
TITLE 

Massachusetts Institute of Technology 

OJ Cambridge,  Massachusetts 02139 

ko 

<?^ 
QQ       Application of Gas Lasers to Studies of Fundamental Molecular 
., and Atomic '^■■ocesses 

^-| Annual Technical Report #1 

for combined periods: January 1,  1968 to June 30,   1968 

and July J,   1 968 to December 31,   1968 

Under Supervision of 

Principal Investigator:    Professor Ali Javan 
617-864-6900x5088 

Under 

Contract # N00014-67-A-0204-0014 

Program Code I 8E30 

Sponsored By 

Advanced Research Projects Agency 

AR PA Order No.  306 

Contract Starting Date: July 1,   1967 

Contract Termination Date: June 30,   196 9 

Contract Total: $ 100, 000- 

M.I.T.   Project Number: DSR 70620 

Issue Date: January 20,   1969 

Reprodutsd by ttw 
CLSARINGHOUSE 

far Federal ScienWic S Technical 
liiformafton Sprmgfieid Va  22151 

£0 80:. 

b ; -a approved | 
:-d 5~'9; its 

30 



This report consists of a summary and several appendices. 

SUMMARY 

Measurements related to important aspects of molecular energy 

transfer and vibrational relaxation in C02are continuing.    Pressure depen- 

dence of the imprisoned radiative decay rate of the 001 level arising from 

the 4. 35^ photon reabsorption in 001 — 000 transitions is established in 

detail,    A detailed study of th(j coupling of 001 statr with n''       nearby 

vibrational states is also underway. 

Measurements of the motional narrowing of the line profile of the 

spontaneous vibrational Raman scattering in H2 are completed.    The motional 

narrowing effect is observ d in considerable detail.    The results show un- 

ambiguously that of the two existing theories,  the one based on a hard 

collision model is in better agreement with observation as compared to the 

one based on soft collision model. 

Propagation of short pulses through a resonantly absorbing medi- 

um is being studied both theoretical and experimentally.    In this connection, 

boundary reflection resulting from signal velocity reduction in self-induced 

transparency is theoretically analyzed and estimated.    The transparency 

behavior is shown to merge into the linear dispersion behavior away from 

the resonance.    The use of the pulse delays as a qualitative indicator of 

transparencv is analyzed in detail.    There exist numerous transitions which 

do not satisfy criterion for existence of self-induced transparency.    In these 

systems,  however,   the absorption coefficient for a narrow pulse is appre- 

ciably below that of a wide pulse.    These considerations which are based on 
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a recent detailed theoretical analysis are being studied experimentally in 

gaseous systems.    In this connection,  transmission behavior of 10.6M 

CO   laser radiation pulse is examined in gaseous SFg at varying pressures. 

It is shown that,  contrary to a previous report, the observed behavior may 

be explained on the basis of non-linear population saturation without any 

coherent effect associated to self-induced transparency.    P1urthermore. 

new pulse reshaping features are observed in SFg and explained theoret- 

ically.    (These results are currently being prepared for publication.) 

Experiments on laser-induced line narrowing effect is being pur- 

sued.    Also,  exploration of gas laser transitions within levels having a 

broad atomic velocity distribution in the upper laser level and a narrow 

velocity distribution in the lower level is in progress. 
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Short Pulse Transmission Experiments in SF^ 

C. K.  Rhodes. A. SzBke, and A.  Javan 

In a recent theoretical investigation, (l) we have analyzed several 

aspects of propagation behavior of a short radiation pulse through an 

absorbing medium.    This analysis shows that a number of important 

propagation effects are highly dependent on the angular momentum quantum 

numbers of the transition responsible for absorption in the medium. 

It is shown, for instance, that an absorbing medium consisting of 

a j -»j + 1 transition with J > 0, cannot sustain a short pulse propagation 

with a self-induced transparency characteristic corresponding to an 

undistorted and unattenuated pulse propagation;   a J = 0 -»I transition, 

on the other hand, is capable of sustaining complete self-induced 

transparency.    Further theoretical analysis (which includes the effect 

of inhomogeneous broadening) shows that short pulse attenuation  factor 

for J -»J + 1 with J > 0 is a sensitive function of the pulse shape; in 

fact for an appropriate pulse shape, the attenuation factor may be considerably 

reduced below that expected normally for an arbitrarily long pulse 

saturating the absorbing transition. 

In an earlier publication by Patel and Slasher,        it was reported 

that gaseous SF, provides an unidentified absorption resonance at one 

of the P-branch transitions at 10. 6jx which shows a self-induced 

transparency effect similar to the one observed earlier by Hahn and 

McCall in ruby.    We find, however, that the absorption in SF^ is of 

the type that can not admit complete   self-induced transparency.    On 

the other hand, the SF,  resonance provides an excellent means of studying 
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important questions regarding transmission of a short pulse. 

This report will sketch our current activity on the examination of 

short pulse propagation in SF^.   Preliminary findings indicate that 
(2) 

experimental resultsv     may be explained on the basis of an effective 

non-linear population saturation effect which has a tendency to mask 

anh coherent effect.   This view has support on several sides.   They are 

the following: 

a) Pulse transmission experiments which indicate an effective 

population saturation effect. 

b) Theoretical considerations concerning the effect of level 

degeneracy which modifies the characteristic pulse shape.'  ' 

c) Spectroscopic evidence that the observed absorption in SF, is 

not due to a single resolved level in the 10. 6ji band. 

These points will be examined in the text below. 

The theory of self-induced transparency predicts that, for a given 

absorber characterized by T2, the behavior of the transmitted intensity 

versus the input intensity should differ for pulses described by T <T9 

as opposed to the opposite case T    lse>T2.   A pulse transmission 

experiment has been done which gave the following results.    The input pulse is 

shown in Fig.   1; the output intensity versus input intensity curve is illustrated 

in Fig.   2.    For our purposes, the single pulse can be considered as a pair 
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of pulses each satisfying the conditions stated above.    In the presence of 

the coherent self-induced transparency effect one would expect an enhanced 

transmission of the peak {A) as compared to the tail (B).    However, the 

data in Fig.  2 show a result which is contrary to this conclusion; the peak 

and the tail are transmitted similarly.    In addition,  no significant pulse 

reshaping was observed.    It is important to note that Fig.  2 clearly shows 

a non-linear region for both the peak (A) and the tail (B). 

Another series of pulse transmission experiments which gave 

complementary information has been performed.    In this experiment short 

(~ 300 nsec width) O-switched pulses were passed through an SFg absorption 

cell whose pressure was continuously lowered.    Figure 3 shows a photograph 

which consists of a sequence of exposures taken at successively lower SFg 

pressures in the absorption cell.    The photograph clearly shows that the 

transmitted pulse is significantly sharpened on its leading edge at an inter- 

mediate SFß pressure.    This behavior is seen on the P(16) line of COg and 

not on any of the other nearby lines (e. g.   P(18) or P(20)). 

The influence of several degenerate levels in relation to these 

observations is being examined.    A machine calculation indicates the fol- 

lowing results. 

1. A number of degenerate levels smears the knee in the out- 

put intensity vs input intensity curves. 

2. Delay times arc generally reduced as compared to the 

situation involving only a single non-degenerate transition. 
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3.    For high input intensities (i. e. ^ \(j/t\
clt  » n) a pulse 

steepening effect appears similar to that observed in 

Fig.  3. 

Finally, the suspicion that the absorption of the P(16) line of C02 

by SFg is not due to a single resolved,  Doppler broadened transitioa has 

b^en cjnfirmed experimentally.    The absorption has been measured as a 

function of pressure from 5ji SFfi pressure co 17mm SFg pressure.    The 

absorption rises linearly with pressure all the way to 17mm of SFR.    This 

indicates that the resonance is not a single,  resolved transition since 17mm 

is well above any reasonable limit for pressure broadening at 10.6fi. 

All these results indicate that the coherent self-induced trans- 

parency effect is considerably modified and complicated by level degeneracy 

and overlapping transitions. 
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FIGURE CAPTIONS 

1. Input Pulse Shape 

2. Output Intensity vs. Input Intensity at 17. Ijx SF6. 

3. Pulse Steepening on P(l6) as SF6 Pressure is Lowered. 
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ON CONSEQUENCES OF THE DIFFERENT PHASE AND SIGNAL 

VELOCITIES IN SELF-INDUCED TRANSPARENCY 

A.   Szokc 

Boundarv reflection resulting from signal velocity reduction in self-induced 

transparency is estimated.    The transparency behavior is shown to merge into the 

linear dispersion behavior away from resonance.    Conclusions are drawn about 

using pulse delays as qualitative indicators of transparency. 

%      %      t-      *      tr 

Self-Induced transparency is a phenomenon whereby optical pulses propa- 

gate in a resonant medium w   hout absorption or distrotion.    The effect is 

accompanied by a large reduction of the pulse envelope propagation velocity [1] , 

whereas the phase velocity is unaffected if the optical carrier is exactly on res- 

onance.    It seemed of interest to consider the consequences this effect has on the 

EM wave and,   in particular,  to estimate the reflection of a pulse at the bound- 

aries of the resonant medium. 

For a simple two-level system, inhomogeneously broadened, assuming 

circular polarization of the EM wave, the electric vector as given by McCall 

and Hahn [2]  is: 

E{z,t) = -L sech[i (t--)] Re   ((x + iy)eiM"k z) } 
pr V 

(1) 
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The envelope propagation velocity is given by: 

i.IUAr2  C.,g<ft>d» (2) 
V     c J 1 + (A WT)

2 

and the propagation vector is: 

k' - k + AT (A"T)g(n)d" (3) 
J        1 + (AWT)

2 

2 
with A = 47r Nup /ncti.    The normalizt-d spectral distribution function of the 

atomic resonance frequencies fi, centered at fi«, is g(ß), and Au^fi-w,    The 

free parameter T fixes the pulse duration,   p is the transition matrix element, 

k= nu/c is the propagation vector of the optical carrier in the host medium of 

refractive index T\,  and N is the density of resonant systems.    The magnetic 

vector H of the EM wave is obtained from eq. (1) using ^xE = - 1/c  9H/9 t, 

and to order 1/«T is given by: 

H{z.t) = JLsech[i{t-i)l   Re (y - ix) e i(wt " k'z)} 
PT T        V (4) 

+ (£.-11)_l_. Sech[l(t-^)1 tanh[l{t-^)] Re ((x + iSr) ei(Qt ' k,7)} 
V        upr2 T       v T       v 

where r\   - k'c/«.    This result can be obtained either by Fourier analysis of the 

E field or by direct integration.    The second term in H is an anomalous com- 

ponent which is caused by the difference between signal and phase velocities, 

and which is 90   out of phase with the usual component of H. 

The boundary reflection can be calculated conveniently for an incident wave 

whose behavior is known in the material,  using the boundary conditions on E and 

H.    The E field of a normally incident wave giving an exact 27r-pulse (eqs. (1), 

(4)) inside the medium is found to be   at the boundary (z = 0): 

i 

Eo     =-L Re{ [Hisech (1) 
ext    pT 2 T 

+1 (£ - «') J_ sech (i)tanh (1)1 ($ + i9)riwt ) 
2       V »T T T 

(5) 
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The first term corresponds to Fresnel reflection with refractive index T) : the 

dispersion due to the two-level system,  eq. 3,  is included in TJ .   The second 

term is the phase-shifted anomalous component,  proportional to the derivative 

of the pulse envelope and to the velocity reduction.    A similar term is obtained 

in linear dispersion theory,  as a consequence of the linearity of Maxwell's 
—* —* 

equation 7 xE = - 1/c 911/Bt. The reflection at the exit of the resonant medium 

is of similar strength. These results, obtained in the slowly varying envelope 

approximation,  are expected to hold qualitatively in an exact theory. 

It is interesting to point out that the self-induced transparency results 

merge into those of linear dispersion theory in the limit where the optical 

carrier frequency u is displaced far away from the resonance frequency 12^. 

In that limit,  eqs. (2) and (3) reduce to l/V = r] /c +A/(QQ-W)    and 

k' = k + A/(nn-«).    These are identical to the results of lir    u- dispersion theory 

( 3] ; in particular,  one sees that the signal velocity merges into the group 

velocity given by V"   = 9k'/9"-    Similarly,  eq. (1) describes properly,  except 

for a constant coeffi ient,  the propagation of a poise in small signal theory, 

provided absorption caused by homogeneous broadening r= l/T^   can be 

neglected.    Finally,   eqs, (4) and (5) give then the proper H field and boundary 

reflec ion. 

Let us now consider the time evolution of a pulse in a retarded reference 

frame (t - T^Z/C).    In a medium of length AL,  the relative decrease of the small 

signal envelope amplitude is AE/E = aAL/2,   where a is the absorption constant, 

and the fractional small signal pulse delay is At/V = (l/V - TI/C)AL/T .    When the 

ratio of these quantities is larger than unity,   (AE/E)/(At/T)> 1,  the pulse is 

attenuated more than it is delayed and it always remains under the initial pulse 

envelope in the retarded reference frame.    When this ratio is smaller than 

unity,  the peak of the pulse moves beyond the input pulse tail,  as it propagates 
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through the medium.    Far from resonance the small signal absorption constant 

is given by u- 21 A/(£20 - B) ,   proportional to the velocity reduction as given 

above.    One finds then (AE/E)/(At/T) - IT.    But the condition IT =T/T  '< 1 

is precisely that which is required to obtain transparency.    Therefore the quali- 

tative observation of a pulse delay beyond the input pulse tail is not sufficient 

evidence of transparency.    When FT < 1,  any pulse in the wings of the resonance 

line would exhibit a delay which becomes appreciable when the carrier frequency 

is moved closer to resonance.    Obviously these simple arguments do not apply 

on resonance,  where the small signal envelope velocity is ill-defined [41  and 

small signal theory must deal with particular pulse shapes and inhomogeneous 

broadening.   This work was done in collaboration with E.  Courtens.  IBM Zurich 

Research Laboratory.  8803 Ruscl.Mkon-ZH.  Switzerland. 
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Motional Narrowing in Hydrogen Raman Scattering 

J. K.  Murray and A.  Javan 

This report describes the results of a high resolution study of the 

motional narrowing effect   (the decrease in the normal Doppler linewidth 

when the mean free path becomes comparable to the wavelength of the 

emitted radiation U   - 5)) in spontaneous Raman scattering in the (^(1) line 

of the 1-0 vibrational band of the hydrogen molecule.    An argon ion User 

is used as the exciting source, and the linewidth analysis is done with a 

Fabry-Perot interferometer. 

We have reported qualitative preliminary observations of this effect 

previously (6).    Motional narrowing was first seen in hydrogen by Rank and 

Wiggins in infrared absorption spectra (7).    Narrowing has also been seen 

in stimulated Raman scattering in hydrogen (8).    Copper,   May,  et al.  have 

obtained similar high resolution results for the rotational Raman lines of 

hydrogen. (9) 

The argon ion laser operates at 4880A and is a hollow cathode 

design with segmented graphite discharge tube (10).    The laser is    operated 

in a four mirror Michelson type cavity (11) to reduce the number of simul- 

taneously oscillating modes, and has a linewidth of about 0. 0085 cm 

(The linewidth under similar conditions in a two mirror cavity is about 

0. 1 cm    ,)   The center of this line is locked to an external Fabry-Perot 

reference to reduce frequency drifts,  which otherwise are a severe limit- 

ation.    The output power is about 50 milliwatts. 

The laser beam enters a scattering cell which is a quartz capillary 

of 0. 5 mm.   inner diameter and 30 cm length.    Reflection at grazing 

incidence from the walls of this capillary propagates the light scattered in 
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a small cone in the forward (parallel to the laser beam) and backward (anti- 

parallel) directions to the ends of the cell, where it is collimated by a lens 

and enters a pressure scanned Fabry-Perot interferometer of 0. 79 cm'1 

interorder spacing.   The output of the Fabry-Perot is detected by an ITT 

FW-130 photomultiplier with pulse counting electronics and displayed on 

a chart recorder.    Recordings are made at a temperature of 250C. over a 

density range of 2 to 100 Amagat.   Sample recordings exhibiting the line 

narrowing effect are shown in Figure 1.    The dependence of the Q(l) line- 

width on density is shown in Figure 2.    Thehstramental linev/idth(0, 031 cm"1) 

has been subtracted from each point. 

At high densities, ignoring pressure broadening effects, all models 

of the motional narrowing predict that the normal Gaussian Doppler profile 

will become a Lorentzian lineshape with full width at half maximum     ok , 
tr d 

where D0 is the self-diffus ion constant, k is the wave vector of  the 

incident photon minus the wave vector of the emitted photon, and d is the density 

in Amagat units (density/density at 1 atm. pressure and 0oC).    If pressure 

broadening is present and is not correlated with the motional narrowing 

(2^5), the resulting lineshape will be a Lorentzian of width    o^_  + ad, 
IT c 

where a is the pressure broadening coefficient, and is determined from 

the forward scattering data to be 1. 68 ± . 07 x lO-3 cm"1/Amagat, which is 

in fair agreement with the calculations of Van Kranedonk (12) and the 

measurement at higher densities by May, et al.  (13). 

The solid line for the backward scattering in Figure 2 gives a fit to 

this simple diffusion model.    The dotted line gives the behavior of a "hard 

collision" model (3,4) in the region where it diverges from the simple diffusion 

model.   This model assumed that the velocity of a molecule after a collision 
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has a Maxwell-Boltzmann distribution and is unrelated to its velocity before 

the collision.   The diffusion constant D0 has been chosen for a best fit to this 

model, and is 1. 35 ± . 10 cm" Amagat/sec.    A gas kinetic measurement of 

D   (H), expressed in our units, and corrected for temperature,  gives 

D0 = 1. 361 ± , 004   cm2 Amagat/sec,   As a    measure of fit of the experimental 

data to these models, the mean deviation of the experimental points from the 
-3       -1 

simple diffusion model above 12 Amagat is (all in units of 10     cm    ) + 0. 9 

and the root mean square deviation is ±3.    For the hard collision model 

below 12 Amagat the mean deviation is +0. 07 and the rrrs deviation ± 7. 5. 

Noise in the points above 12 Amagat is primarily laser flicker.    Statistical 

noise is important below 12 Amagat. 

The dashed line gives the behavior of a Brownian motion or "soft 

collision" model (2,4) for the same region and with the same value of D0. 

This model assumes a small velocity change in a single collision.    If 

D   is chosen 10% lower for a best fit to the Brownian motion model, the 
o 

mean deviation beiow 12 Amagat is -5 and the rms deviation ±10.    Above 12 

Amagat the mean deviation is +3 and the rms deviation is ±4.    This is a 

noticeably worse fit than for the hard collision model, and indicates that 

the hard collision model is a better approximation for hydrogen. 

We are presently extending these measurements to other lines in 

hydrogen and deuterium. 

We would like to acknowledge very helpful discussions with Professor 

A.D.   May. 
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FIGURE  CA Ff IONS 

Fig.   1:    Sample chart recordings of the Q{1) Raman line of hydrogen,   show- 

ing the dependence of linewidth on pressure.    The small peak to the right is 

the Q(0) line in another order of the interferometer.    The scanning speed 

was 0.025 cm     /min and the timo constant 10 sec. 

Fig.  2:    Linewidth (full width at half maximum) of the Q(l) Raman line of 

hydrogen for forward and backward scattering.    The Doppler broadening 

is destroyed as the density increases,  and pressure broadening then be- 

comes dominant.    The instrumental linewidth has been subtracted.    The 

theoretical fits are explained in the text. 
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FOOTNOTES 

1.    The line shape should be Lorentzian, and fits a Lorentzian to within 

the error of the experiment, above 12 Amagat in the backward direction 

and 2. 5 Amagat In the forward direction, so that the Lorentzian instrumental 

width may be simply subtracted.    Below   12 Amagat the lineshape should 

go smoothly from a Lorentzian to a Gaussian at zero density, but our 

noise at these low densities is too severe to get a detailed line shape.    We 

have used a best Lorentzian fit to extract the linewidth. 
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Pressure Dependence of the Decay Rate for Imprisoned 

4. 35 Micron Spontaneous Emission in CO2 

M. A.  Kovacs and A.   Javan 

We report the measured pressure dependence of the trapped spon- 

taneous decay rate of the (00ol-00O0) 4. 35 micron transition in CC^.    The 

continued reabsorption ani subsequent emission made possible by the 

heavily populated (00  0) state leads to the imprisonment or "trapping" of the 

4. 35 micron resonance radiation and a pressure dependent trapped decay 

rate.    Present theory       for such imprisoned decay rates is valid for an 

isolated two-level transition,  but does not apply directly to a vibration- 

rotation band where absorption varies over the band and rotational relaxa- 

tion times may be much shorter than the untrapped spontaneous lifetime. 

We have observed a trapped spontaneous decay rate which decreases 

she ply with increasing C09 pressure below 0.2 torr; for higher pressures, 

this rate decreases slightly with increasing CO, pressure. 

The measurements were made in a room temperature CO^-argon 

mixture confined in a l" I. D.   cylindrical cell and excited by a 10.6 micron 

laser pulse.    This pulse produces a non-equilibrium (00   1) state population 

whose return to equilibrium is monitored by observation of the 4. 35 micron 



- 25 

spontaneous emission.    For additional experimental details,   see Ref.  2. 

Several conditions dictated operating pressures: the total pressure exceeded 

4 torr to minimize the decay rate due to diffusion of excitation to the walls. 

Then CO«-CO., and C09-argon collisions and spontaneous emission deter- 

mined the observed decay rate.    It is generally known that the collisional 

decay of the 00Ol excitation occurs in several steps:  the first,   (step #1),   Is 

decay to a nearby vibrational state,   (e.g. OS'O),   followed by decay of this 

state to many other levels,   (step #2).    A second restriction limited argon 

and CO, partial pressures to the region where step #1 occured more slowly 

than step #2,    Then the OO0! state decays as a single exponential whose rate 

is determined by the step #1.   Finally,   the operating   pressure 

remained below 10 torr where the 4. 35 micron collisional width 4. 35 is 

smaller than the Doppler width.    This insures the the trapped decay rate 

will depend on CO, pressure only.   The resulting single exponential decay of 

the 00Ol state has decay rate y - y^ ^ Y^. buffcr+ 7trapped where 

YC02- C02'  
YC02-buffer and trapped are the flecav rates for C02 and argon 

volume quenching and the trapped spontaneous decay rate,   respectively.    By 

varying the buffer gas and holding the CO« pressure fixed,   one obtains a 

straight line curve of observed decay rates vs.  argon pressure whose extra- 

polation to zero buffer gas pressure gives 7^,^     ^,„  + Y, ,.    Since 
CO0-CO9      trapped 

(3) ^ ^ 1 > 
7CQ _ Co is known'   one readily finds Ttrapped 

for the given C02 pressure. 

CO« pressure ranged from 0. 05 torr to 1 torr and the argon pressure, 

from 4-10 torr in 0. 5 torr steps.    Wc obtained the data for trapped decay 
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rate vs.   C09 pressure given in Fig.   1. 

The behvaior of the trapped decay rate differs substantially from 

a          dependence predicted for an isolated Doppler broadened two- 
Hlnap]1'^ 

level system.    The presence of rotational thermalization is significant in 

ih". CCL case.    Since the radiation trapping is sensitive to the lower state 

population,   reabsorption differs for each transition terminating in a dif- 

ferent rotational state.    Through rotational relaxation,   energy transfers 

from rotational levels at the center of the Boltzmann distribution,   where 

trapping is strong,  to levels on the wings,   where it is weak.    With in- 

creasing CO„ pressure,   photons should escape at increasingly high J-states. 

Preliminary theoretical calculations based on these assumptions are in 

agreement with the general features of Fig. 1.    Details will be published 

elsewhere. 
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FIGURE  CAPTION 

Imprisoned decay rate vs.  pressure for 4. 35 emission from COg contained 

in l" I. D.  cell and uniformily illuminated by 10. 6^ laser pulse. 
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