is
negligible because the buildup of polarization of a
given wave is confined to one end of the medium
until well after the main pulse has already been
emitted [~150 75, Fig. 3(a)]. The latter effect is
negligible because each wave depletes the popu-
lation inversion primarily at one end of the medi-
um | Fig. 3(b)]. An iterative computer solution
using the theoretical model sh:ows that the growth
of each wave 1s almost completely unidffacted by
the population depletion caused by the other wave
We therefore conclude that for systems with small
transit time the two waves will radiate esseatially
independently without sieniflicant correlation, and
henceforth, we will only de¢al with the forvard
traveling wave. A discussion of the interaction of
forward and backward waves in systems with long
transit times will be found in Ref. 26.

IV. THEORETICAL MODEL WITH POLARIZATION SOURCE
A. Introduction

In numerous treatment of superradiance the
radiation field is quantized and the molecular sys-
tem is described in terms of collective Dicke
states.” 141772 As pointed out by Arecchi, Cour-
tens, Gilmore, and Thomas,» these stutes can be
uscd to construct a new set of states, Bloch states,
which also describe superradiant enscmbles.
These new states can be treated by means of the
semiclassical formalism (coupled Maxwell-
Schrodinger equations), i which the molecular
system is quantized but the electromagnetic field
is treated classically.

One shortcoming of the Mixwell-Schrodinger
equations as they are usually written® is that
there is no mechanism for spontancous emission,
so that an initially inverted system (such as in the
HF cxperiment) cannot evolve.* This problem
can be overcome by adding a phenomenological
fluctuating polarization source term to simulate
the effect of spontancous emission. This term
can be constructed to be consistent with require-
ments of thermal cquilibrium as well as energy
and number conservation.

Let us consider in more detail the initial stage
of the evolution of an inverted system to a super-
radiant state. At first the system undergoes spon-
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taneous emission in various directions at random
times. Eventually a photon is emitted along the
axis of the sample cell, leading to the excitation of
one of the modes of the inverted medium. In the
case of large Fresnel number (disk) this mode
subtends a solid angle 232 =A%/A [Eq. (1)], de-
termined by diffraction. The average number of
photons emuitted into this mode in a time { is equal
to (V/T,,) \*/4aA)t = 2t/Tg, so that the first pho-
ton is emitted into the diffraction mode in a time
of order Tx. " Therefore, at times greater than
T there will be many photons per mode, so thal
the radiation field can be treated classically.

Note that up to time ~ Ty, when the medium is
startingz to evolve, the number of photons per mode
is small an‘l one can question the validity of the
semiclassicil model with polarization source term
included. However, in the present problem, in
which an initially unstable system 1s subjected to
small perturbations, this model 1s a good approxi-
mation. To justify this conclusion, we note the
following:

(i) Computer results (Sec. V) obtained from this
model show that the superradiant output of the ini-
tially inverted system 1S insensitive to the spe-
cific form of the source fluctuations, depending
only on their sum over a time ~Tp,. This is easy
to understand 1n terms of the pendulum analogy
presented previously: For a system in an unstable
initial state, the response to a rapid series of
small destabihizing forces depends only on the sum
of these forces over a period of time (here, ~7T)
and no! on the form of the individual forces.

(ii) The numerical results also show that the
contribution of the polarization source term to the
evolution of the system becomes negligible for
times larger than ~7,. This can be understood
by using Eq. (47) below to show that the time nce-
essary for the output resulting from a small inpat
pulse to become much larger than the input puls »
itself 1s of order T'x. Therefore, for times greater
than T, the input pulse and, accordingly, the
polarization source which gives rise to ity no longer
significantly influences the output behavior. (It
will be shown in Sec. 1V D that the polarization
source of this model can be accurately approxi-
mated by an equivalent input pulse.)

Since the output rad:ation becomes independent
of the polarization source uiter a time ~Ty follow-
ing the inversion of the medium, phase fluctuations
associated with spontisicous emission at subseqaent
times will have lLittle effect on the output radiation.
In other words, the first photon emitted into the
diffraction mode imtiates the evolution of the sys-
tem, and phase fluctuations associated with sub-
sequent Spontaneous -emission events are unim-
portant. In effect, the first photon determines

the phase of the output radiation.

(iii) The delay time between the inversion of the
medium and the peak of the superradiant output
pulse, which is of the order of 100 Tz in the HF
experiments [see Eq. (49|, is not sensitive to the
fluctuations of the spontaneous emission which
initiates the superradiant process. This is so
because the fluctuation time before the first photon
is emitted into the diffraction mode 1s of order Tg.
This time is only ~1% of the delay time in HF, and
can be ignored in caiculating the delay time.

This explains why the semiclassical formalism
with a fluctuating polarization source included
gives a good description of the evolution of a super-
radiant state in an initially inverted medium,

B. Coupled Maxwell-Schrodinger equations

Adopting the seniiclassical formalism, we con-
sider a gas of two-lcvel molecules interacting with
an electromagnetic wave. As in the discussion
following Eq. (1), we confine our attention to a
system of large Fresnel number (disk-shaped
system) where the electromagnetic ficld can be
approximated by a plane wave. In this limit the
two-level system is described by the coupled Max-~
well-Schrodinger cquations given by many au-
thors.??"2%%%> We shall adopt notation similar
to that of Icsevgi and Lamb,?! extended to include
level degeneracy, as iS necessary in treatinz ro-
tational transitions of a molecular system, and the
polarization source described previously. The
coupled equations in the slowly-varying-cnvelope
approximation, written in complex forin, ure

%%:-xs + 21k 2;“" (11a)
2 ikv) 2 0 1

o7 =~ 0 —ik0)® 4 (uF)y En/li A, (11b)
%"?z - yn=(1/h) Re (58 *). (11¢)

Here §(x,T) and ® (x, T, »,M) are the slowl, vary-
ing envelopes of the electric field E(T, ) and the
polarization density per velocity interval de,
P(T,t,v,M), respectively. They are defined by

B(F,0) =3E(x,1) =2 Re|&(x,T) e -0t~ | (12)
B(T,t,v,M)=2P(x,t,uv,M)
=z Reli®(x,T,v,M)e et ]
(13)

at position x, time ¢, and retarded time T ={ - x/c.
The carrier frequency is assumed to be the molec-
ular center frequency w, with no loss of generality.
Note that § and @ are complex, and that §(x, T)

=| 8(x, T)| e*t where £(x, T) is a slowly varying
rea! phase. In these equations, n(x,T,v,M)
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=n,-n,, where n, and n, are the number densities
per velocity interval dv of molecules in the upper
and lower states (J,\!) of the superradiant transi-
tion, respectively; & is a loss term which accounts
for diffraction (sec Sec. V), which can be a furc-
tion of x but not of §; and y is the decay rate of
n,, n,, and ®, assumed equal for simplicity (1.e.,
T,=T,=y"").** A=x(,T,M)W(v) is a source term
describing the rate of production of », due to opti-
cal pumping in our case, where W(t) is the dis-
tribution of molecular velocities, normalized to
unity [Eq. (15)]. A, (x,T,¢,M) is the polarization
source term describing the rate of production of

® due to spontancous emission. The exact forin is
discussed in Scc. IVC. The symbol 25,  denctes
an irtegral over the velocity distribution and a
sum over degenerate M states of the rotationil
levels:

- J
Z/("-"'):J m-Z ().
v, M i

M =d

(14)

In the experiments the optical pumping process
produces excited molecules in the upper level of
an initially unpopulated two-level svstem (Fig. 1)
with a Lorentzian velocity distribution,’

W(p):ul/n(r’ouf), (15)
where
w2, 8, /hk, . (16)

Here k, is the wave number and j1, the matrix
element of the pump transition, and §, is the
amplitude of the intense pump field. In HF,'""
u,~10' cm/scec. The total number density of ex-
cited molecules n all M, states is then (for R
branch pumping)

ng = Zn(::,.\l) . (17)
v. M
1/ u,8 /h)
cno(t=0)= HpOp
Aro=ng( ) 2(/."“/;’7 Mg s (18)

where n; is the total number of molecules in the
rotational level (of the v =0 vibrational state) which
is being pumped.*

Although the growth of the electric field in the
medium does not follow simple exponential guin,
the time integral of the electric ficld obeys a:
exponential law, the area theorem.** This st.tes
that for a nondegenerate Doppler-broadened col-
lisionless system subjccted to an incident ficid
8(x =0,1t) of constant phase, the pulse area 6(x)

obeys the equation
tan }6(x) = (tan L6,) ™", (19)

where

e ———— e et et e e
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o)z be [ (e 0ar, (20)
6,=6(x =0), and o, is the small signal field gain
at the molecular center frequency w,. For a sys-
tem whose linewidth contains both homogeneous
and inhomogeneous contributions,

agL =21k(u?/M)np LTS, (21)

where ng, is the initial total inversion density. In
the Doppler-broadencd limit, which applies in the
HF system, the characteristic broadening tinie
4=T3 = 1/ku,. [Note that in our case, ku, is an
effective Poppler width, given by Eq. (16) above.]
Combining Egs. (6) and (21) gives the relationship*”

a L =T, /Ty, (22)

so that a L is independent of the pump field in-
tensity /.

Fquation (19) shows that in a high-gain medivm
the areca of a pulse of smull ininal area bezins to
grow cxponentially,

6(x) = 6,e%*, (23)

but then evolves towards 7. In this process the
ficld envelope may develop positive and negative
lobes (ringing) whose contributions to the area
substantially cancel onc another. Accordingly, in
a high-gain syvstem the pulse ecnergy continues to
grow even though the area remains constant.

The presence of leve! dezeneracy does not ini-
validate this conclusion, although level degeneracy
can inhibit pulse prop.cation in an absorber. The
considerations of Rhodes, Szoke, and Javan™ ap-
plied to an amplifier show that level dezeneracy
does not prevent pulsc formation, and that puises
of increasing energy ard area near 5 can evolve.

High gain (a L >>1) 1= necessary for superradi-
ance to occur: Tiis condition is equivalent | Eq.
(22)] to Ty« T4, which is necessary so that col-
lective radiation can occur rapidly with respect to
incoherent decay. The requirement a L >>1 also 1
ensures that a,L <| Invg|, <o thata a pulse will
evolve [Eq. (19)). The high-gain condition will be
discussed further in Scc. VIL

C. Polarization source

As discussed earlier, the superradiant evolution
process is initiated by spontaneous emission from
the excited molecules and by background thermal
radiation. In our model spontaneous emission is
simulated by a randomly phased polarization source
term A, which is distributed throughout the medi-
um. As is shown below, although .\, is essential
for initiating the growth of §, as the § field evolves
in a high-gain system the influence of A, soon be-
comes unimportant. Therefore, to calculate the
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amplitude of A, for a high-gain system, we consider
the contribution of .\, to the growth of § only during
the first stage of pulse evolution, when § is small
and the field produced by A, 1s sizable compared to
the field already present.

The amplitude of \, will be calculated in the
following manner: First, starting from the cou-
pled Maxwell-Schrodingzer equations, specialized
to the case of weak field and steady state, we ob-
tain an equation for the intensity [ (x) as a functicn
of the amplitude of .\,. This equation is then com-
pared to an intensity equation derived from therinal
equilibrium considerations which also holds for
lincar steady-state systems. Since these two
equations are of the same form, we can evaluate
the amplitude of A, in terms of the molecular
parameters of the system. The resulting expres -

sion for A,, which is not a function of dynamical
variables, can be used in the coupled Maxwell-
Schrodinger equations to describe a system not
at thermal equilibrium.

We consider the medium to be divided into small
regions of volume Adx (Ax«L), and time into
intervals Af<T,. Since the spontaneous-emission
inteasity is proportional to n,(x,t) and otherwise
depends only on molecular constants (except for
a linewidth-narrowing effcct in high-gain systems,
described below), A, is proportional to (1,)'/2.

We choose the form of A, tobec aseries of pulses in
space and time with constant amplitude® (except
for the n, dependence) and rancdom phases.® It

is convenient to evaluate A, at pomts separated by
Ax in space and AT in retarded time. Then A, will
be of the form

4 " :
Ay, T, v, M) =B, [n,(x, T, v, M] 2 6 -x)) 3~ 8(T - T.)‘Z b(v—v,)ettinn (29)
1=1 [ EX] k=)

where B, is a (real) constant to be determined,
x,=(j)=2)ax, dx=L/), T, 1aT, v, arck’ discrete
velocities,” and ¢,;,y are independent random
phascs.

We consider the case where n and § are inde-
pendent, § 1s very slowly varying in time (35/97
«y&),™ and n 15 near a constant value n, and is
very slowly varying in space and time (on/3 T
<«yn, an/ox <-yn/c).”” Such a system 1s linear
and nearly steady state (n-n,). As shown in Ap-
pendix A, the coupled Maxweil-Schridinger equ.i-
tions [ Eqs. (11a) and (11b)] for such a system niay
be integrated to give an intensity gain equation

I{x) =1(x = 0) €2%0% + K (¢2%0" ~ 1), (25)

where a, is the gain of the system at the molecular
center frequency w,, /(x) =cA | §(x)[*/8n is the
power at position x, and

Koo 1 %oz il (12 gminonnys (26)

° 4 ¢ ¥ 8T )

Fquation (25) holds for any linear steady-state
system, independent of the sym and magnitude of
the gain.

We require that Eq. (25) be consistent with the
Einstein intensity equation,”*"” which states tha!
throughout the active region of any linear steady -
state medium, the total energy per mode [ (x)
must satisfy the equation

dil (x) _ . hwn
T-Za(w)(l.‘(x) ;'—_—:I). (27)

where a(w) is the gain at frequency w. [ Note that

r

Fq. (27) is consistent with the requirements of
thermal equilibrium, since when 7(x) =liw/(e" S
-1) and n,=n, ¢~ " A", Eq. (27) simplifies to

dlI (x)/dx =0.] To compare Fg. (27) with Eq. (25),
Eq. (27) must be rewritten in terms of the power
per unit frequency interval I(w,x) in the plane-
wave direction. As shown in Appendix B, for a
system with Fresnel number not signficantly less
than unity, Eq. (27) becomes

al(w,x) L liw n
;:——- 2a(w) (l(w,x)4 W ;2—_3—’:) . (28)
The integration .of Eq. (28) in a high-gain (o L
>>1) linear steady-state system with finite band-
width is performed in Appendix C. In such a system
the linewidth of I(w,x) decreases as ayx increases
(“gain narrowing”). For a high-gain system in-
teracting with a broadband field of input bandwidth
Aw>»(Ty)7! (n/2a,L)"? centered at frequency w,
(where 1/7T% is the bandwidth of the gain profile),
the total output power /(v =1.) can be obtained by
integrating Eq. (28) as in Appendix C:

I(x=L)= fl(w,x =L)dw

o hw n ry=1
-(l(w,,x-Oh ‘“ -;;—f—n—l) (T%)

We can compare this result with the high-gain
limit (e?@0* 5> 1) of Eq. (25) to obtain®
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I(x =0) =I{w,, x =0) (T})™* (7/2a,L)'? (30)
and
o om, - 7 1/2&
Ko n,-n,(Tz) <200L> 47 - (31)

Equation (30) tells us what the input power I(x -0)
in the intensity gain equation [Eq. (25)| must t ¢ for
a high-gain system in order to be consistent with
the Einstcin equation. Equation (30) can be r¢ -
written in the form

I(x =0) =I(wg. v =0) (Aw) .y (32)

where (Auw)ey - 1 (1) =(12)7 " (/20 L)' is the
mathematically derived effective bandwidth of the
input radiation which interacts with the gain pro-
file of the hiph-gam svstem. This gan-parroving
effect can be explained physically by noting tht in
the early stages of prowth, a high-gain systein
preferentially amphfices the central portion of the
frequency profile.

Inserting Eq. (31) into (26), we obtain B,, and if
Ax is chosen such that o, Ax =1 (as in the case of
our computer program), Eq. (24) becomes™

Ay(x,T, v, M)

= (1.‘?! _A_f --JL:‘:!,’: ~>1/2 (“‘>
T, L (na,L)/: s
[

X ; z 2.: o(x —x,)8(T - T,) 6(v = v,) ! Crmnn

(33

Note that A, is proportional to u, and depend.: on
the total number of excited molecules n,AANANT
associated with once point in the space-time g rid;
the square-root dependence occurs because the
radiation from independent spontaneous -emission
events adds incoherently.

D. Blackbody radiation and “equivalent input ficld

In the computer model background therma! radi-
ation is simulated by an input field of randor:ly
fluctuating phase, the intensity of which depnds
on the bandwidth and the solid angle of the biput
radiation which interacts with the system. 'The
result of Appendix B can be used to convert the
blackbody power per mode /I _(x =0) =hw/(e" *"
-1) to the plane-wave blackbody power per unit
frequency interval /(w. v =0) = (hw/47) /(""" = 1),
As described above, the effective bandwidth of
radiation which interacts with a high-gain s\ stem
is Awear  (1/20, L)/ T, (sce Appendix C), w0 that
the total input power which must be used in order
to correctly apply Eq. (25) to this case 1s

1M
cA X 2 hw, AW (34)
g |80 =00 5 Ty
or, equivalently,
1812 hw,  2n(w,/21)?
8r e/ o1 ¢
A2 ku
X 42 2i(2a, L/ (%)

The factors on the right-hand side of Eq. (30) are,
respectively, the background thermal radiation
energy per mode, the number of modes of one
polarization per unit value per frequency inter-
val Ay, the solid angle factor s, and the gain-de-
pendent effective bandwidth (in units of Av). Using
this value of [ S(x =0, 7)| as an input boundary con-
dition, and using Eq. (33) for A,, Fgs. (11) can be
numecrically integrated to obtain the output radi-
ation intensity. Examples of these computer re-
sults are given in Figs. 3 and 5.

Alternatively, spontancous emission i a high-
gain system can be described by repliacing the
distributed polarization source by an *“equivalent”

(b)
= L 4
0 0¢ 10 15
(c)
) 05 10 15
Lo
Zz
> (d)
>
S 6 g
. s 10 1
>
e
2 (e)
:‘ K
@
5 ik \_/\L
5 05 10 15
- L /-\(2\
L T e s
} )
— AN ../..\h. Le
k 0s 10 15
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FIG. 5. Computer results showing the influence of
parameters on oufput intensity. The same intensity
scale is used throughout. (a) A theoretical fit with param-
eters Tg- 6.1 nsec, T; =330 nsec, T,=5.4 usce, kL
-2.5,J tower =2. Al parameters have the same values
as in this curve except when stated otherwise. (b) No
level degeneracy, Ty- Ty==, kL =0. (c) Ty==. @)
T3==. (e)xL=0. () xL=5. () No level degeneracy.

—ad
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input electric field. The input field (of constant
amplitude) which would produce the same output
intensity as the distributed source (see Appendix
C) for a high-gain System, which combines the
contributions of blackbody radiation {Eq. (34)] ana
spontaneous emission, 1s"

A
o |8 x=0,11?

- 529 ___"L’ix* (___ﬂ;__‘ (eo/rr ”-l)
- 41 (2ayL /1) \my-n,
= .__{“‘_J_D - 1 --(__',';'_‘(ehuo/"_ 1)-!)
2TV (2ay,L)* \ ny-u,

(36)

The vahidity of the “cquivalent-input” approxima-
tion can be understood by noting that in a hiwgh-
gain system the spontaneous emission which oc-
curs near the input face 1S most important in ini-
tiating the superradiant evolution process. Al-
though all of the output radiation curves in this
paper (and in Ref. 15) were fitted using the distribu-
ted-polarization-source model, essentially iden-
tical computer curves are obtained using the oqui-
valent-input-field approximation. This finding
strongly supports the validity of the equivalent-
‘ield approach and confirms the interpretation and
analaysis of Ref. 6, ’

Since the distributed source can be replaced by
an effective input field and since phase fluctuations
in the input field do not significantly affect the
computer curves (as explained in Sec. IV A and
verified by the computer results of See. V below),
the results of the area theorem | Eq. (19)] may be
used for a qualitative understanding of the behavior
of the system.”™ This makes it possible to derive
an effective input area ¢,, which can be used in the
area theorem and for obtaining simple analytical
expressions for the delay time, pulse width, and
peix intensity (Sec. VI). Owing to the exponential
nature of the growth of the area [Eq. (19)], the
parameter which enters into these expressions
is a logarithmic function of 0,. Because | Ing,|>» 1,
the expressions are insensitive to the exact nu-
merical coefficient of 0.

As stated carlier, the influence of the effective
input field an the evolution of the superradiant
slate 18 only significant for a short time after the
system is pumped into excitation, and since the
output field more than doubles i a time 7', after
excitation | kq. (47)], the input ficld can be ignored
after a time 7,. Therefore, to a good approxi-
mation,

O,lus,ﬂ r./" (37)

an be chosen to be the area of the effective input

pulse. Combining Eqgs. (3), (4), and (36) with this
expression yields*®

-1
2 NZ L -3 n, 1
Bo= V27 (aeL) (n,—n,’ PLEYLL
For our system, 6,~10"°% and in order for the
output to evolve to a pulse of area -7, a, L [Eq.
(19)] must be <20. This is readily achieved in
the cxperiments.

). (38)

V. NUMERICAL RESULTS

The coupled Maxwell-Schridinger equations [Eqgs.
(11)] have been integrated by computer, with level
degeneracy taken into account in pump and super-
radiant transitions. Computer-generated curves
obtained using input conditions appropriate for the
HF case'*'!* are in good agreement with experi-
mental results. For example, decreasing the
sample cell pressure or pump intensity reduces
the output intensity and increases the delay time
and the width of the output pulse. A detailed com-
parison of theory and experiment can be found in
Ref. 15.

The following general features are cvident from
the numerical results, and confirm the qualitative
statements of Sccs. IIl and 1V:

(1) The effects of relaxation are unimportant as
long as the homogencous relaxation time T, cxceeds
the pulse delay T,. When T, beconies compurable
to T, the pulses are reduced in size and the ringing
is cut down. At the mTorr pressures ol the ex-
periments T',, determined by collisions, is always
much longer than 7T,.

(ii) The influence of the polarization source A,
is limited to the first few Tp’s. In addition, the
output is unchanged when the polarization source
[ Eq. (33)] is replaced by an input field whose amp-
litude is given by Eq. (36). This verifies the ef-
fective input-field appraximation presented in Sec.
IVD and the value of §,, given by Eq. (36).

(iii) The effect of a weak input field (to simulate
blackbody radiation) is limited to the first few
Tr’s. The output is insensitive to the exact shape
and phase of the input field. Delta function, step
function, Gaussian pulses, and pulse trains of
varying phase all give output pulses of about the
same shape and size, as long as their input areas
arc equal. Also, the presence of random jumps
in the phase of the input ficld has no significant
cffect on the output pulses.

(iv) The areca of the output pulse is determined
by the gain a,L and the size of the input pulse 6,,
in accordance with the area theorem [ Eq. (19)).
Since in our case 0,~10"*, a,L <20 is needed for
appreciable pulse buildup. Such gains are available
in HF at mTorr pressure.
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(v) The time scale of the pulse evolution process
(i.e., delays, pulse shapes) 1s almost complet:ly
determined by T, and ¥, as long as a,L>1.

(vi) The output pulses are insensitive to the
specific time dependence of the population excita~
tion. This 1s truc for excitation pulses of dur ition
approaching the superradiant pulse delay. (Ef'ects
of longer excitiation pulses arc discussed in R« f.
26.)

(vii) Two forms of the loss coefficient & | Fy
(11a)] might be important under different expe 1 -
mental conditions: the case of hinear (constur*)

k, as was used in Ref. 24 and our previous work® !t
and the case of dufraction loss, where the pl.ne-
wave § ficld can be modeled as a Gaussian bc.m,

in which case x =x/(x*+L}), with L,=A/A."" For
the same value of the total loss (kL n the hinear-
loss case; fadv 'iIn[1+(AL/A)*] in the Gau: sian-
beam case), the two models ¢ive viartually ideatical
output pulses.

(viil) Replacing each of the different matrix
elements (j,), 1n a degenerate system by the
averuge vilue o, defined by Eq. (7) does not & g-
niticantl, affect the behavior of the output pul e,
1.e., the cffects of level degeneracy are negl: able.

(ix) The output mtensity at a given superraciant
transition depends on the pump transition brinch
used (P or R), in agreement with the experinients.
This dependence is due to the different matrix
elements and widely different populations of the
ground-state levels selected.

In summary, as long as a,L > 1, for a given
T, homogeneous and inhomogeneous broaden:ng,
level degeneracy, and moderate variations ii: the
value of kL change the results in only minor ways.
The weak influence of these effects on the output
pulse can be seen in Fig. 5, which shows the
changes in the pulse shape and delay caused by
varying these parameters. The simple results
obtainable by setting 1/7,=1/12 =« =0 and n-glect-
ing level degeneracy may be used for a qualitative
understanding of the behavior.” This simplitied
model gives the normalized emission curve of Fig.
4. (Other effects whach occur in very long s.amples,
but which are not relevant to the HF experiments,
are discussed in Ref, 26.)

VI SIMPLIFILD THFEORY

As indicated by the computer analysis of Sec. V,
most of the parameters of the system have tery
little effect on the superradiant output pulse« (Fig.
5). fwesety=knu=A=\,=«-0in Eqs. (11} and
ignore the effects of level degeneracy, a set of
simplified equations is obtained:

a8
- 27kS , (39)

3 _ uiné

T o
in &S

aT  h° “n

Here, S=~¢ and n, §, and S are all real. Note
that in this simplified model, in which A, =0, the
cffeet of spontanecus emission (which initiates the
superradiant evolution process in an initially in-
verted system) can be mcluded by means of the
effective-input-field approximation. In the dis-
cussions of this section, an effective input pulse
[ as given by Eq. (38)] will be used as an mitial
condition.

Equations (40) and (41) have the solution

n =n,cosy , (42)
S==p,ngsin,, (43)
3y 1,6
Sy _ HaS
aT k (44)
where
r ;
W= [ G M T ar (45)

1S the “partial area® of the pulse, so that (v, T
o) =6(x). From Egs. (42) and (43), it can be seen
that ¢ may also be interpreted in the geuometrical
representation® as the “tipping angle’” of a Bloch
vector™ of length n, which evolves in the z2-y (n
-(8/u,)] plane. Nate [Sec. HI] that an extended
medium must be represented as a distribution of
Bloch vectors whose spatial variatiorns are deter-
mined by Eq. (39). The initially inverted system.
corresponding to the Bloch vectors all standing on
end (n=n,,S =0), gradually evolves into a super-
radiant state (2 =0,5/u, = -n,); the cvolution of
the individual Bloch vector at any point in space is
described by Eqs. (42) and (43).

Combining Eqs. (39) and (44) gives an equation for
@(I, T)n.li:

.
axa(T/T,) L

This equation was studied for the casc of an ab-
sorber by Burnham and Chiao®™ and others,'™*
who showed that for a §-function input ficld, the
time dependence of (v, 7) and thercfore [ Eq. (44))
of To8(x,T) was a function of T/T, only. Our case
is that of an amplifier, and the timc dependence of
the §-function response is again a function of T/T,
only, from which follows the scaling property of
the normalized emission curve of Fig. 4.%°* Further-
more, since the cffective input field is only impor-
tant during the first ~T,, any input pulse of small
effective area 6, gives the same response as a §-
function input pulse of the same area. [A more

(46)

el
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formal statement of the scaling properties of F:z.
4 is that the transformation T=T /Ty, §=Tg& n
Eqs. (39)-(41) lcaves these equations unchange«
and does not affect the area of the input pulse (' e
boundary condition).] This simple scaling prop: rty
holds for “end-excited” systems 10 which the
system 1S excited by a pulse propacating throug
the medium at velocity ¢, so that all molecules
are excited at the same »elarded ime. It also
holds for *side-excitec”
molecules are excited simultanecously) unless U2
transit time L ¢ 2(7, 4) {In(%, /27)}°.°° In the
latter case, spontancous emission in different

systems (in which all

parts of the medium causes the sample to brew.
into a number of independently superradiating sog-
ments as deseribed by Arecchi and Courtens'” (see
Ref. 26 for further discussion).

The computer results also exlibit these scah o
propertics, even when all of the refinements of
the theory are mcluded (Frro 5). The main require-
ment for the validity of the normahized emissior
curve 1s that 75 be much shorter than all other
times assocuited with the svstem (7' <« 'I"_,). SO
that superradiant emission can occur before de-
phasing or relaxation processes set . It im-
mediately follows from Eq. (22) that this condition
is equivalent to a L > 1, so that any sufficientls -
high-gam system will undergo superradiant emis-
sion when suitably exeited.

As a consequence of the lone delay times which
result from small ¢ffective input pulses, | re-
mains small for almost all of the pulse evolution
time. Accordingly, in the expression for S(v, 1)
the small-angle approxamation (sin, ) can be
used. (In the final stages of pulse evolution,
approaches © and this approximation breaks down.)
Also, since the exact form of the cffective input
field does not matter (Sec. V), a step function c.n
be chosen. A number of useful results can be
derived from this model.

Consider first the deiay T, from the time at
which the sample 1s inverted to the time of the
first peak of the ematted radiation.* In the smail-
angle himit a sclution of Eq. (46) can be found usang
the transformation w - 2(«7)'/2, which gives Bes-
sel’'s equation in . For the antial condition of
small step-function mput eleetrie ficld with en-
velope S(xv 0,7>0) &, which corresponds to
S@w-0) 8, the output ficld at v =L 15 of the form

8(.,T) 8,100, (47)

where I, (1) 1s the modified Bessel function of
order n, and u 2(T/T )" Then &(T) =y(x =L, I'),
the partial arca at x =L, 1s given by

T
o(7) = l (e /M) E(L, TV AT = 0guly(u),  (38)
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where 0,=u,8,T./h. A property of solutions of
Eq. (46) is that for 8 <« 1, &(T,)~5.** Setting

& (1, =1) in Eq. (48) and solving for T, in the limit
Tp>» Tg, one obtains®®

T,=(Tg/4)[In(8, /27))?. (49)

Note that Eq. (49) was derived under the condition
of small 6,. However, since ¢ only deviates from
Eq. (48) during the lust few T, before T = Ty, only
a small error in calculating /5 is made by using
Eq. (48) to approximate ¢ (7).

In the experimental system, 6,~107%, so
| In(8,/27)|~20 and 7, is insensitive to changcs
in 6,. ‘Therefore T,~1001, is a convenient esti-
mate of the time required for the superiadiant
state to cvolve. Since T, 15 proportion: ] w0 Ty
Tp should be inversely proportional to tue ex-
citation density, and therefore, the pressure, m
the sample cell. This wverse proportionality and
the estimate of 75, bq. (49), agree withh experi-
mental results.'”

An estimate of the width 7'y, of the first !obe of
the radiation pulse can be obtained from tie 1/¢
width of &(T') at T'- T, 1.e., by solving the equa-
tion &(Tp =Ty /2) =&(1p)/ /e for Ty

Ty~TglIn8,/20){, (50)

since Ty, <« Tp. Equation (50) predicts a pulse
width ~20 T for our system, which 1s soicwhat
smaller than the observed pulse widths of
~(20-40) T'x.'* This is expected, sincc the growth
of &(7) near T, is actually slower than that given
by Eq. (48).

It was explained above that because the sample
is optically thick (i.c., o,L> 1) the polarization
envelope & (2, T) varics over the medium wnd under-
goes changes in sign [ Fig. 3(a)]. Since S
=2ak [ dv, regions of ¢* of opposite si:n tend to
cancel and the output radiation at a particular time
can be considered to orizinate from a sinyle spatial
region, of width L, . Accordingly, L}, and 1, the
duration of one lobe of the superradiant output, are
rclated; Ty is the “effcctive” Ty of a sample of
length LY, Ty =TgllL =Ll )=8aT,, /mA\*L, . from
which Ly =L/| In(8,/2r)|. Comparison with com-
puter plots of @ (v, T) | Fig. 3(a)] shows that L/, is
approximately the half-width at half -maxinwum of
a spatial region. The total extent of a region of
polarization (between points of @ =0) is several
times lurger. We define

4L _ATgL
|in(6,/22)| Tw

Ly 4Ly= . (51)

Although both L., and L’,, have the correct func-
tional dependence, the choice of L ., leads to much
better agreement between Eq. (54), below, and
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compu'er results

Equation (51) indicates that a fraction =4/} In{ |
27)| of the medium contributes to each lobe of
ringing in the superradiant bursts. This sugges's
that the normalized emission curve should cont in
~| In(8, /27) This 1s confirmed by cot

4 lobes

puter results, which give thas number of jobes
(up to the 1/ ¢ pomnt) for various values of 6, S.s-
tems with finite /7° wili have fewer lobes

The total eneryy of the furst lobe |/ » 18

dhw nAl

- =hw L . .
E,zho nAL, | In(@, 22) | (72)

and the total peak radiation intensiaty I, 1S approvi-

mately the total enerpy of the first lobe E, divi od

by the widdth of the furst lobe T,
L. hw nAl
I,: £ hw, . nA (43)
I. I'
ANhw, /Ty 4 ha,An“A’L

b:.'/"u T

| In(6,/28)|* |In(6,/27)|*

(94)

and 15 proportional to 17 (Frr 4). As anticipated
i the quahitative discussion of Sec. HI, the peas
radiation rate s enhanced from Niw, /T, by a
factor proportional to T, g, Note that in ter:s
of the peak vaiue of the clectrie field, §,, Eq. (54)
gives

(515’ MY (Te/4)-1, (55) _

which shows that the ringing of the superradiant
output can be viewed us a form of Rabi nutatior

The formulas for 1, | Fy. (33)). T4 [Eq. (49)]. and
Ty [Eq. (50)] agree well with experimental dat M
computer predictions, and the normahzed emi sion
curve (Figz. 4). For extremely long samples (1 the
HF case, 10 m), the considerations of Ref. 2+
must be taken into account.

&7

VIL. CONNECTIONS WITH OTHE R WORK

Some previous treatments' 217 of superrad: ince

are basced on cquations of motion written in terins
of the variables (1) and w(?), the time-dependent
mtensaty and mversion density. To compare the
present work with these treatments, conswder the
appro<inuition n which Fgs. (11) can be rewriten
in these two varable. rather than the five real
quantilties S, &, and x

An cquation for o/ /i¢ can be obtuned by multi-
plying Fg. (11a) by (c.1.5*/8a)

al p

—a';'~2A10(w,,A,2)R(‘[5‘(6'),]. (56)
which 1s a statement of energy balance. An ex-
pression for an/st cun be obtained by integrating
Eq. (11c) over velocity:

e —e et

a

S . -
r ’\n),--r—,\(n-T,,\\ ,=-5Rm5\6‘",; (57)
2 (al )
2e —— | —s %),
FawoA \ 3x
(58)

using Eq. (56). An expression for the total popu-
lation difference N = | p.1dv 1s then readily ob-
tained’

1
= (N), - - 7. (- T,AAL)),

2 - \
- = (1) =1(0) + 2 kidv j, (59)
liw, ( fu /
which has an obvious inte: pretation in terms of
number conscrvation
Equations (56) and (59 are exact. To simphfy
EqQ. (56), we sct x - 0, nc rlect Doppler broadening
and level depencracy, and ascume that § and 4
have a constant phiase.’ Duferentiating Eq. (56)
with respect to T then (v

2 a%l a8 o
';a/‘ T Ol.“ 6 ol (CO)
__La[ru *"‘“'.‘_‘1 | el2_ ¢
FRlam e nlolr -,
(c1)

using Eq. (11b). Then, usiuig Eq. (56).

%1 1 ol ol Al_(_a_l‘

axdaT 21 aT ox 7. \ax no-l:T,

The last term in Eg. (62) is obtained by replacing
the source term §.\, of iq. (61) by 4o K, /w AT,
where the form of A depends on the gain of the
sysiem [Eq. (31) or Ref. €1). This substitution is
consistent with the averaging procedure used in
Sec. IV in deriving the polarization source. Note
that in the cquilibrium limit, where 8/,/9¢=0, Eq.
(62) reduces to the ysual expression for intensity
gain {Eq. (A13)],

dar nt, ’
il (~n° “_.) 1+42a,K,, (63)

the term in parentheses being a.

Equation (62) is exact, subject to the stated as-
sumptions. A system which satisfies these con-
ditions can be described by two real equations,
Eqs. (58)[or (59)) and (62), in two unknowns (n and
1), rather than by Eqs. (11). Note ' 1t the in-
fluence of spontancous emission is included in
thesc equations. In gencral, they must be solved
subject to appropriate initial conditions on / and
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n. For simplicity, in the following discussions
we will assume that the input ficld 1s nechz.ble

Equations (59) and (62) are a useful startin
point to connect the present analysis with soe
previous treatments'' "7 which developed ¢iua-
tions appropriate to a rezime which we would hke
to call “limited supcrradiance.” This regime 1S
characterized by the conditions

Tpelyy, (64a)
but

agl.«1, (64b)
i.e.,

The Ty, (G4c)

In this himit, spatial variations in® and n ire
negligible throughout the sample,”™ and Eq. (+:2) can
be integrated to obtuin

dl 21 41N hw,

= < - 6
3TN, w10, (G

ar Ly
where, henceforth, 1-I(L,t). Similarly, Eq. (59)
becomes
dN 1 21
= - =N =T AE)— =—. 65D,
dt S ( * ) hw, ( )

As will be seen below, solutions of these equations
are very dufferent from those obtained in the high-
gain case and from the experimental results (dif-
ferent delay times, no rinoing, etc.).

Equations (65) arc almost identical to the super-
radiant rate equations of Bondacio, Schwendimann,
and Haake,'” which in our notation become

dl 21 4IN 41

@, TaN, IgNy' AR
dN 1 ; 21
dt iy 1.' (AV -7 |4\ /‘L) o hwn . (Gﬁb)

(They did not assume 7, =T,.)

Equations (4.10) and (4.11) of Rehler and Eberly!!
can be differentiated to obtain equations similar to
ours (they assume 77'=0):

dl 21 41N

Rl A e
av 21 6
dt - hw, (07b)

Similar equations obt:uned by Ressayre and
Tallet'” include finite Doppler broadening:

dl , IN t
Sl sy <2 Y - 6
o= (7 ) -mawee (- 7). (o

dN _ N-T,AAL _ 2l
o e {88b)
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In the limit of T3 ==, these equations are of the
same form as the others.™

These three scts of equations ((66), (67), and
(68)] essentially agree with Eqs. (65), which are
derived in the thin-sample limit and do not apply
to a,L>1.

In Refs. 11, 12, and 17, these equations are
solved in the limit where 2777, 1s negligible com-
parcd to 4IN /3T, N . The solutions for / are then
hyperbolic-sccunt-squarcd functions of time. How -
ever, the ratio of the f[irst term to the second
term in Eq. (652a) 18

2T, 3 N
4IN/3T N, N (69)

In the thin-sample limit, in which Egs. (65) are
valid, a,L =T,/Tg< 1, and since | N| ~N, always,
the magnitude of this ratio will always be much
greater than 1. As a result, the 21/T, term may
not be neglected, but the term 4IN/3Tg N, 1s neg-
ligible and may be ignored. Therefore, the hy-
perbolic-sccant-squarcd intensity solutions of
Refs. 11, 12, and 17 arc mcorrect.

The approximate solution of Egs. (65) may be
obtained by neglecting the second term of Eq.
(65a):

KL, ) =I(L,t=0)e 2" Tes (hw, /47T ) (1 =734/ T2)

(70a)
N = ﬂ%‘r‘_"_’_ol (C-n/rz - (.-c/r:) AN(t = o)c-l/r_‘
o

+T,AAL(1 - YT2), (70b)

where N (¢ =0) is the initial population inversion
and I(L,t =0) is the initial output intensity,” pro-
duced by the population existing at =0 in a medi-
um having initial conditions x(t = 0) =n,coso and
@(t=0) =, n,sin¢ (correspunding to an initial tip-
ping angle ¢ of the Bloch vector):

I(L,t=0)=(cA/83) (2rkL yu n,sing)*
= (Vhw, /47 g) sin*¢ . (71)

The sccond term in 1q. (70a), which is due to
the source term of Fq. (65a), is only important
when I(I., ¢ =0) is neghgible (-fw,/47Tg). In this
casc incoherent processes initiate the evolution
of the system, and Eq. (70a) becomes

hw N hw, a2
f P (] -2 T2) = —0_T0 1 -e-2¢/T2y
b e e erall-e)

(72)

Here I(t) is proportional to n, and decays expo-
nentially in the usual fashion.

The first term in Eq. (70a) is the free-induction
decay of /(L ,t=0). For I(L,t=0)2Kkw,/43T; the
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sccond term 1n Eq. (70a) is negligible, and /[(t) 1s
proportional to n] (coherent emission). This so-
lution 1s a decaving exponential with decay time
T,/2=a,LTg/2«<Tg, rather than the hyperbolic -
secant-squared solution of width ~T ¢ of Refs. 11
and 12. Therefore, collective radiation occurs
for a time much shorter than Tg. after which the
excited-state population will have decayed. Inte-
grating {(¢t) = (Vhw,, 4’1’,‘]'"””-'5111‘.;; over time,
the total energy radiated coherently 1s at most
Whw, /8)(T./Ty), so that only a small fraction
T,/87T,-a,l./8<«1 of the energy 1s radiated co-
herently. The decay of the system is determined
by ordinary incoherent processes.

Experimental techniques such as free-induction
decay and photon echos,” which study the collect:ve
radiative decay of a system in the limited super-
radiance regime, are uscful for measuring inco-
herent relaxation processes. In fact, these ex-
periments must be performed in the thin sample
(ayl < 1) sc that coherent emission does not affcct
the decay rate. In the regime of himited super-
radiance, the colicrent emassion acts as a probe
of the state of the system, without significantly
affecting its state

Although himited superradiance can be conside: ed
superradince an the sense that T'g-< T, so that
collective offeets sre mportant [as 1s seen in the
n: dependence of Eq (71)), only a very small frac-
tion of the eneryry s radiated coherently since
T,<Tg. This 1s in sharp contrast to the regime
of strony superradiance studied in the HF exper-
ments, which 1S characterized by the conditions

TaeT,, (73.4)
and

a,L>»1, (73b)
i.e.,

T,»Tg. (73c)

The latter condition implies that the sample can
superradiate before decay processes set in. Ac-
cordingly, m the strong superradiant regime es-
sentially all of the encrey stored in the sample
can be emitted coherently. [ The condition of Eq.
(73b) for strong superradince can be made more
precise in some cases. |

The long delays preceding the observed output
pulses deserve further discussion, n light of the
fact that the conditions for strony superradiance
[Eqs. (7)] only require 7' »Tg, not 1357, (How-
ever, T,>7, is necessary.) For example, typically
Tp~1007 5, whereas 1':~507T,, so that T, >2T3.
It is remarkable that fully developed pulses witi
ringing can evolve over such long times, despite
the presence of dephasing processes. This be-

havior 1$ unique to high-gain amplifiers, where
the high gain can overcome dephasing during the
early stages of pulse evolution. The system
eventually dephases, but the effective dephasing
time is increased to a,LT}, as can be established
by considering the response of a high-gain inhomo-
geneously broadened ampluying medium to a short
input pulse of small area 6,. (A small step-func-
tion input pulse gives similar results.) Analytical
expressions have been given by Crisp.”™ For a
[orentzian line shape the output § field 1s of the
form

r T \\/? T 3 .
xexpLZ (tl—:) —7:{;7‘:, (74)

for an input pulse of small area 0,=u8 T N.
Initially the square-root terin in the exponential
dominates and § increases. Its maximum value
is reached at T=Tza,L, after which exponential
decay due tu dephasing sets in. Therefore, the
effective dephasing time is

(T, =Tia,L . (75)

When this expression is compured with Eq. (49)
for the delay time, one finds that

. T <l"(§’ /em))\?
Tl vy I (76)

which is always smaller than unity for a high-gain
system (where a,L>»1). Thercfore, an inhomo-
gencously broadened system of sufficiently high
gain will always superradiate before it can de-
phase.™

In a recent series of papers, Bonifacio and
Banfi'® and Bonifacio and Lugiato'***” have devel-
oped cquations in terms of §, 6, and n (rather
than / and N) for the cooperative radiation from
an initially inverted two-level system, which they
call superfiuorescence. In our notation, the semi-
classical equations which they obtain™ can be
written in the form

[1(2),(2), e

(&), e

21w !
= —-‘_—'-G’(X. T) exp (- -21.—;) .
(17a)

F] ul t
;i.-d’(z.T)- Tu& exp (— ?f?)' (77)
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,a_? n(l,T) T - I Re(& 1] )exp (-— 21:) " (17(:)

where T =t -x 'c. Although these equations arc
similar to Eqs. (11) above, they contiain two mujor
differences: (1) The term (1.2L) in Eq. (77a) hos
been included to account for “the irreversible os-
cape (propagation) of the total Maxwell field from
the active volume to the outsiwde™'™ However,
wave propacation 1s built into Maxwell's equati ns
(the 3 ‘ax terms) so that the 1.2/ term appears to
be incorrect and was added unnecessarily. (1) To
account for inhomogencous broadenmg, i kgs. (77)
the factor exp(—( 27 *) 1s mcluded. Ths factor
arises from the assumpuon'” that there is no ¢or-
relation between frequency and position during the
cvolution of the superradiant pulse, an assumpion
which we believe 1s incorrect. Henceforth, we
restrict ourselves to the case 72 ==, in which
case Eq. (77) avrces with Eq. (59).

In Ref. 19, Fqs. (77) are solved by neglecting
the (a, .n), term. This incorreet approximation
1S justificd'' by the argument that in the case of
“uniform excitation” (side pumping), Eqs. (77)
are spatully mvariant for all time. However,
since the inverted medium s fimite an lencth, this
1S not the case-—the mitial condition as spatiall.
constznt only over a finite region of space. There-
fore, :ter a time of order L /¢ spatial variations
will have developed throupghout the sample. Co:n-
puter solutions also substantiate this point.

In summary, we doubt that any optically thick
(agl. »»1) supcrradiant system can accurately ba
described by any set of differential equations which
ignores spatial variations. We also doubt that the
pendulum equation of Ref. 19 [Eq. (11.12)] appl.cs
to strong superradiance.”*

Another recent paper by Bonifacio, Hopf, Mcvs-
tre, and Scully”™ deals with the evolution of steidy-
state pulses. This work is an extension of and in
the same spirit as discussions of this subject in
Refs. 22 and 24. This work with steady -state
pulses is applicable to a system in which the loss
coeflicient x 1s sufficiently hiph so as to suppress
ringing [the deerease o ringing for large & can be
seen in the kI 5 curve i Fig. 5).

Vil CONCLUSION

This paper has developed a semiclassical de
scription of the evolution of an initially invertcd
system into a superradiant state, and shown that
the inclusion of a properly constructed fluctuat:ng
polarization source in the coupled Maxwell-Scliro-
dinger equations gives rise to output pulses which
quantitatively aree with experimental results
and have all the features expected of a super-
radiant system. The success of this model makes
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clear the simple nature of the superradiant pro~
cess and places it in perspective with other co-
herent phenomena.

As shown in this paper, in the optical region
spontaneous emission initiates the pulse evolyiion
process and greatly influences the time delay ard
other experimentally observable features of the
output radiation. The quantitative agreement of the
scemiclassical treatments with experiment 1s largely
due to the fact that in @ high-gain system the effects
of spontancous emission can be combined intc a
single parameter 6, which enters the equations
logarithmically, so that the exact details of the
spontancous-emission process become unimportant.
Nevertheless, the need still exists for a quantized-
ficld treatment to substantiate the semiclassical
results and to explore quantum-mechanical features
of superradiance such as fluctuations. Since it is
now generally recognized that a semiclassical de-
scription is adequate once the pulse cvolutien pro-
cess is under way, the quantized-field-theory
treatment can be restricted to the small-sicnal
rcyime, where important simplifications occur.
Several recent papers™ have made vseful advances
along these lines. It is our hope that thie present
work will stimulate further research in this dirce-
tion.
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APPENDIX A: DERIVATION OF INTENSITY GAIN
EQUATION I ROM COUPLED MAXWELL-
SCHRODINGER 1 QUATIONS FOR A SYSTEM NEAR
Rt EQUILIBRIUM

We consider a lincar steady-state system.
Schridinger’s cquation [ Eq. (11b)] can be rewritten
in the form

(_a_%._) l‘?el'(y-ln l - (l‘i'i)ng er(,-m*A.eﬂr‘” ’
(A1)

where I' =kv and A,, which includes level degener-
acy and velocity dependence, is given by Eq. (24),
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A, G, T,v,M) =B, [n,(x, T v,AN]'7

xi 5(x -x,)f_: 5(T -T,)
1=1

jz==~w
~r
xz 5(v - l‘,)C'OI“" L
1

(A2)

where x, = (j ~ })ax, ax=L/)’, T, =1AT, and the
v, are k' discrete velocities. Then integrating Fq.
(A1) over T from -« to T gives

¢ (T) Cf(r-ll) & “hf fr e TGty

08,}: zz e Prnub(x —x,) 6(v -1,)
1 ] ]

x f' 6(1" = T,) ()"

X e(r'/f,-‘rf')d«rv [

(A3)

In the case where n and § are very slowly varying
in time and n 1s approximately constant, we can
replace the populations nix, I ,\) by their equi-
librium values n,. and bq. (A3) becomes

ui n §

4 5 g
)= 5 YT, -ir

»Bilan) Y Y3 et u(T - T,) 8 - x))
] I "

X6(v - L..)e#-r,)/rz,
(A4)

where u(t) is the unit step function, and n,, is the
equilibrium value of n,.
Substituting this result into Maxwell's equation

[Eq. (11a)] in the case of no linear loss (which is
the case of interest), we obtain

=2tk YY" T T (T - T,) 8(x ~x))
] 1

x/\l!,[nm(r,T,r,.\l)]"’z.:b(v—v,)p"’;nv>v ’
(A5)
J
-2uk222 E e~ T=T) T2 (T = T,) b(x - x,)
71

x Mc-J
)(I}l[n;.o (x, T, l‘,,,\l)]‘h‘-":nu X
(A6)

Since the imaginary part of the coefficicrt of § in
Eq. (A5) vanishes when integrated over velocity,
and the real part 1s the gain at line center o, Eq.
(A6) becomes

a3
Gol -0sx
e _axl&’ or]

T 33, LotV inur -1y
J ] (] N
Xb(x ~x,) B,einv (A7)

where B, (vy,M) =27k B, [n oy, M)]?. itegrating
along a path of constant T from x =(j ~1)ax to
x =jAx gves

8(jax)=8((; - 1) Ax)e%04*

42 E ze-('-"-f,)/fz u(r —T,)
L] ] y

xBaeaOArlzclo,unl (A8)

forj=1,2,3,...,j’. Simultaneous solution gives

PSS VS——— = R, s e i it sl
8(L,T)=8(0,T)e"0" ¢ZZZH_, Zr"o“'"”‘\'u('l’—'I',)c*r'r"/r?en“"’ (A9)
1] 1 L 4 i=1
and
2 cA Cf‘

WL, 1) =180.,71) 160, 7) |2etmot €A

81

gr ' 8

i z Z zz l Hzl‘.‘e(‘u-l)ﬂoéx u(T - T‘)e-z(r-r,)/r,
J 1 L L ]

+(terms containing r.ndom phases). (A10)

For a,ax =1 and AT/7,=1, no single terms do'ni-
nate the sum of random-phase terms, and the : 1m
of these terms (which individually average to z¢ro)
will be negligible compared to the other two terms

r

in Eq. (A10). Then Eq. (A10) can be written as the
intensity gain equation of the text [Eq. (25)],

I(x,T) =10, T) e*¥o* + Ky (e?o* = 1), (A1)
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where (B3)]

. W w} AT, o l(w,x) < n,

Ko=3 € 2.\T(1 Y Y8 ax =2a(w) | Hw, *)‘T n,—nl)' (cn

f(z Zn‘m(k“.\l). (Alz)
L} o

[Note that Eq. (A11) is the solution of the differen-
tial equation

dl ’
= 2a,04+20,K, (A13)
which 15 therefore an equivalent intensity pgain
equation.| Examination of kq. (A12) shows thut
the effects of [evel deceneracy and velocity depen-
dence were elimmnated by choosing one velocit.
and by assuming M =0 for all molecules, we would
obtain the same result,

4 T \d‘: AT =2 - 2 T
K, 2 .,(i 2.)1,(1_ agAx) "Bina(x, T),
(A14)

that would be oht;nnec‘ by summing i,,(v,, \I) over
kand M. [Here nag(x, T) =25, 25 naolte, M).]

APPENDIX B CONVIERSION OF INTENSITY PER MODE
TOPUANI WAVE INTINSHTY PER UNIT BANDWIDTH

The Ewmstein intensity equation™ | Eq. (27))

1l hwn,
d1,x) 20 (w) <l () + i & ) (B1)
dx n,—n,

gives the total energy 7 (x) per mode in the active
region of any hinear-_wn medium  To convert

I _(x) into an antensity /(w, ¥) per unit bandwidti: in
the plane-wave direction, we note that the tot |
power I(x) in the plane-wave direction is

1= [ (Z ) (X Vaoh,

where the first factor 1s the number of modes of
one polarization” 1 the active region in a fre-
quency interval dv - dw/27 and the second factor
is that fraction f of the sphere over which plane
waves contribute coherently. In the plime-wave
limit, vahid for a system with large Fresnel num-
ber (a“disk™), f=a./47 A*/47A [Eq. (1)). If we
define Hw,x) by I(x) | H{w,v)dw, then I(w,x)
(1/43)1,(x), and Eq. (B1) becomes | Eq. (28)|

3w, 1)

/ hw g
= Zn(u)\l(.u,\)o % 5 ) (B3)

n,=n,
APPENDIX € BANDWIDITH NARROWING IN LINE \R
HIGH GAIN SYSTEM (REES. 31 AND 19)

The intensity gain equation for the plane-w.ve
intensity / (w,x) per unit bandwidth is | Eq. (2c) or

Integrating Eq. (C1) over x gives

Hw, x) = (€2 - 1)1 (w) +I{w,x =0), (C2?)
where
hw n
I(w)=Hw,x=0)+ e rT;-_-z;zT (C3)

The total power at x - L can then be obtained by
integrating over w:

TlcwL)= f.l(.),.x' 0) dw

+ I dwl (w) (e2a(2L _ 1y, (C4)
(]

For a high-gain system |a(w =w,) L 220/, the ex-
ponential factor in Eq. (C4) is very sharply peaked
near w =w,, so that / («) can be replaced by I, (w,)
and removed from the integral. Also for a high-
gain system, the first integral can be neglected,
being much smaller than the second integral.
Equation (C4) becomes

I(L)zl‘(wo)f de ((\?t'([d)L_ 1). (C5)
()
To find I(L), an integral of the form
=J dw(vl‘ualcf.)__ ”:f du)(u:""lc“)- ”.
o -

(C6)

where a,=a(w=0) and G(w) =a(w)/a, must be
solved. Expanding the exponential in & power
series and interchanging integration and sum-
mation gives

L= _Eol_’ f (G’ dw. (€n
=1
For G(w) that occur in slowly varying physical
systems, such as Lorcentzians and Gaussians,
[C(w)) dw=[G(w)]'"Vdw for J >»1, so that the ratio
of term J to term. -1 of Eq. (C7) is approximately
2a,L/J. Therefore, for a,L > 1 (high-gain sys-
tem), the terms which contribute most to the sum
will be those for whichJ=2a,L. We can therefore
appraximate the factor J [G(w))’dw appearing in
Eq. (C7) by J [G(w)]*™0Ldw to obtain

II'E (ZnoL) f (G ()] dw

=

= ek f " (Gl ot dw . (ce)

For our system, the gain profile is Lorentzian

Tt . -t ® s o % P o—— - o
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[ see discussion above Eq. (15)], with G(w) = (ku,)?/
[(w~w,)?+ (ku,)?].** Then,

1, =(®/2a,L) 2 ku, %", (C9)
and we obtain the result of Eq. (29),

;-L‘ - - -
I(L) = (I(u)o, x=0)+ 1“.0, _n__"jn_) ,_w"'o‘(_;w)”' ,
2 1

(C10)

where (Aw);! =T%(n/2a,L)"?, as in the text.
Examination of the form of I (w) [Eq. (C3)] o1

of I{L) [Eq. (C10)} shows that in a high-gamn sy s-

tem, a distributed source can be replaced by in

“equivalent” intensity source at the input face

which will give the same output intensity. In other

words, a high-gain system described by the in-
tensity gain equation

I
d_d.gl - 2ex 1) (c11)
and an input intensity
hw, ", 1 )
) (e of (S SRNST D S 1T
I(x 0) % (nz-’h‘ e”“o’"‘_l ( u),.,

(C12)

would give the same output intensity /(L) which we
derived [ Eq. (C10)] using our distributed-source
model. In a high-gain system, therefore, the
distributed source of EqG. (C1) can be replaced by
an equivalent input field.

*Work supported in part by National Science Found:ition,
Research Corporation, amd UL 5. Army Research Office
(Murham).
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This paper develops a set of critena for superradiant cmission in x-ray systems. These new cntena, which
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terms of experimental parameters.
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Over the past several years there has been consid 2r-
able discussion of possible x-ray laser schemes. ' Due
to the short spontaneous lifetimes of the transitions and
the lack of suitable mirrors in this regime, a high-gain
single-pass system which is excited longitudinally at the
speed of light (swept excitation) must be used. The prop-
erties of such a system will differ considerably from
those of conventional lasers. In a recent paper Hopf,
Meystre, Scully, and Seely? noted that the rate-equation
approach, used to calculate the gain in many proposed
schemes, 1s incorrect due to “laser lethargy”, a reduc-
tion in gain due to finite amplifier bandwidth and ruapid
atomic decay. Alternatively, the x-ray radiation process
may be viewed as superradiant emission from an initial-
ly inverted system, similar to that recently observed®™®
and analyzed® in infrared systems. This paper exploits
the latter point of view to develop a set of simple in-
equalities in terms of experimental parameters, which
must be met in order to obtain efficient x-ray emission.
Such criteria, which have not been given previously,
should be of interest to proposers of x-ray laser sys-
tems. In fact, several proposed schemes fail to meet
these criteria.

Superradiance is the spontaneous radiative decay of
an assembly of atoms or molecules in the collective
mode. Alternatively, it can be viewed® as the transient
form of stimulated emission from a high-gain medium.
In this process incoherent spontaneous emission induces
a small macroscopic polarization which gives rise to a
growing electric field and vonsequently an increasing
polarization in space and time. After a long delay, a
highly directional pulse s emitted, often accompanied
by ringing. The peak output power is proportional to
the squarce of the number of radiators, N.

(1) The ideal case of seperradiancee occurs when a
two-level system with suificient gain, "

al.gd, (1)

has been inverted by swent excitation with neglirib! e
rise lime to a population inversion N, Here al is lhe
small-signal field gain (half the power gain) at linc

(a)
Work supported in part by National Science Foundation and
U.8. Army Research Office (Durham),

b)
Alfred P, Sloan Fellow,
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center, L is the sample length, and®

¢ =1In[N"*(2n)*/YaL)**]=; InN. (2)
(For typical x-ray systems, 15<¢ <30.) In this case
the properties of the emitted radiation are determined
by ¢ and the collective radiative damping time,

Tp=T,,(87/nA’L), n=N/AL, (3)

where T, is the spontaneous lifetime of a single atom,
A is the wavelength of the emitted radiation, » is the
initial inversion density, and A is the cross-sectional
area of the sample. Note that’ aL = T3/7T,, where T}
is the inverse linewidth.

The output radiation is determined from the Maxwell -
Schrodinger equations®™?; the peak output power is
1,=4Nh w/T¢’ « N?, (4)
the width of the output pulse is
T,=Trp =< N', (5)
and the energy contained is
E,=4Nhw/¢p < N. (6)
The delay time from the inversion to J, is
Ty = {Tro N, (Ta)
so that 7, =1 T,¢. This pulse is followed by ringing.

(2) Next, consider the case in which the inversion
rise time 7 is finile but lerminates before the superra-
diant pulse is emitted. In this case the inversion density
which would exist in the absence of stimulated emis-
sion, " n*(t), reaches a constant value which can be
used in place of n in Eqs. (1)—(6). The delay time Ty,
measured from the commencement of the inversion pro-
cess, is greater than 7'5:

Ty =1 Ted? t 7/(7), [1<Tp], (Tb)

where f(7') is a numerical factor, 0<f<1, determined
by the shape of n*(f) for { <T.' [If n*(¢)= At*!, A con-
stant and B> 1, then f=1-1/B.]

(3) If the superradiant output occurs before the exci-
tation process terminates (T <T), nye = n*(t = Tp) must
be used in place of n in Eqs. (1)—(6). Equation (Tb) is
then replaced by

[l'ﬂ";)] 7; -(:Tu¢z)(8"/”oﬂle')v

which can be solved for T, for any given n*(¢). !! The
frequently made assumption that the x-ray laser pulse

(Tc)
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occurs at the peak of the n* curve is particularly
erroneous in this case. Similarly, gain calculated using
this peak value has no particular significance.

1

For example, for ¢ <7 we have n*(t) = At*', £> 1,
then
Ngre = A(n, 7 1 MLt LI (8)
and Ty = (g /N) BV (y 7/A) 8 A°1/8 where
", Zf'l;p‘.'"'.’ MLT, (T,/7 - n./ngg.) This value of i,

can be used in Egs. (1)—(6), for example, [, =/hw LA
x(n,7/A)""2/®  Note that in this case [, + A"/* not A?
but N radiation still occurs because the effective num-
ber of radiators N AYE However, although
I, increases with increasing A, the efficiency de-
creases'’: The enerpy needed to invert the system
Ee= AT"'hw, so that E,/F (4 o)Ty/7)*", as op-
posed to the ideal case (1), where £,/ E, . =4/d.

Roge AL 1

fac -

It is sometimes useful tc rewrite Eq. (8) as ngy
[n*(7)]""""%,, where n*(7), the peak value of n*, can
be conveniently found from Ref. 1(d). Similarly, 7,
= 1{n/n*(7)|"" and 1, = [hwALn*(7)/7(1~f)][n,/
n* ()| ¥V (n,+ n*(7) always]. Written in this form,
these expressions hold for most n*(¢).

When the version is produced by a beam which
crosses the medium in the transverse direction, as in
Ref. 1(¢), the transit time of this beam can be compa-
rable to 7, and must be taken into account when calcu-
lating »* (/).

(4) In addition to condition (1), other criteria which
arise from cffects which are particularly important in
x-ray systems must be met:

(a) The homogeneous decay time 7, due to sponta-
neous emission, collisions, Stark broadening, Aurer
transitions, ete., must satisfy 7, 27, otherwise inco-
herent decay beconmes the dominant mode of deexcita-
tion, preventing :.uperramance.“ This condition g wves
al z{( 0N T3/Ty), or equivalently,

nl 2 (2np /AT, /T X2, 9)

s0 that with decreasing wavelength the minimum vialue
of nl |or (nl.),] increases. Combining Eqs. (9) and (4)
gives [, < (hw/T,,)(2r A" /N )T,/ T} Nhw/Ty.

With decreasing waveliength 7, often becomes the
dominant mechanism for 7' (T, =7,,), so that at thresh-
old (I, Nhw/T,,) the peak power coherently emitted
(into a small solid angle) equals the power that would
have been incoherently radiated via spontaneous emis -
sion (in all directions).

(b) Excessive loss can imhibit superradiant emission.
In x-ray systems loss may be due to photoiomization,
inverse bremsstrahlung or nonresonant absorption,
and the ¢ -field loss coefficient, k- (1/& )(3¢/0%)),u0s
18 independent of x. Due to loss, more gain is necded
to achieve superradiant output. Equation (1) becomes'

(10)

No matter how large the gain, for kL 2 1¢, the pulse
stops narrowing and the intensity no longer increases
with length, " giving rise to a steady-state pulse'’ de-
scribed by Iesevgi and Lamb, '* Bonifacio ¢f al.,'" and

(a=x)L c 0.
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others. In this regime n’ = no 4kL must be used in
place of n in Egs. (3)—(7), so that /,=(hwA 327T,))
x(nA/x)* and Ty =«T,, nA® no longer depend on L. This
sets an upper limit on the useful length of a superradi-
ant system with loss, regardless of its gain. Longer
lengths reduce efficiency but not /.

(c) In the case of uniform excitation (all atoms ex-
cited simultaneously, in contrast to swept excitation),
a sample longer than c7, will break up into independent -
ly radiating segments (in a manner described by
Arecchi and Courtens'?), resulting in loss of efficiency.
This gives rise to a maximum ‘“‘cooperation length”
L. (cT,*/2n2*)'/?, the length for which T, - L c. The
peak output power for L = L_ is [Eq. (4)] {,=nhwAc
Nhw(c/L); for L > L. the maximum power /, remains
approximately constant. This will be a problem in small
samples such as that of Ref. 1(b) in which the entire
sample is excited simultaneously.

In summary, in order to achieve superradiant output,
n (Or ngy or n') and L must satisfy Eqs. (9) and (10).
Efficient superradiant emission also requires kL < 0
and L <L, and, in systems for which 7> T; (most

x-ray systems), T/ 7T as large as possible.

To illustrate how these criteria apply, consider the
scheme proposed by Duguay and Rentzepis, ' in which
2p electrons of sodium vapor are to be photoionized to
create a population inversion at 372 A. In this system
p- 0.02 Torr, T,= T, =400 psec, T =17 psec, L =500
em, k- 3x10% ¢m™', and the degeneracy ratio of the
upper to lower states is 3. The pump power (centered
at 50 eV) increases linearly with time (8= 3) at a rate
It 4 GWnsec™'em™, and 0.3% of the pump energy is
absorbed by the medium. (Hence A =0.003R/2hwym,
for 1+~ 7,,.) Equation (7c) applies here and gives
Mo — 6%10' cm™. Since this value satisfies Egs. (9)
and (10), superradiance will occur; then ¢ =23, 7 =100
psec, T, =5 psec, and /,=600 MW. Computer solution®
of the Maxwell -Schrodinger equations for such a system
gives [,=600 MW, T, =80 psec, and T, = 4 psec, in

30 (b) RATE EQNS/
-
bl il /
o

w't

- — eme—" . " - A
001 (o]} 1 1
PUMP POWER RISE RATE R (GW nsec 'em™®)

FIG. 1. ], versus R, for a system identical to that of Duguay
and Rentzepis [Ref. 1 (a), described in textl, except that R is
varied and Tf ==, At R=4 GWnsec™ em™®, ng, L =3x%10'S cm2
(1,2) Threshold values of f, and R, obtained from Maxwell-
Schrodinger equations [curve (1)] and rate equations [curve (2)]
(see Ref, 19).
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These results are
markedly different from those obtained from rate ¢qua-
tion analysis, ' which predict [, about 10 times smuller
and 7, about 10 times longer

close agrecement with the estunates.

Actually, this value of R 1s almost an order of mag-
nitude larger than that necessary to achieve superra-
diance. The minimum value, obtained from Egs. (9)
and (16), 1s 0.8 GWnsec™ em™, giving /,=100 MW and

I,=11 psec. Computer analysis confirms these results.

To further contrast the predictions of Maxwell -
Schrodinger and rate equations, conswder the computer
curves (Fiu. 1) relating /, and K for a system identical
to that described above but with (for simplicity) no
Doppler broadenming (78 ). The peak intensity ob -
tamed from the Maxwell -Schrodinger equations (a)
exceeds that of the rate cquations (b) by a factor ol 10
in the superradiant regime, and about 10 imes as
much pump power is necessary to achieve superradiant
output. ®* This increase in threshold occurs becau~ o
polarization I’ cannot be created instantaneously. " For
al _¢, I’ evolves slowly, giving rise to a time delay
during which 2’ can decay. “ For ol > ¢, however, P
builds up more rapwdly, and to a larger value than that
predicted by rate equations, giving rise to smalle:
delays and shorter pulses of larger intensity.

Observing directional anisotropy in the output radia-
tion may be a useful experimental step towards achiev-
g superradiance, since as the experimental param-
eters approach the threshold of coherent emission, the
output radiation becomes redirected into a small angle
along the axis. The output intensity from a systenm with
gain of order unity 1s approximately twice as large in
the forward direction as in lateral directions. For
example, in the Na scheme of Ref. 1(a), the pump
power required for observation of anisotropy is almost
three orders of magnitude less than that for
superradiance.

We wish to thank Norman Kurnit for useful
disicussions.
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Observation of adiabatic rapid passage utilizing narrow

infrared saturation resonances”

S. M. Hamadani, A. T. Mattick, N. A. Kurnit, and A. Javan

Physics Depariment. Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

(Received 17 March 1975)

Population inversion by adiabatic rapid passage (ARP) utiizing narrow saturation resonances is observed for
an infrared transition of NH, The population change produced by sweeping the frequency of a strong
saturating laser field through the center of a Doppler broadened absorption line 1s probed by a weak
counterpropagating field as in a Lamb-dip experiment. When the ARP conditions are satisfied, inversion of
population is detected as amplification of the probe wave near the line center.

PACS numbers 32 20K, 3220D

Population inversion by adiabatic rapid passagc (ARP)
has long been used in NMR to study relaxation effects
of spin systems.' Recently, this method has been applied
in the optical region by Stark tuning an infrared transi-
tion in NH, through resonance with an intense laser
field. © The relaxation of the entire Doppler-broadened
line was monitored by a second passage.

In this letter we report the observation of population
inversion by ARP for molecules of a specific velocity
group by observing the narrow saturation resonance
appearing at the center of a Doppler-broadened absorp-
tion line (Lamb dip) as a4 strong saturating wave and a
weak counterpropagating wave of the same frequency
are rapidly tuned through line center.® The method has
the advantage of easing the conditions required fo - ARP,
in that the frequency sweep need only be of the order of
the homogencously broadened width of the resonance,
much narrower than the Doppler width. Furtherniore,
since molecules 1in neighboring velocity groups are
probed before, during, and immediately after the ARP,
fast relaxation processes can be investigated with rel-
atively slow sweep rates. This in turn reduces the re-
quirements on laser power. In addition, for the two

2 Apphed Physics Letters, Vol 27, No. 1, 1 July 1975

counterpropagating waves having different frequencies,
as in a recent slow passage experiment, * relaxation
can be studied as a function of molecular velocity.

Let us consider the interaction of a Doppler-broadened
transition centered at w, with a strong saturating travel-
ing wave E, expli(w! — kz)] traveling in the positive z di-
rection and a weak counterpropagating probe wave
E,expli(w! + k2z)]. For sufficiently slow sweep (as in a
conventional Lamb-dip experiment), the strong field
selectively saturates those molecules with z component
of velocity, v,, satisfying the condition |w = wq=kv,|
<¥.=(r*+pB*'% where vy is the collision-broadening
rate and 8= WE,/hi. At the same time, the probe field
will interact with molecules with v, satisfying |w - w,

t ki l<r. As w is swept through line center, both fields
interact with the same set of molecules (v,=0), and the
probe absorption will exhibit the well ~known saturation
dip, with a symmetrical line shape centered at w=w,
and a full width of approximately y,. In the limit of
large saturating field strength (3~ y), the absorption

of the weak probe field at w = w, does not generally
approach zero, * as might be expected from complete
saturation of the population by the strong saturating

Copyright ©) 1975 American Institute of Physics 1
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The condition for slow sweep 1s satisfied when the
population change induced by the saturating field can
reach equilibrium before w 1s detuned by an amount
comparable to For adiabatic rapid passage, this
In this case the field must be
swept through the power-broadened width of the reso-
na i a tume shorter than the collisional relaxation
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In addition, a second condition is necessary if the pas-
sage 1s tu be adiabatic'***
dw

2

= 5
If these two conditions are met, the strong saturating
wave will completely invert each molecular velocity
group as it passes through resonance A weak counter-
propagating probe wave will see absorption on one side
of the Doppler-broadened line, but once « has been
swept through w;,, the probe will interact with molecules
which have already been inverted, and hence will exhibit
amplification. As the inverted population relaxes to
equilibrium, the amplification decays back to the un-
saturated absorption with a time constant determined by
T',. This will manifest itself as a nonsymmetrical ARP
saturation resonance line shape. Thus, as the sweep
rate i1s increased from a low value, the Lamb dip will
become deeper, passing over into amplification and
becoming increasingly asymmetrical at higher sweep
rates (cf. Figs. 1 and 2, which are discussed below).

In formulating the effect, the customary Bloch equa-
tions’ can be written for the saturating field interacting
with the ensemble of molecules having a given velocity
component 1,. For these molecules the saturating field
appears at the Doppler-shifted frequency w - kr,. As
this Doppler-shifted frequency is swept through «,,
neglecting the relaxation effects, and with ARP condi-
tions (1) and (2) satisfied, the population difference as a
function of the time-varying w will be given by**

21

ANy, 1p-= (1) = = dw[(@w)? + FEV2AN(r,) (3)

where aw - kr,) and AN,y(r,) is the population
difference in the absence of the saturating field. In this
equation, it 1s assumed that w is swept starting at a
value well below w, + ki,. Note that after w has swept

w = (wq!

'

$

L {1

Fvolution of a typical famb-dip signal crossing into amplitication as the frequency sweep rate is increased to satisfy the

AR I conditions. Upper traces show the probe field sipnal with zero pressure as the laser is swept through resonance, Middle and

lower traces show the same signal with and without the satura
wiore tn @) - ). Vertical gnin in ) Is twice that in ©)—f).
A 0,08 MITIz wsec. ) Relevant part of laser signal with
liv, A

riade
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ting ficld, respectively, for NH; pressure of 3 mTorr in (a) and 1.5
©) Fntire gain profile of N,O laser is shown. 7 MHz/div, sweep
increased vertical gain (base line suppressed) (Ref. 11). 1.6 MHz

0. 0% MI1z wsec. (©) =) 4 MIiz/div, Incrensing sweep rates of 0.4, 0.8, and 2,0 MHz/usec, respectively.
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through w, * kr,, Aw in £q. (3) changes sign, indicating
inversion of population by ARP for molecules of velocity
I..

In the presence of molecular relaxations, the Bloch
cquations 1ncluding relaxation terms may be solved
numerically to obtain the time-dependent population.
Figure 1 shows the population AN(»,) as the 1 ncident
field frequency 1s swept through w, + k1, at different
sweep rates, computed for a plane wave assuming a
linear frequency sweep w — w, + 2rA/ and, for illustra-
tion, taking 7, - T,. As expected, for slow sweeps the
time dependence reflects the Lorentzian shape of a re-
sonance and, for very strong saturating field, gives
AN 0O at the same time when Aw becomes zero. As the
sweep rate 1s increased to satisfy condition (1), popula~
tion anversion results for w > w, ¢ kr,. The curves be-
come deeper and asymmetry appears due to the finite
decay time 7. The curves in Fig. 1 would also repre-
scnt the probe held absorption (neglecting parametric
terms”®) for a fixed-frequency probe. If the probe fre-
quency 1s swept together with that of the saturating
ficld, the frequency scale must be expanded by a lactor
of 2 (upper scale in Fig. 1).

In the experiment, population inversion by ARP was
observed for the v, [asQ(8, 7)| transition in ammoia.
The output of a 1-m-long N,O laser operating on the
/’(13) hine, which can be tuned through this resonance, '
was sphit into a strong saturating ficld and a weal. probe
ficld and sent 1n opposite directions through an 81-cm-
long absorption cell. To minimize feedback of the
ficlds into the laser the polarization of the stronyg field
was rotated 90  with respect to the probe field so that
feedback from both fields could be eliminated with the
use of Brewster-angle reflectors. The frequency was
swept by varying the length of the laser resonator using
a 2-in -long tubular PZT driven by a sinusoidal modu-
lating voltage (30 that w -~ wy + 27& sin2nv/, with ¢ =60
MHz).!” The laser’s frequency sweep was inferrcd by
observing the fringes of a 6328-A laser beam in o
Michelson interferometer which used the PZT-driven
laser mirror in one arm.

Figure 2 shows typical results for signals appearing
on the probe hield with, for comparison, the probe
amplitudes with no absorber and with no saturating
field. For slow sweeps [Figs. 2(a) and 2(b)| a limiting
saturation value of 807% is observed on the probe field. !
As the modulation frequency vas increased from 200 Hz
to H kHz, corresponding to sweep rates ranging irom
0.08 to 2 MHz/pusec, the herght of the dip almost
doubles, crossing 1ato gain | Figs. 2(c) and 2(d) | with
the amplification seen at the highest sweep rate | Fig.
2(¢)| amounting to 35—=40% of the unsaturated absorp-
tion. In these pictures the over-all curvature of the
traces reflects the variation of laser intensity as it is
tuned across the gain profile of its amplifying transition.
For this set of data the peak saturating field intensity
was 5 W/em?. The full width at half-maximum for the
slow-sweep Lamb dip observed at 1.5 mTorr [Fig. 2(b)]
i due to power broadening and is ~2 MHz. The known
collision broadening parameter! gives for this prossure
a FWHM of 35 kHz corresponding to a T, of 4.5 jisec.
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In order to calculate the gain expected on the probe
wave under our experimental conditions, it 1s necessary
to consider the effect of level degeneracy, which is of
importance because the various degenerate M, transi-
tions have different matrix elements: For a sweep rate
‘consistent with condition (1), smaller matrix eiements
require higher power for condition (2) to be met. Hence,
for a given power and sweep rate, the ARP conditions
(1) and (2) may be satisfied to varying degrees for dif-
ferent matrix elements. Computer calculations includ-
ing level degeneracy, for a probe field having polariza-
tion perpendicular to the saturating field, '* indicate
that a value of T, twice T, - 4.5 usec 1s in reasonable
agreement with the experimental observations. It
should be noted, however, that with the beam radius of
2.5 mm (1 /¢ intensity) employed in these experiments,
the molecular transit time through the laser field (~ 5
usec) contributes to these relaxation effects. These
results are thus not inconsistent with Loy’'s measure-
ment of a collisionally induced population decay 5 times
slower than T, in another transition in NH,.%!?

Detailed studies of the pressure dependence of the
observed relaxation effects and the extension to the
study of the velocity dependence of T, using probe and
saturating fields of different frequencies are currentiy
in progress.

The authors wish to thank M. Ducloy, M.S. Feld,
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modulation period 7 must be kept much larger than the re-
laxation time 7, in order to observe ARP.

''The structure observed on the slde of the resonance in Fig.
2() is due to hyperfine splitting and will be discusse:!
elsewhere,

?For an axis of quantization chosen along the direction of
polarization of the saturating fleld, this field causes AM =0
transitions, with B, =M x3.4 x10° gec™'. Since the probe in-
teracts most strongly with the M = 0 sublevel, which is not
affected b/ the saturating field, the gain of the probe is at

Apphied Physics Letters, Vol 27, No. 1, 1 July 1975

most 91% of the unsaturated absorption even when conditions
(1) and @) are satisfield for M=1 to 8.

37, -type relaxation dominantly arises from collision-induced
decays into the various rotation-inversion levels in each vi-
brational state, and from elastic collisions appreciably
changing v,. Since collisional coupling is strongest to the in-
version level of the same rotational state, more than one re-
laxation time may be necessary to characterize the decay of
the population difference.
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Measurement of Molecular-Alignment Relaxation Rate in NH; Using Non-Lorentzian
Laser-Induced Saturation Resonances

J. R. R. Leite,*) M. Ducloy,” A. Sanchez, D. Seligson, and M. S. Feld
Department of Phvsics and Spectroscopy Laboratory, Massachusetts hstitute of Technology,
Cambridge, Massachusetts 02139

(Received 2 May 1977)

A general technique {8 presented in which narrow non-Lorentzian laser-induced reso-
nances are uscd to study molecular reoricntation. The experiments, which study the
v,asQ (8, ) NHy transition, yleld a value of 6 +1 MHz/Torr for the excited-state alignment
relaxation rate, 50% larger than the corresponding population relaxation rate.

The technique of laser-induced line narrowing first application of this technique to study M-
in coupled three-level systems has been the sub - changin; collisions in an infrared molecular tran-
ject of much recent work."? Theoretical studies** sition.””® The non-Lorentzian line shapes thus ob-
have shown that the shape of the narrow reso- served are used to extract Zeeman-coherence
nance is a sensitive function of the relaxation (alignment) relaxation rates. Thus, the present
processes, and non-Lorentzian line shapes® have technique complements the well-established tech-
been observed in neon.® This Letter reports the nique of level crossing (Hanle effect) in optical
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pumping, experiments,'” and, as such, should be
particularly useful for relaxation studies in sys-
tems where Stark and Zeeman effects are absent
or fluorescence is difficult to observe.

In our experiments the vusQ(8,7) transition of
NH, is saturated and probed using two cw N,O la-
sers oscillating on the P(13) 10.7-pm line, which
falls within the NH, Doppler profile'! | Fig. 1(a)].
The two beams overlap and can be adjusted to be
copropagating or counterpropagating. Three-lev-
el systems are created using crossed linearly po-
larized fields for probe and saturating beams.
The saturating field can be considered to induce
AM =0 transitions, and the weak field then probes
AM = 1 transitions. For weak saturation, in the

ahsence of M-changing collisions, the system de-
composes into two groups of coupled three-level
systems, having the common level in the NH,
ground (g) and excited (¢) states, respectively

[ Figs. 1(b) and 1(c)]. For each three-level sys-
tem the intense field selectively saturates the 0-2
traasition (AM =0) over a narrow range of molec-
ular velocities. This produces a sharp change in
transmission over a narrow frequency range as
the probe field is tuned through the coupled 0-1
transition (IAM(=1). This change signal is com-
posed of contributions due to saturation of the
population of the common level (level 0), and to
two quantum Raman-type® processes. As is well
known, because of interference among compo-
nents from different molecular velocity groups,
the Raman-type processes are negligible in the
counterpropagating case, and so probing in the
“backward” direction gives rise to a simple Lo-
rentzian line shape, as expected from population
considerations. In contrast, in the forward direc-
tion (copropagating case) the contribution from
Raman-type processes is large and gives rise to
an additional line-shape feature in the form of a
narrower Lorentzian superimposed on the popula-~
tion contribution.’

When M -changing collisions occur the theoreti-
cal formalism is more complex, since such col-
lisions couple together the independent three-lev-
el systems. The full degeneracy of the energy
levels must then be included, and allowance made
for the different relaxation rates of the various
multipole moments of each level. With use of the
tensorial formalism'® to describe these features,
the following expression for the change-signal
line shapes in the weak saturation limit can be
derived:

g(e)=ReL(2I) 2, {96/7,"~38/v.%+ 6, (57L(yoa?) +L(vo )it (1)

o ek
In Kq. (1) L) (x +1a )", where A, is the detun-
1r of the probe field from the center of thee =11
(I forward, -1 backward) resonances. I is the
reluaxation rate of the optical (dipole) polarization

and 5 * the Kth-order multipole decay rate in lev-
el  (-¢,): K =0, population; 1, orientation;
2, alignment. As seen in Eq. (1), the backward
signal is still a single Lorentzian of width 2I'
while the forward signal is composed of various
Lorentzian contributions. In the present experi-
ments, the narrow feature of the forward signal
is primarily determined by alignment relaxation
processes (width 7).

Two features of Eq. (1) are exploited in analyz-
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' ing the data: (1) Forward and backward signals

have equal areas'?:

Jg(+)da = [g(=)da. -+ 2)
(2) The ratio of the peak amplitudes of forward
and backward signals is

[1:(”] 21, 2T +7()
g(-)Ja-o ~ 967(0)-387(2)’

where 7(K)=1/y X +1/y K.

In the experimental setup [ Fig. 1(a)] the two
grating-tuned N,O lasers, linearly polarized at
right angles, were incident on a 10-cm NH, cell

(3)
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FIG. 2. (a), (b) Observed change signals, laser polari-
zations oriented at right angles. The dashed curves are
calculated from Eq. (1) using the measured relaxatfon
ratcs. (c) Ratio between peak height of forward and
backward signals. The high-pressure limit gives Yo
=26.0 +1 MHz/Torr. (d) Comparison of forward change
signals using perpendicular and parallel polarizations.

having NaCl windows. A flip mirror (M) was
used to reverse the direction of the saturating
beam, and thereby select forward or backward
configurations. Brewster-angle NaCl beam
splitters were used to overlap the beams before
the cell and separate them afterwards. The probe
beam was monitored using a He-cooled Cu-Ge de-
tector. The Doppler background was eliminated
by chopping the saturating beam at 1.2 kHz and
using phase-sensitive detection. The short-term
(-.0.1 sec) frequency jitter of both lasers was

less than 100 kHz, and amplitude fluctuations
were less than 3%. Care was taken to insure that
both lasers were operating in the TEM,,, mode.

In the experiments the frequency of the saturat-
ing laser was set close to its line center, and the
probe laser was tuned over a  35-MHz range by
means of a calibrated piezoelectric transducer
(error <5%). To avoid saturation broadening, the
powers of saturating and probe lasers were kept
below 15 and 3 mW, respectively. Beam radii of
both lasers were 3 mm. Typical experimental
traces are shown in Figs. 2(a) and 2(b).

Although all of the relevant rates can be ob-
tained from analysis of our data, several of these
have already been established for the asQ(8,7)
transition. The backward signal is Lorentzian
and its linewidth yields I' =24+ 1 MHz/Torr, in
agreement with earlier Lamb-dip measurements. '
For the population decay, 1 "~ 2411 MHz/Torr
for the geonnnd atate amd ) “~ L0 COL MU tore
for (he excited staie.'* As explained below, these
values. which our vata confirm, are used in our

analysis to measure y,?, the excited-state align-
ment decay rate, which has not previously been
determined. As pointed out by Loy, the much
larger value of ¥,° as compared to that of 5,° is
due to the dominance of dipole-dipole inelastic
collisions when both collision partners are in the
NH, ground state (inversion splitting ~0.8 cm™'),
where the dipole moment does not invert during
a collision, as opposed to the case when one of
the collision partners is in the excited state (in-
version splitting ~35 cm™'), where rapid inver-
sion reduces the dipole-dipole interaction proba-
bility. Thus, we can expect that in the NH; ground
state, inelastic collisions dominate, and all the
relaxation rates are equal. This is confirmed in
the experiments of Ref. 12, in which it was found
that in an NH, ground-state microwave transition
T,=T,. Accordingly, in our analysis we set y,*
=y 0.

V:/ith these choices for the decay parameters
the change-signal expressions g(+) become func-
tions of the single unknown parameter v,?, if we
neglect the small contribution from orientation.
In fact, it should be possible to obtain y,? direct~
ly from the observed forward-backward peak-
height ratio, Eq. (3), without the need of a com-
plete line-shape analysis.

However, in the data the change-signal areas
are not equal because the observed resonances
are proportional to the effective intensity of the
saturating field, which differs in forward and
backward directions because of differences in
misalignment and attenuation of the saturating
beam intensity. Accordingly, in analyzing the
data the amplitude scales are chosen such that
the areas of the forward an backward change sig-
nal are equal, as required by Eq. (2). The result-
ing peak height ratio of 1.58 +0.10 [ Fig. 2(c)]
gives 7,2=6.0+ 1.0 MHz/Torr. Using this value,
along with the other decay rates in Eq. (1), we ob-
tain theoretical line shapes which are in excellent
agreement with the experiment {dashed line of
Figs. 2(a) and 2(b)]. The experimentally mea-
sured peak-height ratio [ Fig. 2(c)] is pressure
independent only above 30 mTorr. Below this val-
ue pressure-independent mechanisms (transit
time, geometrical broadening, and laser frequen-
cy fluctuations), as well as velocity-changing col-
lisions,'® are expected to influence dramatically
the width of the narrow component. Their net ef-
fect is to broaden the width and reduce the ampli-
tude of the narrow signal, relative to the broad
one. This causes the height ratio to decrease
| Fig. 20)].
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In the foregoing experiments the non-Lorent-
zian forward change signal was produced using
applied fields having crossed polarizations. To
demonstrate the inherent polarization dependence
of the line shape, similar experiments were done
in which the probe-field polarization was oriented
parallel to that of the saturating field by inserting
a half-wave plate in the path of the saturating
beam. A small misalignment'” was introduced to
separate the beams. Figure 2(d) compares the
resulting line shape to that of the crossed-field

case, normalized such that the peak heights of
the two signals are equal.

Since two electromagnetic waves of the same
polarization and same propagation vector are
equivalent to an amplitude-modulated excitation,
a new type of contribution now occurs, originat-
ing in the coherent modulation of the populations
at the frequency difference between pump and
probe fields. This effect causes additional nar-
rowing of the forward signal if v,” <y,?. With the
use of the tensorial formalism,'’ the change-sig-
nal line shape is now given by

£0()-ReL(2D) 2, {96/7,"+76/y,1 +8,,[96L(ra") + 6Ly} ()

’

In this case for p > 30 mTorr the measured for-
ward-backward peak-height ratio is 1.9+ 0.15,

in excellent agreement with the value of 2 pre-
dicted by Eq. (4). This represents a good check
of our normalization procedure. The observed
narrowing of the line shape for parallel polariza-
tion | Fig. 2(d)] is another clear evidence of M -
changing collisions, since for y,* =y,° Egs. (1)
and (4) predict the same line shape, contrary to
the experimental results. A computer fit of the
signal line shape using Eq. (4) confirms the value
used for y." (3.9 MHz/Torr). We also observe
that, as predicted by (1) and (4), the backward
signal 1s independent of the relative polarizations,
and yields the same value for T.

The good agreement obtained here between cx-
perimental and theoretical line shapes demon-
strates the usefulness of laser-induced line nar-
rowing as a novel technique for studying M -chang-
ing collisions. The success of the model adopted,
which does not include velocity-changing colli-
sions, indicates that contributions from such col-
Lisions are negligible in NH, above 30 mTorr.
The measured value for v,? (6 MHz/Torr) shows
that in the NH, excited state, alignment-destroy-
ing collisions are 50% more probable than arc
inelastic collisions (4 MHz/Torr). The excess,

2 MHz/Torr, corresponds to the elastic M-chang-
ing collisicns which are induced by the anisotrop-
ic part of the NH (¢)-NH,(c) interaction potential.
The interpretation of the above result, which ne-
cessitates the knowledge of the various contribu-
tions (o Lhe interaction potential (such as dipole-
quadrupole, quadrupole-quadrupole, etc.), is un-
der way. Finally, we note the complementarity
of our work to the ones by Ouhayoun,” Shoemaker,
Stenholm, and Brewer® and Johns ¢t al.,” where

M =changing, collisions have been analyzed by ob-
serving narrow chang singnals in Stark-splil
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sublevel transitions. The originality cf our tech-
nique is that it does not need any external (Stark

or Zeeman) field, and that it gives a straightfor-
ward interpretation in terms of tensorial relaxa-
tion rates.
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I. INTRODUCTION

The interaction of intense laser fields with molecular
systems and the subsequent inter-molecular processes is an
area of great interest among physicists and chemists. The
laser has become an excellent tool for probing the flow of
energy within the internal degrees of freedom of a molecule,
and it provides a powerful method for obtaining high levels
of excitation. Conversely, the increased knowledge of energy
absorption, transfer, and relaxation processes in molecules
has led to new and improved lasers, with many more possibili-
ties ahead.

Very little is known about the detailed kinetics involved
in the energy absorption process in molecules, nor has the
redistribution of absorbed energy among the vibrational de-
grees of freedom of polyatomics been fully understood. Be-
cause of the spectroscopic complexities and the lack of in-
formation on interaction potentials, collisional rate constants
and energy flow mechanisms, polyatomic molecules have not been
investigated as thoroughly as some diatomics.

This paper presents a detailed theoretical and experi-
mental study of energy absorption and transfer in a poly-
atonic molecule from intense resonant laser pulses in the
regime where the energy flow is determined by V-V collisions.

i

This is different from the studies of Letokhov and others,




e,

which are concerned with collisionless cascade excitations
characteristic of shorter, more intense laser pulses.

The theoretical work investigates both a single mode
oscillator and one with two collisionally-coupled modes. We
use the collisional rate equations for vibrational energy

() with the

transfer, as in the works of Shuler and others,
addition of two important features: (1) a laser pumping term,
and (2) the assumption of a guasi-equilibrium among the
vibrational levels not directly connected to the laser field,
which provides a relationship between the populations of all
the levels. In the case of a single mode oscillator, simple
expressions are derived for predicting the energy absorbed
during the laser excitation. The addition of one other vib-
rational mode, collisionally coupled to the first, is considered
in some detail. A general formula is derived and discussed in
relation to the one mode case; it is found that the influence of
the second mode on the absorption process dramatically depends
on its energy spacing relative to the spacing on the energy
absorbing mode. Numerical solutions of the population rate of
change equations are used to justify the quasi-ecuilibrium as-
sumptions, and the agreement with theory is quite good.

The experimental work studies the absorption of the P (32)
line of CO2 by 13CH3F, and the subsequent energy transfer among
the modes of the molecule. Fitting the single mode model to

the measured absorption leads to a determination of Yov the

VV collision rate constant for the vy mode. In addition,




the partitioning of the absorbed energy among the several vib-
rational modes is determined by means of a technique for
measuring the absolute energy stored in a particular mode.
This technique, which involves the use of a "cold gas" filter,
is described in detail. Knowledge of the partitioning of
energy then allows confirmation of a specific flow path for
the transfer of energy between the modes of CH3F.

Interest in laser development, laser incduced chemical
reactions, and chemical lasers requires a detailed understanding
of the molecular processes involved. The rate constants and
paths of energy flow during and after excitation govern the
gain, power outputs, reaction rates, mode specific excitation,
etc. Once the transient mechanisms of energy absorption and
transfer are understood, a vast set of applications await them.
It is hoped that the present work contributes to that under-
standing.

Some of the concepts and data presented here are outlined

in Reference . A detailed treatment is given here.

II. THEORY

A. Introduction
Consider the interaction of a resonant laser pulse of
carrier frequency w and duration Tp with a particular rotational-

vibrational transition from the ground vibrational state of a




molecule to its first excited vibrational state (Fig. la).
The amount of energy the molecule can absorb depends on 1 _.
As Tp is increased three distinct regimes can be considered.

1) When Tp is short compared to the rotational relaxation

RR' then only the fractional population ZJ of molecules

in the particular rotational state J of the ground vibrational

time, T

state can be excited. Therefore, if the pulse is intense

=3

enough to saturate the transition then only the energy

%Zjhw can be absorbed by the molecule on the average.

2) When Tp is on the order of /Z_ then the rotational

TRR “3
populations of both the upper and lower vibrational states

have time to reach a new equilibrium during the laser pulse.

In this case the total population in the upper and lower vibra-

tional states can equalize, and the average energy absorbed

by the molecule is %ﬁu.
3) When Tp is longer than the characteristic time for

vibrational-vibrational energy exchanging collisions, Ty e

and both times are longer than TRR/ZJ then additional energy
can be absorbed and stored by the molecule as vibrational

energy.( ) When this condition is satisfied the rotational struc-

ture becomes unimportant and the system reduces to that of a

simple vibrational oscillator. This last regime is the subject




v

of this work.

For example consider the process in which two molecules
in the v = 1 state collide and exchange energy, producing one
molecule in the v = 2 state and one of the v = 0 state. The
result is that energy has been carried up the vibrational lad-
der and a molecule has been returned to the ground state where
it can again absorb energy from the laser. Energy will con-
tinue to be absorbed through processes of this kind, until

the laser pulse length becomes comparable to T the charac-

bV
teristic time for translational energy transfer. Thus, under
appropriate conditions many quanta can be stored as vibrational

energy.

This process is analyzed theoretically in the following
sections. Section II.B. treats the case of a molecule with
only one vibrational mode, as in a diatomic molecule. 1In
Section II.C. the addition of another vibrational mode is con-
sidered, in an attempt to obtain an understanding of the vibra-

tional energy absorption process in a polyatomic molecule

such as CH3F. Computer results will be used throughout to verify

the analytical results and check the assumptions. A treatment

of the conditions necessary for ignoring the rotational structure

is given in the Appendix.

B. One Mode Model
If we denote Ev as the probability of a molecule being

in state v, where the density in state v is Nv = BVN (N is the




total number density of molecules in the system), the rate
equations describing the interaction of the laser with the

oscillator system may be written as

%‘% = )‘ e ‘?(PO-P')

o/
X

dh . gg) . (P. - P, (1)
% T w7 e ( )

AP . oh

e bl i

where SPV/Bt)C is the contribution due to V-V collisions and

Yp is the effective rate constant describing the energy flow into the
system due to stimulated emission and collisions. [The ex-

pression for Yp is given in Eg. (A-15) of the Appendix.]

This expression assumes that the laser pulse duration is

sufficient so that the rotational structure can be ignored

(the conditions are given in the Appendix), and that the laser
intensity is such as to only couple to the v = 0+1 vibrational
transition, collisionless multiple photon absorption processes

being negligible. Relaxation due to VT processes is also as-

sumed to be unimportant, as in the case when T << 1 The

v
treatment will be generalized to include VT processes below.

If we assume resonant binary V V processes, and dipole-
dipole collisions in the harmonic oscillator approximation, the
process has a probability rate
Therefore, the collision part of the coupled rate equations can

( )

be written as

%f;.",)‘ - %“ g’ § (V{\)V'{P\Nva'-' - R Y"3

vizo g
{—(v'#l\V{Yv-va'O-"P"P"]§ o (2)

e —




Here Yyv is defined such that for an isolated three level
system (v = 0,1,2),

oA o (- o)

where Yy is the characteristic "up the ladder" collision

(.

rate. Equation (2) may be simplified by usino the con-

dition of number conservation

P ) (3)

vz=0
and noting that the mean number of quanta stored in an os-

cillator is given by

- Vibvational enevqy /Hw
€ = ) vh = l (4)
wolecule s
v=0
Thus,
oF

\
- ).-, = é"%—[(zv*\)e +v]P, + veR,, "'(V-H)(G*')EM} LB}

We now wish to examine the problem in the limit in which

¢ )

the laser saturates the v = 0+1 transition such that




dh. .~ dPR
| - (6)

That is, the time rate of change of levels 0 and 1 are locked
together, so that if one changes the other follows. Therefore,

using Egs. (1)
A é_.f’-») h EB) ]
PG—R = 2‘6? ot /e ot /e -
Thus, it can be seen from Eg. (5) that P_.-P

0 F1 is at most of

order YVV/ZYp‘ So, if

x\vv << ZXP ) (7)

then

B =B . (8)

Accordingly, (7) is a sufficient condition for equalizing

the populations of the v = 0 and v = 1 levels for all time,

and thus insures (8) and (6). Note, however, that we must

allow the product xp(PO-Pl) to be non-zero, but as yet unspecified.
Let us now find an expression for the time rate of

change of vibrational energy per molecule. Taking the

derivative of Eq. (4) and using Eqgs. (1)

. Lo 2
€ = Zvcz_(rfv = Zvasl.i")‘ < Uf(f"P") ¢

vzo W

]
Substituting Eq. (5) one obtains ZOV Dz,--%')‘ 0 , as expected,

since energy is conserved in the collisions in this model.




Thus,

€ = %(p-p) ,

(9)
and the rate equations become
- . 2% T
P. = 5 )° € y (10a)
: 2P =
P = %) t ¢ N (10b)
L3 a 2
B = '{ ). vz l (10¢)

The € term may be considered as a perturbation, not neces-
sarily small, on the usual collisional relaxation. The VV
processes attempt to drive all the populations to a Boltzmann
equilibrium,( ) but the € term offsets the process by main-
taining nearly equal populations in v = 0 and v = l.‘ As a
result, VV collisions pump molecules to higher vibtational
levels, with the laser supplying the necessary energy.

Using Egs. (5) and (10) with PO = Pl and ﬁo = Pl

2 Bwv .
E = =5 ~ K : (11)
This equation gives e once Pl(t) is known. Conversely, Pl(t)

can be found once € is specified as a function of t or Pl'

The fact is, ¢ = yp(Po—Pl) is an unspecified parameter other

than the requirement Po(t)zPl(t).
This difficulty can be overcome by taking advantage of

the fact that the vibrational levels v > 2 are all in
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equilibrium with respect to the v = 1 level. This can be

understood in the following way. With P0 = Pl the tendency

of the collision terms in Egs. (l10a) and (1l0b) is to increase

PO and decrease P, [cf. Eq. (2)]. However, the ¢ terms in

these two expressions oppose these changes and sufficiently

retards the relaxation of these two levels so that they can be

£

considered slowly varying cn the VV time scale. The

remainder of the levels then come into equilibrium with the
v = 1 level in a time 1/xvv. Thus, the vibrational popula-

tions can be described by an effective temperature in the form

F. =k P
- (v-1) 6
P, Pe( )

{1

2 (12)

where 6 = ﬁw/kTV, with Tv being the time-dependent effective

vibrational temperature of the v = l+» vibrational levels re-
lative to the v = 1 level. This assumed time dependent quasi-
equilibrium distribution is verified by computer solutions of

Egs. (1) and (2). Figure compares the distribution of Eg. (12)
with the rate equation predictions for a value of Yp/va = 100.
As can be seen, the overall agreement is excellent. The small
discrepancies are inconsequential, since e(t) is determined by

a sum over the Pv's and is not very sensitive to individual

values.

Substituting (12) into (3) and (4), and solving for € in

terms of P

: (13)
€ = Ci=PY/ P 3




=13

and
z [ ]
P = l" E Y
€ = 2 & (14)
This gives an independent expression for é(P), as desired.

Equating the two expressions for €, (11) and (14) , one obtains

a differential eguation for P

e N

which can be easily integrated subject to the relevant boundary
conditions. Since the laser saturates the v = 0+1 transition
on a time scale substantially shorter than the characteristic

VV time ([see Eq. (7)], the appropriate boundary conditions

are

(]

Pk=9= L (t=o0) Polt=0) = & (16)

Thus

! .
};2 + HQALZP = xvvtp + L‘ . (17)

-

This simple expression, together with Eq. (13), determines thé
number of quanta per molecule absorbed. Note that e is entirely
determined by the product of the VV rate constant and the laser
pulse duration, which is roughly the number of V-V collisions

occurring during the laser pulse. Neither the laser intensity




=]l2a

nor any other parameters enter in. Values of e(t) predicted
by Egs. (17) and (13) are in precise agreement with computer
solutions of the coupled rate equations (1,2) (Fig. ).

This solution has interesting forms for the limiting values
of vatp. For YVVTp << 1, P (vatp) doesn't change much from

its initial value and

€ & L %vatf’ 5 (18a)

Thus, in the initial part of the pulse the energy stored increases

linearly with time. 1In the other extreme, when YVVTp > 1,
P (vatp) << 1 and consequently
€ = Tev Tp (18b)

This expresses the fact that the energy absorption becomes
more like a random walk (YVVTp = number of VV collisions), since
higher states are populated and energy can flow down the vibra-

tional ladder, as well as up. Furthermore, in these two limits

-

(M

L4
= P
3
° '

-5 8%, ¥t << |

B ~ P

u

ERg. S 1 Wi >
(8.t ! i l

so that P0 and Pl do change at a rate substantially slower than
the charateristic VV rate, Yyy ! which is consistent with as-
sumption (12).

According to the results so far, any desired amount of
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of laser energy can be transferred to the molecule by using
a laser pulse of sufficiently long duration. In actuality,
vibration-to-translation (VT) relaxation processes place an
upper limit on the maximum amount of stored energy. For

pulses exceeding T the VT relaxation time, some of the

L7 g

stored vibrational energy will be converted to translational

energy. Thus, for T~ 71 the amount of stored vibrational
o) VT

energy reaches a limiting value.
To include the influence of VT processes one must include

this interaction in the rate equations. For this the term

Sr [ (o (B =1 B) = v(p - nR.)]

-1

must be added to each of Egs. (1), where Y = is the

vr = ‘vt
()

VT relaxation rate and Y| is given by Y = e—ﬁw/kT, as is neces-

sary for detailed balancing.( ) In this case Eg. (9) becomes

[ 4

€ + ¥.(e-qe+)) = ¥%(B.-R) .

using the expression for the laser pumping term in the revised
Egs. (1), with Po = P1 and ﬁo = ﬁl' and the expressions for ¢
and € from the temperature assumption [Egs. (13), (14)], the

differential equation for P becomes

When the system comes into thermal equilibrium (i.e. the
vibrational temperature Sgual to kinetic temperature, T )

. g -
this choice of Q causes §EM)VT Coll - 0.




=Ll

P[Z' —‘fl) = ‘%}P = XV':I(""\)JP_ 4 (2"1)]-(19)

This can be integrated with the initial condition,

P (¢t =0) =1/2, as before. For n << 1 and Yyv >> Yy
(the usual case) the energy per molecule is

Ezem) = 2 (-4

Hw P 2%y7 2 ) (20)
valid for Tp 2 Typ® Thus, for laser pulses longer than a

few Ty the number of gquanta per molecule reaches the limiting

value~J&q/k . Thus, VT processes place an upper limit on the
20yy

amount of laser energy which can be vibrationally stored in

the molecule.

Finally, Egs. (1) with VT interaction but without the
laser (after the laser pulse is terminated) have the expected
solution for t > Tp e(t) = €5 +[€(Tp)-€0] exp [-(l—ﬂ)YVT(t-Tp)]
where €9 En/(l—ﬂ) is the energy of the oscillator system at
room temperature.

It should be noted that this model becomes inadequate for
cases in which the laser induces substantial population into
high lying levels in which there is a significant degree of
anharmonicity. This is so because an anharmonic oscillator
does not evolve toward equilibrium through a continuous series
of Boltzmann-like distributions,( ) hence assumption (12)

becomes inadequaté. To get an idea of when this effect becomes
important assume that the temperature assumption of Egs. (12)
is still approximately valid and notice that Egs. (3) and (4)
for small P lead to

Pv ~ P é(v-t)/e




wlh—

Thus, if the degree of anharmonicity is not significant up to
vibrational level v = 10, for instance, then the model remains
valid for energy absorption of up to 4 or 5 photons. After
that anharmonicity effects such as bottlenecking, Trainor

¢ )

pumping, etc. may become important.
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Strong fluorescence from the C-F stretch mode, Vv, nzar

q.6 um, and the C-H stretch, Vv, and v, near 3.4 um, have baen

1L 4
3 " h
Observed.( ) Weaker but observable emissions also have besen
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reported from the bending modes, \2 and Vo, near 6.8 um and tae
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These fluorescing modes have provided much information

O |
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about relaxation processes in methyl fluoride. The rota

relaxation time in methyl fluoride, measured from pressure

L L R g : ) (15)
boradening aata, was reported to be 8x10 “sec. G and
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techniques with reported values of 0.83 psec-torr = ana
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B. .Experiment
The Y265 uym P(32) TEA CO0, laser line falls within
S = . AHE L ‘
25 YHz of v. V= 0 +=1) R(4,3) transition of C_3F. =z ar
pulses were typically 2—4}45?c juration with enercies 0.:25

(1

h
(0

the cavity. Care was taken to avold mode locking whieh coulc
produce embiguities in the data analysis. The long tulses,
nacessary to insure many V-V colliisions during the laser zxcitat
process, were obtained by ajusting the nitrocen contant of the

aser gas rixture.
The laser output, collimated to a 6 mm spoisize, was vassed

through an 18 cm glass absorption cell. A KCl bzam splitter was

Fh

claced in front of the cell to sample a portion of the incident

bzam for monitoring. Both the sample beam and the transmitied

o
o

beam were scattered off coarse aluminum surfaces to avoid the
viewing of hot spots by two Au:Ge detectors whose outputs were
intecrated by an RC circuit and vizwed on & dual boam

cscilloscope. . A Scientech 362 energy-power meter was used to
calilirate the detectors and establish
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civiaing by the nurber of molecules in the interaction region.

The data points of Figure ¥a give the measursé nurber of CO

s |
l.J L
.tanta absorbed vs €H.F pressure, As ecan be seen,; & rises
3 &
monotonically up to a value of 2.6 guanta absorbaéd at 6.0 torxr,
at which point it starts to decrezase. This decline is due to
absorption of the laser pulse as it transversses the gas samplie.
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to occur., At higher bressure, how nuation

9}
D
1+
0
=
(1]
IR
e
®
o
t |
Q
(o]
H
t
e
)
i
=
N6
—t
(1]
0
®
Fosd
—
[
1t
nl
=
o)
\Q
t
O
fu
4
lk\
(o))
o
()
oF
™
’.J
5
3
—“
N
|
A
<

6
o
(o1}
i
'.J
o3
\Q
(U
Fiy
I'h
jte
0
(8
o
15
r
k\
=
5
L
(94
7]
(0]
O
h
1]
1]
o

are all satisfied in CH,F. RAs explained in Szction II, analytical
2

-~ 1

result of eq. }5 should be accurate to within 20%; accoraingly,

of lasar pulse duration, T % 3 usee, eqg. 15 was fit to the

13

cata points of figure #a by varying the single parameter vy _y,
SF2 )

“Fr? brst ©it (solié curve of figure %a) resulted in a value of

=1 =1 b e . : .

G ¢ Uy &k O, usec torr . ko si¢hilificant implovament 1n Ele

could be cained by using the two mode woi ke model of Section 1I.




Tnis value is within experimental error of the EZarl and Ronn

= =il =1 : 2 S <
value of 1.2 +.3 usec EOLE measurZg using laser induced
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Hecwever, 1f this inecuality 1s not satisiied by the pure absorbing

gas, a buffer gas can be added to decrease t_, hence, T« T test

for the presence of a bottleneck, cnergy absorption expsriments were
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argon was added up to 500 torr. Argon was chosen befause this heavy

foh)
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inert atom should leave the V-V rate unaifected but shoul

the rotational collision rate, T., withoyt appreciably deactivating the

level populations via V-T processecs.

The pressure broadeninag by argong was estimated to be

'rocadening data in ref
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broadening is 40 MHz/torr EHES,
- ) . &

500 torr of argon woydd broaden the 200 !Hz CH,F lines to

This represents q/{:;tor seven increase in the rotational collision
1 = 1/mAv
R-R .

where Av is the linewidth (FWHM). This gives 1 N 0.23 nsec at

b= s b = = 3 : 3 - . T < Yoo L p JPSECRGPED 13
500 torr argon, nwre than suificient to rumove any potential bottleneck.
however, the transmitted intensity vs, argon pressure indaicates no

detectable increcase in the energy absorbed as argon was added.
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IV. Energy Distribution in CH3§

To establish that for times <<'rVt

sides in the vibrational degrees of freedom, the time evolution
of the fluorescence from thz:f:f;iTJF—F stretch mode'(v3)was

. f"'\e <SF3 i
monitored by a Cu:Ge detector., In the pressure range of the

experiments the fluorescence was always in the form of a rapid

the absorbed energy re-

rise, governed by the duration of the laser pulse, followed

by a long (< ms) decay, determined by the V-T relaxation pro-

cesses. The 3.3 m C-H stretch (vl,v4) and 6.8 um bend (vz,vs)
=

fluorescence bands exhibited the same temporal behavior as v3(:£EE:E/

This indicates fast intermode V-V rates and that a vibrational

steady state among‘the modes is reached soon after the laser

pulse terminates.

A. Cold Gas Filter Analysis of Mode Temperature

Since the absorbed energy is distributed among all the
vibrational modes, it is important to determine how much is
stored in each. Absolute measuréments of fluorescence inten-
sities from each mode could provide this information but such
are difficult and imprecise. A new technique, which utilizes
the fact that a steady state is rapidly established among the
vibrational modes, was used to measure the energy stored in
the v, mode. In this technique the peak fluourescence is first

observed after it passes through an empty "cold gas filter"

cell to give I(0). Then, methyl fluoride gas at room temperature




is introduced into this cell to remove the v =1+ v = 0
component of the fluorescence, giving I(O)-Ilo. This "cold"”

gas (room temperature) is an ideal filter for the v =1 + v = 0
fluorescence since its absorption frequencies match the emission
frequencies line for line, and only the vibrational éround state
4

fluorescence from

is significantly populated. Thé& small anharmonicity (18 cm
is sufficient to prevent the absorption of v, b
higher lying levels.

The ratio li%%%%lﬂ is an easily measured quantity which
determines the vibrational temperature or energy content of
the mode in question. At higher temperatures more of the fluor-
escence arises from higher lying vibrational states and the
ratio tends to unity. At lower temperatures the fluorescence
ié primarily IlO and the ratio tends to zero.

Describing the vibrational level populations of the Vs
mode, vibrational fregquency V3 by a Boltzmann distributioﬁ

at temperature T3/ the fluorescence intensity arisng from

a particular vibrational transition is

2 .-”7% -
RN T (‘“6'5) (1)

where{@3 = %‘,i,’—l ook
3

summed over the individual rotational quantum numbers J,K.

¢’ y-j 1S the net fluorescence intensity

Thuslufv . is the vibrational transition moment and the re-
’




- 4 el

maining factor is proportional to the total population of
level v. Assuming harmonic oscillator transition moment matrix

elementsluf = vbrl,o the ratio becomes

v,v-1

g -2 ;
I)-T1,, 2= (I_Cps)z = 1- (1+€3) (2)
I(o) '

where €, is the number of vibrational quanta stored in v

3°

component is com-

3

This equation is valid when the I10
pletely removed by the cold gas filter. In practice, however,
several problems are incurred in achieving this. The v =1

to v = 0 fluorescence is composed of many rotational-vibrational
lines. The intense emission lines are absorbed strongly; con-
versely, the weak emission lines are absorbed weakly. A

similar effect occurs because each rotational-vibrational line
is Doppler broadened and the wings of its profile are absorbed
more slowly than its line center. As a result the curve of
transmitted intensity I(P') versus cold gas filter pressure P'
is not a single exponential but instead has a long tail.

In principle all of I can be filtered out by increasing

10
the optical absorption length, proportiénal to P'L' in the

Doppler regime. However, signal is lost to solid angle if L',
the filter cell length, is made too long. Furthmore, if the

pressure P' is increased too much, the I absorption lines

10
may be pressure broadened sufficiently to overlap rotational-




vibrational lines of higher vibrational transitions. To avoid

these problems the dependence of on P'L' was determined

10
by considering the absorption of each individual rotational-
vibrational emission line and summing over J,K.

The spontaneous emission intensity of an individual line
(J,K J'K') is determined by the population of its upper state
and its matrix element. Both are functions of the rotational
guantum numbers. Similarly, its absorption by the cold gas
filter is dependent on the matrix element and the population
difference between its upper and lower states. Neglecting for

the moment the non-zero linewidths of the rotational-vibrational

transitions, we have

I
I (%) < 22 N juf . e o Fh
10 Pqr ok K Lk-:k' (3)
with absorption coefficient
X = ¢ (Ny o~ Ny
k-7 k-3’ M (4)
where C' is a known constant. Here Ny and T i are the

populations in the upper and lower states, respectively
(including statistical weighting factors for nuclear spin and

K degeneracy) and]u? is the matrix element for the

JK-J'K'

(21)

branch considered (P,Q,R). "The value for the transition

dipole moment, necessary for calculating M Ked 'K was deter-




(15) The effects of

mined from known absorption coefficients.
Doppler broadening (non-zero linewidth) are included by re-
placing the single exponential e %JK-J'K'P'L" Eq. ( )
by ‘"Z:,(_p("_ﬁ, P'L')h/n‘,(n_"f . This function is readily derived
by considering the absorption of a Doppler broadened line by
a gas whose absorption coefficient is also Doppler broadened
[similar considerations are found in Ref. ( )]J.

This numerical procedure establishes an expression for
the transmitted intensity as a function of P'L'. To facilitate
data analysis this generated curve was approximated by a three
exponential fit, X (PL') = 0567 exp (-0.L147L") 40,331 exp (~0.145¢0)+0. 102 exrl= 6.019
so that

L1 = T )x () -

Equation ( ) can thus be modified to include the dependence
on P'L'.
’
T (p) _ )~ X, + I,O(V’—')
T(o) X )

-2
= = (1+¢y) [:I-‘X(r'z.')] o

In the data analysis, the parameter e, of Eq. (6) was varied

3
until the resulting theoretical curve matched the experimental

data (Fig. 8). "’M*\\\
SF1

In the experiments (Fig. &) L 0.25J CO, laser beam,

0.6 cm diameter, was passed through a fluorescence cell de-

B

F .




signed for viewing emission at right angles to the beamn.
Noise from laser scatter, most of which is off the exit window,
was minimized by\}ocating the exit window far from the side
windo (Fig.§g¥: )Since 13CH3F is a strong absorber, the
scattered radiation was completely absorbed in the.long optical
path between the two windows. To minimize reabsorption of the
fluorescence by unexcited gas it is important to keep the laser
beam close to the side window. Recessing the side window into
the cell reduced this distance to only 2 mm. The 6 mm beam
diameter was sufficiently small so that absorption of fluor-
escence in the excited region was unimportant. The side
light emission from this fluorescence cell was passed through
an 8 cm cold gas filter. The transmitted intensity was focused
onto a Cu:Ge detector whose output was displayed on an oscillo-
scope. <§§§;;>

Figuréfsashows the experimental data and the theoretical
fits for vaf&ous fluorescence cell pressures, P. As can be
seen, at higher pressures, P, and thus higher VV rates, the

number of quanta found in v, increases as expected. However,

3
this represents only_ig:ég% of the total energy absorbed by
the molecule. The remaining energy is transferred to the other

vibrational modes through VV cross-over collisions.




B. Energy Distribution and Flow Paths

The VV cross over collisions which transfer energy £from

v3 to the other vibrational modes have rates about 1/10 of the

VV rate within the v3 mode.llg)

relaxation rate is slow enough to allow all of the modes to

As explained above, the VT

reach a vibrational equilibrium, with each mode at a different
vibrational temperature.

Measuring the temperatures of modes other than Vjy by the
cold gas filter method is generally nét practical because of
the weaker absorption coefficients characteristic of these
modes.

' For these modes, can only be absorbed out by increasing

Ti0
P'L' to the point where the signal to noise and pressure
broadening limitations are significant. A cold gas filter

measurement on both (v ,v4) and (vz.vs) was only able to give

1
an upper bound to the energies (vl,v4) which agrees with

Fig. 4. Once the temperature of v,y is established by the

CGF method, however, relative fluorescence intensities can be
used to determine the temperatures of the other modes.

The fluorescence intensity due to a particular vibra-

tional transition in a mode of frequency w is

41;}(4{?' n,€ i
i[tnv=1 i o~ ° (7)

where ng is the population of the vibrational ground state.




The integrated absorption "strengths", a, for each mode,
which are tabulated in the literature allow us to replace

ulg in the equation since

= Ra 4Ttw Jpsnzs i
X = /44w : . (8)

Summing over all v yields the total flourescence intensity
for the mode.
T &£ e (\-e_")
(9)
Therefore, from measurements of IB/IA, the ratio of the
fluorescence intensities of two modes, A and B, the vibra-

tional temperature of mode B can be obtained from the known

temperature of mode A via

'ﬂa B W . "f%
- B (e meta-e) L,

Once the temperature is known, of course, the energy stored

in the mode €p is also known [Eq. ( )].
This method was applied to the degenerate modes v,
and Ve at 6.8 ym and degenerate modes Vs and vy at 3.4 um.

The fluorescence from the v, mode at 8.8 um was too weak to

6
measure. The (vl,v4) fluorescence was isolated with an
infrasil quartz filter and the VyrVg fluorescence with a wide

bandpass dielectric filter. The V3 flourescence, which served




as the reference inteﬁsity was isolated by a dielectric
filter which passed long wavelengths. In establishing the
relative vibrational temperatures with Eq. ( ), the tabu-
lated values of integrated absorption coefficients of Ref. 24
were used. These values agree with the absorption spectra
given in Refs. 25,26. In the analysis (vz,vs) was considered
to be triply degenerate since the doubly degenerate Vg is
only 4 cm-1 below Vge Likewise, (vl,v4) was treated as triply
degenerate since doubly degenerate Vg is 15 cm'-1 above.vl.
Conributions to the 3 pym fluorescence from the Fermi mixed
(vz,vs) state were neglected because of its relatively weak
intensity.(27)
The results of these measurements are shown as data points
in Fig. 4. 62’5 and €1,4 are the sums of all the consistent

degenerate modes' energies. Although €, was not measured, it

6
could be estimated theoretically (as discussed below). Thus,
we have experimentally established that for times <<VT, all
of the absorbed energy is partitioned among the vibrational
degrees of freedom. This result also establishes the internal
consistency of the absorption, cold gas filter, and relative
fluorescence techniques.

Given a knowledge of the energy flow paths between equili-

brating vibrational modes, and the total amount of energy

absorbed, the distribution of this energy among the modes can

I ———— e - PR




=1 0=

be circulated theoretically. Since we have measured these
energies experimentally we can choose between various possible
flow paths on the basis of how well they fit the data. The
solid'cﬁrves, (b), (c), (d) and (e) of Fig. 4 are tlLeoretical
fits assuming a model given below.

The path below, Path 1, used to calculate the curves in
Fig. 4, has been shown by Flynn and coworkers (23 )
to be the dominant path in the weak excitation regime.
Path 1

(1) (vy) + (O (v) + (0) - 147 cm *

(2)  (vg) + (02 (v,,v) + (0) = 275 em

(3) 2(v,,vg) 22 (2v,,2v,) + (0) - 68 cm
(4)  (2v,,2v.) + (0)&(vy,v,) + (0) + 103 em 1

where, for instance, (2v2,2v5) represents a single molecule
with two quanta in mode vy and two quanta in mode Vg and (0),
a molecule in the vibrational ground state.

The temperatures, and Ty of two different modes in

TA
vibrational equilibrium with each other are related by

wn QP_ = (L\)n"wgw (ll)

where the w's are the vibrational frequencies and T is the
kineti¢ temperature. Applying Eq. ( ), for example, to the
two modes V3 and Ve held in vibrational equilibrium with
each other by reaction (1) in Path 1 we find

“ -1
'T; - (4.)“ [ 21me (|4YCM') 4 (:_)_3‘]
300°K T3




(12)
which for T, = 2000° K gives T, = 1180° K. Similarly from
this T6 and reaction (2), T2 5 can be calculated ‘and so on.

’

From these temperatures we can relate a particular distribu-
tion of energy among the modes to the total vibrational
energy of a molecule. Curves (b), (c), (d), and (e) were de-
termined in this fashion from the total energy curve (a)
which itself was a theoretical fit to the data assuming a
particular Yyv

The good agreement of these curves with the experimental
data in Fig. 4 argues well for the validity of Path 1. A
possible alternative path, Path 2 below, was shown not to
agree with the experimental results.
Path 2

(1) (v3) + (v)&Z (2v5) + (0) +

(2)  (2v3) + (V32 (Bvy) + (0) +

(3)  (3vy) + (0)2(vy,v,) + (0) + 16 cm

For exampleé, small energy defect of reaction 3 would indicate

i o = o G
T14 2000.4° K. or €14 «L3 for a T3 of 2000~ K. This is

much greater than the measured € 4°
’

———— e e
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LASER SATURATION SPECTROSCOPY
IN THE TIME-DELAYED MODE+
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and
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ABSTRACT

This paper describes a new class of techniques, called time-
delayed laser saturation spectroscopy, which combine frequency
and time-domain methods of laser spectroscooy to provide a way
of studying a molecular system as it evolves from an initially-
prepared stationary state to a second, final state. The speci-
fic example analyzed here is three-level free induction decay,
in which the time dependent gain of a Doppler-broadened molecu-
lar transition is probed after the sudden termination of an in-
tense field resonating with a coupled transition. The calcu-
lated lineshape features expected under different experimental
conditions are described, and scme of these are demonstrated

in NH,. The experiments clearly separate the contributions of
population saturation and Raman-type processes in the time evo-
lution of the lineshapes, and yield the first measuremart of

the alignment relaxation rate in the ground electronic state
of a molecule.

t+ Supported in part by NSF and  ARO (Durham).

* This work was performed while the author was a Visiting
Scientist at MIT.

§ Alfred P. Sloan Research Fellow.
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1. Introduction it %

Over the past decade powerful laser saturation techniques for
inducing narrow resonances in Doppler-broadened systems nave
become a major tool fcr studying atomic and molecular structure
in the frequency domain [1]. On the other hand, the recently
developed coherent transient techniques have been very useful

in obtaining new information about laser interactions and re-
laxation processes in the time domain [2]. The purnose of this
paper is to show that these two approaches can be merged to form
a new class of techniques which yields information in both fre-




2

quency and time domains and thus extends the range of available
information.

As an example, consider a conventional saturated absorption
experiment in which the saturation of a Doppler-broadened tran-
sition by an intense monochromatic field is observed by studying
the narrow resonance induced in the transmission of a tunable
probe beam (Fig. 1.).

SATURATING FIELD

FANNNNASNNN

DETECTOR|CV VN CELL PROBE FIELD

Fig.1 Example of the time-delayed technique. The confiquration
shown is that of time-delayed Lamb dip.

Now suppose that the saturating field is suddenly switched off,
and the lineshape of the narrow resonance is probed a fixed in-
terval of time later. As the time delay is increased the change
signal will become smaller, corresponding to the decay of the
saturated molecules and their return to equilibrium. Further-
more, as shown below the shape of the resonance may evolve from
its steady state form. This information can be combined to form
a surface in a coordinate system having axes: probe intensity
(z-axis), frequency detuning (x-axis), time delay (y-axis)

(Fig. 2).

1 1(PROBE)

\
\
\
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\ ,

m’ESﬁ?ﬁcv M -
V

// DELAY
Z TIME

Fig.2 Three dimensional representation of the time-delayed
change signals.

L2 Rd

Sections parallel to the x-axis give the resonance lineshape at
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delayed times. Similarly, sections parallel to the y-axis give
the free decay of the system at various values of fequency de-
tuning.

Experiments of this type are inherently different from con-
ventional free induction decay experiments [2], where the probe
field does not interact with the molecules and serves only as a
local oscillator for heterodyne detection. Thus, in such experi-
ments there is no resonant behavior as the probe field is tuned.
For the same reason the new technique is not an analog of pulse
Fourier transform spectroscopy [2], and the time-delayed line-
shapes may bear no relationship to the corresponding decay times.

In fact, different portions of the lineshape may decay at dif-
ferent rates, resulting in a _deformation of the overall lineshape.
Lineshape evolution of this type becomes particularly important
when the physical processes contributing tc the change signal
decay at different characteristic rates (e.g. T, processes vs.

T2 processes), or the lineshape exhibits Ramsey-type frinaes due
to decay of a phase-coherent contribution. Other features of the
time-delayed change signé¢ls which occur at high saturation field
intensities include power broadening and dephasing, and oscilla-
tory behavior related to the dynamic Stark effect.

The wide range of techniques to which time-delayed saturation
spectroscopy can be applied includes free decay, optical nutation
ancd photon echoes in two and three level systems (both cascade
and folded), for probe and saturating waves either co- or
counter-propagating [3]. In the following we shall concentrate
on free decay in Doppler-broadened three level systems.

2. Theory of Free Cecay in Three Level Systems [4,5]
When an intense , monochromatic laser field, E,, frequency .,
resonates with one of the transitions (0-2, see Fig. 3) of a
Doppler-broadened gas, the populations of levels 0 and 2 are
altered over a narrow range of axial velocities centered about

v,, satisfying the resonance coadition Q,-k,v, = w, (w, molecu-

2 2 "2°2 2 2

lar frequency, k, = Qzlc).

.
- v~

Fia.3 Energy level diaarams.

This resonant change in the velocity distribution can manifgs;
itself in the spectral profile of a Doppler-broadened transition,
0-1, sharing a common level with 0-2. If a weak monochromatic

e —— e e e e e = \ o ———
” ¥
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field, E](Q]), colinear with the intense field, probes the 0-1
transition, center frequency w,, a sharp change in transmission
will occur when Wy is tuned into resonance with the molecules
of velocity Vo

Q, = Q](e) where @,(e) = m]+ek].(92.—¢92)/k2 (1)

(e = +1 and -1 for co-propagating and counter-propagating waves,
respectively). This effect, called laser induced line narrowing,
has been the subject of numerous theoretical and the experimental
investigations devoted to studying the steady state change signals
at the probe transition [1]. It is now well known that the change
signal lineshape cannot be accounted for in terms of population
considerations alone, and that coherent Raman-type processes such
as two-photon transitions play an important role [6]. Thus, for
example, the widths of the change signals in the forward (e = +1)
and backward (e = -1) directions can differ considerably. This
and other lineshape asymmetries have been useful in extracting

detailed information about collisional and radiative decay pro-
cesses.

Our purose is to analyze the transient behavior of the change
signal lineshape when the saturating field is suddenly terminated
at time t = 0. In the thin sample approximation the probe change
signal is proportional to the velocity-integrated value of Im(P),
with P(2,) the ampiitude of the optical polarization induced by
the probl field. 1In the slowly-varying envelope approximation
P obeys an oscillator equation of the type [4,5]

P+LP

i“lel("1'000)+i“1“2E2°21’ (2)

where L = vy, . +i(Q,-wy~k,v) and b = 1. "j is the thermal (or
background) population of level j; u, is"the 0-j dipole moment

matrix element; IT is the envelope of the i-j density matrix
element (o 0° popuiation of level 0 as influenced by E2; Toqs

coherence induced by Raman-type transitions) and y ;. is its

i
relaxation rate. As can be seen, P can be excited gy both popu-
lation and Raman-type driving terms. e e

-

The solution of (2) in the transient regime (E2 = 0, t>0) is
given by

P(t) = P1+P(0)e'Lt-iulelétAn(t')e'L(t't.)dt‘, a (3)

where P, is the linear (unsaturated)polarization, P(0) the ini-
tial va%ue (t = 0) of the saturated polarization, and

an(t) = [oy(0)-nyle vob, (4)
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with y, the population decay rate of level 0. The last term in
(3) describes the coupling of P with ¢ Since E, = 0 for t>0,

transient Raman processes do not occuro?as they would in three
level optical nutation). But their influence is contained in the

initial polarization, along with that of the saturated population
of level 0:

¥(0) = i[-u]ZE]An(0)+u]u2E202](0)]/;. (5)

The resulting probe lineshapes, obtained by integrating (3) over
velocity, depend on the relative direction of the two waves.

In the following the lineshape features will be described for
a folded three level system (Figs. 3a,b). In the cascade case
(Fig. 3c) the lineshapes are the same, except that the roles of
forward and backward signals are interchanged.
2.1 Counter-Propagating Waves (e = -1)
For weakly saturating pump field the lineshape is given by the
real part of g (e = *1):

SLr+i6(-)]t oyt -[T+is(-)]t
gl-) = Srerry i 01‘-$0+16(-) , (6)

where 6(-) is the probe field detuning [8(e) = @ -2,(e)], and

I = ygrtk,Y 2/k2' The first term in g(-) describes the decay

of the initial polarization. 1Its decay rate, I', consists of two

terms, the ordinary relaxation rate, y,,, and a Doppler dephasing

contribution, k YOZ/k . This latter term is due to the velocity
/l of %he

spread Av =y excited molecules, which gives rise to
a correspondqag pread in the reradiated frequencies.

The second term in (6) comes from the coupling of P with the
saturated level population, and decays at characteristic rate Yo

The first term exhibits Ramsey-type fringes and the associated
line narrowing, as is characteristic of the time-delayed line-
shape resulting from the decay of a phase-coherent polarization.
This type of behavior can be obsé&érved in g(-) for T<y,. As seen
in Fig. 4, for t21/T the line narrows below its natural width.

Fig.4 g(-) change signal for
r = 78/2. Time delays:
t] * ’ tz bt Z/Yoa t3 i 4/Y0'
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This extreme narrowing is due to the selectiorn of long-lived
molecules by the time-delayed measurement process.

In the case of I'>y, the polarization contribution is domi-
nated by the populatign term for t21/T, leading to a different
type of behavior. There are no fringes and the line remains

Lorentzian, narroviing from an initial width T to an eventual
width T-y, at t>1/T. .

In contrast, when there are strong phase-changing collisions
[Yi'>>(yi+Y')/2] the lineshape is not deformed-during the tran-
sieft evdlution (Fig. S5b}.

kyzhy

10

%0 %" %2 10 /5* %2 /5
ts0

1= 5/%,
1 /1
te2/x,
t=4/x,

» s N -

i i
0 %

Fig.5 Forward (a) and backward (b) change signals when phase-
changing collisions predominate.

The resonance, a Lorentzian of width I', then decays with the
population time constant:

g(-) = eYots[r+is(-)1. (7)

Finally, note that in all cases Raman-type contributions are
absent in g(-), as can be seen by the absence in (6) of terms
containing y,,, the Raman-coherence decay rate. These contribu-
tions cancel in the velocity integration because of the destruc-
tive interference arising from their strong velocity dependence.
2.2 Co-Propagating Waves (e = +1)

In contrast to 2.1, in the forward direction the change signal
is influenced by Raman-type processes, which are not averaged
out in the velocity integration. It also depends on whether
kzi k-

For k,<k, and no phase-changing collisions [y,. = (y%+y.)/2]
the lineshape [4] is a single Lorentzian of width characterized

N —— e e e -— - i —————————
Y v
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by Raman-type processes (and therefore narrower than the € = -1
case), which is undistorted during the decay. HMowever, this is
not the case when phase changing collisiorns dominate (Y01,702>>
YO’YIZ)' For example, in the important special case of
k]=k2 the change signal lineshape is given by

g} & e e F : (8)

I‘+i<5(+) r Y]2+1é(+) v

The first term describes a broad resonance, induced by popula-
tion saturation, which decays at characteristic rate y,. It is
identical to the corresponding g(-) lineshape, (7). The second
term is a narrow resonance of width Yip1 induced by Raman-type
processes, which decays at the much faster rate T = Yo
characteristic of the decay of the initial po]ar1zat1on %h1s
leads to the remarkable conclusion that after a time ~1/I the
narrow contribution decays away and the forward change signal
evolves to a broad Lorentzian identical to that of the backward
signal, (6). An example is shown in Fig. 5a.

When k2>k] there is an additional contribution to thke change

signal, due to the decay of a new velocity group prepared in the
steady state (t<0). This velocity group, associated withk the
resonance condition for Raman type processes, is centered at
Vi defined by Q -2, = wymw (This is the energy
conservation cond1t1on for »1 wo quanlum transitions.) This
extra term, which exists even when the medium is transparent to

the saturating field (qz = ng # n]), is proportional to the real
part of

RN LTG0
ey 8

[y+is(+) ]2

, (9)

with k= (kz-k,)/kz and y = KYoi+k]Y02/k2. As can be seen in
Fig. 6, the corresponding time-delayed lineshape exhibits Ramsey-

type fringes, as is characteristic of a pure phase-coherent
contribution.

P

N
-0 oot
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Fig.6 g(+) change signal for n, =ng # ny, kz = Zk], Mip ™Y
Time delays: t] =0, t2 = 0.5/v, t3 = l}y.

2.3 Saturation Effects

The above results describe the case in which the saturation
induced by the intense laser field is small. The additional
lineshape effects occurring in the case of strong saturation
include power broadening and dephasing, and dynamic Stark split-
tings exhibiting a novel type of oscillatory decay. A complete
discussion of these effects in given in Ref. 5.

3. Experiments in NH, asQ( 8 7) transition]

3.1 Experimental set up %F

In the experiments the v asQ(8.7) transition of NH, was satu-
rated and probed using two c.w. N20 lasers oscillating on the

P(13) line (A = 10.78 um), which falls within the NH3 Doppler
profile.

— - —FProbe N,O Loser J:';ZT

Soturating N2O Loser]

‘Fig.7 Experimental set-up.
The GaAs switch was absent

in the steady-state experi-
Ngg N°0 ments.

! ]
N t_ﬁ"Tgrj |

Cu- Ge"l
Detector

GaAs swiTcH

A
!
|
|
{
|
'
|
I
[
I
I
I

i

A 10 cm glass sample cell with NaCl end windows was used. Holding

the frequency of the saturating N,0 laser fixed, the probe was
tuned (tuning range, *+35 MHz) by- %eans of calibrated PZT. A

flip mirror was used to reverse the direction of the saturatvng
beam ard thereby select forward or backward configurations. The
two laser beams were linearly polarized at right angles, and
Brewster angle NaCl beam splitters were used to overlap the beams
before the cell and separate them afterwards. The probe beam was
monitored using a He-cooled Cu-Ge detector. Steady-state ex-
periments were performed by chopping the saturating beam at a

low frequency (~1 kHz) and using phase sensitive detection. The
transient change signals were observed by turning on and off the
saturating beam with an external electro-optic modulator, a GaAs
crystal to which high voltage square pulses were applied (rise-

B I — — B - -
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time 30 ns, duration 10 ps, repetition rate 1 kHz), thus indu-
cing a fast rotation of the polarization of the c.w. saturating
beam. A subsequent analyzer, a Brewster argle silicon plate,
yielded the square pulses of the saturating beam. Probe signals
were analyzed with a Boxcar integrator operated in two different
modes: either monitoring the decaying signal at a fixed probe
frequency, or scanning the probe frequency at fixed time delays.
3.2 Steady-State Lineshapes [7]
Experimental lineshapes for co- and counter-propagating waves
are shown in Figs. 8a,b.

E'J.Ez
-4>\ P=50mTorr
—
1 MHz
| ]

it

———— n 5 n' 4-
(a) (b)

Fig.8 Steady state forward (a) and backward (b) observed change
signals. The dashed line shows the theoretical fit.

Since the NH, transition is degenerate (J = 8+8) and the two
beams have Dérpendicu]ar linear polarizations, the saturating
field can be considered to induce AM = 0 transitions, and the
weak field then prcbes AM = *1 transitions. 1In the absence of
M-changing collisions the systém decomposes into two groups of
coupled three-level systems having the common level in the ground
(g) and excited (e) states, respectively. The Raman coherence
responsible for the forward-backward asymmetry of the signals

of Fig. 8 is thus tre coherence between adjacent M-sublevels. ..

As is characteristic of systems with strong phase-changing
collisions [(7) and (8)], the backward change signal of Fig. 8
is a singie Lorentzian, whereas the forward signal contains an
additional narrow feature. However, a quantitative analysis

of the experimental results requires further cdnsideration, since
in the degenerate NH3 transition strong M-changing collisions

couple together the independent three level systems. As is well
known from the symmetry properties of collisiona! relaxation pro-

cesses in gases [8], allowanze must then be made for different
relaxation rates of the various multipole moments of each level.
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Using the tensorial formalism [8] to account for these features,
the following expression for the change signals can be derived

[9]:

6(e) = rnlzy! ) 2 {i‘i-

eg)aze,q ) + %Esn(yi)wh;n}, (10)

< |w
2l

0
Qa
where L(x) = [x+ié6(e)]. Ye] is the relaxation rate of the opti-
cal polarization and y_ the decay rate of the kth order multipole
in level a: k = 0, poﬁu]ation; 1, orientation; 2, alignment.

Thus, in the presence of M-changing co]]ision? the backward sig-
nal i; still a single Lorentzian of width Zqu' but the forward one
now consists of several Lorentzian ccmponents-associated with

the various tensorial moments. In the present experiments the
width of the narrow Raman-type contribution of the forward sig-

nal] is primarily determined by alignment relaxation processes

(v, )-

The observed width of the backward signal gives Ye] =

24+1 MHz/torr, consistent with earlier Lamb dip measurements.
Previous microwave experiments in the NH, ground stg?e have shown
that due to the small inversion splitting of 0.8 cm ', inelastic
cnllisions are the Bredom{nant relaxation mecranism (which implies
Y. = YO) and trat y_. = ¥y [10]. This is not true for the e¥cited
s%ate,gwhere the ineersiog splitting is much larger, ~36 cm_

In the next section we show that transient experiments yield

yg = 3.5+0.6 MHzftorr. The best fit of the experimeEtal forward

signal to (10) (dashed curve of Fig. 8) then gives Te © 61 MHz/
torr {(71.

To demonstrate the inherent polarization dependence of the
change signal lineshapes, similar experiments were done in which

the probe field polarization was oriented parallel to that of the
saturating field by inserting a half-wave plate in the path of
the saturating beam. A small misalignment was introduced tc
separate the beams. As seen in Fig. 9, in this case the fcrward

change signal is narrower than that observed for crossecd polari-
zations. N

P=80 mTorr =

Aobentoen
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Fig.9 Forward change signal for parallel polarizations of probe
(€,) ard saturating (E,) fields. The corresponding signal for
E]lE2 is shown for comparison, normalized such that the peak

heights are equal.

(The change signal linewidths observed in the backward direction
are the same, as predicted by (11).) This can be understood as
follows: When the polarizations are parallel both fields obey

AM = 0 selection rules, and so no Raman coherence can be induced.
However, since two e.m. fields of the same polarization and pro-
pagation vector are equivalent to an amplitude modulated excita-
tion, a new type of contribution now arises, originating in the
coherent modulation of the level populations at the frequency dif-
ference between pump and probe fields. This ffsct causes ad-
ditional narrowing of the forward signal if y_<y_ . Using the ten-
sorial formalism, the change signal lineshape is now given by [9]

6..(e) = o(2y,l) ¢ {28+ 184 elr96r(v0) + 76 £(v2)1}. (11)
11 eqg’ _ 0 2 2 a a
a=e,g Y(l Ya
The observed narrowing of the lineshape for parallel polarization

is another clear evidence of M-changing collisions, since for
yz . (10) and (11) predict the same lineshape, contrary to the

experimental results.

From the above results it follows that in the as0(8,7) excited
state the cross-section for elastic M-changing collisions is

about two-thirds as large as that for inelastic collisions. To
our knowledge, this is the first measurement of the aligrment
relaxation rate in the ground electronic state of a molecule.
The present experimental technique does not require Stark or
Zeeman tuning nor fluorescence detection, and thus compliments
the well-established Hanle effect and double resonance techniques
of optical pumping [8]. ’

3.3 Time-Delayed Lineshapes

As mentioned above, the experiments have been carried out in two
different ways: Either the probe frequency is fixed and the
transient signal is observed as a function of time (Fig. 10), or

the transient lineshape is studied by tunina the probe frequency
at a given delay time after the saturating field has been inter-
rupted (Fig. 11).
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NH, LINECENTER DECAY

—>
=

P=25vﬂb" Fig.10 Time domain study of
forward (upper trace) and back-
~ward (lower trace) change sig-
nals. In these traces the probe
field is tuned to line center
(6§ = 0). As can be seen, the
backward decay is a single ex-
ponential, whereas the forward

decay contains fast and slow
exponential components.

it

Figure 10 shows the dccay signals at line center and Figs. 1la,b
show the transient lineshapes observed at different time delays.

<
-

NHy P:30
mTorr

1 :Opusec

— L3IMHZz —t L3 MH2

(a) (b)

Fig.11 Time delayed lineshapes observed in forward (a) and back-
ward (b)

directions. The solid curves give the theoretical fit.

The simple three-level model of Section 2 predicts that forward




and backward signals differ
tion, and this contribution

decaying population-induced
propagation divections [(7)
tions are confirmed by Figs.

13

by the narrow Raman-type cortribu-

decays away rapidly, leaving a slowly-

component which

is the same

in poth

and (8) and Fig. 5].

10 and 11.

However,

These predic-
quantitative

comparison of experiment with theory must take into account the

level degeneracy, the existence of M-changing collisions, and
also the power-broadening induced by the pump field. As ex-
plained in the previous section, level degeneracy and re-orienting

collisions can be included by means of the tensorial formalism
[9]:

(i) In the same way as in the simple theoryT Raman-type con-
tributions have a characteristic decay rate 2ye (= 48 MHz/torr).
A theoretical study valid for arbitrary intensigies of the satu-
rating field [5] shows that this decay rate is shortened by power
dephasing. For instance, in Fig. 11 power dephasing (for I =
70 mW/cm® and p = 30 mtorr)contributes 0.5 MHz to the T decay
rate.

(ii) Population saturation contributions are the same in both
pro?agation directions and have a Lorentzian lineshape of width

2y __. A noteworthy feature is that their decay rate is not sen-
sitive to power dephasing [5]. Eq. (10) shows that various mul-
tipole moments in excited and ground states contribute to the
corresponding components of the change signal amplitudes and
thus, there should be several time constants associated with the
decay of the backward signal. However, due to the short lifetime
of the ground state, the amplitude of its steady-state contribu-
tion is very small compared to that of the excited state popu-
lation. (The ratio is about 58Y0/96Y ~9%.) In addition, its de-
cay is very fast. On the other ﬁand,gin the excited state, (10)
shoHs thgt the ratio of alignment to population cortributions is
3878/96ye:23%. The excited state population therefore provides

the dominant contribution to tBe decaying change signals, and
lasts for the longest time. <y  can thus be extracted from the

slowly-varying component of the curves of Fig. 10. The pressure
dependence of this decay rate is shown in Fig. 12.
03| - -
MHz /{ Fig.12 (2779)"1 vs. pres-
{//{ sure. The dita was taken
from the slowly-decaying

02 (

ar /}/

%'=35%.6MHz/Torr

1 L

1
40
P{mTorr)

component of the forward

change signal (upper trace
of Fig. 10).
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The zero-pressure value (~0.04 MHz) is due to molecular transit
time effects.

Since all the parameters are known, the theoretical predic-
tions can be compared with the experimental lineshapes (Fig. 11).
The agreement is quite good, except for the short term (t =
0.25 us) behavior of the forward signal, where the time resolu-
tion of the electronic detection system was not sufficiently high
to follow the fast decay of the narrow component. The success
of the model adopted here, which does not include velocity chang-
ing collisions, indicates that in the range of pressures observed
(p>30 mtorr), contributions from such collisions are negligible

in NH,.
4. anclusion

Thecse first results demonstrate the power of time-delayed satu-
ration spectroscopy. By combining frequency and time-domain
measurements in NH, we have obtained a complete set of informa-
tion which improves our knowledge of the dynamics of the excited
vibrational state, providing the first measurement of a molecular
alignment relaxation rate in an infrared transition.

We have already pointed out the applicability of time-delayed
saturation spectroscopy to optical nutation and photon echoes in
multilevel systems. To underscore the generality of the tech-
nique, notice that it provides a precise analysis of the dynamics
of atemic and molecular systems: Scattering and diffusion mech-
anisms, thermalization by velocity-changing collisions and radia-
tive transfer, velocity-dependence of such processes can all be
studied. Extension to four-level systems, where pump and probe
transitions have no common level, should lead to similar infor-
mation about inelastic collisions. These kinds of experiments

in excited neon are now underway at Université Paris-Nord
(France). .

Acknowledgments
We are grateful to our colleagues José Leite, Antonio Sanchez

and Dan Seligson for their contributions to various parts of
this work.

References

r—

1 See e.g. V.S. Letokhov and V.P. Chebotayev, Nonlinear Laser
Spectroscopy, Springer Series in Optical Sciences, Vol. 4,
(Springer-Verlag, 1977).

2 See the contribution by R.G. Brewer in this volume.

3 A time-delayed Lamb dip experiment has been performed using a
pulsed dye laser to produce counter-propagating beams: T.W.

Hansch, 1.S. Shahin and A.L. Shcawlow, Phys. Rev. Lett. 27,
707 (1971). It should be noted that pulsed lasers are not




15

ideal for such studies. The present approack has the advan-

tage that the system can be prepared in a well defined steady
state, and the weak c.w. field can precisely probe its decay.
The importance of studying both co- and counter-propagating
change signals is also emphasized.

M. Ducloy and M.S. Feld, J. de Phys.-lLettres (Paris) 37,

L-173 (1976); M. Ducloy, J. Leite, R. Sheffield and M.S.
Feld, Bull. Am. Phys. Soc. 21, 599 (1976).

M. Ducloy, J.R.R. Leite and M.S. Feld, to be published.

Both single and double-quantum Raman-type processes can occur
in coupled systems of this type having a resonant intermediate

state. See, for example, M.S. Feld in Fundamental and Applied
Laser Physics, edited by M.S. Feld, N.A. Kurnit and A. Javan

(Wiley, New York, 1973), pp. 369-420.

J.R.R. Leite, M. Ducloy, A. Sarchez, D. Seligson and M.S. Feld,
to be published.

For a general review of tensorial formalism and multipole mom-
ents see A. Omont in Progress in Quantum Electronics, Vol. 5,
p. 69 (Pergamon Press, Oxford, 1977). For their application
in laser spectroscopy see B. Decomps, M. Dumont and M. Ducloy
in Laser Spectroscopy of Atoms and Molecules p. 283 (Topics

in Applied Physics, Vcl. 2, Springer-Verlag, 1976).

M. Gorlicki and M. Ducloy, to be published.

G.M. Dobbs, R.H. Micheels, J. Steinfeld, J.H.S. Wang and J.M.
Levy, J. Chem. Phys. 63, 1904 (1975).




WP—

Voi1L.UME 59, NUMBER 23

PHYSICAL REVIEW LETTERS

S DECEMBER 1977

Laser Saturation Resonances in NH, Observed in the Time-Delayed Mode

J. R. R. Leite,‘®> M. Ducloy,‘® A. Sanchez,’ D. Seligson, and M. S. Feld
Department of Physics and Spectroscopy laboratory, Massachusetts hstitute of Technology,
Cambridge, Massachusetts 02139
(Received 26 August 1977)

A time-delayed technique is used to study the decay of narrow laser saturation reso-
nances induced in the v,as@Q(8,7) transition of NHy. The experiments dramatically sepa-
rate the distinct contributions to the line shape due to population saturation and Raman-
type processes, and yield a value of 3.5 0.6 MHz/Torr for the excited-state population

decay rate.

This Letter reports the first observation of a
new category of effects, called time-delayed la-
ser saturation spectroscopy, which combines the
high-resolution techniques of laser saturation
spectroscopy with those of coherent transients
observed in the heterodyne mode to provide a
precise way of studying a molecular system as it
evolves from an initially prepared stationary
atate to a second final state. In the experiments
a weak, tunable, monochromatic field probes the
line shape of the narrow resonance induced in a
Doppler-broadened molecular system after the
saturating laser field is suddenly turned on or
off, or switched in frequency [Fig. 1(a)]. Both
two-level and multileve! systems with or without
a common level can be studied in either trans-
mission or fluorescence.

Experiments of this type are inherently differ-
ent from conventional optical -nutation and free-
induction-decay experiments,' where the probe
field does not interact with the molecules and
gerves only as a local oscillator for heterodyne
detection. Thus, in the experiments of Ref. 1

there is no resonant behavior as the probe field
is tuned. For the same reason the new technique
is not an analog of pulse Fourier-transform spec-
troscopy.? As seen below, the observed decay
time need not be related to the inverse linewidth,
and different portions of the line shape may decay

Ea(82p)
o
CELL

Eq(ﬂq) (e=+1)

E4(Q,) (e =-1)

(b)

FIG. 1. (a) Simplified setup for observing time-de-
layed laser saturation resonances. E, is the saturating
field and E, the probe field. The applied fields may be
either copropagating (¢ = + 1) or counterpropagating
(¢ = = 1), (b) Energy level diagram,

1469




VoiruMe 39, NUMBER 23

PHYSICAL REVIEW LETTERS

5 DECEMBER 1977

with different characteristic times. Thus, the
shape of the change signal can evolve in time.
This time-dependent line-shape distortion is util-
ized in the present experiments to separate dra-
matically the contributions of level population
saturation from those of Raman-type processes.

These first results in time-delayed laser satu-
ration spectroscopy clearly demonstrate the pow-
er of the technique. It is illustrated here in a
three-level system, where it has allowed us to
separate in time the different physical processes
contributing to the steady-state, laser-induced
line-narrowing change signals. This method can
be applied to many other laser phenomena, in-
cluding observation of Ramsey-type fringes,®
three-level optical nutation, and photon echoes.

It also provides a powerful tool for analyzing the
dynamical response of atomic and molecular sys-
teins: Relaxation mechanisms such as elastic
and inelastic scattering, velocity-changing colli-
sions, and radiative trapping can all be studied.

In the example studied here, three-level free
decay, an intense field E,, of frequency &,, satu~
rates a Doppler-broadened transition (0-2, cen-
ter frequency w,) as a weak, tunable, monochro-
matic field, E, (&,), probes the coupled 0-1 tran-
sition, frequency w, [Fig. 1(b)]. Saturating and
probe beams overlap and may be either copropa-
gating (€=+ 1) or counterpropagating (€=- 1).

The probe transmission exhibits a sharp reso-
nant change (“change signal”) when £, is tuned
such that both fields interact with the same veloc-
ity group: £, - 2, w, + €(w,/w,)(R, - w,). The
narrow steady-state resonances obtained by this
technique, known as laser-induced line narrow-
ifg, have been extensively studied over the past
decade.™” In the present work frequency and
time domains are observed simultaneously by
suddenly interrupting the saturating fieldat ¢ 0
and studying the transient change-signal line
shape at later times.

As discussed in an earlier work," the time be-
havior of the probe signals provides a unique way
of gseparating the effects of population saturation
and Raman-type processes,*” because of their
different characteristic decay times. For in-
stance, for weakly saturating E, field and close
transition frequencies (w, ~w,) the change-signal
line shape is given by"

exp(=y,0)/y érl e YT ]
y - kil A R DA — c—————
s(e) “°[ [0 2 3,860 2

where 8(¢) €, - Q,'“ is the detuning from the
center frequency of the narrow resonance and I’
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=%+ Yoz- Yo iS the relaxation rate of the popula-
tion of level 0 and y,, is the decay rate of the i-j
coherence, 7,, for the optical polarization, y,
for the coherence induced by 1— 2 Raman-type
transitions. Equation (1) is obtained in the limit
of strong phase-changing collisions: ¥, ¥y, > ¥,
Yize®

The first term of (1) describes a broad reso-
nance of width y,, + 7,,, induced by the population
saturation of level 0, and thus decaying at rate
%- This is the only contribution to the decaying
backward change signal (€=1, Lamb-dip-type
configuration). Raman-type contributions are ab~
sent: Because of their strong velocity dependence
they cancel in the integration over the broad mo-
lecular velocity distribution leading to (1). In
contrast, in the forward direction (€=+ 1) there
is an additional contribution in the form of a nar-
row resonance of width y,,, induced by Raman-
type transitions, which decays at the much faster
rate of I'=y,, +%,. Since E,=0 for ¢>0, tran-
sient Raman processes do not occur (as they
would in three-level optical nutation). But their
influence is contained in the initial polarization
induced at the probe frequency, and thus decays
with it. The decay rate of this initial polarization
contains two terms, the normal jy,, rate and a
“Doppler dephasing” contribution, y,,. This lat-
ter term is due to the velocity spread of the ini-
tially excited molecules, which gives rise to a
corresponding spread in the reemitted frequen-
cies and leads to destructive interference in a
time £y,

In the experiments the v,asQ(8, 7) transition of
NH, was saturated and probed using two linearly
polarized cw N,O lasers oscillating on the P(13)
line (x=10.78 uym), which falls within the NH,
Doppler profile. A 10-cm glass sample cell with
NaCl end windows was used. With the frequency
of the saturating laser held fixed, the probe was
tuned by means of a calibrated piezoelectric
transducer. The polarization vectors of the two
laser beams were oriented at right angles to one
another. NaCl beam splitters were used to over-
lap the beams before the sample cell and separate
them afterwards. A flip mirror was used to re-
verse the direction of the saturating beam and
thereby select forward or backward configura-
tions. The probe transmission was monitored
using a He-cooled Cu-Ge detector. The saturat-
ing beam was chopped with an external electro-
optical modulator, a GaAs crystal to which high-
voltage square pulses were applied (rise time 30
ns, duration 10 us, repetition rate 1 kHz), thus
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FIG,. 2. Time-domain study of (a) forward and (b)
backward change signals; p 25 mTorr. In these
traces the probe fleld {8 tuned to line center (6(z)= 0] .
The backward decay is a single exponential, wherearn
the forward decay contains fast and slow exponential
components,

inducing a fast rotation of the polarization of the
cw saturating beam. A subsequent analyzer, a
Brewster-angle silicon plate, yielded the square
pulses of the saturating beam. The frequency
resolution of the system, determined by laser
frequency jitter, transit time, and misalignment
of probe and saturating beams, was about 300
kHz.

Transient change signals were analyzed with a
boxcar integrator operated in two different modes:
either monitoring the decaying signal at a fixed
probe frequency (Fig. 2), or scanning the probe
frequency at fixed time delays (Fig. 3). The t=0
signals of Fig. 3 correspond to the steady-state
regime studied in earlier experiments.®

Since the NH, transition is degenerate (J=8--8)
and the two beams have perpendicular linear po-
larizations, the saturating field can be consid-
ered to induce AM =0 transitions, and the weak
field then probes AM= 11 transitions. In the ab-
sence of M-changing collisions the system de-
composes into two groups of coupled three-level
systems having the common level in the ground
(&) and excited (e) states, respectively. The
Raman coherence responsible for the forward-
backward asymmetry of the =0 signals of Fig. 3
is thus the coherence between adjacent M sublev-
els. The analysis leading to Eq. (1) then predicts
that forward and backward signals differ by the
narrow Raman-type contribution, and that this
contribution decays away rapidly, leaving a slow-
ly decaying population-induced component which
is the same for both propagation directions, Fig-
ures 2 and 3 give direct experimental evidence
for the two distinct physical processes which con-
tribute to the narrow resonances of laser-induced

e e e o e
7 V
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A
A
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FIG. 3. Time-delayed line shapes observed in (a) for-
ward and (b) backward directions; p = 30 mTorr. The
dashed curves give the theoretical fit.

line narrowing.

A quantitative analysis of the experiments must
take into account the occurrence of M-changing
collisions.® This is done by using the tensorial
formalism and allowing for different multipole
relaxation rates in each level.® A careful study
of the steady-state line shapes® shows that the
width of the narrow Raman-type contribution
arises essentially from the decay of the excited-
state alignment, yielding a relaxation rate 3,®
=641 MHz/Torr. Just as in the simple theory of
Eq. (1), this contribution decays at twice the op-
tical dipole relaxation rate 2y,,"’=4812 MHz/
Torr, as obtained from the linewidth of the back-
ward signal. On the other hand, the tensorial
analysis shows that the dominant contribution to
the decay of the backward signal comes from the
excited-state population. Its line-center decay
[Fig. 2(b)] then yields 3,9’=3.510.6 MHz /Torr
(Fig. 4), in agreement with a previous measure-
ment.'® Finally, microwave experiments'' have
shown that the relaxation of the ground state is
governed by a single rate, y,~24 MHz/Torr.
Since all the parameters are known, one can com-
pare theoretical predictions (dashed curves of
Fig. 3) and experimental line shapes.!? The
agreement is quite good, except for the short-
term (£=0.25 us) behavior of the forward signal,
where the time resolution of the electronic detec-
tion system (0.1 us) was not high enough to follow
the fast decay of the narrow component.

Several recent experiments!"!® have investigat-
ed the transient behavior of cascade and folded
three-level systems when the two-quantum (or
Raman) transition is resonant or nearly resonant
but the applied fields are detuned from their re-

1471

N T I R . wa—— B P S e



d

VorLuME 39, NUMBER 23

PHYSICAL REVIEW LETTERS

5 DECEMBER 1977

r
LMH: %/

i/ j
02 v
T L~ % ‘
P
(o113 % <4
' ¥:35 £ 6MHZ/Torr !
\L.___L‘_. % NI TEEERNNE T SO IR
0 20 a0 60 80
P(mTorr)

FIG. 4. v, vs pressure. The data were taken from
backward change signals |Fig. 2(b)].

spective single-quantum transitions. Unlike the
present studies, in which the intermediate state
(level 0) is resonant, in these experiments the
buildup of population in the intermediate state is
small and there is no interference between single-
and double-quantum events. Thus, the form of
the change signals simplifies and many of the
line-shape details discussed above are absent.
Furthermore, the large intermediate-state de-
tuning causes the change-signal contribution com-
ing from the initially prepared polarization to fol -
low adiabatically the saturating field, so that in-
formation about the decay of the initial polariza-
tion is absent. Further comparison of these two
types of experiments is given by Ducloy, Leite,
and Feld,® who also derive the line-shape ex-
pressions for the case of fully saturating E,. A
time-delayed Lamb-dip experiment has also been
performed using a pulsed dye laser to produce
counterpropagating beams. '’
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This paper describes a new class of techniques, called time-delayed laser saturation spectroscopy, which
combine frequency- and timz-domain m-thods of laser spectroscopy to provide a way of studying a molecular
system as it cvolves from an imtially pr pared stationary state to a second, final state. The specific example
analyzed here is three-level free inducti n decay, in which the time-dependent gain of a Doppler-broadened
molecular transition is probed after th sudden termination of an intense field resonating with a coupled
transition. The theoretical caleulation - based on the coupled density-matnx equations of motion in the
slowly-varying ensclope approximation  The time-delayed hine shapes, which may be studied in either
transtission or side fluorescence, extiiit hinewidth asymmetnes, linc-shape deformations, Ramsey-t\pe
fringes. power broadening and dephasing. and dynamic Stark splittings and oscillatory decays. The technique
provides a uniquc way of distinguishinz the influence of Raman-type processes from that of population
saturation and a means to scparately measure the associated decay rates. The relationship of the present
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work to other studies is also discussed.

I. INTRODUCTION

Developments over the past decade of poerful
techniques in laser ¢pectroscopy for meas:ring
atomic and molecular structure and collisional
dynamics in Doppler-broadened gases can be clas-
sified 1n two major categories. On the one hand,
steady-state phenomena such as standing-wave
saturation'"® (Lamb dip) and laser-induced line
narrowing*® (three-level) techniques have been
uscd to obtain spectroscopic information in the
frequency domain with great precision. On the
other hand, coherent transient phenomena such
as free-induction decay,” optical nutation,® and
photon echoes” huve been used in obtaining new in-
formation about rclaxation processes in the time
domain. The man point of this paper is to show
that by merging the techniques of these two cate-
gories one can combine the advantages of t:ansient
and stcady-state spectroscopy to extend the range
of available information.

To illustrate the new class of techniques. con-
sider a conventional high-resolution spectioscopy
experiment in which a tunable monochrom:itic
probe is tuned through a Doppler-broadened transi-
tion saturated by an intense monochromatic field
to obtain a narrow saturation resonance (Fg. 1).
Now supposc that the intense field is suddenly
turned off, and the Line shape of the narrow reso-
nance is probed a fixed interval of time later. As
the time delay is increased the change sipnal will
become smaller, corresponding to the decay of
the saturated molecules and their return to equili-

brium. Thus, by studying the line shape as a
function of delay time a family of curves can be
gencrated. This information can be combined to
form a surface in a coordinate system having axes:
change-signal intensity (z axis), frequency detuning
(x axis), time delay (y axis) (Fig. 2). Sections
parallel to the x axis give the change-signal line
shape ‘at delayed times. Similarly, sections paral-
lel to the y axis give the free decay of the system
at various frequencies. Note that this surface
could have equally well been generated from the
family of curves obtained from the time decay of
the steady-state change signal, holding the probe
field fixed at various frequencies.

Studies of this type might well be termed “fre-
quency-time-domain spectroscopy” because both

SATURATING FIELD
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AANAANANANNANAY — CELL
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/\ \
/‘\2\ S L\
1
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FIG. 1. Simplified setup for time-dclayed saturation
spectroscopy experiments. The double arrow indi-
cates the saturating ficld, the wavy arrow the probe
ficld. The saturating field is terminated at time ¢ =0.
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FIG. 2. Threc-dimensional representation of the
time-delayed change sigmals.

types of information are obtained simultaneou: ly.
As will be scen, such studies extend the possibili-
ties of lascr saturation spectroscopy, which only
provides ndormation in the frequency domain, as
well as those of ordinary coherent transient ex-
periments, which only provide time-domain in-
formation.

These time-delayed change signals have sonic
very interesting features, For example, their
characteristic decay times may be totally unrc-
lated to the inverse steady-state linewidths. What
is more, different portions of the line shape can
decay at different rates. Consequently, the shipe
of the narrow resonance can change during the de-
cay process. This behavior occurs because the
change signal is composed of contributions arising
from different physical processes (population satu-
ration, Raman-type processes, etc.), each of
which has a different sicady-state linewidth and
decays at a different rate. Thus, new physical
information not available from the steady-state
line shape can be obtained by studying the free
decay of the change signal and its line shape as« it
evolves in time. Other features which can mani-
fest themselves in the time-delayed line shape
include power broademng and dephasing, ac Sturk
splittings, oscillatory decays, and narrow Rati-
scy-type resonances.

The time-delayed saturation signals have some
features in common with conventional free-induc-
tion decay signals observed by means of heterodyne
detection using a monochromaltic laser field as the
local oscillator.” In the new technique the probe
field acts as a local oscillator to beat with the
transient signals induced when the intense field is
terminated. However, in this case the probe ficld
also resonantly intcracts with the saturated mole-
cules, which is not the case in the heterodyne de-

'—
-

tection of ordinary free-induction decay. It is this

interaction which gives rise to the observation of

narrow spectral line shapes. In contrast, the or- 4
dinary free-induction decay signal is the same, in- |
dependent of the tuning of the heterodyne laser.
This distinction will be made more explicit in what
follows.

As is evident from the above discussion, the time
decay of the change signal is not simply the Four-
ier transform of the steady-state line shape.

Thus, the present technique is not an analog of
Fourier transform spectroscopy,'® where a com-
puter is used to transform free-induction decay
signals and thus obtain a frequency spectrum. One
might loosely say that in the new technique the
molecules themselves take the transform of the
free-dccay signals, but it is emphasized that the
frequency-domain signals so obtained contain phy-
sical information not present in the signals of or-
dinary free-induction decay. This distinction will
be elaborated later on.

The experiment above is one example of a class
of time-delayed laser-saturation techniques.
Similar behavior will also occur when studying the
time-delayed probe line shapes after the intense
ficld is suddenly turned on (analog of optical nuta- !
tion).!* The technique is also applicable to study-
ing echoes and other coherent phenomena. Also
note that the effects can be studied both in two-
level systems and in coupled three-level systems,
either by observing the probe transmission or by
detecting the side fluorescence from one of the
interacting levels. In all cases there are interest-
ing features which depend on whether the probe is
co-propagating or counter-propagating with re-
spect to the intense field,

The present paper presents a theoretical analysis
of one aspect of this new class of phenomena,
three-level free-induction decay, and discusses
the new information available, as compared to
that obtainable in the usual free-decay and steady-
state three-level experiments. In this type of ex-
periment the intense field saturates one transition
and the probe field, which may be co- or counter-
propagating, acts on a coupled transition (Fig. 3).
Both folded [Figs. 3(a) and 3(b)| and cascade [Fig.
3(c)] systems may be studied. This technique pro-

L

(a) (») (c)
FIG. 3. Energy level diagrams.




vides a novel way of measuring relaxation pro-
cesses, and a unique means of separating the cf-
fects of population saturation from those of Raman-
type processes (see below). One application is to
describe the transient behavior of optically pumped
lasers.

A brief description of the technique and some of
the line-shape features of three-level frce decay
and optical nutation were given inanearlier publica-
tion.'* An experiment which demonstrates the
technique in NH, will be reported elsewhere.!'

In this paper, after a discussion of the equalions
of motion in a three-level system (Sec. II), we
calculate the molecular response at the probe fre-
quency for arbitrary intensities of the saturating
field (Scc. I11) and present a detailed study of the
velocity average. The two subsequent sections are
devoted to the discussion of the transient response
of the probe field in the limits of weak (Sec. IV)
and strong (Sec. V) saturating field intensities.

LASER SATURATION SPECTROSCOPY IN THE... 625

Section VI calculates the time evolution of the side
fluorescence and compares the results with those
obtained for the probe transmission.

Many different symbols will be used throughout
this article. To make it easier to read, a glossary
of the main symbols is given in Table I.

Before presenting the theoretical analysis, let
us mention some relevant previous studies: co-
herent Raman beats observed in the response of a
single electromagnetic (e.m.) field to the sudden
Stark splitting of a degenerate transition,**!* fluo-
rescence quantum beats induced by pulse excita-
tion,'® transient two-photon absorption!™!® and
Raman emission,'® both in the cas¢ of a nonreso-
nant intermediate state, and transients in infrared-
microwave double resonance.’® An experiment to
study the time-delayed Lamb dip in sodium has al-
so been performed.”* The connections between
some of these works and the present technique will
be discussed in the concluding section (Sec. VII).

TABLI. 1. Glossary of symbols.

Fquation
E,,E:.S:.Gg (1)
g, g (9b), (28a)
Gw) @27
ky ks ()
Ll-"!'l‘ﬂ 4)
LaLinBaby (88), (91)
P, @ (8)
Q (30)
s (19)
S (42b)
“ 27
vy, U, v) (28), (33),(57)
03,049.00 (29), (AB), (57)
x, B (S)
Y )
Vs Yus Yoo Y (36), (37), (50), (51)
y(c) (39)
L8 3% (42d), (42:1), (12¢)
8,.65,61 (A3)
163 34)
8B By (42a), (420), (72)
Ay (28b)
Anyg (85)
ady), 80 (23), (83)
tle) (92), (93)
X (42¢)
A (41b)
£(e) (53), (55)
Py Oy @)
X A4)
Wi Wy
.90, (1)

ay (35)

Electromagnetic fields

Probe gain

Velocity distribution

Wave vectors

Resornant frequency denominators
Lorentzian resonance line shapes
Macroscopic polarization
Vi+s

Saturation parameter
High-frequency Stark splitting
Thermal velocity

Resonant velocities

(Complex) resonant velocities
Rab{ frequencies

Relaxation rate of oy,
Effective dccay rates
Resonance linewidth

Effective decay rates
Frequency detunings

Probe frequency detuning
Frequency dctunings

Gain change

Population change

Density matrix changes
Population-change line shape
“j - .| )/kz

Gain-change line shape
Density matrix

(eky — ky)/ky

Molecular frequencies
Laser frequencies
Probe peak frequency
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I, EQUATIONS OF MOTION
A. Background

When an intense monochromatic field £,, {re-
quency ,, resonantly interacts with one of the
transitions, 0-2, of a Doppler-broadened mole-
cular (or atomic) gas, the level populations of the
transition are altered over a narrow range of axial
velocities centered about velocity v, satisfying the
resonance condition (in the molecular rest frame)
Q, = k,r, = w, (@, being the molecular center fre-
quency; k,= Q,/r). This selective saturation of the
level populations alters the spectral propertics of
a sccond coupled transition, 0-1, molecular cen-
ter frequency »,, formed by either of the saiirated
levels and a third level (Fig. 3). In particular, if
a weak monochromatic probe field £, frequency
Q,, propagating either parallel (+) or antiparallel
(<) to E, is tuned through the 0-1 transition, a
narrow resonant change in transmission occurs,
superimposed upon the broad Doppler profile,
when £, 1s such that the probe field interacts with
molecules of velocity vy Q= w2k, (k= 2,/0).
This cffect, called laser-induced line narrowing,
has been the subject of numerous theoretical* and
experimental’ investigations devoted to studying
the line shape of the change signal and using the
narrow resonaners thus ahtained in hich.resola.
tion spectroscopic studies.® It is now well known
that this offcect cannot be analyzed in terms of pop-
ulation-saturation considerations alone, and t!.at
coherent processes play an important role. For
example, via double-quantum processes a molo-
cule initially in level 2 can undergo transition to
level 1 by exchanging two photons of energy hs2,
and 12, with the applied radiation fields without
loss of phase memory.

Because of the close correspondence with the
Raman effect, transitions of this kind are somc-
times called Raman-type processes.*? Such pro-
cesscs exhibit very different dependence on mole-
cular velocity, according to whether £, and E, are
co-propagating or counter-propagating. This dif-
ference gives rise to a directional anisotropy in
the net response, compriscd of contributions from
molecules of all velocities. Thus, the line shapes
observed in co-propagating case (forward chany.e
signal) and counter-propagating case (backward
change signal) always differ, in some cases dri-
matically. This directional anisotropy has been
used to advantage in the recently introduced hijh-
resolution spectroscopic techniques using Dop-
pler-free two-photon absorption.>

The aim of this paper is to study the transient
responsc of the molecular medium as observed
on the transmission of the probe field after E, is
abruptly terminated. As will be seen, many of the

features discussed in the introduction will occur.
One particularly interesting feature lies in the
relative time evolution of population-saturation
contributions versus Raman-type processes. As
soon as E, is terminated Raman-type processes
cease to occur, since E, is absent and can have

no direct influence. However, the initial (steady-
state) value of P,(t), the optical polarization oscil-
lating at ©,, is influenced by the Raman-type pro-
cesses occuring during the preparative step (¢ < 0).
The probe change signals are completely deter-
mined by P,(f). Therefore, as P,(0) decays the
directional anisotropy and other features of the
change-signal line shapes associated with Raman-
type processes will gradually disappear. This ef-
fect is particularly striking when the polarization
decay rate (“T, processes”) exceeds that of the
level populations (“T, processes”), T,« T,, so
that the change signals can persist well beyond the
decay of P,(0). In this case the shape of the for-
ward change signal will evolve in time, as the in-
fluence of Raman-type processes decreases, and
with increasing time delay the initially different
forward and backward change-signal line shapes
will eventually become identical. This opens the
possibility of uniquely distinguishing the influence
of Raman-type processes from that of population
saturation and to separately measure the associated
decay rates.

B. Coupled equations in the slowly varying envelope
approximation

Consider a sample cell of gas molecules irra-
diated by two e.m. fields, E,(?,) and E,(R,), pro-
pagating along the z axis, having wave vectors &,
and ¢k,, €=+1 or -1 according to whether E,
propagates parallel or antiparallel to E,;

E, =82cos(Q,t -k,z2),
E, =83 cos(,t - ¢k,2).

(1)

The molecular energy levels of interest, levels

0, 1, and 2, form a pair of Doppler-broadened
transitions with molecular center frequencies w,
and w, sharing a common level (Fig. 3). It is as-
sumed that @, is close to w; and @, to w,, so that
£, resonates with the 0-j transition (12, - w,|
<Doppler width). It is further assumed that E,
cannot resonate with the 0-1 transition, nor E,
with the 0-2 transition. This can be ensured either
by proper choice of the polarizations of the E fields
or by having the molecular center frequencies suf-
ficiently separated (| w, - w,|>Doppler widths). To
be specilic, the problem will be formulated for

the three-level configuration of Fig. 3(a), a folded
system with level 0 lying lowest. The equations
describing the other level configurations, Figs.
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3(b) and 3(c), are more or less the same.?*'®

The system’s time evolution can be convenicntly
described by means of the ensemble-averaged den-
sity-matrix formalism, in which p, (v) 1s the den-
sity-matrix clement describing the molecules with
axial (z-axis) velocity component v. p,, is the pop-
ulation of level j, p (7=1,2) is the optical co-
herence associated with the 0-j transition (it :s
proportional to the induccd polarization oscillating
at 0,), and p,, represents the macroscopic mole-
cular coherence induced between levels 1 and 2.
The following transformation allows one to go into
the rotating frame:

D=0
Poy = oy €XP [1(Q,0 = k,2)], @
Poz = 0o, ©XP (1(R,1 - €k,2) ],
Pia= 0, expli (2, - 91 - (ek, - k))z]},
where the o, are the slowly varying envelopes
(60,,/3t <wa,, 30,,/3z «ko ). In the rotatin:-
wave approximation the @, obey the followinge
equations of motion*'®;
0ot YolToo = 15) = ~italoy - 08) - 3iB(0g, - ";2,‘ '
b+, (0, =n)=bialo, = a2),
by lo,-n)riplo, -ot), 3)
8,4+ L50,,=}ia0, - ;108 ,
8, + L0, =ialo, - 0)+3iB0%,
0y, + L0y, =3 iB(0,, - 0,)+ biao,,,
where ¢ =do/dt,
Ly=%,+1(Q, ~w, -kv),
L,=yu+i( - w,-€k,v), (4)
L= 70+i(0 - Q- w + w, = (k, - ek)v],
and
a=p, 8N, B=pu83/n. (5)

In Egs. (3)=(5), u,, is the dipole-moment matrix
clement connecting levels 0 and j. The Rabi fre-
quencies o and B can be taken to be real without
loss of genevality, The background population
density of level j (i.e., its population in the ab-
gence of the applied laser field) in the narrow in-
terval between v and v+ dv is denoted by n (v)dv,

n,(v)=n,G(v), f G()dr=1,

where », 15 the total background population de nsity
of level j and G(r) 1s the normalized velocity dis-
tribution. Finally, y; and y;, are the decay 1ites
of the population of level i and the o,, coherence
respectively. In general,

v 23y +y). ' (6)

The equality in Eq. (6) holds only when phase-
changing collisions are absent, for instance in the
case of radiative decay or relaxation by inelastic
collisions.

The macroscopic polarization associated with the
0-j transition is given by

P,=Re{® exp (i(Q,! - k,2)]},
with
®,=24,,(0)),

where ( ) denotes velocity integration over G(v).
The net field associated with the 0-1 transition is
composed of incident and reradiated components,

E(z,0)=Re{(83+a8,) exp [i(Qt ~ k,2)]}.  (T)

In the experiments of interest the sample is as-
sumced to be optically thin and short (no phase-
matching problem!®). In this case the amplitude
of the reradiated field will be small compared to
the incident field (1a&,1<< &9). At the output face
of the sample cell (z=1), AE, is then given by'*

- -27iQ,! a
1

ag, =

4701

~ ol TG (8)
This gives rise to a change in transmitted intensity
at the probe frequency:

L(N =12+ h9Qal Im(o,, (1)), (9a)

with J, =c|&,?/8n and I{ the incident intensity of
the probe field. The last term of this expression
is the heterodyne beat between the incident probe
field and the reradiated field. It will exhibit tran-
sient behavior when the saturating field is turned
on or off.
The gain at the probe transition can be defined

by

L(=13+g13.
We then have
2(0)=(8%/c)Q,lp,, Im(o,)/89. (9b)

In transmission studies, and also in studies of
spontaneous emission line shapes at the 0-1 trans-
ition,* g is the quantity of experimental interest.

In some experiments®® it may be more convenient
to detect the net fluorescence emitted from a tran-
sition formed by level 1 and another lower-lying
level, level 4, as E, is tuned through the 0-1 tran-
sition. In this case the net intensity emitted at the
1-4 transition, frequency w, into solid angle dQ
is given by?s-2¢

Ip=(w'dQ/21c%) 2 (0,,) , (10)

where u,, is the 1-4 transition matrix element.
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Note that in experiments of this type one directly
monitors the time evolution of the total pop lation
of level 1, as opposed to the transmission « peri-
ments, which study (o However, the tra sient
signals observed in the two cases will be similar,
since the two quantities are intimately relat d.

C General way of solving the equations

When the conditicn a <<y, 1s fulfilled, the probe
field 1s weak enouprh so that Eqs. (3) can be  olved
by using a perturbation expansion of o,ina’

e An)
9= E‘ Cis »

where o{}' i1s proportional to a”. This expan ;ion
of 7,,, when inserted 1n Egs. (3), leads to a set of
equations which can be solved for arbitrary inten-
sit.es of the saturating field, 1.e., for arbitrary
values of 8.

The zeroth-order scl of equations corresponds
to the casc in which the probe field is absent
(a=0). Inthis case the molecular system bccomes
cquivalont Lo a two-level system:;

Oga’+ ¥ol000 = mg) = <} iB(0f2 = 0l2'¥) , (11a)
ol (el )= §ip(ofl’ = o9's) (11b)
052+ L0 = } i (!9 - 0!2Y). (11c)

There 18 no coherence between level 1 and lovels
0-2,

o) =0{2'(1)=0, (12)

and the population of level 1 is given by its buck-
ground value,

o () =n,. (13)

In the first order in a the E, field does not change
the level populations, nor the 0-2 optical polariza-
tion,

o'(N=0g5' (=0, (14)

but it induces an optical polarization at the 0-1
transition, as well as a coherence hetween levels
1 and 2. These two quantities satisfy the coupled
equations

'+ Lol = hia(n -0+ Lipold'e, (15a)
b:g) ‘,‘l ‘l).g ’laﬂ‘o"+ ”30(1)' (15[))

The 1-2 coherence results from Raman-type pro-
cesses in which for example, the molecules under-
go transitions from levels 2 to 1 by emitting «
photon at @, and absorbing a photon at ©,.%*

In the case of fluorescence measurements one
needs to solve the equations up to the second or-
der in a. The E -induced population change of
level 1 is given by

—
-

|

b::'o 7,08 = 4 ta(o'“-(':,:"). (16)

As can be seen from Eq. (16), in the s/cadyv-state
regime fluorescence techniques and transmission
mecasuremems give equivalent information, since
%»0ii'=-aIms{l’. This is a direct consequence of
the energy conservation condition at the 0-1 tran-
sition.

Note that Eqs. (11)-(16) are valid regardless of
the form of the time variations of 3 In the follow-
ing we shall deal with the free-decay case (constant
B+#0 for t<0, 3=0 for ¢t>0).

I, CALCULATION OF THE PROBE FIELD GAIN
A. Response of a molecular velocity group

In the steady-state regime (¢ < 0,5 =0}, the solu-
tion of the zeroth-order Eqs. (11) is given by

%) =i 2aB _Lr _
0,9 °(0) =~ > LAF (17a)
(o) o 3 ¥ Mo
Ooo (0) =n, + TN -—)-“L W' (17b)
where
LB =vg(1+8) 24 i(2, = w, = eh,0), (18)

the saturation parameter s is proportional to the
intensity of the £, field,

s =ﬁ,(7o’7'2)(27o717o:)-l- (19)
and n,, is the 0-) background inversion density,
R,o=n,=n,. (20)

For (> 0 (3=0) the decay of the population and of
the 0-2 macroscopic polarization are straightfor-
wardly given by

ol (0 =0l2*(0)e" =", (21a)
063 (1) = ny +[052(0) = nyJe ot . (21b)

The polarization at the probe frequency is ob-
tained by solving Eqs. (15a) and (15b). The origin
of the distinct contributions arising from popula-
tion-saturation effects and Raman-type processes
can be readily seen in the steady-state form of Eq.
(15a),

L‘U;:' le(n —o“”); ,ﬁamo (22)

The two terms on the right-hand side act as source
terms to drive 0,,. The coupling between 0, and
the level populations is evident in the first term,
which gives rise to the population-saturation con-
tributions (“s‘epwise” transitions). The coupling
of 0,, to the probe polarization appears in the
second term, and is responsible for the occurrence
of Raman-type contributions.

The expression for the polarization at the probe

R o e
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frequency follows from Eqs. (15a) and (15b). It
may be written in the form

olV(0) = ia 24 s0lM(0). (23)
Ll
The first term on the right-hand side describc s the
linear response of the probe field. It is indepn-
dent of 3 and so does not exhibit transient behavior.
After velocity integration it gives rise to the con-
stant Doppler-broadened background gain.

The second term of Eq. (23) describes the in-
flucnce of the saturating ficld on the probe pol.ri-
zation. Its value in the steady state may be oh-
tained from the simultaneous solution of Eqgs.

(15a) and (15b) for &, =0,

4 2
AU(‘)(O)= -pixp [i(l‘ Nao
ol L : L, ILBF

1L +eB*
x(L,+2 -ZYE-L,,)] . (24)
o

The transient evolution of 43{! is determined by
Eq. (152) with 3 sct equal to zero. This leads to

Al s L0t = Lia(n, - 0gd)) . (25)
The solution is obtained with the help of Eqs. (17)
and (21),

aofl'(n = agll)(0)e" B!

0'32 _l@_ N0 e-L.l = e-yot
4 3 BB Egew !
(26)
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where au(!'(0) is given by Eq. (24). The first

term in Eq. (26) represcents the decay of the polar-
ization created before (=0. The second term
comes from the coupling between population :ind
polarization, which still exists after /=0. Since
the reradiated field is proportional to as,(H 1
[see Eqgs. (7),(8)] the decay of Aoy} (e™“1' term)
gives rise to cmission of radiation at the Doppler-
shifted natural frequency, w, +k,v, while the
change in the population of level 0 (e” Yo terin)
modifies the stimulated emission at the prob . fre-
quency, €,. Also note that since £, is absent after
t=0, U,',:’ is not coupled to UI},’, and so transient
Raman processes do not show up (as they would in
optical nutation). Howcver, Raman-type processes
do manifest themselves in the steady-state polari-
zation, 404'(0), and so their influence decays with
the characteristic decay time of the 0-1 polariza-
tion,

B. Velocity integrated gain

To obtain the expression for the probe gain [Eq.
(9b)], one must average the 0-1 polarization over
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the molecular velocity distribution. In the follow-
ing, a Gaussian distribution,

G(1) =(1/uv e, 7

will be used, with u the thermal velocity. Using
Eqs. (9b) and (23), one finds that the gain at the
probe transition is given by

g=8, +(87k,1 12, /ha)Im(aall (v, 1), (28a)

with g, the linear background gain. In the Doppler-
broadened limit (y,, < R u)

8o =47l ug, N,o/R,
with
N = 17,06}, 1 =(Q, - w,)/k,.

The probe field change signal may then be defined
as

ag(0 = (2k,g,/aN, ) Im(ao{(y, 0) . (28b)

In the fully Doppler-broadened limit, where the
natural widths, »,, and the power-broadened 0-2
transition linewidth, 34.(1+5)"’?, are much small-
er than the Doppler widths #,« and k4, () is
slowly varying compared to ao(t, f) |Eq. (26)] and
can be taken as constant in the velocity integration.
This integration can then be performed using con-
tour integration, by considering A¢ as an analytic
function of the complex variable ¢. The path of in-
tegration is the real axis of the complex plane,
and the contour can be closed at += and == in the
upper half of the complex plane in order that the
exponential term e'"*’ (coming from e~ %) van-
ishes for infinite values of the imaginary part of
U, at {> 0. The integration then consists of eval-
uating Ag(v, () at the poles lying in the upper half
o' the complex plane.”

In a0{}(v, t) the poles corresponding to L, =0 and
L, -7,=0 lie in the lower half of the complex plane
and do not contribute. Of the two poles coming
from |L,(AF =0, only one brings a nonvanishing
contribution. The denominator (L,L,, +(B%) ™" is
much more complicated: its two poles are an-
alyzed in Appendix A. When k, - €k, 20, there is
no contribution. This condition corresponds to
either € = =1 (counter-propagating waves), or €=+1
andk, > k,. Inthe remaining case(€=1;k,> k) oneof
the poles lies in the upper half of the complex plane
and brings anadditional contributionto { a0),14(*

1 ky-cky>0

As an example of the velocity integration, we
shall discuss this first case in some detail. The
pole of |L,(A)|? lying in the upper half of the com-
plex plane is given by

kU, = €(SY = wy) +ive, @, (29)




hi0 DUCLOY, LEITE, AND FELD . 17

where

Q:(l o\)l/,,

(30)

Using the residue theorem, this pole leads to the following expression for the probe field change

signal:

Yu + 3%0(1 + €Q) +i6(€)

% k 32 N, e~ bt _ o~ h@ht
i h‘“’"(—L T —'Q'> R‘%[ Ye = 10+ 6(€)
o

2k, iU N,

where N,  is proportional to the 0-2 inversion den-
sity for the resonant molecular velocity v,

Nyo = 11, G(13), (32)
(’_,:((ﬂ_,—w_,)k;‘, (33)

and %(¢) is the dctuning of the probe frequency
from the line center of the steady-state saturation
resonance, 2.7,

8(e)=q, - 2, (34)
R = w, + ek, /R, - w,). (35)

Finally, two effective decay rates have been intro-
duced,

5= Yo +(R/R)1,.Q, (36)
Yv T ‘[(kl ¥ (k." /"';].' ,_'(l)- (17)

The physical interpretation of Eq. (31) is as
follows: (i) The last term in brackcts describ:s
the decay of the initial polarization induced by the
saturating ficld £, before /=0. Since this polari-
zation is due to molcchcs in the velocity band cen-
tered at 1,, the decay occurs at the Doppler-
shifted frequency w, +&,1, =, The correspond-
ing emitted ficld interferes with the probe field to
give a beat at frequency 8(¢). The decay of this
beat consists of two contributions: the y,, term,
which is due to the decay of the 0-1 polarization,
and a “Doppler dephasing” contribution, v,.Qk,/k,,
which is due to the velocity spread of the excited
molccules [Im €, n Eq. (29)] and gives rise to a
corresponding spread in the emitted {requencies,
leading to destiuctive interference in a time of the
order of k. (ky, ©)7'. Notice that the latter contri-
bution contains the influence of power broadening
in the preparative step. Finally, as expected, for
£=0, the last term of Eq. (31) gives rise to the
well-known line shape of the saturation resonunce
in a three-level system.*

(ii) The first term in brackets is a pure transient
contribution (it cancels for both (=0 and (> 3*!),
coming from the coupling of the 0-1 polarization

w— ]

~ly, +150))
*Tre + (N + (N + 187 ¢ T ‘]’ (31

—

to the transient population of level 0. Since this
term describes the change in stimulated emission
resulting from population decay, it contains a con-
tribution (e~70") exhibiting neither Doppler dephas-
ing (hence no dephasing due to power broadening),
nor beat frequency.

When there are no dephasing collisions [y, = 3(¥
+%), Eq. (31) may be simplified to yield

- k B? N, y?
vV, [ €)== e e 20 i e
Ag( TR ) &o Zk, 7:0 ‘vw ) e Ya-7o *'6(6)

( e~ Yo' 1-€Q e-lmsit@k )
x -
Yo 2 r(€) +:5(¢€)

(38)

where »{¢€) is the width of the Lorentzian line shape ;

observed in the steady-state regime (£=0),
HE) = 3y, +(k,/k,)7Q - €(7,/2)Q. (39)

Equation (39) straightforwardly shows the well-
known result that the change-signal linewidth is
narrower for forward scattering (€ = +1) than for
backward scattering (€ =-1). Since the net areas
under the gain curves are equal,®® it follows that
the peak amplitude of the forward signal is large.
than that of the backward signal. This point and
others will be discussed in more detail in the fol-
lowing section.

2. e~+] ky>k,

In the case of forward scattering with k, > &,
[Ref. 24a] there is an additional contribution to
the change-signal gain, coming from the new res-
onant velocity v, = x_(#)/k,, where x_(J) is de-
fined in Eq. (A8). We then have

ag(t, +)=ag(0,¢, *’*Ag(vnv‘v")' (40)
where Ag(7,,(, +) is given by Eq. (31), and
e-(T'+1a")

5 wak R eenntn bk
Ag(vltv‘! +) Z'VS:Re (r*lA)A ’

(41a)

with

2 1 k [T’ = Koy +#(8% = k)] + k(yoa /Ye)[(ky/k;)¥o + ¥ = T + (8 ~ &) |
Ate W”EIITV‘.? YL@ (h/h )T = Ky + (D" =¢9) i

\

il AT g e
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In this equation the following notation is used:

F+ia=[(¥ +i8)2 +82|'/2, (42a)
S = B((k, /b)) /2, (42b)
K=(k,~k)/Ry, (42¢)
7= (R, /R) Y1z + K%, (42d)
['=3(C+7), a'=ia+0). (42¢)

with 0 the probe frequency detuning [Eq. (34) with
€=+1]. The sign of the complex square roo! in
Eq. (42a) is determined by continuity from 3 +i8
at 3=0, The physical interpretation of Eq. (1)

is not as simple as that of Eq. (31), and will be
claborated on in the following sections. As -hown
below, the contribution from the ¢, group a:ises
from Raman-type processes. (For small 8,7, is
determined by the resonance condition L,, =0.)
This is the reason why this contribution does not
vanish even if the 0-2 transition is transparent

to the saturating field (.V,, =0, ¥, # 0). For high
intensities we shall see that this contributic: ex-
hibits dynamic Stark splitting [“Autler-Townes
effect’®®|. Finally, note that Ag(7,,, 4, +) simnpli-
fies considerably when there are no phase-changing

collisions [ 74 = (¥ +3,)] and
ky =2k, Yo=Y,.

The quantity A, Eq. (41b), then reduces to

1 Ny /N
B i, —A2
ATTvia” ~ Ty, +ib 43)

C. General features of the probe ficld gain
1. Equal-area property

A very interesting feature of the gain curves is
that the area under the forward change signul is
equal to that under the backward change signal at
any time during the decay. Thus, it can be readily
shown by contour integration of Eqs. (31) an ! (41)
that

nk,

fni.'( Uy, t,€)d8(€) =-1;'o—;('""‘3':6 %‘Qe""‘
1 o% 4Yi10

and (44)
ng(ﬁl,,r,.)dmo .

We thus obtain the statement of the equal-area
property,

S outt,ravcr [ agt,-rane . )

The cqual arca property of the steady-state change
signals (i.e., at /=0) has been discussed betore *®
The fact that the areas rcmain equal during the

decay of the change signals follows from a gen-
eral result presented in Ref. 26. According to this
result, the time behavior of the frequency-inte-
grated gain should follow the decay of (g, (f)), the
velocity-integrated population of level 0. It is
easily seen from Egs. (17b) and (21b) that

(am(l» =ﬁ° N,oe' of |

3!
> —_—
2R,y Q
Thus, using Eq. (44) we can write Eq. (45) in the
form

[ astt,01av@) = - B (o) ), (46)

in agreement with the general result.® It also

follows from this result that the net area under

the ag(v,,,, €) change signal is always zero. Thus,

this quantity is either identically zero, as in the
=~ 1 case, or it exhibits sign changes as the de-

tuning is varied, as in the € =+1 case.

Finally, it should be mentioned that these re-
sulls hold for any particular velocity group, as
can be seen from the frequency integration of Eqs.
(24) and (26), which leads to a relation similar to
Eq. (46). Thus, Eq. (46) is not restricted to the
fully Doppler-broadened limit. It holds for a
velocity distribution of arbitrary width, including
the case of complete homogeneous broadening
[ G(v) sharp].

The equal-area property will be made use of
below in analyzing the frequency behavior of the
change-signal curves.

2. Independent-field approximation (IFA)

The independent-field approximation (sometimes
referred to as the rate-equation approximation) as-
sumes that E, and E, interact independently with
their respective transitions. The effects of Raman-
type processes are neglected, and so coupling only
occurs through saturation of the level populations.
This limit can be obtained easily from Egs. (31)
and (41) by taking the limit y,, ==. As can be seen
from Eqgs. (3), this has the effect of completely
destroying the influence of Raman-type processes.
In the limit ag(v,,,?,+) vanishes and one obtains

k, 82 N
N 1 N2o
Agl'A(" () go (zk' YoiQ ‘\'lo)

y2
e Yo-vp+ 16(€)

x[e;:o‘ _etne u(-m]}. )

ya+86(€)
Therefore, in the IFA there is no directional
anisotropy and forward and backward change sig-
nals are the same. For weak saturation the change
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signals in the IFA limit are identical to that of the
€ =-1 case [ see Eq. (53), below]. However, for
B >»y the saturation behavior of the IFA result dif-
fers from that of the € =—-1 case. This is readily
apparent in the case where there are no dephasing
collisions, Eq. (38), since the factor (yg+i6)~" ap-
pears in the second term in square brackets in
Eq. (47) instead of 3(1+Q)/[y(=)+i6(=)]. Thus,
for (<< yg' the IFA predicts Lorentzian forward
and backward change signals of width y, rather

-
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than y(€). However, for y;'>t 2y,"', when the
initial polarization has decayed away, both for-
ward and backward change signals evolve towards
the IFA value (see discussion in Sec. V A).

IV. FEATURES OF THE WEAK FIELD RESPONSE

When the saturating field is not intense (B<«v,,)),
the results can be simplified by expanding Eqs. (31)
and (41) in orders of B/y. At the second order we
have

{-[r3+i5(a)]¢}

kB N exp(-y,f)-e
ag (@3t "“'“(2& 3 ‘\Tﬁ) s [ ‘ 7,-’-“;

o+ 18(¢€)

y“+n (l+¢)416(()

2 oxp{ - [7,416(()]!}] (48)

[7.”6(()][7,”0(:)]

and

M{(,,m,,,)__&,(2 —:)Ren( 1 __'Yxn/_"xg_>°_"1’lﬁ’_"_°)’_/ﬂ. (49)

Y410 v, -Kyg+t

In these equations Y3 and y% are the values taken
by v, and y,, for B=0,

YS =+ (b /Ry, (50)

Yo =y g+ [ (ky = €k) /B, )y e, © (51)
In obtaining Eq. (49), note that for B/y « 1,

T+i8=T"4iA"=y4+ib . (52)

A. Counter-propagating waves

When the saturating and probe fields are propa-
gating antiparallel to cach other (€ =-1), &g has a
simple form. The term in brackets in Eq. (48),
which determines the line shape of the change sij-
nal, s equal to

expl= 1) = exp{ = [v§ +i8(-)] 1}

4= 7;'70 +i5(=)
em{ lyj"'(‘( )‘l} 5
yg+ii(=) (53)

The time-varying gain is proportional to the real
part of &(=). A first remarkable result is that this
expression is independent of y,,. This is related
to the fact that for € =-1 the coupling of 0, with
0, cancels after velocity integration. When the
two waves have opposite propagation directions,
the Raman-type processes, responsible for the
creation of the ¢, coherence, have a strong vel-
ocity dependence. When integrated over velocity
their net effect vanishes.

At /=0, Ret(-) is a Lorentzian of widthy§. If
Yp>Yo lhcn the ¢*78" terms will decay away in a
time ~ 1/y} leaving only the e ™! contribution, a
Lorentzian of width ¥§ -y,. As explained in Sec.

i y+id

-

IOI B 1, this term is induced by the decaying popu-
lation of level 0. Its linewidth is narrower than
that of the steady-state contribution because this
term arises from a contribution to Ac(}’, driven
by a decaying population transient [ cf. Eq. (25)],
thus causing narrowing. The narrowing of the
£¢(-) line shape in the time decay of the € =~1
change signal can be'seen in Fig. 4(a).

If v, zy‘; the decaying change signal evolves in an
entirely different way. The e" 70! contribution de-
cays rapidly, leaving the e” B contributions, which
oscillate at frequency 8(-). These terms are as-
sociated with free decay of the initial polarization.
As explained earlier. the emitted radiation, which
decays at the natural frequency of the prepared
velocity group, w, +k,1,, beats with the probe field

a” ay a,

(o) )

FIG. 4. Backward (a) and forward (b) change signals
for weak saturation and no phase-changing collisions.
The parameters are ky=k;, Nig= Ny, 7457, and 8
=0.1y. Time delays: £;=0, ¢,=0.5/y, t{3=1/y, and
ty=2/y.

. —
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=
n’1
FI1G. 5. Backward change signal for weak saturation
and y,>y% The parameters are k= 'ky, v,2 7,
Yi=Y,= ;f,'y mo phase~changing collisions), g=0.001y.
Time delays: ¢, =0, £,=1/y, t;=2/y, and t = 4/>.

a,

to produce a gain component at 6(-). This type of
beatnote is a characteristic feature of free-induc-
tion decay. Its counterpart in the frequency do-
main (at a fixed delay tinie) is a narrowing of the
change-signal line shape accompanied by inter-
ference fringes. For example, the second term
of Eq. (53) gives a line-shape contribution of the
form

¥2 cosdl ~ 8 sindt
AT exp(-r3!) . (54)

This expression behaves like a Lorentzian for

1< 1/y%, but for longer time delays it narrows
and develops fringes of width b~n/f. This nar-
rowing occurs because, by observing chan-e sig-
nals at delay times (3 %) ! one is selectin
molecules whose lifctimes are longer than the
average, and whose lingwidths are corresponding-
ly narrower. Therefore, this method can be used
to produce change signals much narrower than the
natural widths, although in practice extreme line
narrowing is limited by the intensity reduction
occurring because of the decaying exponential
factor e-"8*. Linc shapes having similar physical
origins have been cxploited by Ramsey™ in mag-
nclic resonance experiments. Recently there have
becn several observations of this effect in the opti-
cal region.®® The same type of line shape has been
observed in time-delayed level crossing experi-
ments .»?

The actual line shape of Eq. (53) is comjosed of
two such contributions, each of which exhibits
fringes. It is plotted in Fig. 5 for 4 =0.825y,
which corresponds to the case k, =k, and v, =y,
=Ly, [cf. Eq. (50)]. The observation of nirrow
resonances of this type opens interesting possibili-
ties.
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B. Co-propagating waves

For co-propagating fields the effect of Raman-
type processes becomes important The term in
brackets in Eq. (48) is equal to

exp(-y,t)

£(+)=,,%_,’°”.{5

Yolvo + ¥ =¥ = ¥o) exp[-(15 +10)t] | (55)

(rg =7, +i6)r 5 +15)(2% +10)
The transient evolution of the gain line shape for
k, 2 k, is proportional to Re&(+). As can be seen,
Eq. (55) is a sensitive function of the presence of
phase-changing collisions (see discussion below).
When they are absent, ¥, +¥g =73+, [cf. discus-
sion following Eq. (6)] and &(+) reduces to

e 7! /(yy —v,+10) . (56)

Thus, the contribution arising from the decay of
the initial polarization completely cancels and the
gain line shape decays as a simple exponential.
The change signal remains Lorentzian throughout
the decay, and Ramsey-type {ringes are absent
[Fig. 4(b)]. Note that in Eq. (56) the decay rate is
completely governed by population relaxation and
is independent of Doppler dephasing, in contrast
to ordinary two-level free-induction decay.” By
comparing Figs. 4(a) and 4(b) it can be seen that
the areas of forward and backward change signals
are equal at any given value of f, as expected.
For k,>k, there is an additional contribution to
the change signal [cf. Eqs. (40) and (49)], entirely
due to Raman-type processes. Indeed, when k,
# k, the Raman-type processes are velocity depen-
dent and can only occur for molecules in the <,
velocity group, defined by the Raman resonance
condition L,,(v)=0

0%, = (R, = 0, = w, + W, +8y,,) (kg = k) . (57)

The real part of Eq. (57) is the statement of energy
conservation for the Raman-type process in which
a molecule undergoes a transition between levels 2
and 1 by emitting a photon £, and absorbing a pho-
ton ,. The imaginary part of 7], gives the width
of the resonant velocity group. The decay of the
v}, velocity group after ¢=0 leads to the ag(v?,,t+)
contribution. Since this contribution is associated
with Raman-type processes, it can occur even if
the molecular medium is transparent to the satu-
rating field (N,,=0). In this case the contribution
given by Eq. (55) vanishes and the net change sig-
nal is proportional to the real part of

N,o(F+i0)2e" o tor/x )

The unusual time dependence of this expression
can be understood by noting that the initial polar-
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(¢)
Q- 4,

FIG. 6. Forward change signal, Ny, contribution, for
weak saturation, The parameters are k=) kayy Y=
and 8/y=0.1, Time delays: t;-0, t,- 0.5/y, and ty
al/y.

ization undergoes free decay according to exp[/(w,
+ k700 Jexp(=y,,1). The resulting reradiated field
then beats with E, to produce the time behavicr of

Eq. (98).

The time evolulion of this change signal is
plotted in Fig. 6. As can be seen, the change-
signal area remains zero throughout the decay.
Also note the development of Ramsey-type frin;es
as the decay progresses. The peculiar shape of
this changze siznal has been experimentally veri-
fied by liiinsch ef al.** in the steady-state regime.

C. Influence of phase changing collisions

Phasc-changing collisions strongly affect both
the line shape and tinie evolution of the change
signals. In the prescnce of phase-changing colli-
sions the forward chunge signal is no longer given
by the simple expression (56) and Doppler de-
phasing effects appear {see Eq. (55)]. In contrast,
strong phase-interrupting collisions (3§ »>v,)
actually simplify the backward change signal, since
Eq. (53) then reduces to e”"of(y} +i5)"'. Thus, in
this limit the evolution of the change signal is com-
pletely determined by population decay processes.
The contribution arising from the decaying polar-
ization is negligible and Ramsey-type fringes are
absent.

A case of special interest occurs when the tran-
sition frequencies are close (w, = w,) and the decay
of the optical polarization is rapid compared to the
other decay rates (fast T, processes):

YoarYor > Yor Yz + (59)

In many atomic and molecular transitions these
conditions can be achieved by using a linearly
polarized saturating field and a probe field having
a different polarization. In this case levels 1 and
2 are two magnetic sublevels of the same enery.v
level and v, represents the relaxation rate of the
coherence between them (“Zeeman coherence”),

e — e e e

0 Yy ﬂrﬂ—‘fr
()

FIG. 7. Backward (a) and forward (b) change signals
for strong phase-changing collisions and weak satura-
tion. The parameters are k(=ks, vo=¥3™ Y12=¥s Yoy
=Yg = 5y, and g/y=0.1. Time delays: ¢;=0, t,=0.5/vg1s
ty=1/vos 8(=2/¥oys and tg=4/vy,.

which is typically of the same order of magnitude
as y,, the population decay rate, but much smaller
than the decay rate of the induced optical polariza-
tion. When condition (59) is fulfilled &(€) can be
approximated by [cf. Egs. (53) and (55))

=e:q:u(--y!) 1+€ y,exp(-v31)
HO=STm0 * T Birgen] - O

The first term of Eq. (60) describes a broad reso-
nance, width y,, +74,, induced by the population
saturation of level 0, which decays at character-
istic rate y,. This is the only contribution to the
backward decay [ Fig. 7(a)]. However, in the for-
ward direction there is an additional contribution
[second term of Eq. (60)] in the form of a narrow
resonance of width v,,, induced by Raman-type
processes [ Fig. 7(b)]. This narrow contribution
decays at a much faster rate, y,, +¥,, determined
by the optical-polarization decay rate.
Steady-state (i.e., t=0) forward change signals
exhibiting both broad and narrow features have
been observed recently.’® This type of line shape
is very similar to the Zeeman-tuned saturation
resonances observed in the intensity of the fluores-
cence emitted from a transition with degenerate
magnetic sublevels resonating with a single-mode
laser.’® Such resonances, observed as a function
of Zeeman tuning, consist of a narrow component,

Py

-

ane
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assoclated with Zeeman coherence (“Hanle « (fect”),
superimposed on a broader “population effect”
resonance. These features are the countery.rts of
the Raman-type and population-saturation fe.atures,
respectively, of Eq. (60), € =+1.7

The study of the transient behavior of the change
signals in such a system provides a unique way of
distinguishing population saturation and Rar.an-type
processes, owing Lo their very different dec.ty con-
stants. A remarkable consequence of Eq. (61) is
that after a time = (3, +v,,)"" the narrow ccutribu-
tion decays away, and the forward change si:tnal is
reduced to a broad resonance identical to the back-
ward signal. This type of behavior, in whicii a
broad resonance decays siowly and a narrow
resonance rapidly, 1s different {rom the usual
frequency-time domain behavior of linear
systems. Itis a good example of the fact thut
in three-level frec-decay frequency and time
behavior are not connected in a simple way.

The results of recent experiments in which such
behavior is observed m NH, will be reported else-
where.'’

V. SATURATION EFFECTS

Wher the intensity of the saturating field 15 large
enough [ saturation parameler s <1, Eq. (19)], new
featurces appear including power broadening of the
resonances, power dephasing of the decay rates
and, in some cases, a new type of oscillatory be-
havior in the decaying change signals.

A. Power broadening and power dephasing

When %, > €k, (either counter-propagating waves
or co-propagating waves with k, >&,), the sinal
is given by Ag(v,,t,€), Eq. (31). As the intunsity
of the saturating field increases two features are
noteworthy: (i) The change signals become power
broadened and their amplitudes saturate; (ii) of
the two decay rates, the one associated with popu-
lation relaxation (y,) remains unchanged, while
the one associated with polarization decay (; ») in-
creases. This increase 1s due to power broadening
of the velocity group excited during the preparative
stige. The growing, range of interacting molecular
velocities increascs the velocity (“Doppler”) de-
phasing contribution to the relaxation rate. For
large saturating intensities y, can exceed y by an
order of magnitude, and the decaying change signal
cvolves in two distinct stages. For the sake of
simplicity let us consider the case in which phase-
changing collisions are absent, Eq (38).

(i) For t<<1/yg the change signal is a Lorentzian
of width y(€) [ Eq. (39)]. This signal exhibits the
well-known directioral anisotropy between torward
(€ =+ 1) and backward (€ = -1) scattering [ Fiys.

635

8(a) and 8(b)] . However, the areas of forward and
backward change signals are equal. For high in-
tensities (s > 1) Q =(s)'/2=8/(y,7,)'’?, and we have

Sl -(Nlﬂ/‘vlﬂ)g
1+ (y,/y,)[ 1~ €(ky/k,)

. y(€)
y(€)+1d(e) ’

8g(V,,1=0,€)

x R (61a)
with
y(€) =[(k/R)Yyo, - €(3,/2)]Q . (61b)

Thus, the change-signal amplitude saturates and
its linewidth increases linearly with 9.

(i) In a time of order of y3' the e~ B¢/ con-
tribution vanishes, and both forward and backward
signals are reduced to the same Lorentzian line
smm’

(62a)
with
Ys=Yo >k /k)ve,Q . (62b)

(This result is valid even if phase-changing colli-
sions occur.) As can be seen by comparing Egs.
(61) and (62), as the-backward signal decays from
1 =0 its amplitude increases and its linewidth nar-
rows, while the forward signal decreases and
broadens! This behavior is clearly seen in Figs.
8(a), 8(b), and 9, where the time decay of forward

aca)”

k

0 -
(b)
FIG. 8. Backward (a) and forward (b) change signals
for strong saturation. The paramcters are k =k,

N1o=Nags Yiy=7, and g/y=10. Time delays: ¢ =0, ¢,
=0.2/y, ty=0.5/y, and t;=1/7y.
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FIG. 9. Tume decay of forward (a) and backward ()
change signals at lie center (5=0). The parameters
are the same as in Fi. 8.

and backward change signals is plotted at line
center.

This behavior occurs because in the steady-
state the contributicn from Raman-type proce sses
broadens the backwurd change signal and narrows
the forward one, as comparcd tothe population
saturation value. When the initial polarization
(which contiuns the aman contribution) hys ce-
cayed awav, in a tirme of order v}, this influcace
isremoved and the linewidths change. Furthermore,
itfollows from the equal-arcaproperty that rap:d
line narrowing automatically implies an incrcase
in amphitude, and vice versa. Any process de-
stroying the phase of the induced polarization—
such as phase-chan:ing collisions, Doppler di-
phasing or power dcphasing—increases y, and
thus accelerates the decay of the initial polariza-
tion. The remuaining signal, due to population
saturation, then decays away slowly with a time
constant y;'.

Narrowing of this type has been reported by
Shahin and Hlinsch®! 1n a time-delayed Lamb-dip
experiment using a short-pulse dye laser. It
should be noted that pulsed lasers are not ide.tl
for such studies. The present method has the
advantage that the system can be prepared in a
well-defined steady ctute, and the weak cw ficld
can precisely probe its decay.

Another interesting type of behavior can occur
in the backward charge signal when the initial sat-
uration is large but k, <<k, (rcduced Doppler de-
phasing), so that vg =7, + (k,/k,)7,.Q is of the same
order as 7,. However, the initial linewidth ¥(-)
= ,7,Q is stili power broadened [Eq. (39)]. In this
casce the decay rates of the initial polarization and
the population are comparable, giving rise to nar-
rowing at line center and Ramsey-type fringes at
the wings. An example is given in Fig. 10. As
can be seen, the central portion of the line nar-

11}

n‘, n(l-l

(v)

FIG. 10. Backward change signal for strong saturation
and k, <«<k;. The parameters are k;=0.1k,, v;,=v, and
B/y=10. Time delays: ¢,=0, t,=0.5/y, ty=1/y, and
t=2/y.

rows from y(-) to vg, with a corresponding in-
crease in amplitude, in a time of order »3', and
narrow fringes appear at the wings of the reson-
ance, in accord with Eq. (38).

B. Dynamical Stark splitting and oscillatory decay

When the two e.m. fields are co-propagating and
k, is larger than k,, a new steady-state feature
appears at high saturating intensities: the reson-
ance splits symmetrically into two distinct peaks.?®
As will be seen in the following, the decay of this
signal exhibits a novel type of oscillatory behavior.
The steady-state splitting has been observed re-
cently by Toschek and co-workers.*® Its line-
shape features have been analyzed by Skribano-
witz et al.,” particularly in the case of transitions
with level degeneracy.

This type of behavior comes from the ag(t,,,

t, +) contribution, Eq. (41), which increases as
#'/2 at high intensities and thus predominates over
the Ag(f,, t, +) contribution, whose amplitude sat-
urates. In the vicinity of the peaks A, Eq. (41b),
is a slowly varying function proportional to iS, and
so for B> vy,

e (Teian/e
A"(‘.*)“E;z(‘)=81m—x'.—’.—':r— (63)
T sin(a’t/x) + Acos(A’t/x) __re
. I sin( /;’%7: ( R
(64)

The resonant behavior of the signal occurs through
the denominator of Eq. (64). Using Eq. (42a) one

T & AR
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can show that”

TP ( 1 1 ) i
FZ7ea? = (4887 (770 (6-5)7" “ 7 +(6+5) ’
(65)

For S »» 7 this quantity undergoes a resonant en-

hancement around 6 =+S (and a symmetrical one
around &= =S):

(T4 a7 = (25)°'[7 2 (6 - S)7)/2. (66)
Also note that in this vicinity " and &, Eq. (42a),
can be approximated by

r,bllzﬁ(b_s):";zlllz_(6_5)}1/1' (67)
and

A*S'“{[(G—5)2<7"]'/7b(6-5)}'“. (68)
As seen in Eq. (64) the steady-state (¢ =0) s.gnal,
proportional to A(I'* + 8%)"! exhibits two re: onant

peaks separated by =25, The line shape of the

8= +S peak is given hy
3 .S‘/’/((b-S)zt'.z]'“o(b-S) t/2
alt=0)- S~ (1022 ) .

(69)

This line shape 1s asymmetrical, the signal de-
creasing as (6 -S “*?for $>S-6>»>% und us
|6 ~8|'/% for 6 -S >>¥. The peak occurs at &
:$+%/V3. Its amplitude is proportional to 5'/?

e —— e e it

E"‘07' ‘1
|
i

FIG. 11. Forward change
signals for strong satura-
tion, exhibiting dynamic
Stark splitting. (@) Ny,
contribution; (b) N, con-
tribution. The para-
meters are k,=3k,, vy
=y, and =10%. The

t=QY/
& time delays are as shown.

V

. 1002/
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(v)

and its linewidth [full width at half maximum
(FWHM)] isapproximately 77.*° This behavior is
illustrated in the ¢ =0 plots of Fig. 11.

The origin of this splitting lies in the high-fre-
quency Stark effect®® or “dynamical Stark split-
ting,” which is caused by the mixing of the two
wave functions of the energy levels of a transition
saturated by a resonant e.m. field. In the optical
region this frequency splitting is velocity depen-
dent and is usually washed out by the Doppler ef-
fect. Thus, when averaged over a wide velocity
distribution the splitting is transformed into a
power broadening, which contributes to the line-
width of the resonance.** However, in the parti-
cular case considered here the velocity dependence
can be substantially reduced over a wide velocity
range, leading to the line shape splittings of Fig.
11.

The frequency features of the Stark splitting for
a particular velocity group are determined by the
resonant denominator L L ,+ {# appgaring in the
initial polarization acf}'(0), Eq. (24). It can be writ-
ten in the form

LL,+i=-(Q -v)Q -v), (70)

with v, the velocity -dependent center frequencies
of the two Stark peaks. For B>y,

v.(v)=w,.k,cu}[é,:(A;oB’)'“]. (T)
with 4,(v), the detuning of the saturating field from
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resonance,
a,=R, ~w, - €kyv. (72)
This resonant behavior is due to the couplin

betwecn 0,, and 0,,, as can be scen by determining

their eigenfrequencies from Eq. (3) in the Limait
e

a-0. A solution of the form oxe™! gives

(A =iL ) =il )= (¥, (73)
which has roots (for 3 »\,“)

R LR (74)

The corresponding normal modes of the optic.l
polarization I’ osciliate at eigenfrequencies §: (r)

=2, + 2, [see Eq. (2), p., equation]. Resonant «n-
hancement occurs when Q(r) 1s Doppler shifted into
resopance with the probe frequency. Setting $i(1)
=Q,, i.e., A=0, Eq. (73) then reduces to (70).

For k, > €k, the velocity dependence of the term
in brackets in Eq. (71) adds to the Doppler sh:ft
k. However, for ¢ =+«1 and k,>k, the velocitv de-
pendence of these two terims are vpposite, lealing”
to a partial cancellation of the velocity dependence
of v,. The resonant velocity groups contributing
to the Stark splitting may be obtained from the con-
dition &, = v, (r). ‘For the case k, = 2k, we have

ke, Q07— 0,8 (6° 287, (15)

(The cunsiderations are similar for k,#2k,.) For
16l=1Q, - =8, », varies linearly with Q , but
as |#! approaches S the dependence is much weak-
er. Infact, ncar !5 =8 the velocity groups 1,
>p_are essentially independent of , over an :n-
terval &» =S’k . The washout effect is thus di-
minished, since all of the velocity groups in this
interval can contribute to the high-frequency ~tark
resonance occurring at the corresponding value

of ,. This value is determined by the condition
that the quantity 6° - S° in Eq. (75) be close to zero,

lo]-=s, (76)

which gives the center {requencies of the Stark-
split components [¢i. FEq. (69)]. Note that because
of the velocity dependence the Stark components
are split by 28 rather than by 23, as they would
be in the bomogenvously broadened case.'*** Also
note from (75) that the resonance condition cannot
be satisflied for any velocity group when , is in
the range

R -S<R, <A 4S. an

This lack of resonant molecuies explains why in
this range of probe irequencies the molecular me-
dium is nearly transparent to the probe. Outside
this range there are always velocities satisfying
2(r) = Q,, and the interaction of the probe with: the
molecular medium is nonvanishing.**

——— e et e

As can be seen in Eq. (64), when the saturating
laser is terminated the resonance undergoes os-
cillations at frequency &’/x as it decays with time
constant I'’/x. In the vicinity of the resonance
(Egs. (42e)]

I’=4ir (78)
where T is given by Eq. (67), and

A’ > 3S, (79)
The number of oscillations is of the order of

a’/rr=(S/y)/2. (80)

Notice that this behavior is different from the well-
known Rabi oscillations observed in optical nuta-
tion transients, since after f=0 the saturating field
is absent. The appearance of this new frequency
is due to the dynamic Stark effect, which causes
the resonant interaction between the molecules
and the probe field to be shifted from ©,*’ to a new
value. When the saturating field is switched off,
the »_ velocity group, prepared before (=0, radi-
ates at its natural frequency w, + k,v_.** The re-
emitted field then beats with the probe field to give
a beat at Q, - w, - kv = 4&’/k.*®

Some typical delayed line shapes are plotted in
Fig. 11. A noteworthy feature is the distortion
of the envelope of the decay curve, which enhances
the outer shoulders of the resonance as the delay
time increases. This effect occurs because the
decay rate,

'/~ (V8/2x){{(6 - SP +72]/2~ (6 -S)}/?, (81)

is frequency dependent. This dependence is due to
the fact, explained earlier, that the range of in-
teracting velocities, and hence the Doppler-de-
phasing contribution to the decay, varies with ,.
It can be seen in Eq. (81) that the decay is faster
on the inner sides of the resonance than on the
outer sides. Thus, the asymmetry of the peaks
is enhanced during the decay.

Figures 11(a) and 11(b) show the N,, and N,
contributions, respectively. Notice that while
the N,, curve is initially transparent in the region
between the Stark peaks (i.e., |6]<<S), the N\,
curve exhibits small gain over a broad region.
The sign of this gain is opposite tothat of the Stark
peaks, as it must be to maintain zero area. After
a short time delay (¢~S"') the situation is reversed,
the N,, curve exhibiting a broad central gain region
and the N, curve becoming transparent there.
Also note that the arca of the N,, curve remains
zero throughout the decay, as it must.

The change-signal expression in this 1egion
can be obtained by considering Eqs. (31) and (41)
in the limit |6| «<S. For example, in the case
of no phase-changing collisions, k, =2k, and ¥,

BN A e
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=7, [Eqs. (38) and (43)] one finds

se, Lo ‘f‘_r«_(e-s: _e*"oY),

N (82)

Ag(t, +) = -g.e
10
which exhibits the features discussed above.
Finally, notice that whereas all contributi ns
associdated with the decay of imtial polarizat.on
exhibit power dephasing for 8 > Yirs the contribu-
tions assoctated with population decay do no:.
Therefore, for very long delays (t~v>') the line-
The remaining broad v,
¥ (population effect) and
(Sec.

splitting disappears.
contribution decays as ¢
evolves similarly to the backward resonanc:
VA)

VI. TIME-DELAYED FLUORLSCENCE CHANGE SIGNALS

Three-level free-decay resonances can al-o be
observed by monitoring the side fluorescence orig-
inating from level 1 as the probe field is tured
through the 0-1 transition. As explained in sec.
IIB, the fluorescence intensity I is directly pro-
portional to (g,,), the velocity-integrated popula-
tion of level 1 [Eq. (10)]. Thus, this type of ex-
periment directly measures the time evolution of
the level population changes induced by the probe

field. For a weak probe these occur in second
order in @. We w:ll now calculate (0}’) for a

saturating field of arbitrary ¥.

A. Caiculation of @ ;)

In the sccond order in a, o,, is determined by
Eq. (16). The solution can be written in the form

o3 t) = —3a*(y.,. /7)), / (L 1P)+ aci0),  (83)

where the first term describes the time-indepen-

J
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dent population change induced by the probe {ield.
The second term, which describes the modification
of the 0-1 transition rate induced by the satura-
ting field, satisfies

B0 ey 80 = Jiadol (1) + c.c.,

(84)

where ac!}'(¢) is given by Eq. (26). The resulting
expression for {o,,(t)), complete up to order a?,
can then be written in the form

(o, (1) =71, - ARS + A7, (1, €), (85)

with Ay the broad Gaussian background population
change induced by the probe field for 3=0,

AT:‘; = az'\'m /2"';71 '

and 357, (t, €) = (Ac(?’) the population change signal.

One way of obtaining a#, would be to soive Eq.
(84) and then integrate the resulting expression
over the velocity distribution. A simpler approach
‘is to integrate Eq. (84) over velocity, thus obtain-
ing an expression relating an, to ag:

A%, + 7,A7, = -y, 50%4¢(t, €)/g,, (86a)

where Eq. (28b) has been used. This equation has
the solution

= And
an,t, €)= -_g_¢<.xg (0, €)e~"1*
0

t
4f Ag(t'.()e"l”""y,dt’). (86b)
o

Thus the expression for the population change sig-
nal follows directly from that of the gain change
signal, without the necessity of doing additional
velocity integrals. As cauld be expected, the tran-
sient signal exhibits a new time constant y;' related
to the relaxation of the population of level 1.

I kj-cky >0

In this case Eq. (31) is used in (86b) to obtain

. [k B N,
Aiil(v',,l,t)=-"-r:.( m _,--—-Q)Renr,[-

Ly r,(1+€Q) (c-'.'

e-vxt = e-Lal)

o 3 - >, +
\Zkz 78\) Nio LBLN' :p- 7 LB'71
-7t _ ooLpt 7Lt _ 7ot
e et _e L. )] ) @87)
L.-’Yo L.“7| 70-71
r
In Eq. (87) the complex Lorentzian denominators 2 k) -eky <0
Lgand Ly have been introduced to simplify the
form of the expre.sion, In this case Eq. (41), used in (86b), leads to
L v185(€), Ly= 16(€ 88 = ok s & j
s el (€) NETntt ( ) ’ ( ) A"l(t’ ,): Anl(vz' & +)+ Anl(vn, t, +) , (89)
with 7, and ¥4 given by Egs. (36) and (37), respec-
tively. with
-7t (Tt /x -7t
AF, (Dya0 1, +) = L OTS? [,_lv LR v e )] (90)
g © R TLOAN T o eak Ty M




Glo OUCLOY, LEITE, AND FELD 1

The notation used in Eq. (90) is the same as in
Eqs. (41) and (42).

As can be secn in Egs. (87) and (89), the ste «dy-
state line-shape behavior of 3a (¢, €) 1s identii al
to that of a¢(t, €). [This foll
with .3;1. = 0. See also the discussion following Eq.
(16).] lowever, the ime-delayed line shapes are

ws from Fq. (86.)

not the same. In the {ollowing, the A, (¢, €) ci.ange
signals are analyzed in the limits of weak and
strong saturation of E,

B. Weak field response
1 kl)xk:
The response for 2<<y(, is obtained by setting

B=0and Q -1 in Eq. (87), and replacing Ly ard Ly
by their unsaturated values,

LG =7y +ib(€), L% =7y+ib(e), (e1)

with 7} and 7} defined as in Eqs. (50) and (51).

For counter-propagating waves, an, is indepen-
dent of L ,, indicating the canceliation of Ranian-
type processes. For €= -1 the term in brackets
in Eq. (87) becomes

1 ot ‘.-VAl_(,-L‘;‘I>
v (G - S

1 ( el L gmlat  eTi! _ g0t

Yoo, ) . (92)

In the co-propagating case, i, is given by Eq.
(87) with € =+1. This expression dramaticaliv
simplifics when phase-changing collisions are
absent, in analogy with the Ag (¢, +) change sinal
[see Eq. (55)]. We then have

2=Lu+7%, (93)

and so the quantity in brackets in Eq. (87) reduces
to

. ufi;m:’“.’)
zu)-_/l“( i), (94)
As in the (¢, +) change signal, the influence of
Doppler dephasing is absent, but the decay of the
an (1, +) change siynal is governed by ¥, as well
as by 7,. For the special case v, - ¥, the qu.antity
in parentheses in 12q. (94) reduces to (1 sy e,
Next, consider the case of strong pliase-coang-
ing collisions and close transition frequencics
(w,>w,), treated for g in Sec. IV C. In this limit,
e BEE=NEE | Brk 2
(Yo =¥ )Ly 2 valy

(95)

Just as in the Ay change signals, Eq. (60), the first
term of Eq. (95) describes a broad population-sat-
uration resonance of width ¥ - ¥, + 0., while the
second term is a narrow resonance, width y .,
Induced by Raman-lype processes. But in contrast

to the narrow resonance of &g change signal, which
decays rapidly at the rate Y. the narrow contribu-
tion of an, decays at the much slower rate y,. This
difference occurs because the narrow contribution
to the A, change signal 1s caused by the buildup

of population in [evel 1 due to the completion of
2-1and 0-1 Raman-type transitions.** Although
the information about these processes is contained
in both the iritial polarization {¢{!’(0)] and popula-
tion [0}3'(0)], the latter contribution is dominant
when the polarization relaxation rate is rapid.
Thus, the narrow An, component decays at the
population decay rate. This implies that the back-
ward-forward asymmetry cannot be eliminated dur-
ing the decay of the fluorescence change signal,

in contrast to the behavior of the probe-field de-
cay signal. Also note that the fluorescence change
signal is not a simple exponential, and depends

on the population relaxation rates of both levels
0and 1.

2k, < €k?

For co-propagating waves there is an additional
contribution to an, for k,>%,, which may be ob-
tained from Eq. (30) using Eq. (52). Just as in the
Ag change signal, this term arises from Raman-
type transitions, which can lead to a population
buildup in level 1. Thus, it can occur even when
there is complete transparency at the saturating
field (N,, =0). In this case the dn, change signal
is proportional to the real part of

N r l'ed -
aeiee 0 | po7 b _ 1 ~(Yeif)t/x y
G+ i0T - kv, +i8) (© ' TFeib ] 96)

As compared to the corresponding g change sig-
nal, Eq. (58), Eq. (36) contains an additional term
associated with the 0,3’(0) contribution, which de-
cays at a rate v,. Thus, aithough the two change
signals are identical at /=0, the {ringes occurring
in the time -delayed Ag change signals are less
pronounced in the corresponding an, signals.

C. Saturation effects

At high saturation intensities the decay rate of
the initial polarization is very large due to power
dephasing. Thus, all of the terms in Eqs. (87) and
(90) associated with the initial polarization are di-
minished since, as compared to the corresponding
Ag expressions, each term has an extra factor in
the denominator proportional to the polarization
decay rate.'” Accordingly, for 8> 7,, the time
evolution of the A7, change signals is completely
determined by the terms decaying at the popula-
tion relaxation rates. Equations (87) and (90) thus
reduce to *

ad
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RN N
, 7‘,‘ =), e
A7, (7 5 b, +) - 1378 Re{ : -)4"'*" (98)
SRR 3 y \(T - id)\
The disappearance of the ribution assoc: .ted
with the ini rization is responsible {o: the
following ¢S in the behavior of the <
chany’¢ S t S ired to that {f the Sz change
signal discussed in See. V: (1) There are no rapid -
ly decayung terms. (1) The forward-backwa d
asymm cLry CS 1 decrease as the an, chige
signals decay. (1) In the A, (7, .. 1, +#) change sig-
nal, which pives rise (o the dynamical Stark split-

ting, the Stark peaks decay slowly. The line -
shape deformation and oscillatory behavior « har-
acteristic of the (0,5, 4, 1) change signal ax e ab-

sent.

Vi CONCLUSION

This paper has prescented a theoretical analysis
Py 1 .
ction

nduced by the {rec<n

of the change

\

decay of a Doppler-broadened molecular traasi-
tion, observed as 4 weak probe ficld 1s tunc {
through a coupled transition, The evolving line
shapes can be stucicd cither by monitoring the

gain at the coupled transition or by studying the
side fluorescence. As has been shuwn, the hyme-
delaycd change signals manifest a rich range of
featurces including {orward-backward hne-stape
asymmetries, Doppler-dephasing effects, Ramsey-
type fringes, power broadening and dephasing, and
dynamical Stark splittings exhibiting oscillatory
decay. It was also shown that the time-delayed
Jine shapes provide a unique way of distinguishing
population saturation effects from Raman-type pro-
cesses, owing to thar different decay times,

The experimentd obscervation of time-del.ayed
change sipnals of the type discussed here roquires
that the saturatun Lield be terminated 1na 'me
7 which 1s small compared to the character istic
decay times of the optical polarization,

T <« 7""3'l 3 (99)

(conditions for validity of the sudden appro.ima-
tion). Otherwise, the initially prepared po!iriza-
tion cannot freelv decay, and instead will t nd to
follow the time bohavior of the saturating {ield.

If, however, 7<3;' the change-signal cont:ibution

associated with the saturated level populations
will still decay at its characteristce rate.

B ——

In the present study the applied fields have been

respective transitions:

(a1
;5,&'.‘,"

.

with 6 =R, -« the detuning of E, from the 0-j
molecular center {requency. Thus, the Raman-
type processes occur in the presence of a resonant
intermediate state. However, the two-photon
(Raman) condition can be satisfied even \f the in-
termed.ate state 1s nonresonant, i.e., for

)

-"/>k,u. (100)

in this limit, certain sumplificationsoccur. For ex-

ample, the velocity spread of the molecules canbe
ignored 1in the sinzle-quantum resonantdenominators
(L,and L,), since [k,t|< &, forallvelocities. Fur-
thermore, for a given value of ;s the transitionproba-
bilities for both single- and double-quantum pro-
cesses are reduced. However, the double-quantum
transiions {1.e., Raman-type processcs involving
the exchange of {10 quanta with the radiation
fields**) predominate, so the buildup of population
in the intermediate state 1s small. Thus, unlike
the case of a resonant intermediate state, there is
no interference between single- and double-quan-
tum cvents, and the form of the change signals is
simplified.” However, when the internied:ate
state is nonresonant an additional condition must be
satisfied in order for the sudden approximation to
hold,

7«36,1'1_ (101)

Otherwise, the induced polarization will tend to
respond adiabatically to the saturating field. In
practice, Eqs. (100) and (101) are difficult to ful-
fill simultaneously, since they require 7 << (ku)™.
However, the regime :n which

[6,[* <t <<yt (102)

is readily acheivable. In this case the contribution
to the change signal coming from the initially pre-
pared polarization will adiabatically follow the
saturating {ield,** and so will vanish when £,- 0,
but the population contribution persists and will
decay at its characteristic rate.

Several recent publications have investigated the
transient behavior of cascade and folded three-
level systems when the two-quantum (or Raman)
transition is resonant or near-resonant and condi-
tion (102) is satisfied. Theoretical studies!™*
have shown that in this limit the equations of motion
simplify and reduce to those of an effective two-
level svstem, so that the time evolution can be de-
scribed by a vector model in which a two-photon
Bloch vector precesses about an effective field.
Experiments'®®+* have verified the different
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APPENDIX FOLES OF (2 1, , + 350!
This appendix analyzes the solutions of the « qua-

tion

- where L, and L,, are given by Egs. (4).

AND FELD

Aok -
-2
Lll,no =0

(A1) can be written in the form

(=8 +ryy Haxx+ 8, -tr,)+8=0,

where
5 ) ) 5= f
8 =R -w,, b6,=8-9,,
X = ((L‘z—)\‘;) l.\'l
x=kwv.

The solution of Eq. (A2)

is straightforward,

x,8)= 6,~—-:-:\;-3,—ixu)
\r 6 \ ~2lz~
+/)| 0 +-12 —l) + —1 - :
19 il £ (]

The sizn of the comple
by the condition

v B=0)=8,<1v,,

CX SQuare root

x.(B=0)=(-

8+ 17v)/x,

as required by Eq. (A2). Thus,
tity in curly brackets must approach

(8,+6,3/X) =i(rg, +712/X) .

(A3)

(AS)

(A6)

s determined

(AT)

for 8- 0 the quan-

The sign of Im(x) gives the position of the cor-

responding pole in the complex kv plane.
1s always negative,
1s the same as that of x
by continuity from x(0)

Im{x,(0)]
whereas the sign of Im[x_(0)]
Since 1(3) 1s determined

, Im(x), a continuous func-

tion of 8, can change sign only 1if it vanishes for a

given value of 8.

It i1s easily shown that Eq. (A2)

cannot have a real solution, since y, and vy, are
always positive. Thus Im[x‘(S)J 1S always negative

and Im{x_(3)] has the sign of x.
As explained in Sec

. III B of the text, only the

poles of x lying in the upper half of the complex
plane can contribute in the velocity integrations.

Thus, the x

. pole never contributes, and the x_

pole can contribute only for x> 0(€ =+ 1,k, > k,) 24®

Using the definitions of 6, ¥ and « introduced in the

text, this pole can then be written in the form
x.8) =3 ((
- 1= 2 '

+i[ (Y +18) + SV ’; ;

k . k
-t = fora =g )

(A8)
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Up to now methyl alcohol has been the
most fertile mclecule for generating far
infrared laser radiation via CO, laser op-
tical pumping {1l]. Nevertheles8, of the
numerous CH.,OH submillimeter emission lines
and their cgrr»spondan pump trans:i:tions,
most of the spcctroscopic assignments have
yet to be made Dctailed knowledge of Fhe
guantum numbers, relaxation ra;cs {nd gi=
pole matrix elements 1s essential for as-
sessing furcher potential of thesc lasers
as sources and for new fundamental studies
of the physics of three level syst:ms.

In what follows we report soma high
resolution spcctroscopic studies on two
CH,OH infrarcd transitions in near coinci~
deflice with the CO, P(34) and P(36) 9.7 ym
lines. Their Jpegial interest lies in the
fact that both can be pumped with a low
power (3w ) CW CO, lase. to emit strong
CW submillimeter radiation. In the experi-
ments saturated absorption resonances (Lamb
dips) were observed in a low pressure CH,OH
cell using a stable CO, laser, fronm whicﬂ
precise mcasurcments of the pressure broad-
ening coefficients, linear absorption coef-
ficients and f-equency detunings between
the CO, and Ci CH lines-were obtained. In
subseqacnt cxpeériments a Stark field was
applied, leading to partial assignment of
the transitions.

The expe:_mental set up used to ob-

serve the Lamb cips (2] 1s shown in Fig. 1.
The CO, laser, with linearly polarized
emissign, was ¢t at 100 mW power:level

to eliminate power broadening effects. A
piezoelectric crystal, on which the laser
mirror was mountcd, permitted a 90 MHz
tunability of cach CO, line. An NaCl beam
splitter was .sed to aivide the laser out-
put into two conponents, one intense (csa-
turating becam) and one weak (probe¢ beam),
which were passed through the 1.5m CH,OH
sample cell in opposite directione. %hc
Lamb dip occurs as a decrease in probe ab-
sorption as the laser is tuned across the
CH,OH line cecncer. By measuring the fre-
qugncy scparation between the Lamb dip and
the center of the CO, emission profile,

the CH,OH tran.ition“frequency could be
obtainéd with 4 resolution much better than
its 50 MHz Dopoler width. For the P(34)
CO, line, the metharoi transition lies

¢ —

38%5 MHz above the CO. center frequency.
The transition overlapping the P(36) line
lies 25:5 MHz above the corresponaing CO,
line center. The absence of Lamb dips 1dr
the P(32) and 2(38) CO, lincs lnd;:ages
that the corrcsoonding“CH,Ol transitions
arc detuncd by ut lcast 45 MHz.

Thae lincar absorption coefii.ient for

PZT
“— COZLASER
Tuning
Y
N = & A
NaCl
i — !\N°C' Au-G
S e TRSUROREE " NN i
Z CHa0H \

the P{34) overlanping line 1s «=%.1:.5m 1
Torr '. By observing the lincwidth of the
Lamb dip with increas:ing pressure, the col-
lision broadecning cocfficient was found to
be y=18+4 MHz/Torr (liWwHM4). The respectave
numbers for,the g£36) overlapping line are
a=1l.6%*.3 m “Torr and y=26:5 MHz/Torr.

From early low-resolution studies (3]
it could be established that the CO, 9.7um
band overlaps the Q branch of the C=0 par-
allel stretching mode of CH,OH. However,
the rotational quantum numbérs for the
various coincidences were unkxnown. Their
identification was the subject of our Stark
effect cxperiments. Applying a static el-
ectric field to the CH,OH gas sample splits
the magnetic (m) subledels of the rotatio-
nal manifold. Conseguently, each Lamb dip
will split into a series of dips, reflect-
ing the character of the Stark effect (lin-
ear or quadratic) and the level degeneracy
(J value). 1In our experiments P(34) and
P(36) coincidences both exhibited linear
Stark effect. The following discussion is
valid only in this case. When the polari-
zation of the saturating field is parallel
to the Stark field and the probe field pe-
larization 1s perpendicular to it, the
Lamb dip splits into two multiplets, the
strucutre of which are not resolved if
Ae-A8g is small compared to Y [Ae(Ag) 1is
the splitting betwcen adjacent m-states 1in
the excited (ground) levels]. The separa-
tion between the two components is then
A= (Ae+Ag)/2. This relation results from
the fact that the saturating field is in-
ducing AM=0 transitions while the probe
couples to the &m=:1 transitions.

If, on the other hand, both probe and
saturating beams are polarized alcng the
Stark field, the Lamb dip splits into a
series of 2J+l1 components, separated by
é=|Ae-Ag|. Figure 2 shows the Stark pat-
terns obtained for thc P(24) and P(36)
coincidences. In these traces a 30 V/cn,
10 kHz modulation was added to the =static
{(~300 V/cm) Stark field, Cs, and phase
sensitive dectection was used. In consc-



guence, the observed siynal occurs as the
derivative of the Lorentzian dips, and the
central component is absent. The J value
of the trancition follows directly from
the number of dips. From data like Fig. 2
taken at different values of Es and both
polarization configurations we obtain for
the P(34) coincidence: J=1, A=2B:3MHz/
(kV/cm), 8=3.3*.3MHz/(kV/cm). The corres-
ponding valuecs for the P(36) coincidence
are J=7, 4=25:3 MHz/(kV/cm) and §=3.5%

.3 MHz/ (kV/cm) .

r'urther work is under way to complete
the assignncnts. Preliminary estimates
for the transition dipole matrix element,
using symmetric top partition functions,
are V.03 Debye for both transitions. De-
finitive values will be obtainred after the
Kt quantum numbers have been determined.
As for the permanent dipole momcnts, we
can concludc from §/A that the vibrational-
ly excited and ground state values differ
by ~10%.

Experiments are also in progress to
assign the submillimeter emitting transi-
tions and study their properties. These
experiments employ a low pressure CH,OH
sample cell, saturated by the pump laser
and probed bv the submillimecer emission
of an optically pumped CH,OH laser. Both
stcady state and transieng exper iments
arc planned.
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of far infrared (V'IR) la-
scor radiation by mecans of optical pumping
of molecules has received increasing at-
tention over the past few ycars [1]. 1In
the course of the uevelopment of I'IR
sources two inportant fecatures have bcen
largely neglected; (1) the assignment of
the pump and FIR transitions; (ii) the de-
tailed tuning behavior of the FIR emission.
Knowledge cf thcse two points is esscential
for a completc understanding of the opti-
cal pumping mcchanism, and for assessing
the full potential of various FIR laser
sources and their extension to new spec~
tral ranges. The ascignment of Ci!
transitions is presented in anothc 3 talk.
This communicat.ion discusses the lrequcncy
charactcristics of the FIR emission.
Analysis of the optical pumping pro-
cess is usually based on rate equations
(RE) [2]. However, it is well known that
two-guantum Raman-type processes, which
are not accouinted for in RE treatments,
play an important role in three lcvel sys-
tems of the type employed in FIR optical
pumping [3]. For instance, these processes
give rise to a directional anisotropy in
the reemission of radiation. The way in
which Raman-type processes manifest them-
selves depends on whether the transitions
are homogenecusly or inhomogeneou:sly broa-
dened. For these different cases, we will
analyze the frequency dependence of the
linear gain at the FIR 0-1 transition (fre-
quency w,) when the excited level 0 is op-
tically éunpea via the 2+0 transition (w
lu >w

Generation

611y Dopnler broadened systems

This casc is now we.l understood [3].
For weak pump intensities, the gain curve
is Lorentzian, nurrower in forward emis-
sion (e=+1) than in backward emission

(e=-1), and ic centered at frequency w, X
(14€6_/w,), wherc §, is the frequency ée-
tuning of the pump.Z The full widths at
half maximum (FWIM) are respectively y(:)=
+y +wy (y ,.)/u where y. is the decay
rBtalot1e8e1®s 13]." tn addition, the

peak forward axn is greater than the
backward gain, 5o that the "areas" under
the two lLorentzians are equal. The for-
ward-backward anisotropy increases with
w. /W For large pump intensitics the
urwSrd reemission line splits in two com-
ponents because of the dynamical Stark
splitiin The line splitting is given by
28 w Vu {w u.S, where 8 is the Rabi nu-
tatio% ..Lqu ‘ncy on the 0-2 transition
(B=pE/7). Thz splitting in maximum for
”1.“2/2°
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2. Systems in which only the pump
transition 1is Doppler-broaacnced
TIiIs is the casc in which the Doppler

effect at the FIR frequency is negligible
compared to the pressure-broadened lince-
width, but the pump transition is still
Doppler-broadened. Then the single-quantum
2-0 transition and the double-quantum
transition have the same Doppler shift,
causing the forward-backward anisotropv to
disappear. Furthermorc, the gain curve 1is
centered at the FIR molecular freguency.
Only its overall amplitude depends on the
detuning of the pump frequency. The line-
shape of the gain curve is given by

g = p*(y.Q)"
]

oo+ B o
(Y“n'.&) (Ta * 7@ ¥3) + faz/“ﬂ-

where y.. is the relaxation rate of
i-j cohé}ence, i's the FIR frequency de-
tuni g and ips séturatzon parameter is Q=
(l+8 /Y Y . When phase changing coi-
lisions aze absent Iy =(y.+Y )/2,, the
lineshape is a Lorent2 3ian éf width v,+y.Q
(FWHM). The linewidth increcases with 1%-
creasing pump intensity, and, at high in-
tensities, the gain saturates (g+l). The
RE approximation corresponds to making v,
infinitely large in Eq.
cancel the 1-2 coherence (absence ot Raman-
type processes). Thus, for weak pump 1in-
tensities RE gives the correct result, but
not for an intense pump, where RE predicts
a gain curve whose width does not power
broaden (FWHM=2y ) and whose peak increa-
ses linearly witg The correct vbehavior
[Eq. (1)] is a dxrect consequence of the
occurrence of two-quantum transitions.
Noticc also the absence of ‘dynamical Stark
splitting, which vanishes in the velocity
integration.
3. Homogeneously-broadened systeoms

When thce Doppler effect i1s negligible
for both transitions the gain curve re-
verts to the well-known results observed
in microwave-microwave and microwave-RF
double resonance experiments. . In particu-
lar, at high pump intensities the FIR line
splits in two resonances, the splitting
depending on the pump intensity and the
detuning of the pump frequency (5].

4. Experimental obscrvations
The expcrimental study of the FIR tunuina
behavior for differcnt cases is under way.
The sample is a mcthyl alcohol cell placed

the

>

x & A
(1), in order to™“




inside a lm waveguide cavity and optically
pumped by a i0W c.w. CO, laser. Prelimi-
nary studies of c.w. FIR emission at Anm
120 ym [pump 4=9.7 um, P(36) line], A=80
um [P(34) punp] and other wavelengths are
in progress. The emission frequency 1is
tuned with a P2ZT mounted on one of the FIR
cavity mirro-s. At both 80 pum and 120 um,
for low (V100 mTorrs) pressures (case 1),
two narrow bands of FIR emission are ob-
served when :the CO, pump frequency i1s de=-
tuned from the CHJOH center frequency.
These correspond fo forward and backward
reemission components of the staading-wave
FIR field, and ara symmetrically located
around the FIR transition frequency. Due
to the small values of w,/w, (0.08~ 0.12),
the forward-cackward asymmetry 1is very
weak. Reen:ss:ion at A=40um [P (34) CO,
pump)- shoul: - xnibit more pronounced dsym-
metries. C. .5 (2) and (3) will be stud-
ied by goin: o higher pressures and lon-
ger FIR wave.congths (A= 500 um). Obser-
vation of traasient FIR emission, obtained
when the pump laser i1s suadenly turned on
or off, i1s also under way, in order to
check the theoretical predictions of a
previously performed analysis [6].
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Quantum Mechanical Features of Optically Pumped
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Absiract -Quantum mecianical predictions for the gain of an op-
tically pumped CW FiR lae: are presented for cases in which one or
hoth of the pump and R transitions are pressure or Doppler
broadened. The results arc compared to those based on the rate equa-
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tion model. Some of the quantum mechanical predictions are verified
in CH30H.

ENERATION of far infrared (FIR) laser radiation by

means of optical pumping of molecules has received
increasing attention over the past few years [1]. Analysis of
the optical pumping process is usually based on rate equation
(RE) treatments [2]. Such treatments neglect important con-
tributions to the FIR gain due to multiple quantum processes
and modulation of the time-dependent wave function. From
the quantum-mechanical (QM) point of view an optically
pumped laser can be considered as a coupled three-level sys-
tem interacting with applied radiation fields. It is well known
that in such systems Raman-type processes (3] play an impor-
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tant rolc  For example. double quantum transitions can occur
in which a molecule iniually in the ground state undergoes a
coherent transition to the lower level of the FIR trunsition by
simultaneously absorbirig a pump photon and emitiing a FIR
photon. Such processes can modify the gain and, in some
cases, give rise to directional anisotropy in the FIR {aser emis-
sion [3].[4]. Accordingly. a complete understanding of the
quantum mechanical features makes it possible t optimize
the output characteristics of such lasers. For example, in one
case (5] it has been possible to achieve gain and laser oscil-
lation in the absence of population inversion. The way in
which Raman-type processes manifest themselves depends on
whether one or both of the coupled transitions are pressure or
Doppler broadened. In Sections 1-111 the predictions of the
QM treatment for the gain of an optically pumpcd laser are
discussed for the various cases. Section IV presents some FIR
laser experiments in which QM features, not predicted by rate
equations, are observed

The theoretical model [6] considers a three-level system
composed of & pump transition, 2-0, center frequency wy,
coupled to a FIR transition, 0-1, center frequency w, , via the
common level, 0 (Fig. 1). It is assumed that in the absence of
the pump laser only tie ground state, level 2, is populated
(total population n,). The pump field, &£, at frequency §2,,
can be arbitrarily large, but the field £, frequency £2,, gen-
erated at the O-1 transition is considered to be weak [7].
Different relaxation rates (7's) are included in the theory: pop-
ulation decay (vo,7v:.72). polarization decay (7o1. Yo2), and
decay of the Raman coherence (7,,). The quantity of interest
is the gain induced at the O~1 transition by a weak probe field
E, propagating cither parallel or antiparallel to £;. Let W(v)
be the normalized velocity distribution of molecules with ve-
locity component v along the propagation direction of the
fields:

1
W(v)= ——=exp - (v/u)*, u?=2%T/M
u/m

(u = thermal velocity .4 = molecular mass). The probe field
gain is then given by [&]

: s ([ L2 - 2RY:20/70
G(§2,) =Gy B° lm'“(,J [_Z——-Xé—o_— Wi av, (1)
where
i
(g =4n ooct W 3\:.
c h v,

B=uy k1 /(20),

Ly =48, +iy,

L, =-83 +iv0.

R =(A} - 83)- iva.

A =L +48 [(ve72),
B=-RLY+§,

8=8-w, Jj=1,2,

Fig. 1. Three-evel system used to describe an optically pumped FIR
laser. The pump field resonates with the 2-0 transition, molecular
center frequency w; The FIR laser emission occurs at the 0-1
transition, molecular center frequency w)

Q=9 - kw,
Q5 =Q, - €k,
k":QI'/C

The frequencies Q) and Q) are those seen by the molecules in
their rest frames and are Doppler shifted by k, v and €k,v, re-
spectively. For copropagating (counterpropagating) beams we
have € = +1(e = -1). Depending on whether pump and probe
transitions are pressure or Doppler broadened, any of the cases
described in the following three sections can occur.

I. HOMOGENEOUSLY BROADENED SYSTEMS
'HiGH-PRESSURE REGIME)

When both transitions are pressure broadened (y >>k ju)
the velocity dependence at both pump and probe frequencies
may be neglected (ie., Q) = Q,, ) = ©,), so the factor in
brackets in (1) becomes velocity independent and the remain-
ing integration over W(v) gives unity. In this case the gain
curve reverts to the well-known result of microwave-microwave
and microwave-RF double resonance experiments. For sim-
plicity, let us inspect the case in which all relaxation rates are
equal. Equation (1) can be written in the following form, first
given by Javan [9]:

TR o 1R T WIS S
G-Go Zaz {2 [72#(a+b)1+7’+(a-bl’]

+ (@ - b7) (2a* +9*) - 7* Q)
@a* +9) [y +@+ 0] [y’ +(@- )] ) i
where
2
My V2
G =4n —— —=,
O e Y
a=(a} +48*)'2)2,
b=08,/2- 8y,
and
Ai = QI - Wy

The first two terms give rise to a doublet with resonant fre-
quencies at

Q,(2)=w, + 5 [4; £(A] +4p)12].

The third term, which is due to interference originating from
overlap of the components of the doublet, is important only at
low intensities (f <<7), when the splitting is small. For very
large intensities (§>>7v, A;) the doublet separation is 28.

sy e e el Gt RN e R e
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Thus splitting 15 a manifestation of the dynamical Stark effect
(Autler-Townes effect)

Let us first analyze the gain expression for the case of reso-
nant pumping (4; = 0), where G is always largest. At Jow in-
tensities a peak gain of 3G, 8%/9? occurs at &; = 0. The peak
gain increases with increasing pump intensity, reaching a max-
imum value Gy/3 for = 7/2. At a slightly higher intensity
(8 =15v/7) the line begins 10 split. As j continues to increase
the splitting increases, and for §>> vy the peak gain at each
doublet component approaches a limiting value Go/4.

For off-resonance pumping (4, >> 8 >> v) the gain curve
is again in the form of a doublet with peaks of equal magni-
tude G, 82/A% occurring at A, = 0and A, = 4,;.

(he corresponding expression in the RE limit can be ob-
tained from (1) by setting y,; = °°, which has the cffect of
completely destroying the Raman coherence, i.e., ao double
quantum processes can then occur. Setting all other decay
rates equal we then obtain

G L 2ﬁ272
Cat )@l +9 +4ph)

(I‘K} =

In contrast to (2), this expression is always a Lorentzian func-

tion of A, of wiath 2y (FWHM), which has a peak value at
A, = 4; = 0 of magnitude

\'32
Go ————
70 v+ 431
Therefore, for weak pumping the RE predicts a pcak gain
2G4 B%/y?, somewhat smailer than the QM result. For strong
saturation the RE limit predicts no splitting and a peak gain
that is twice as large as that of each doublet component.

Il. Systims IN WHICH ONLY THE Pump TRANSITION
is DOPPLER BROADENED

[his is the case in which the Doppler effect at the FIR fre-
quency is negligible compared to the pressure-broadened line-
width, but the pump transition is still Doppler broadened
(k,u <<y <<k,u). Therefore, in the velocity integration of
(1) the k, v velocity dependence may be neglected (§2} = ,,
2, = S, - €kyv). This gives

2p?
G(8,)=Gy —
l T Y@
. [_ Va1 tY20Q - Y0(Q - 1)/2 +id, _] 3)
B+ (A, +710) (18) +72; t 720D [

with

L ML N exp [ (Ag/kyu))

k:“/\/’? )

; w
(rop =4n -
¢ h

and saturation parameter
Q=1 +48 voma) V2.

Wlen phase changing colisions are absent [ie., for vy =
(v +7)/2] the numerator becomes a factor of the denomi-
nator, and the line shapz oecomes a Lorentzian of width
71 + Yo @ (FWHM).
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The RE approximation corresponds, again, to setting y,, =
in (3). For weak pump intensities the RE limit agrees with the
QM result but not for an intense pump, where the RE predicts
an emission line that does not power broaden (FWHM = 2v,,),
and whose peak gain increases as 3/y. In contrast, for large
B/y the QM expression, (3), predicts that the gain reaches a
limiting value Go(2¥30/%0 - 1). This behavior is a direct con-
sequence of the occurrence of two quantum transitions. No-
tice also the absence of dynamical Stark splitting, which van-
ishes in the velocity integration.

When the pump field becomes so intense that 3~ k,u the
Doppler shift at the 2-0 transition is no longer important, and
the system reverts to the homogeneously broadened case of
Section I.

[Il. FuLLy DOPPLER-BROADENED SYSTEMS

The fully Doppler-broadened limit has been studied exten-
sively over the past few years [6]. In this case y <<k, ,u,
and so the Doppler shift at both transitions is important. This
gives rise to a directional anisotropy in the gain. The integra-
tion can be performed analytically in the limit 8 << y(ku).
Complete expressions may be found in [10].

For weak pump intensity and no dephasing collisions the
emission line shape is a Lorentzian, narrower in the forward
direction (€ = +1) than in the backward direction (¢ = - 1), and
is centered at frequency Q9 (e) = w, (1 + €4;/w;). The re-
spective linewidths (FWHM) are

Y(€) =71 + 70 + (72 - €Y0) W, /w3. (4)

The peak gain, located at frequency Q2 (€) for € = £1, is given
by

G(€)=4GoB8*/[vov(e)]. (5)

Note that the gain in the forward direction exceeds that
in the backward direction [G(+) > G(-)], and that because
¥(+) G(+) = v(-) G(-) the “areas” under the two Lorentzians
are equal. The gain anisotropy has made it possible to con-
struct a unidirectional optically pumped laser amplifier in a
ring cavity configuration [11].

The gain anisotropy G(+)/G(-) increases with the ratio
W, fw,. In the case when all the ¥’s are equal

GH)IG(-)= 1+ w,/w,.
In the limit of w, /w,; << 1
G(+)=G(-)=2GoB* I7*,

and the anisotropy disappears.

For large pump intensities (ku > > v) the anisotropy be-
tween forward and backward emission line shapes becomes
even more pronounced. The backward emission line shape re-
mains Lorentzian, with a linewidth ¥, + Qve + (72 + 7o) -
w;/w;] (FWHM). Accordingly, for large B/y the backward
gain profile power broadens. At the same time its peak value
approaches a limiting value

(6)

Goval[vo + (2 + Vo) Wi /wz].

In contrast, at large pump intensities the forward emission line
shape splits symmetrically into two components separated by
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48w f{w; - w, )} '*. The splitting of this doublet is max-
imum for w, = w;/2. This splitting is another manifestation
of the dynamic Stark effect, discussed in Section [, which is
preserved in the fully Doppler-broadened limit when E, and
k', are copropagating  Note, however, that although the split-
ting increases linearly with 3, as in the pressure broadened
case, its magnitude is different. In contrast to the counter-
propagating case, the peak gain of each component does not
saturate with increasing pump intensity, but instead continues
to increase = (3/y)"? up to the point § ~ ku, where the sys-
tem is no longer Doppler broadened and the gain saturates, as
described in Section |

In comparison with the above results, the RE approach in
the fully Doppler-broadened limit predicts identical Lorentzian
gain profiles centered at §£29(2). There is no forward-backward
anisotropy, since Raman-type processes are neglected (3]. For
weak pump intensities the gain curves are identical to the
backward gain curve of the QM case. For large pump inten-
sities the Lorentzians power broaden. In the case of no dephas-
ing collisions the linewidths are v, + v, + Q(y0 + 72) W, /W,
(FWHM), somewhat narrower than the € =-1 QM linewidth.
With increasiing pump intensity the peak gain (for both € = £1)
approaches the limiting value Gy (w,/w,) ¥2 /(72 *+ 7o), which
is larger than that of the € = - 1 QM peak gain, but smaller than
the gain peaks of the € = +1 doublet.

IV, EXPLRIMENTS

We have studied the emission characteristics ol an optically
pumped FIR system which is fully Doppler broadened. Two
types of experiments will be described. In the first a weak
tunable field is used to probe the gain line shape at the FIR
transition in an optically pumped external cell. Subsequent
experiments study the frequency characteristics of thz output
of an optically pumped FIR laser. In this case the laser field
itself serves as the probe.

In the gain line shape studies a CH;OH sample cell was
pumped with a CO, laser and probed with the radiation from
a FIR CH;OH laser. The CO, laser, capable of delivering
12W CW at 9.7 win, had a 1-m discharge and used a diffrac-
tion grating for line selection. Power was coupled out of the
cavity via the zerot.. diffraction order. The frequency of the
CO; laser could be controlled by adjusting the voltage of a
PZT attached to the end cavity mirror.

Most of the CO, laser power was used to pump the FIR
laser. The FIR laser cavity was of the waveguide type with
two flat mirrors, une of which was mounted on a second PZT.
The FIR cavity modes could be tuned by adjusting the PZT
voltage. The CO_. pump beam was focused inside the FIR
cavity through a 2-mm-diam hole in one of the mirrors. This
hole also served to couple out the FIR radiation. The FIR
cavity was illed with CH;OH in the pressure range S0-
500 mtorr. Using different CO, pump lines, CW FIR radiation
at several wavelengths could be generated [1|. The experi-
ments reported below studied the FIR emission of the 70.5-
wm line, (P(34) 9.7-um CO, pump].

In the external ccll experiments about 1| W of the CO, laser
power was split cif from the main beam and sent unfocused
to pump a 60-cm cell filled with low-pressure (<100 mtorr)
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Experimental setup for studying the CH3;OH FIR yain induced
in an external, optically pumped sample cell
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FIR FREQUENCY TUNING

Fig. 3. Observed FIR gain profiles. Lock-in amplifier output versus
FIR probe frequency is shown. [n traces (a), (b), (¢) the frequency
setting of the CO, pump laser is successively incremented by 7 MHz

CH;0H (Fig. 2). The collimated output of the FIR laser,
aligned to coincide with the CO; beam, was used to probe the
gain at the coupled transition of the CH;OH sample cell in the
forward direction. A TPX filter placed after the sample cell
was used to reject the pump beam and transmit the FIR signal.
A He<ooled InGe detector was used to detect the FIR radia-
tion. The CO, laser was chopped at 100 Hz, and synchronous
detection was used to measure the gain.

Fig. 3 shows the output of the lock-in detector as the FIR
frequency is swept. The sample cell pressure was 50 mtorr.
In gain profiles (a), (b), and (c) the CO, pump frequency was
successively increased by increments of 7 MHz. The distortion
in the line shapes is due to the power change of the probe laser
(operated at 300 mtorr) as it is tuned over its ~10-MHz range.
The gain profiles are found to be 2.4-MHz wide (FWHM).
Power broadening was negligible at the available pumping
power, so that if we assume v, = yo = v in (4) (with € = 1)
we obtain y =24(£6) MHz/torr. Under these experimental
conditions a peak FIR gain of 5 percent/m was measured.

The forward-backward gain anisotropy is one of the most
interesting predictions of the QM treatment in the fully
Doppler-broadened limit. Equation (5) predicts a higher gain
in the forward direction than in the backward direction, the
gain anisotropy ratio being 1 + w,/w;, (6). For the 70-um
FIR transition w, = 0.08w,, yielding a small anisotropy ratio
which would be difficult to observe in forward/backward
probe experiments. Instead, the gain anisotropy was investi-
gated by studying the tuning characteristics of the FIR laser
itself, because near threshold the power output is very sensi-
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field Peaks occur at Q‘,": )= w) *t &3w)/w;. Note that in both

(a) and (b) for a; > 0(4; < 0) the emission component above (be-
low) w, has higher gain

tive to small changes in gain. In these experiments the FIR
laser was operated in the low-pressure (80 mtorr) rarge. In
order 1o resolve the forward and backward emission line shapes
the pump laser was detuned from the center of the CH,;OH
transition It is important to realize that the gain anisotropy,
usually described for the traveling wave pump field, is not de-
stroyed when the pump field is in the form of a standing wave,
as is the case in our FIK cavity (Fig. 4). If the pump laser is
st at the high- (low-) frequency side of the CH3;OH absorbing
transition, the high- (low-) frequency component of the FIR
emission line shape should exhibit higher gain, and this gain
asymmetry should give rise to a corresponding asymmetry in
the FIR laser output as the FIR cavity is tuned.

This is venfied in the experimental results of Fig S: when
the pump is tuned to the center of the absorbing transition
(A; =0) 1) forward and backward line shapes overiap, giving
rise to a single symmetrical profile of the FIR laser output tun-
ing curve. For a pump frequency detuning of &, =7 MHz
2) the components begin to split and the gain asymmetry be-
comes apparent. With increased detuning 3) the splitting be-
comes larger and both eaks decrease in magnitudc, but the
backward peak decreasc. more rapidly since its gain is closer
to oscillation threshold tventually only the forward emission
component has enough puin for laser oscillation.

Similar effects have bcen observed in the visible in a three-
level system in ncon in which the common level (level 0) is
lowest in encrgy [12]

Further experiments ¢ expiore the QM features ot optically
pumped CH,OH FIK lascrs are in progress. Studies are planned
using transitions having shorter FIR wavelengths, where the
yain anisotropy is more pronounced. Cases (1) and (2) will be
studied by going to higher pressures and using longer FIR
wavelengths (A ~ 500 um). Studies of the transient behavior
of the FIR emission, obtained when the pump laser is sud-
denly turned on or off, «re also under way.
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ENERGY STORAGE AND VIBRATIONAL HEATING IN CH,F

FOLLOWING INTENSE LASER EXCITATION
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Pundamental relatons for energy storage among “le modes o1 a polyatomic molecule are denived in terms of yyy, the

VoV colhsion paramicicr and the energy flow path. 2 new method s introduced for making absolute measurements of vibra-

tional enurgy

This paper explores energy absorption and eniergy
transfer induced by vibrational (V V) collisions fol-
lowing mtense luser excitation® . A theoretical model
is derived which predicts that under appropnate con
ditions several quanta per molecule can be absorbed
in vibrational energy. This 1s confinmed using a pulsed
(05 laser to vibrationally heat l-‘(‘ll_;l- In addition,
we directly imeasure the energy stored n the vibra-
tional modes and show that a steady state exists, Those
nindings are basic to the use ot molecular gases as encr-
¢y storage media. Furthermore, a complete knowled;'e
of the energy distribution of vibrationally hot but ro
tationally cold gases opens interesting possibilities fo
achieving laser oscillation and for studying chemical
reactions in excited vibrational states.

Consider an intense pulse of laser radiation reso-

* Present address Fughes Research Laboratory, Malibu,
Cabforma, USA
John Simon Guggenheim Memonal Fellow 1974 -75; per
manent address Departon nt of Chemistry, Columbia Uni
versity, New York City, New York, USA
Altied 1P Sloan | cllow,
Many encrey transter and relaxation studies have deen made
ustg weak bosei exctation. See tor example, ret. {1] and

references theren

e

nantly interacting with one of the ground state (v =

0 -+ 1) rotational - vibrational transitions of a diatomic
molecular gas. When the laser pulse time (1) 1s long
compared to the rotational bottleneck time (7)., the
entire rotational manifold of the v = 1 state can be
populated®. If 7p 1s short compared to the character-
istic V-V collision time (7yy ), the energy flow into
the system will be limited by the condition that not
more than half of the ground state population can be
transferred into the v = | vibrational state. However
it 7, » 7y, additional energy can flow into the sys-
tem. This comes about because the normal V-V proc-
esses as they occur in thermal equilibrium are unbal-
anced by the presence of the intense laser field. The
laser continually acts to equalize thev=0andv = |
level populations, and resonant V-V processes can
then lead to additional vibrational heating. For exam-
ple, consider the process in which two molecules in
the v = 1 state collide to produce a v = 2 molecule
and av =0molecule. The v =2 molecules thus created
will be carried up the vibrational ladder by subsequent

' 7 = TR/, with 7R the rotational thermalization time, and f

the fractional population of the lower level of the laser tran-
sition. Letokhov and Makarov [ 2] have considered the re-
gime where rg > 7y See also ref. (3]
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VvV V collisic The lecules transferred to thev =0
level unbal ( e popu equalitv of thev =0
i states Howeve ¢ laser maintains this
r ty it by t tional energy into the
system. This build-up of stored vibrational energy can
continue until V- T relaxat (characteristic ime
Tvn ) Sets
It Y — (i) &Ly (2)
he ine 41 TNOUCT asiuimnes I p S Tp. -
r. €1y (1 even! thermal heating) and (3) a pulse
i Vi s
sutficiently intense to cquuiiZzc v = 0 and 1 level popu
ations tor CLule fall velocities. Assuming ress
nant binary V.V processes, and dipole  dipole coll-
sions in the harmonic oscillator approximation, the

vibrational heating of a diatomic molecule can be de-

scribed by coupled rate equations of the form!

d2jdt +3yyy Luillur ' + v +1)] 2, 2
w 2 3; (v it 'H.P‘,])K ()
=0l P, 26, -8,0) ©v=012,

Here 215 the fraction of molecules in the vth level,
Yyy 18 the V. V rate constant (1 = 7\\1 1. The nght
hand side of eq (1) describes the pumping of the v =
0+ | transition (absorption cross section o) by a laser
field of photon flux /. For full saturation of the laser
transition P = P and we assume that a quasi-equi-
fibrium 1s established amoryg states v 22 1 having an ef.
fec tive temperature which increases with time. The
number of quanta per molecile, ¢,1s then

¢ Z‘n'fl =()

Using eq. (1) and imtial conditions 2 (0) = 2,(0) =
1/2, 2,(t) 1s then given by

i?f‘41|1(3)1)=4*7._._.’. (2b)

2122, (24)

i

trom which «(7) can be obtained. Computer solutions
of eq. (1) agiee with egs. (2) and confirm that an ef-
lective temperature s established [S].

In polyatonic molecu s, where other modes are
present, the coergy absorp ton process is modified by
V. V cross-over collisions, which lead to energy trans-
fer to other moues. However, when the v = 1 level of

Y fhe fetthand side of this equation is given by Shuler [4].
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a closely coupled mode. »y, . 1s at least =& T above that

of the mode being pumped, #_ (asin the CHy F expen

ments), a temperature relationship [eq. (3), below] s
rapidly established between the modes during the pump
ing process, and the number of quanta within the modes
€, and €, . increases with €, ® €, As a result, the ne?
vibrational energy deposited in a polyatomic molecule
18 very nearly the same as in the diatonuc case, so that
egs. (2) stull hold, with € = €, + €, and yy being the
V'V rate constant of the mode being pumped. Com-
puter calculations [S] confirm these findings. As seen
below, eqs (2] give good agreement with the data

The 9 65 um P(32) CO, laser hine falls within the
Doppler width of the vy (v =0 -+ 1) R(4, 3) transition
of 1 ;('ii;l The large transition matrix element leads
to fall saturation at moderate laser intensities, and
TR €7yy €ryy (1] Spontaneous emussion from
several modes is readily observable, providing a means
of observing stored vibrational energy. Laser pulse du-
rations were typically 2- 4 us. Pulse energies (<0.25 J)
were kept well below the threshold for collisionless
absorption (6], but sufficiently high to ensure com-
plete saturation of the ‘%‘H;P Doppler profile.

In the energy absorption experiments the laser beam
traversed an 18 cm CHyF sample cell. Incident and
transmitted pulse energies were monitored with cali-
brated Au  Ge detectors. Given the energy absorbed
by the sample and the beam volume, the number of
(0O, quanta absorbed per molecule, €(P), can be ob-
tained as a function of the l:‘(‘H_;F pressure, P (fig. la).
For P < 5 torr €(P) rose monotonically, reaching a
maximum of 2.6 quanta. At higher pressures it slowly
decreased due to incomplete laser saturation over the
cell length. A best fit to €(P), obtained from egs. (2),
gives a value of yyy =08 £ 0.2 us U torr= 1. This re-
sult agrees with Earl and Ronn’s vdiue {7] of 1.2 £0.3
us ! torr~ ! measured via laser fluorescence, and con-
firms that eq. (2) is a good approximation for predict-
ing energy absorption in & polyatomic.

If a rotational bottleneck [2,3] is present it can be
eliminated by adding a buffer gas which reduces 7.

In CH4F, however, no bottleneck is present, as evi-
denced by the fact that the energy absorbed did not
change when up to 500 torr of argon was added to a
fixed amount of CH3F.

To establish that for times <7y the absorbed ener-
gy resides in the vibrational degrees of freedom, the
time evolution of the fluorescence from the 9.6 um
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(1. The ansert shows relevant vibrational levels.

C F stretch mode (v4) wes monitored by a Cu : Ge
detector. In the pre.ssbrs range of the experiments the
fluorescence signal was always in the form of a rapid
rise, governed by the duration of the laser pulse, fol-
lowed by a long (= ms) decay, determined by the V-T
relaxation processes. The 3.3 um C- H stretch (v}, v4)
and 6.8 um bend (v, vg) Tuorescence bands exhibited
the same temporal behavior as v4. This indicates fast
intermode V V transfer rates, and that soon after the
laser pulse terminates a vibrational steady state among
the modes 1s established.

Since the absorbed encrgy 1s distributed among all
the modes, it 15 important 1o determine how much is
stored 1n each. However, ¢bsolute measurement of
fluorescence intensities would be difficult and impre-
cise. A new technique, which utilizes the fact that a
steady state 1s rapidly established among the vibra-
tional modes, was employed to measure the energy
stored in v3. In this techrnique the peak fluorescence
is first observed after it passes through an empry “cold
gas filter” cell to give /(0). Then, methyl fluoride gas
at room temperature is introduced into this cell to re-
move the v =1+ 0, giving /(0) -- /. This “cold”
(room temperature) gas 1s an ideal filter for the v =
I = 0 fluorescence, since the absorption band matches
the emission frequencies hine for line, and the small
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anharmonicity (18 em 1) is sufficient to prevent ab-
sorption of v3 fluorescence from higher lying levels *.
Describing the vibrational level populations by a Boltz-
mann distribution at temperature T3 (73 > room tem-
perature), and assuming harmonic oscillator transition
moment matrix elements, we obtain

Ha/l0)=(1+€3)" 2, €;=[exp(hw;/kT;) - 1] 1.

3)

where wj is the vy frequency. The measured ratio
1,0/1(0) determines €5, the number of quanta stored
invy. )

In practice, care must be taken in Gbtaining the
rat1o /,4/1(0). The v = 1 —= 0 emission occurs over the
entire rotational manifold. The intense emission lines
are absorbed strongly; conversely, the weak emission
lines are absorbed weakly. As a result the curve of
transmitted intensity /(P") versus cold gas filter pres-
sure, P' has a long tail rather than a sharp cut-off. One
finds

H(PY)/10) = 1 + [1,5/1(0)] [x(P") - 1], (4a)

where x(P') is a function of the symmetric top matrix
elements and absorption coefficients. For a cold gas
filter cell of length L containing Doppler-broadened
CH;3F, x(P') is closely approximated by

X(p’) =0.567 e-0614P'L 4 () 33] ¢ 0.145P'L
+0.102 ¢~ 0019P'L (4b)

Fig. 2 shows the transmitted fluorescence intensity as
a function of cold gas filter pressure for several values
of sample cell pressure. In each case the solid line gives
a best fit to the theoretical expression for /(P)/1(0)
leq. (4)], from which €5 is obtained [eq. (3)]. Note
that with increasing sample cell pressure, P, I(P") falls
off more slowly, indicating increased population of
the upper vibrational states and thus higher T'5.

The observed values of €3 at various pressures are
given in fig. 1b. Note that 40—-50% of the total energy
(fig. 1a) resides in v3. Since 7y is long the remaining
energy must be shared among other modes.

In order to Jetermine more precisely the partition-
ing of energy, the vibrational energies €, of the v, ¢

" Pressures of both sample and cold gas filter cells were kept
below 10 torr to avoid overlap of lines due to excessive pres-
sure broadening.
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and vy 4 modes were also measured. (¢, was oo weak
to measure.) This was done by taking ratios of the cor-
responding fluorescence iniensitics to that of 3. Know
ing the ratios of the mode frequencies and transition
moments, and the detector efficiency, €, could then
be obtained in terms of €3 (fig. 1). Cold gas filter ex-
periments pertormed on the v 4 fluorescence, which

are less accurate because of 1ts weak transition moment

establish a firm upper bound for €; 4 which agrees with
fig. 1.

he steady state partittoning of energy among the
modes may be deterruned from a knowledge of the
path by which energy is trunsferred among the modes.
The temperature of two modes, energies £/, and £, in
vibrational equilibrium are related by (8]

EJT, EyT,=(,- E)IT, ()

with 7" the kinetic temperature. Therefore, by assuming
a dominant energy flow pcth, eq. (5) can be successive-
ly applied to cach pair of .-odes collisionally coupled
in the energy flow process. he smooth curves of figs.
Ib  le were obtained 1rom eq. (5) using the theoretical
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curve of fig. la and the energy flow path of ref. [9].
The agreement with the experimental points 1s indica-
tive of the accuracy of our absolute measurements of
vibrational temperatures, and supports the energy flow
assignments [9]. No other path assignments led to good
agreement with the data.

In conclusion, this is the first time that the energy
storage and partitioning of a highly excited polyatom-
ic have been measured. The confirmation of the sim-
ple prediction of laser induced vibrational heating [eq.
(2)] and subsequent vibrational energy redistribution
shows that these relationships can be applied with con-
fidence in other molecules. Finally, a comparison of
the present results with weak excitation experiments
19] strongly suggests that the dominant path for vibra-
tional energy redistribution does not change in CH;F
for vibrational excitation up to =7 kcal/mole.

The authors wish to thank Rick Forber, Viadik
Letokhov, Bill Ryan, Howard Schlossberg and Ramesh
Sharma for useful discussions and Ali Javan for his
support and encouragement.
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OPTICAL ELECTRONICS, EXTENSION OF MJCROWAVE TECHNIQUES INTO THE OPTICAL REGION

C. F. Davis, Jr., G. Elchinger, A. Sanchez, K. C. Liu and A Javan

Massachu-2tts Institute of Technology

infrared dicce work began some ten years ago
with point contact MUM junctions. These wire used
as harmonic generators and mixers, often o7 fairly
rign order. They have even been used i? stabilized
harmonic generater chains through 2 um. Such de-
vices can form the basis of active far infrared (FIR)
elenents and circuits for reradiation of laser side-
bands, <ignal processing in this region of the spec-
trum and studying extremely short puise phenomena.
Recently work has been done on MOM devices evapo-
rated through masks or photolithographically de-
fined. [ will snow you why small area devices are
essential to extending the operating frequency and
hcw such devices can perform active circuit functions
in the FIR and pernaps someday on into the visible;
already MOM diodes are responding non-thermally to
visible radiation. A study we are just completing
shows that a point contact MOM behaves according to
classical antenna theory in the FIR. Some of our
latest work 1s dewcribed on printing MOM circuits
for a real time ho ographic array.

The MOM devices operate by nonlinearities in
their conductance, which must be the order of the
signal cource {the antenna at about 1009 ). This
junction 1s then shunted by its own capacitance
wnich restricts its high frequency operation. Junc-
t1on conductance decreases exponentially with
tnickness while cepacitance goes as the reciprocal;
hence the thinnest jJunction must have the irost
favorable conductarce capacitance ratio. A juncs,
tion with barrier thickness about the typical 10 A
would have resistance of 102 Q/A (A in um2) re-
quiring about 1 um¢ to match the typical antenna
resistance. Orders of magnitude change in the area
can be compensated for by small changes in barrier
thickness to maintain junction impedance ccmparable
to the antenna res stance (100Q) while adjusting
the capacitance. _ihe response ftime would then be
given by RC = 10-12 A. (A in um¢)

We have considered several FIR functional cir-
cuits; these have not yet been built. However,
fabrication would require two successive photo-
iithographically d:fined metalizations, the first
capable of forming and supporting a stable barrier
layer about 10 A tnick and the second of adhering
to the substrate and making good contact tu the
barrier layer. One circuit usable as a parametric
subnarmonic generator might consist of a circle
r11f made of each metal, overlapping at onc inter-
section to form a small area MOM diode and at the
other a large area ohmic contact. Inheren! induc-
tance and capacitance of this circuit anrd junction
can make it resonant in the FIR. With appropriate
input driving signal and bias leads and a realizable
junction nonlinearity, a Q of 5 would be adequate
to cause oscillation at half the signal frequency.

Some particularly interesting work has been
with hich speed deposited negative resistarce junc-
tions formed by evaporating a narrow lead stripe on
tin with a thin surface oxidation. This junction
is cooled to about 2°K where both metals are super-
conducting and irradiated with a focused argon laser

beam; definite non-thermal response was observed.
Responses of lead on aluminum junctions were obser-
ved, 3gain at 2°K (aluminum above its superconducting
transition). The response to X-band and 5145 A argon
laser radiation was very similar showing peaks in
exactly the same locations. The principal structural
response occurs at dc bias voltage less than 20 mv
and is due to the superconducting transition and
photon scattering in the lead film.

A theoretical ana1ysis2 of the MOM antenna/diode
as a detector of microwave and infrared radiation
is being conducted and FIR experiments evaluated to
examine the consistency of the theory. The antenna
is coupled directly into the diode. An equivalent
circuit is used to represent the system of the gn-
tenna and its coupling to the diode. A Stratton
tunneling model represents the nonlinear character
of the junction. Detector performance is shown to
obey experimentally verified laws and determine an
optimum junction thickness and area for each fre-
quency. It is shown that the de}sctivity at room
temperature can be as high as 10 watts~! Hz % at
frequencies of 10 4 Hz in the infrared. Experimental
results show that for small focusing angles, 6. = D/f
(where f = 12.7 cm in_this case), the efficienCy n
is proportional to 8. (see Fig. 1) consistent wit
the concept of effective aperture. The proportion-
ality constant (at 337 um wavelength) agrees within
a factor of two with that expected from our theory;
this discrepancy may be caused by uncertainty in the
calorimetric laser power measurement. As the focus-
ing angle is increased to the width of the major
radiation Tobe, the coupling efficiency saturates
to about 3%, in agreement again with the theory.
Different antenna lengths give proportionally differ-
ent coupling efficiencies for small focusing angles
and the same saturated value for larger angles.

To confirm that the FIR detection arises from
the same mechanism as that for rf detection (i.e.
rectification), we checked, using a balancing tech-
nique, that the same detected voltage comes from
an rf signal as from a preadjusted ir signal, as
the bias is increased up to about 1060 mV.

This balancing technique has been applied to
the study of the type of printed diodes integrated
to an antenng described in Ref. 4. Preliminary
results show that some structures have coupling
efficiencies as high as 2 or 3%, comparable to that
of the mechanical point contact diode. This tech-
nique is applicable regardless of the nature of the
rectification mechanism as long as it is the same
at rf and ir frequencies. For example, we hayve also
fabricated antenna structures where the detecting
element is an evaporated micron-sized, thin-film
wire without a junction. A weak bolometric response,
with the same bias dependence, was observed at both
frequencies and the best coupling efficiency was
was found to be around 1%.

We have studied the behavior of the point con-
tact diode nonlinearities by observing the bias
dependence of the rectified signal when a known




amount of rf power 75 coupled to the diode. These
results can be compered with the predication: of the
tunneling model. 2lues for the barrier parc seters
are found to be reasonable.

The diode's I-V characteristic up to th
order can be expressed as:

third

1=1 (vem? ey

3,
R /

Then the rectified voltage, V., when an rf voltage
V. coswt is coupled to these diode nonlinearities 1s
g?vvn by
Vo= (m+ 3n V) —V[’?~~-
r b’ 2

showri in
in the
K-ohm

The experimental dependence of V_ on V
Fig. 2, can be approximated by & straight lir
low bias region. We can then obtajn for the
diode, m = .16 V-1 and n = 1.8 V<.

These values for m and n, which are indc endent
of the contact area, are in general agreement with
those obtained from the model assuming reasornble
values for the barricr parameters. From the tunnel-
ing model, we can express the average potential,

¢ o and thickness of barrier, L, as:
1 324 R.a
hoan an
° aven 4 V&n
A
1.025

By estimating the value of contact area as
a = .1 mZ, we can then obtain ¢_ = .65 ev and
L = 10.3 A which are quite reqsogable and change
only logerithmically with the estimated area.
Furthermore, the value of the asymmetry factor, a,
according to the theory is given by

a = m/ﬁ/n

which, in the case of Fig. 2, is equal to 0.29
and does not depend on the estimated area.

As the resistance of the diode is lowered by
e¢djucting the pressurc of contact, the value for
n decreased monotonically. For example; if
Ry = 50 ohms we get n = 1.39 so that $5 = 0.43 eV

°
and L = 7.3 A . At these low values of L and p_,
the W.K.B. approximation used in calculating th
tunneling probability begins to lose its applica-
bility.

We have shown that in agreement with the theory,
the zerp vias respons vity, 3.(=m), remains ncarly
constant as the resictance is varied over two orders
of magnitude. By studying the laser rectification
as the resistance of the diode, Ry, "relaxes" con-
tinuously and slowly (presumably Peeping the same
asymmetry factora ) from 10 to few thousand ohms,
we were able to fil lhe result to the expression:

2

with two adjustable parumeters, V0 and RA (antcnna

591

resistante).

A 2 x 2 array of antenna/diodes has been fad-
ricated for ultimate use as a real time holographic
imaging array. This is now being evaluated as ing:-
vidual infrared rectifier/mixers. In operation,
two infrared beams differing by a2 microwave fre-
quency will irradiate the array. Ffrom the amplified
difference frequency we can obtain relative phase
information of the two signals. This provides the
information required to define and construct a rea!
time hologram.
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Figure 1. The antenna/diode efficiency is plotted
as a function of iris diameter, 0. It should be
noted that saturation at high values of D comes
from a combination of approaching the beam diameter
and exceeding the width of the first lobe. The
proportionality constant, .0035, is within a
factor of two of the theoretical value.
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Figure 2. The experimental dependence of V_ on

V, is presented. Diode resistance was measlred

al 2 KRand values of m= .16 v-! and n = 1.8] V-2
were calculated from this plot.




THE MOM TUNNELING DIODE: THEORETICAL ESTIMATE

OF ITS PERFORMANCE AT MICROWAVE AND INFRARED FREQUENCIES*

A. Sanchez, C. F. Davis, Jr., K. C. Liu

and A. Javan

Department of Physics
Massachusetts Institute of Technology

Cambridge, Massachusetts 02139

(To be published J. of Appl Phys. Aug. 1978)

ABSTRACT

A tnheoretical analysis of the metal-oxide-metal (MOM)antenna/
diode as detector of microwave and infrared radiation is pre-
sented with experimental verification conducted in the far
infrarec. It is shown that the detectivity at room temperature

1/2 at frequencies of 1014 Hz

can be as high as lOlo wat'cs"1 Hz
in the infrared. As a result, design guidelines are obtained
for the lithographic fabrication of thin film MOM structures
that are to operate in the 10 micron region of the infrared

spectrum.
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I. INTRODUCTIGN

The metal-oxide-metal diode has been used extensively over the past

(1-
decade for frequency measurements in the infrared.‘] 4)

(5)

up to the 2.0 micron region have been measured. Electron tunneling

across an oxide layer separating the sharply tipped tungsten wire frem
the metal{typically nickel) post, has been recognized as the dominant
(nonlinear) conduction mechanism in the dc regime. Previously it has

been shown that the conduction mechanism at low frequencies is also

(6)

responsible for rectification in the 10 micron region. Radiation is

coupled from an electromagnetic wave to the nonlinear junction by means

of an antenna that in the case of the point contact diode is the tungsten

{7,8)

wire. Several theoretical analyses of the metal-oxide-metal point

contact detector have dealt either with the nonlinearities of the junc-

n(9,10,l% (12)

tio } with the antenna characteristics. These theoretical

results are consequently not easy to compare with the measured values of
detector characteristics such as responsivity and noise equivalent power.
For instance, in the analysis followed by Green (g)and Kwoélo)the
junction's nonlinearities are thoroughly discussed but the problem of
matching the junction to the antenna is ignored. Other analyses based

)

only on the antenna model(lz predict a frequency dependence of the diode

responsivity that is not in good agreement with experimental observations.
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In the present paper a model is chosen for the antenna (Section II)
where the load contains & capacitive component due to the small contact
area. Electron tunneling theory is briefly reviewed in Section III to
obtain expressions for the responsivity in the case of a trapezoidal
tunneling barrier. The results from these two section are combined in
Sections IV and V to yield actual numerical results for optimum expected
power conversion efficiency (~10'2) and detector NEP at room temperature
(~IO']0 w.Hz']/z). Further, it is seen that the quantum efficiency factor

can be as high as 1072 in the 10u region.

Section VI contains the results of computer calculations that support
the valiagity of the simplified analvtical results of the previous two

sections.

II. ANTENNA MODEL

The antenna, as a receiver, is represented by an ac voltage source
vcoswt with an internal real impedance RA. :
The non-linear resistance, RD,in parallel with the junction capacitance
represents the diode whose series resistance is assumed negligible
comparec to both RA and RD' The effective voltage (see Fig. 1) developed
across the diode is

Iy Ry

=V
+ ZD Ry + R

Vo =V v
where Zu is the parallel combination of RD with xc. The junction
capacitance, C = €,€ «%—-is due to the finite contact area, a, and dielectric

thickness, L.




Introducing the “reduced freguency," q LJCRA, the “"reduced diode

resistance," x = R,/R, anc¢ the "incident power" P =g~ , then
D" A BRA
e X

Yo O Y TET A a0k

The power dissipated in RD (effectively the receiver load ) is

.
1Vo| . - ]
e ® ai CAP Y v (Y 2T X2
D

It is of interest to find the value of the diode resistance that
aP

maximizes Pr, the power coupled to the load. The condition r = 0 leads to
A X
xé AP, S , and then
1 + ¢
. 1
Py = 2P

r m l+|1+q2

At higr frequency (q»>>1), there is a roll off where Pr(xm)~aq'].
In the low frequency regime (q<«<1), the maximum value of Pr occurs

for RD = RA’ (x = 1) and is

P (max) = P
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We then say that the antenna is matched to the load. This optimum received

power, P, is related to the Poynting Vector, S, of the incident field.
P =&16.9) (5]

This relationship defines the effective aperture of the antenna(!

Calculation of the aperture and antenna impedance for different antenna geo-
metries is a subject that belongs to antenna theory. For certain simple
geometries (e.g. dipole), the maximum effective apertufe is about 0.1 2.
(See Sectfon VII a). In what follows,

and for re;sons that will become evident later, we will want to study the
effect on the diode as the radiation frequency is changed. In order to
still couple the same power P, we will require that: a) the linear dimen-
sions of the antenna be scaled with the wavelength (that means same RA’
same 6/A’);b) the power incident in A*(=A'|S|) also be kept constant. In
the case of two lasers of equal power and different frequencies this implies

that their beams are focused with the same f number.

II1. DIODE MODEL

Electrical conduction between the two metallic electrodes forming the
MOM dicde is due to electron tunneling through a potential barrier formed
o
by a metal oxide layer on the order of 10 A or less. This mechanism

produces the non-linearities in the I-V characteristic. In order to

4)




calculate the I-V characteristic, ve choose a model consisting of a trape-

zoidal potential barrier with thickness L and heights ¢, and ¢, on each

side. The WKB approximation is used(13 )to calculate the tunneling
probability for an electron that has a certain energy associated with i
motion normal to the barrier.

The total current density for an applied voltage V is obtained by
integrating the contributions of electrons with all possible erergies.

This can be done with the help of a computer. However, some analytical

ts

where

appmximationsu5 )a11ow us to obtain a closed form expression for the I-V
characteristic. A series expansion up to V3 leads to
I =ﬁ]— (V + mv2 + nv3)
D
. : . _ ¢+ ¢,
Introducing the average barrier height ¢,= — the asymmetry

factora = %?—:Jgi— and the dimensionless parameter S = 1.025L V &,,

v + P,

L is given in angstroms and ¢, in electron volts, the theorv (see Avoendix A)

gives the following results

Ry = Ses L (a = junction area)
D 3266, ajum?) J
_ oS
m = mﬂ- and
e S 8*
n = 5 ( 4 ;. )

[2]

(31

(4]




If a voltage of amplitude Yo cos wt is applied to the diode
simultaneously with a bias voltage Vb' there will be a rectified current

whose value is

! 2
W S | 2 Vb
e = = SV vy cos‘ut = (m+ 3nV,) _—ZRD

b

= (m + 3an) Pr

The current responsivity is defined as ﬁ% = 55 . In what follows
r
we will consider only the case of the unbiased diode so that {31 = m.

IV. RECTIFICATION AND POWER CONVERSION

a) Rectification

The rectified voltage appearing on the diode (with given parameters

" L’¢.) a) iS

vr i RD pi Pr

where Pr is the power delivered by the antenna to the diode (load)

Therefore

2
V. = g 4PR X [5]
S Ay s ax+ (1 +q2) x2




It should be noted that both Bi and g are relatively

insensitive functions »f the barrier thickness, L, while x

has an exponential dep2ndence. With that in mind we can
see from Eg. (5) that v, is a monotonically increas-
ing function of x. The limiting value is
v_(x=®) = v g where v_ = 48.R,P (6]
5 4 q? o 1A

Fig. 2 displays the rectified voltage given by Eq. (5) as a
function of the reduced resistance x and for various values
of the reduced €frequency a.

From Eq.(6) we can get some numerical results for a

-]
practical case. Consider a barrier with L = 10 A, ¢, = lev,
a = 0.2 so that S ¥ 10 and 8, =m = 1/12 amp/watt. If
R, = 1002 and g << 1 (frequency below the roll off) we ob-

tain for an incident power P = 1lmW that the maximum recti-

fied voltage isaboutv0 = 30 mV.

b) Power Converc<ion

An incident pover P generates a rectified voltage Vi

according to Eg. (5). The rectified power P_. associated with

DC

v is given by

Vi
Poc = = = (48;P)2 R, F (x,9) [7]

x3
where F(x,q) = (8]

[1 + 2x + (1 + qz) x2]2
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The maximum value of P)C occurs at

so that the optimum conversion efficiency Ne is:

P~ (3 )
DC 2
ne = .__.p___o_ = (491) P RA F(xqu) []0]
3
R [1 + v+ 3q2 ] (1]
where F(xo,q) =

(1 +q2) (g2 + (2 + vh + 35°)%)2

In Fig. 3 the dependence on the reduced freguency,
g, of the optimum reduced diode resistance, X0 and of the
functicn F(x_,q) are displayed. For the typical value of
Bi = 1/12 amp/watt used in the previous section ne/P is

also displayed as a function of g in Fig. 3. It should be

noted that for frequencies below roll off ne/P %1 watt“l

The maximum power P that can be used in Eq. (10)
is determined by the burn out level of the diode. Voltages
across the diode on the order of 0.3 volts can already burn
the junction (the electric field in the oxide would be on
the order of 3 x 106 volts/cm). This would result from a
maximum incident power, P, of about 10 mwatts and, therefore,

for q < 1 we would obtain a conversion efficiency of 1%.




It should be remembered, however, that when the diode is
driven with such high power levels, the rectified current
depends guite strongly on higher order derivatives of the
I-V characteristic. The simple model used to calculate

the nonlinear I-V characteristic cannot predict the correct
behavior cf the fourth order derivative. Available experi-
mental data on MOM diodes, however, show that the fcurth

derivative contribution is already important at V = 0.1 volt.

At frequencies lying in the roll off (g >> 1) the

J pa =3
conversion efficiencv goes as g

(see Fig. 3 ). It is,
therefore, evident that in order to have good conversion
efficiency in the irnfrared we should reduce the junction
area to minimize C and have q = wRC < 1 at the frequency
of interest. 1In what follows we will estimate the junc-
tion area a, and barrier thickness, L, to achieve that con-

dition at a given freaquency.

At the corner frequency (g = 1) and for optimum con-

=
A
together with Eq. (2) gives a condition relating the area, a,

version we have from Iq. (9) that Xy * = 1.82. This

and the barrier parameter S,

S

1.82 R =—-§- [12]

1
A 324

ﬂi,(b

n involving S and a is obtained from the




requirement g = 1, so that ZKECRAC = 1 where the junction
capacitence, C, is given in farads by

13

= .835 x 10 ~° ¢ [13]

o

Q
with a in (um)2 and L in A. This second relation can there-

fore be expressed as

13 i

3= A (14]
R, €f
A c

From Egs. {12) and (14) we have that

13
S ) 10
e 103 ﬁ{;c—f-; []5]
13
£ i, B RLGE AT l‘f’ ) [16]
1.025V3%, GG

The results given by Egs. (14) and (16) are displayed in
Fig. 4 for the typical case of ¢, = 1 and RA = 100.

It should be noticed that the values for L in Fig. 4
do not depend on the antenna resistance (see Eq. (16) )
while those for contact area, a, are inversely proportional

to R, (Eq. (14)).

Also, since the value of L changes by not more than

fusd S
a factor of 5, so does the current responsivity Bi = %13: .

o




The above guidelines are iﬁportant to consider in the
design of high speed MOM junction structures in which,
using phc:olithographic techniques, an antenna is printed(l6'l7)
and integrated with the small area junction.

As the corner freduency of the diode goes up to
fc = 1014 iz we see that the required L and a decrease.

The decrease in a, although a difficult technical problem
with the present photolithograghic techniques could be
achieved with some further sophistication (e.g. electron
beam lithography). It should be mentioned that areas on

2 can be obtained in a mechanical

the order of .0004 um
point contact diode. The reduction in L down to 2.275,

on the other hand, brings into questionlfhe validity of the
WKB approximation used ih calculating the electron tunneling.
The condition for its validity is that this probability

('\-e-s) is small compared to unity. Substituting tnis condition

into Eq. (15) requires:
£, << 103 Vo 1013 & 1013 :

We will not attemnt at this point to make any qguantita-
tive estimates on the modifications to the model due to the
breakdown of the WKB approximation in the optical and near
infrared region. In addition, in this frequency region,
photon energy is comparable to the barrier height (,lev) and

other interesting effects may set in and dominate the rectifi-

cation process. -




V. DETECTOR FERFORVMANCE

Let us consider thermal noise to be the dominant one.

Then

V, = (l, KT Ro AY = \[4KTRAAV \D(-

Using the rectified voltage given by Eg. (7) we obtain the

signal to noise ratio where F(x) is given by Eq. (8)

Y4
AL pl_E._@_ F &) [17]
Vi V4KT DY

The noise equivalent power (NEP) is the value of the
power P that gives a unity signal to noise ratio for a band-

width of Av = 1Hz. The inverse of the NEP is known as the

detectivity, D, and therefore, is given by

Qﬂiﬁn F Vz(x) (18]

D(x)=

With the same considerations that we used previously we can
obtain,by optimizing F(x), the barrier thickness that for a

given junction area yields the optimum detectivity.

Replacing F(xo) as given by Eg. (11), we obtain:

4 Piﬁﬂ F V?xa) [19]
Vot




Using Bi = 1/12, R, = 100 ohnis and T = 300°K we obtain

10 .. Y

R T e T

The dependence of D on the fregquency is given in Fig. 3.
It is of interest to compare the detector responsivity
of the MOM diode with those of existing infrared gquantum-type
detectors. The detection mechanism in the MOM diode arises
from rectification of ac  currents induced across the junction
at infrared frequencies. The mechanism in the second type of
detectors arises from generation of free carriers due to ab-
sorption of infrared photons. For this ﬁype of detectors
the current responsivity, Si,and the quahtum efficiency, n_,

q
are related hy

For comparison purposes let us estimate the quantum effi-
ciency, nq, of an MOM diode operating, below roll off, in the
10 microns region. The energy hv of a photon at this wavelength
is about .l ev and taking the typical responsivity Bi% .1l amp/watt,
we get thac nq ¥ 10-2. In the average, there is a transfer
of one electron across the barrier for an energy coupled to

the diode corresponding to 100 infrared photons. As the fre-

quency increases, so docs the quantuym efficiency, but remains
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below unity everywhere in the infrared. It is this fact that
provides the theoretical justification for using the low fre-
guency I-V characteristic in order to estimate the rectifica-

tion at infrared frequencies.(ls)
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VI. COMPUTER CALCULATIONS

In order to get the results of the previous sections,
approximations were necessary. In Eg. (5), (7), and (18),
the values for v, Phe and D(x) were optimized by varying

the barrier thickness. In one instance the maximum of the

rectified power Py is obtained by maximizing F(x) in Eqg. (8).

@
In this approximation the fact that Bi has a linear dependence
on S was ignored because x Ry v eS has an exponential
dependence. More exact computer calculations have been car-
ried out to check the validity of these approximations. The
results will be compared with those of Fig. 3.

Figure 5 shows the calculatgd detectivities at dif-
ferent frequencies as the barrier thickness is changed. For
this calculation it was assumed Ry = 100 ohm, and a = lumz.
Eq. (18) was used where F(x) is taken from Eg. (8) and for Bi
we take the value of m given by Eq. (3). The important result
in Figure 5 is that for each frequency there is a value of the
barrier thickness that ontimizes the NEP. For a given contact
area we have that to each frequency corresponds an optimum NEP
leading to the results of Figure 6. These results are very
much in agreement with those in Fig. 3, obtained analytically,
where D(xo) is plotted as a function of the frequency q.

In comparing Figure 3 with Figure 6, we would like to

comment on two points. In the low frequency region (g << 1)
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10

Figure € ovredicts detectivities ranging from 10 to

- /
10 Watts 1 X Hzl/2

1.2 x L0 , depending on contact area, while
Figure 3 predicts .85 x lOlo independently of the contact
area. This is so because the small dependence of Bi on bar-
rier parameters was not taken care of in calculations leading
to Figur~e 3. The second remark is about the roll off region

=125

(g »>> 1). Figure 3 predicts a dependence D Vv w while

more exact calculatior.s predict D ~ w-l’78. Considering
the type of approximations involved the agreement is satis-

factory.
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VII.

EXPERIMENTS AND TEST OF THE THEQORY

a) Experiments in support of antenna theory

We have measured the efficiency in coupling the radiation from
a focused HCN laser beam (1= 377 um, P = 5 mw) into the antenna/
diode and studied the deperdence of this efficiency on the diode
resistance and focusing angle of the laser beam. A balancing
technique is used for measuring the FIR coupled power (Fig. 7). The
focused beam and an adjustable amount of rf (at 400 KHz) are coupled
alternately to the diode at a rate of 80 Hz so that a null signal is
obtained when the rectified signal due to the FIR laser rect”*ication
equals that due to the rf. ‘

The, otherwise unknown, AC voltage at FIR frequency inducec on
the junction equals that of the baiancing r f voltage, easily measur-
able on an oscilloscope. The received laser power, Pr = VEC / 2RD on
the junction can then be measured when a laser beam with total power
PL is focused on the antenna/diode and the dependence of the coupling
efficiency, n = Pr/PL’ on the diode resistance can be studied and com-
pared to the theory (Eq. 1). In the experiment, the antenna is formed
by a thin tungsten wire several wavelengths long so that the radiation
impedance is predominantly resistive. Also the radius of the point
contact ( = 1000 R) is sufficiently small that capacitive loading is

negligible (q<<1). The resistance of the diode is varied by adjusting

the pressure on the point contact and the coupling efficiency is measured

for each value of the resistance. A typical set of experimental results

is presented in Fig. 8 and found to agree with the theoretical pre-

e D
diction: 1) 1 4“0 RA "(—R'F—R—;)-z
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In tiiis way, a value of Ry = 162 % 10 ohm was obtained for the antenna
whose radiation pattern was also measured (Fig. §) by using a previously
described technique.7

Tre dependence ng (8<) on the focusing angle was then investigated.
If the focusing angle is much smaller than the width of the first lobe

(0f<< 6,), the laser radiation appears essentially as a plane wave and the

2
coupling can be described by an effective antenna aperture<3=5% G where
the gain, G, for L>>x is given by G =l%%r. _%

(See Appendix B). In this regime, (ef<<e£), the efficiency is given by

the rationg 3(7/nw02 (where 2wy = Ahbg is the focused spot diameter).

120 1 2
anA X ef

Then n, = o/(nwoz)

has a ef2 dependence in agreement with the experimental results in Fig. 10.
The experimental results of Fig. 10 show that for small focusing angles

( 0¢ = D/f where f = 12.7 cm. in this case) the efficiency L is in fact

proportional to efz, consistent with the concept of effective aperture.

That proportionality constant agrees within a factor of two with the one

expected from the theory when in the above expression for n_ we replace

o
L and RA by their experimentally measured values. Considering the sim-
plifications involved and uncertainty in our calorimetric laser power
measurenents, the above agreement is satisfactory. As the focusing angle

is increased to a value comparable to the width of the first radiation
lobe, the coupling efficiency saturates to about 3%, in agreement again
with the theory. (Appendix B) The experiment was repeated for a different
antenna length and a proportionally different coupling efficiency (or
antenna gain) was observed for small focusing angles. At larger focusing

angles, however, the same saturated value of the coupling efficiency is

reached.
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To confirm that the FIR detection is due to the same mechanism as that
of rf detection (i.e. rectification), we checked that the balancinrg
condition remains when a bias, up to about 100 mV, is applied tc the

diode. (i.e. FIR and rf detection have the same bias dependence.)

A major recent advance has been photolithographic fabrication
of a high-speed metal-oxide-metal junction].6 With a two-stage thin
film vacuum evaporation method, a high-speed junction is deposited
on a substrate, along with a small antenna integrated to it. Ve have
applied the balancing technique to the study of such a diode junction
(integrated to an antenna). Preliminary results show that in some
structures the coupling efficiency is as high as 2 or 3%, comparable

to that of the mechanical point contact diode.

We should recall that the technique is applicable regardliecs of the
nature of the rectification mechanism as long as it is the same at rf
and ir frequencies. For example, we have also fabricated antenna structures
where tne load is an evaporated micron-sized, thin-film wire without a
junction. A weak bolometric response was observed at both frequencies and

the best coupling efficiency was found to be around 1%.

b) Experiments in support of tunneling as the rectification mechanism

We have studied the behavior of the point contact diode nonlinearities
by observing the bias dependence of the rectified signal when a known
amount of rf power is coupled to the diode. These results can be com-
pared with the predications of the tunneling model (Section III) yielding
values for the barrier parameters that are found to be reasonable.

The diode's I-V characteristic up to third order can be expressed as:

]

= 2
I-—R' (V + mv

+ nV3)
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Due to these ronlinearities, the rectified voltage, V., when an

rf voltage VD coswt is coupled to the diode is given by

Yt
¥ - (m + 3n Vb)__?__

The experimental dependence of V.. on Vp shown in Fig. 11, can be
approximated by a straight line in the low bias region. We can then
obtain for the 2 K-ohm dicde, m = .16 V™) and n = 1.81 V™2,

Note that these values for m and n, which are independent of the
contact area, are in general agreement with those obtained from the tunnel-

ing model assuming reasonable values for the barrier parameters.

We can invert equations (2) and (4) to obtain:

] 324 Roa
¢ = 2n
°  &/6n 4/ n
S = 4o B0
L =4 603,
1..025

2

By estimating the value of contact area as a = .1 um™, we can then

o
obtain 5, = .65 ev and L = 10.3 A which are quite reasonable and change

)
only lograithmically with the estimated area. Furthermore, the value of

a according to the theory is given by

a =m /6/n

which, in the case of Fig. 11, is equal to 0.29 and does not depend on
the estimated area.

As the resistance of the diode is lowered by adjusting the pressure
of contact, the value for n decreases monotonically. For example; if

0
R4 = 50 ohms we get n = 1.39 so that ¢, = 0.43 eVand L = 7.3 A. At
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these low values of L and ¢y, the W.K.B. approximation used in calcu-
lating the tunneling probability begins to lose its applicability.

On tre other hand, the value of the barrier asymmetry factor

can vary cover a very wide range for diodes with the same resistance, Some

: 3 6,11,13,20
of the other characteristics reported in the literature

correspond only to nearly symmetric diodes.

We have shown that in agreement with the theory, the zero bias respon-

sivity, B8:; {(=m), remains nearly constant as the resistance is varied over

i

two orders of magnitude. This statement was previously made in section IV (a)

without experimental support. We have, however, verified Eq. 5 at FIR

frequencies (where g<1) by studying the laser rectification as the
resistance cf the diode “relaxes" continuously and slowly (presumably keeping
the same asymmetry factorc ) from 10 to few thousand ohms. We were able to

fit the result to the expression:

R 2
vr = vo(___.D____..)
RD + RA

with two adjustable parameters, Vb and RA'

This method of determining R, is, however, more tedious and difficult
than the previously described balancing technfque. where the changes in
RD need not be continuous.

The authors would like to acknowledge several valuable discussions on

this subject with G. Elchinger.
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APPENDIX A

-

The problem of calculating the 1-V characteristic of

(15,21,22) has been treated

a metal-insulator-metal structure
by different authors. We will summarize the treatment given
in reference 15. However, we should point out that when the
I-V characteristic is expanded up to the V3 term, the same
results are obtained from reference 21..

The current is due to quantum mechanical tunneling of
electrons through the potential barrier presented by the thin
insulating layer. When a voltage V is applied across the
% eV. An elec-
tron approaching the barrier with an energy E, in the direc-

junction the barrier shape is ¢(x,V) = ¢ (x) -

tion perpendicular to the barrier has a transmition probabil-

ity given by the WKB approximation

e [V VI- Ex dx

P(Ex,Y) = €

o5 -Hhg-1
2Y2m a
where og = = ).025 eV A
R
carrying out a Taylor expansion:
Ln p(Ex,V)= -[b} + c] ex + flcxz +- -1 where gx=€l"Ex.
and & is the Fermi energy in metal 1 and the V dependence appears

in the coefficients bl' Cie fl ——

The total tunneling current density is obtained by inte-
gration over the contribution of electrons with different

energies Ex.

YTme kT/""p"(E”v) F(E,,V) dEx

Jv) = — &3

i + exp (- Ex/iT )
wi F 210 S e WIAT)
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It is possible, at this point, to obtain numerical
solutions with the help of a computer. However, further
approximations will let us obtain analytical solutians.
A discussion of the approximations involved in different
methods is best discussed in ref. 22. A series expan-
sion of the current density up to the third power of the

voltage is then obtained.

3= em (v mVie V)

Tepkl
G‘(T) = JO 10 s$in (ﬂCka)
-b
Ae ¥°
o ML
T e kT
-2
K 2 ‘hrmse(kT) 120 T2 amp: M
- h3
Cc
m= bu~ 3" 2 2,
2 0 o
n o= B _ cwby , G0 bs2 = Tt ®
= T2 % 6

The parameters blo' bll' b12 and C10 are obtained from

2 __
L bV an ol
[2e d% = by~ 11
bl F dc‘/; g o and [Al]

V¢(x

¢y
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For a trapezoidal barrier we have ¢ (x) = ¢l = (¢1-¢2) %

that when substituted in Egs. (A3), (Al), and (A2) leads to:

where the parameter S has been introduced

S = o, L VA = 1.025 L V&

¢°— ’1 12'_
.¢1—¢). y
< = & % = asymmetry factor

and

Por zero bias and neglecting high powers in a we get the re-

sistance and responsivity of the diode

st
’)” e Ro‘°*‘"‘” 324 8 " G (ohmtpm

N

‘1 70 s

()

S
1]
0\‘0-

. e et e b




APPENDIX B

We shall estimate the efficiency with which
power focused from an infrared laser can be coupled to the
antenna/diode. Using the reciprocity theorem of antenna theory
and considering the antenna as a radiator, we will
calculate the fraction, Y, of power radiated under the same
solid angle, Qo' with which the infrared radiation is focused.

The efficiency is

Pl T;?JLG(e, $) dn

where G(@8,9) is the orientation-dependent antenna gain. 'It is

assumed that the load is matched to the antenna. By definition of
gain if Qo is taken as 4rn steradians, then Yy = 1 (all power

delivered to antenna is radiated). 1In the case of a whisker

diode, long wire antenna theory applies.(7'8)

(25)

The gain in

the case of a standing wave antenna is

G = 29 {coslk L + cos*o sin2kL + 1 -2 cos kil cos (kL cos6)
sin6
i -2 cos © sinkl SGn(kL cos e)}

where L is the whisker length.

This radiation pattern has a main lobe at a small angle from the

antenna. The first null is at: Ql = 2LA




For long antennas (L>> A ) it can be shown that the

maximum gain can be approximated by G 120 & [=Jo)
that the coupling efficiency when the focusing angle ef is
comparable with 6 isy,_ _:_3_0_ .

R m

A
For a typical R, = 150 Q we would get Yy = .06

A

In principle it is possible to use phased arrays in the
same context that it is done in microwaves. A horn antenna
or an end-fire phased array would provide coupling efficiencies

close to unity.
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FIGURE CAPTIONS
Figure 1. Equiva.ent circuit model of the antenna/diode.

Figure 2. Rectified voltage as a function of the diode re-
sistance, RD = xRA, at frequencies from below (g<l) to well
above (g>1l) roll off. The voltage, Vg is proportional to

the incident power, P, and is given by v_ = 4BiRAP.

o

Figure 3. Several quantities are plotted as a function of
the reduced freguency, o. The value Xq is the reduced re-
sistance that optimizes the nower conversion. This conver-
sion efficiency is given by ne/P in Eg . (10). The optimum
detectivity, D, is given by Eq. (19). Finally, F(xo) is

given by Egq. (11) appears frequently in the text.

Figure 4. As the operating frequency of the diode increases
the junction area, a, and oxide thickness, L, have to be decreased
order to optimize the detectivity of the diode. The result-

ing current responsivity, %' decreases logarithmically.

Pigure 5. The detectivity, D, for a junction area of 1 umz,

is plotted as a function of dielectric thickness, L. The cal-
culation is done on a computer using Eq. (18). It is noticed
that for each frequency there is a value of the thickness, L,
that optimizes D. 1In addition, it is seen that as the fre-

11

quency increases beyond 3 x 10 Hz, roll off effects are

noticeable.

in

oy




rigure 6. The maxima of the family of curves displayed in
Fig. 5 shows how the optimum value of the detectivity depends
on the frequency. In this manner we obtain the curve labeled

above as a = 1 umz

(the area for which Fig. 5 was calculated).
Curves for other juncticn areas are similarly obtained. The
optimum thickness at the corner freguencies are displayed

above the curves.

Figure 7. Block diagram of the equipment used for establishing

an rf level that gives equivalent response to an incident focused
laser beam for various mcasured diode resistances. An adjustable
amount of 400 kliz signal is coupled when the chopper blade blocks
the laser. The lock-in is nulled by adjusting the amplitude of the
rf, which is then measured.

Figure 8. Antenna/diode efficiency is plotted as a function of
the diode resistance. The curve was fitted to the data by varying
RA: best fit is 162 @ . Whisker length is 1.95 mm = 5.8 A,

A = 337 um.

Figure 9. The radiation pattern is given for the antenna used in
the measurement of Fig. 8. In this case, the pattern for 311 um
is also given.

Figure 10. The antenna/diode efficiency is plotted as a function

of iris diameter , D, for = 12.7 cm. It should be noted that

saturation at high values of D comes from a combination of approach-

ing the peam diameter and exceeding the width of the first lobe.

The prowortionalitv constant, .0035 coincides with the theoretical

prediction. However, the experimental value contains an uncertainty

of a factor of about two due to power measurements.
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Fig. 11. The experimencally determined dependence of Vr on

v

values of m = .16 ¥v°F

plot.

and n

e — e e

1.81 v 2

b is presented. Diode resistance was measured as 2 K@ and

were calculated from this
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* Study of CHBOH Far Infrared
Pump Transitions Using Stark

Effect and Saturated Absorption

Techniques
by
Joseph J. Mickey
ABSTRACT

It is well known that the 9 micron band of a CO2 laser
overlaps the Q and R branches of the C-0 stretch band of
Methyl Alcohol. Because of the current interest in optically
pumped lasers, we have made high resolution Lamb dip and
Stark effect studies of the coincidences. From these data,

we can make assignments of the quantum numbers of some CH_OH

3
transitions. Hennigson and otﬁers have made theoretical
predictions for these assignments. It is our purpose here
to compare experimental results with these predictions. We
have results from data taken for the CHBOH coincidences with
P(36), P(34), P(32), P(30), P(24), and R(10).

Thesis Supervisor: Michael S. Feld

Title: Associate Professor of Physics
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SATURATED ABSORPTION STUDIES OF METHYL ALCOHOL

FAR INFRARED LASER PUMP TRANSITIONS

by

DANIEL SELIGSON

-

Submitted tc the Department of Physics in partial
fulfillment of the requirements for the Degree of
Bachelor of Science

ABSTRACT

The 9 4 m band of a CO, laser overlaps the Q branch of the C-0 stretch
band of methyl alcohol. We have made high resolution Lamb dip and Stark
Lamb dip studies of the coincidence with the €02 laser lines 9P(34) and
9P(36). We found that the CH30H resonances lie 25 + 5 Miz-and 38 + 5 Mz,
respectively, above the centers of the CO> lines. Also, we made
measurements of linear absorption, pressure broadening, and Stark tuning
rates. From these data, we made tentative assignments of the quantum
numbers of the methanol transitions. Because of current activity in the
field of optically pumped Far Infrared lasers, rescarchers are trying to
assign this transition also. We compare our assignment with some others.

Thesis Supervisor: Michael S. Feld
Title: Associate Professor of Fhysics




DEVELOPMENT OF A PRECISE WAVELENGTH
MEASUREMENT TECHNIQUE FOR LASERS AND
"ITS APPLICATION TO THE MEASUREMENT OF

THE SPEED OF LIGHT AND SPECTROSCOPY.
by

JEAN-PIERRE MONCHALIN

-

Submitted to the Department of Physics on
August 9,1976 in partial fulfillment of the
requirements for the degree of Doctor of
Philosophy.

ABSTRACT

A scanning Michelson interferometer has been used to
compare the wavelengths of 2 lasers, one of them being a length
standard. The fundamental limitation to the accuracy originates from
diffraction; the correction due to diffraction is calculated for the
TEM,, mode, higher order modes, astigmatic and uncollimated
beams. The experimental set-up is fully described including
the interferometer, the CO; lasers, the He-Ne lasers, the
stabilization technique and all the optics. The alignment
technique is given in detail. The instrumental corrections and
the instrumental errors are discussed; these include the correc-
tion due to the diffraction by the corner reflector of the
interferometer and the errors introduced by feedback effects.
The technique used for recording and processing the data is
also described. Using the He-Ne laser stabilized on the i
component of 127I, as a standard, the system has been the
object of 2 applications.

The ratio of wavelength of a 12C160 laser stabilized
on R14 of the 000141000,0200111 band to the “wavelength of the
standard has been measured with an accuracy of 6 parts in 10°
Using the value of the frequency given by the National Bureau
of Standards of Boulder, a value for the speed of light has been
calculatec ¢ = 299792457.6 (2.2) m/s in excellent agreement with
the other recent measurements.

The wavelengths given by a 12C1602 laser stabilized




successively on 26 transitions of the P branch of the 0111 =
[1110,031011 band have been measured. These data and two
other frequency measurements have been used to calculate

the molecular constants for this band ; the values obtained
have been compared to their previous best estimates and
represent a significant improvement . Using the values of
the constants tables of the P, Q , R branches have been

calculated.

Thesis Supervisor : Ali Javan
Title : Professor of Physics.
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LINESHAPES OF NARROW DOPPLER-FREE SATURATION
RESONANCES AND OBSERVATION OF ANOMALOUS
ZEEMAN SPLITTING ARISING FROM RQTATIONAL

MAGNETIC MOMENT IN 12 CO2 AND N20 MOLECULES

by
Michael James Kelly

Submitted to the Department of Physics on February 20, 1976 in
partial fulfillment of the requirements for the degree of

Doctor of Philosophy.

ABSTRACT

Several experiments are described which extend the possi-
bilities of performing high resolution nonlinear laser spec-
troscopy by utilizing Doppler-free standing wave saturation
resonances (SWSR). Theoretical lineshape calculations are
performed on two and three level systems. The resulting line-
shapes are then fitted to experimental data.

The lin=shape of a three level system with two closely
spaced levels interacting with a weakly saturating plane
standing wave laser field is derived. It is shown that this
lineshape can be considerably simplified before it is
compared to the experimental data.

Using the rate equation approach, the lineshape of a two
level system interacting with a strongly saturating standing
wave field is calculated. This calculation includes a deri-
vation of the 30% theoretical maximum depth of the saturation
resonance observed in fluorescence. This lineshape is aver-
aged over a Gaussian intensity distribution and yields a
closed form solution. This solution permits the derivation
of an expression for the half-width at half-maximum (HWHM)
which is not limited to third- or fourth-order perturbation
theory. Hence, this expression contains the effects of
saturation broadening. The intensity averaged lineshape has

e e
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the interesting property that it predicts anomalous line
narrowing at low pressure.

The design features of a highly stable 4-rod laser, useful
for precision spectroscopy, is presented. The laser structure
can be operated as either a CO, or N,O laser. It oscillates on
several hundred transitions in the 9-,10-, and ll-micron bands.
Also, the development of a large area (2 cm x 2 cm) liquid
helium cooled Cu:Ge detector with a cold filter which has a
S/N comparable to InSb is presented.

A study of feedback effects on CO2/N20 laser stability
demonstrated that feedback can effect the laser cavity power
by as much as *10% without producing any measurable frequency
pulling effects. Several techniques of feedback isolation
were investigated. The technique of misaligning the standing
wave mirror was shown to produce a 35 kHz per mrad broadening
of the HWHM of a saturation resonance.

Collision- and power-broadening measurements of COz and
NoO fluorescence saturation resonances in the 0 to 70 mTorr
region are presented. The slope of the collision-broadening
data in this region varies from 6 to 16 kHz/mTorr. The data
indicates that the transit time is not responsible for the
anomalous line narrowing observed at low pressures. A fivefold
reduction in the linewidth of these resonances is achieved.
The experimental results demonstrate that there are no barriers
which would prevent the use of these narrow Doppler-free
fluorescence resonances in fature clock applications.

The observation of Zeeman splitting of excited vibrational
states of CO; (1000,0200,0001) and N30 (1000,0001) using the
SWSR technique is reported. Observation of the small Zeeman
splitting (~60kHz/kG) in these 17 molecules is made possible by
the narrow linewidth obtained by this technique. The existence
of hundreds of lasing transitions in CO; and N0 enables investi-
gation of molecular g-factors across the whole vibrational band.
The anomalous Zeeman effect resulting from the small difference
in the g-factors of the two levels (v1-2%), due primarily to
molecular vibration, produces a large difference in the observed
lineshapes for P~ and R-branch transitions. Experiments with
linearly and circularly polarized light determine g and Ag to be:
CO,, 1l0-micron band, g=-0.053¢0.003, Ag=0.00100£0.00006; CO2, 9-
micron band, g=-0.052%¥0.003, Ag=0.0010040.00006; Nzo, l10-micron
band, g=-0.077t0.008, Ag=0.00077+0.00008 where the magnitude of
the lower level g-factor is greater than the magnitude of the
upper level g-factor.

Thesis Supervisor: Ali Javan
Title: Professor of Physics
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THEORY OF SUPERRADIANCE IN AN EXTENDED, OPTICALLY THICK
MEDIUM

by

JEFFREY CHARLES MACGILLIVRAY

Submitted to the Department of Physics on August 11, 1978
in partial fulfillment of the requirements for

the degree of Doctor of Science

ABSTRACT

A semiclassical theory of superradiance in an optically
thick two-level medium is presented in terms of coupled
Maxwell-Schrodinger equations which can be integrated
numerically. The evolution of this model is followed from
Dicke's original description of superradiance through more
recent theories. A description of superradiance experiments
is given, and they are compared to this and other theories.
Vhile good qualitative agreement has been achieved, some
controversy regarding the choice of appropriate values of
the initial parameters to correspond to a given set of
experimental conditions.

The semiclassical model, described in detail, simulates
spontaneous emission in the form of a distributed source of
randomly phased polarization the amplitude of which is
calculated using the Einstein equation. Methods used for
computer solutions of the semiclassical equations are
described in detail, and simple analytical formulas for
experimentally relevant parameters are derived. Experi-
mental implications of the assumptions made in deriving
both the original equations and the simple analytical
formulas are discussed in detail.

Expressions are given which limit the length and
density of a high gain system which can supgrradiate, or
equivalently, which limit the shortness of its output
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radiation pulses. Limits arising from experimental
conditions such as finite inversion time, finite decay and
dephasing times, finite transit time (cooperation length),
feedback, diffraction, and Fresnel number not approximately
one are discussed. Both swept and uniform excitation
configurations are considered. lNModifications to the simple
analytical expressions for the output radiation which result -
from each of these effects are described in detail.
Detailed computer results are also given.

Applications of superradiance to x-ray laser design,
ultrashort pulse generation, and analogous radiation which
may be possible in paramagnetic spin systems are described.
The need for further study of non-plane wave behavior,
especially transverse effects, is discussed. Finally a new
class of experiments is proposed in which a superradiant
state is prepared directly, rather than by inverting a
system and allowing a superradiant state to evolve.

Thesis Supervisor: Michael S. Feld, Associate Professor of
Physics and Director of the Spectroscopy Laboratory
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INVESTIGATION OF TRANSIENT COHERENT OPTICAL PHENOMENA

IN RESONANT MEDIA

by
SIAVOSH MOSHFEGH HAMADANI

Submitted to the Department of Physics on January 15, 1976
in partial fulfillment of the requirements for the

degree of Doctor of Philosophy.

ABSTRACT

Transient coherent phenomena are investigated in this
thesis by means of studying

a) The evolution of the envelope of short duration (2-40nsec)
N20 laser pulses in resonant NH3 absorber for a variable

number of absorption lengths (aLxl4). Zero degree pulses
_(]*”e(z,t)dt=0) are observed to propagate with enhanced
. -0

transmission for both short-duration low intensity pulses
and longer pulses of intensity sufficient to allow obser-
vation of optical nutation effects. The reshaping of
pulses which contain a rapid amplitude or phase variation
is observed to result in pulses of subnanosecond duration.
A rapid phase reversal gives rise to amplification for
times comparable to the transverse relaxation time.

b) The evolution of the envelope of short-duration (2-40nsec)
CO2 laser pulses in a low pressure (A5 Torr) C02 amplifier

in the linear regime for a variable number of gain lengths
(al€7). Single pulses grow considerably in duration as

well as amplitude in agreement with theoretical consider-
ations. Analysis of the observed pulse evolution is used *o
obtain experimental values for the transverse relaxation
paramcter T, and the number of gain lengths aL in agreement
with values®obtained by other methods. Zero degree pulses
are observed to terminate much of the long tail which occurs
in single pulse amplification. Off-resonant amplification
of short duration pulses is shown to lead to dramatic changes
in the zero-degree pulse evolution. Numerical calculations
relating to the use of these techniques in the nonlinear re-
gime for high pressure CO? amplifiers are also presented.




c)

=3

The properties of population inversion by optical
Adiabatic Rapid Passage (ARP) using laser saturation
spectroscopy technigues. In these investigations, a
direct attempt to measure T1 in the time domain for an
infrared transition in NH3 is undertaken. The popu-
lation che .ge produced by sweeping the frequency of a
strong saturating N20 laser field through the center of

a Doppler~broadened absorption line is probed by a weak
counterpropagating field as in a Lamb-dip experiment.
When the ARP conditions are satisfied, inversion of popu-
lation is detected as amplification of the probe wave
near the line center. As the inverted population relaxes
to equilibrium, the amplification decays back to the un-
saturated absorption with a time constant given by T,

The pressure dependence of this decay below 40 mTorr is
measured to be T1P=24.3(usec-mTorr) indicating that

T1= 3.6 Tz. The results are discussed in terms of molecu-
3 for the

collision-induced decay of the polarlzatlon as well as that
of the population inversion.

lar dipole~-dipole interactions, responsible in NH
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Aﬂﬂﬂm

4L theoretical and experimental study of coherent
optical effects in coupled Doppler broadened three-level
J molecular systems, interacting resonantly with two mono-
. chromatic laser beams, is presented. The phenomena occur
in a low pressure gas sample when one of the beams is
strong enough to saturate one transition while the other
team probes the coupled transition. The saturation by the
strong beam leads to a change signal in the probe, in a
narrow frequency range within the wide Doppler linewidth

of the coupled transition.

Transient decay of these narrow change signals is
studied, for the case where the saturating field is

suddenly turned off.

Parallel and anti-parallel propagation of the two




C

beams give different lineshapes for the narrow change
signals which are analyzed in their dependence on the
relaxation rates of the transitions and high saturation

effects.

From steady state experiments with NH3 the lineshapes

are used to extract a value for the Zeeman coherence

relaxation rate in the excited state of the \’2 R(8,7)

transition. This rate of 7.2 MHz/Torr is almost twice
the corresponding population relaxation. Relaxation rates
for NH3 in the presence offﬂe buffer gas are aléo measur-

ed. . E

Transient experimentswith the same NH3 transition
were cbserved. Features predicted theoretically are
verified for the lineshapes' decay. The excited state
population relaxation rate 1s measured from the transients,
the result being in good agreement with previous measure-

ments.

Properties of Optically pumped Far-Infrared lasers
are studied in their relation to coherent three-level
effects. Experiments in a continous wave CH30H laser,

pumped by a CO2 laser, are presented.
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ABSTRACT

The technique of laser-induced fluorescence using a
pulsed dye laser has been applied to study processes in
ground and excited triplet states of molecular helium. The
technique is simple and generally applicable. In the present
work it was used to study the formation and quenching of the
ground triplet state He,(a’:*;) = He,™ and the relaxation
processes of the Hez(e’ﬁ )

In the =xperiment, g pulsed discharge in He is used to
produce different excited species, some of which become He,,
which is then quenched by different mechanisms. In order to
study the formation and decay of He,, the electrical pulses
were made purposely short, so the species of interest are
created after the gas discharge. A nitrogen laser pumped dye
laser was usaed to excite the a’r*, (v,N) + e’l4(v,N’) A=4650§
vibronic transitions of He in the afterglow og the gas dis-
charge. The excitation was measured by monitoring the fluore-
scence emitted from the e’l, level of He,. The detection
system consisted of an optigal system to collect light, and a
monochromatcr followed by a cooled photomultiplier. The mono-
chromator uszd as a filter is necessary to isolate the laser
induced flucrescence from the noise of the discharge. The
signal to noise ratio was further increased by using a gated
integrator with an adjustable gate aperture time. A scanning
device was incorporated into the system which varies the delay
between the dye laser pulse and the helium discharge. 1In
this way all the time evolution of He,™ was obtained in one
single scan. The high intensity and the short pulse of the dye
laser (6 nsec FWHM) acted as a delta function excitation of the
upper level. These features of this laser simplified the
detection and data analysis of relaxation processes of the upper
level being populated.
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It was found that under the conditions used here, Hezm is

produced during the first 400 usec of the afterglow from
excited helium atoms. Alsc the formation rate of He M
coincides with the destruction rate of Het through transforma-
tion to He,* and dielectronic recombination. This model also
explains the variation of peak current during the glow with
peak population of He,®. Furthermore, it also accounts for
the time evolution of He,™. The rate of formation of He ™
from Het was found to be (2.20:0.40) times the concentration
of He*. Of course the formation of He,™ from He' could involve
many other intermecdiate steps. In the experimental conditions
of this workx, other mechanisms that produce Hezm are found to
make very small contributions to the formation of He,.

The main loss mechanism of He,m is diffusion to the walls.
Another loss mechanism is electron quenching. The v=l1 state
was found tc be gquenched faster than v=0. The first one has a
rate of (9.00:2.90)x10"°cm®/sec, while the v=0 has a rate of
(2.2:0.70)x20~° cm?/sec. The dependence of this quenching
rate on the vibrational quantum number was seen here for the
first time.

It was also found that the lifetime "t" of the elly state
is given by 1/t = [37.22%8.5+(4.30%1.20)p]1l0%sec™! where "p"
is the pres:zure in torr. It was also found that a collision
of an excited molecule with a helium atom could change the
electronic state of the molecule. This collision transfer
allgwed me to measure the radiative lifetime of the e’Hg,
a3t , £%I7, and £°N, states as being 27+6, 53t5, 27:6, and
40:13 nsec, respectively. The collision transfer rate from the
e’l_ to the d’L*y, £°’My and f£?4, was measured as being
(6.90+1.39):10°%, (1,00£0.23)10° and (22.6¢5.2)10° sec-!torr-!}
respectivelv. The collision transfer rate from the e3ll, to
the £°r%, was found to be extremely fast and such that e
pressures above 3 torr the twc levels were in thermal equili-

brium. This rate was determined as being over 30x10°® sec~'torr-!.

Ratios of Franck-Condon factors between the e’Ny and a’s*y,
states were measured as qoo/q01=21.1 and qll/q12=9.83t0.39,
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ABSTRACT

Studies are made of the energy flow into and among the
vibratioral degrees of freedom of polyatomic molecules due to
vibratior-vibration (V-V) collisions following intense laser
excitaticn. These studies have been made theoretically, by
computer znalysis, and experimentally.

Simple closed form expressions are derived for predict-
ting the energy absorbed by an oscillator from an intense sat-
urating laser pulse. This analysis treats the regime where
high vibrational excitation is accomplished via V-V exchange
collisions. The fundamental results obtained employ the
novel assumption of a time dependent guasi-equilibrium distri-
bution existing among the upper vibrational states. This as-
sumption is verified by detailed computer simulations.

A similiar formalism is applied to a simple polyatomic
molecule with one mode under laser irradiaiton. Theoretical,
computer, and experimental evidence are presented supporting
the remarkable finding that: the energy absorbed by a poly-
atomic can be predicted by the simple expressions derived for
a diatomic molecule.

Enercy absorption of CO, laser radiation by CH_F gas have
shown tha% at 5.0 Torr CH,.F fressure, ~2.5 quanta pgr molecule
is absorbed by the gas. ?or a known laser pulse duration
(3.Nusec) the simple theoretical expressions yield a V-V up-




the-ladder rate for the v, (C-F stretch) mode of 0.8+.2usec'l-
torr which agrees well with measurements by laser fluores-
cence techniques. This shows that an energy absorption ex-
periment is now a method for determining V-V rates.

A new method for measuring the energy stored in the
vibrational degrees of freedom is introduced. Using this
technique-~the "cold gas filter" method--approximately 50%
of the tctal energy absorbed is found to reside in the C-F
stretch mode of CH,F at about 9.6um. Vibrational tempera-
tures of ~3000°K aée observed after all the modes reach a
vibrationral steady state while the translational tempera-
ture remains a constant.

The re-distribution of energy by intra-mode V-V colli-
sional ccupling is observed and presented in the transient
and steady state regimes. The energy stored in the modes
of CH,F that are collisionally coupled to the laser pumped
mode Is measured, again, by laser induced fluorescence.thBy
calibrating the spontaneous emission intensity of the n
mode by that of v.,, which is measured by the cold gas fil-
ter, the intensity ratios I_/I_, are used to obtain the ener-
gy storage. I_ is the inteﬁsigy of any mode in CH3F and I3
is the v, inteflsity.

A mgdel for predicting the steady state partitioning of
energy in polyatomics is presented and applied to CH,F. The
good agreement between the model predicted partitionzng of
energy ard the measured energies prove that the modes equi-
librate at different vibrational temperatures and that the
energy flow path used is the dominant and most probable one.

These findings manifest some of the heretofore unobser-
ved behavior of polyatomics and their interaction with strong
resonant laser pulses. In addition, new possibilities are
opened ir. the areas of laser induced photochemistry and
intra-mocde and inter-molecular energy transfer lasers.
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Abstract

The conduction mechanisms of metal evaporated tunnel
junctions are examined for applied electric field frequencies
from RF to the visible. For optical frequencies, responses
were measured when a laser source directly illuminated the
junction. Responses of both normal and superconducting
junctions were measured.

In the metal-oxide-metal junction, two frequency depen-
dent regimes of conductivity exist. At RF, where the fre-
guency is smaller than the junction's (RC)~! the conduction
scheme is electron tunneling. At photon energies in the
range of the tunnel barrier height the conduction scheme is
photo-induced tunneling. Expressions for the tunnel barrier
parameters (width, height, and asymmetry factor) in terms of
the RF rectified response are derived from the tunneling for-
malism. It is shown that the tunnel current, for photo-
induced tunneling, is a function of the barrier shape through
the energy dependent tunneling probability function. Tunnel-
ing theory is used to derive the photocurrents, as a function
of incident photon energy, for different barrier shapes;
square, trapezoidal, parabolic, and image force lowered.
Estimates of barrier shapes for three junctions (Al-Mg, Al-Al,
and Mg-Mg) were obtained by matching measured photocurrents
to those calculated from the barrier models. Barrier para-
meters obtained from RF rectification measurements were used
as bounds for the barrier models.

Responses to optical fields of the Al-Pb, metal-oxide-
superconducting junction were found to be of two types; the
thermal, or heating response, and a rectification-like
response. The nonthermal responses were found to be indepen-
dent of radiation frequency, and closely resemble the RF
rectified response of the junction. Examination of the non-
thermal response characteristics shows that rectification at
optical frequencies does not occur. A conduction scheme
based ocn a laser-induced nonequilibrium electron distribution

Aod




in the superconductor is presented. This model is an exten-
‘'sion of a recently proposed model explaining the conduction
scheme in superconductor-superconductor junctions. The model
proposes that a population inversion of electrons and holes
exists about the edges of the superconducting gap when the
laser illuminates the junction. The response of the junction,
as a function of bias, changes sign at Vb==APb/e, resembling
the rectification response.

Thesis Supervisor: Ali Javan

Title: Professor of Physics

- ——— - - e —— c




