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Iteprinted from OPTICS LETTERS. Vol. 1, page S, July 1977
(‘opyri ght 1977 by the Opti c al  Society of America and reprinted by permission of the copyright owner

Determination of the speed of light by absolute
wavelength measurement of the R(14) line of the

CO2 9.4-nm band and the known frequency of this line

J .P. Monchalin, M. J . Kelly, J . E. Thomas, N. A. Kurnit, A. Szöke, and A. Javan
l) ep artm ~ nt of Ph ysics , Massachusetts I ns tit u te of Technology, Cambridge, Massachusetts 02139

F. Zernike P. H. Lee
Pe r ku n - F I mer  Corporat ion , Norwalk , Connect icut Physics Department . University of California , Santa Barba ra , California

Rta:eived Apri l 12 , 1977

A precision long-arm scanning Michelson inter ferometer system is described that is capable of measuring absolute
laser wavelength to withi n several parts in lO~ in the 10.~m spectral range and to within several parts in 10° in the
visible range. The R ( 14 )  line of the CO2 9.4-sm band is measured to be 9.305 385 613 (70) urn. This measured
value and the known frequency of this line give a value for the speed of light: c 299 792 457.6 (2.2) rn/eec, in
agreement with the recent independent measurements of c and its recommended value.

Since the late 1960’s, in a continuing experimental region permitted by its transmitting optics (the beam-
program at MIT , a precision scanning long-arm vac uum splitter , the windows, and the compensator). An ap-
Michelson interferometer has been developed and plication of this has recently been reported3 in a spec-
perfected for an accurate comparison of two widely troscopic study of the CO2 01’1—(11’0,03’0), band ,
different laser wavelengths, one of them lying in the far which oscillates in the 1 l.2-Vtm region.
infrared or the infrared and the other in the visible re- The first use of this interferometer in a precision
gion. In the experiment , the visible laser is a fre- determination of c by simultaneous measurements of
quency-stabilized He—Ne 633-nm laser having an ac- the absolute laser wavelength and frequency was re-
curately calibrated wavelength with respect to a Kr ported’ in 1969. In that experiment the interferometer
standard. The measurements are performed by si- was used to measure the absolute wavelength of a D20
multaneou~. fringe counting and relative fringe-p hase 84-Mm laser radiation: this, together with the precise
comparison at the two wavelengths , while the scanning measured frequency4 of that laser line, gave a value for
arm of the interferometer is varied over a path length the speed of light to within an accuracy of 2 parts in 106,
of about 50 cm. The precise absolute wavelength of the comparable at that time with the best previous inea-
far-infrared or the infrared laser is obtained from this surements . This Letter reports the application of the
simultaneous fringe counting and the calibrated interferometer with the improved precision to an in-
wavelength of the He—Ne laser. On-line data processing dependent determination of c to within an accuracy of
has made possible measurements of relative phases to 7 parts in 10~; the measurement is done by precise
within a small fraction of the He—Ne red fringe. The wavelength determination of the center of the Dop-
limit ing accuracy of these measurements is set by the pier-free resonance of the R (14)  line of the CO2 9.4-
ability to make correction for the systematic fringe shift ~m (O0°l)—( 10°0 , 02°0)ii band.5 The known absolute
caused by diffraction. ‘[‘hese shifts were minimized by frequency of this line 6 and the measured wavelength
using large- aperture optical components. Other major give a precise value of c. Our measured value agrees
pract ical l imitati ons to the accuracy arise from the with the recent measurements of c with a comparable
laser- beam quality, the quali ty oi optical surfaces, and accurlcy.7
the a b i l i t y  t o align the two laser beams collinearly. Figure 1 is a block diagram of the experiment. An

Over the past several years, the design of the j ilter- important feature of the interferometer is the use of a
ferometer and the measuring procedures have been flat mirror on one arm and a corner reflector on the
refined to obtain higher accuracy. ”2 Our accuracy limit variable arm: with this configuration the two beams
at this time is several parts in 1O~ in the 10-Mm region having different wavelengths can be made accurately
of the spectrum. In the visible region (where the dif- parallel , since flat interference patterns are obtained
fraction fringe shift is appreciably less), the interfer- only when the beams corresponding to each wavelength
ometer (‘an be adapted and applied to the absolute are perpendicular to the flat mirror.
laser-wavelength measurements to within a few parts The wavelength measurements reported here were
in 10° . Because of its low-Q and broadband operating performed using a frequency-stabilized CO2 laser os-
capab ility, it can he used as a broadband spectrometer cillating at the center of the narrow Doppler-free reso-
f~r precise spectroscopic studies through accurate laser nance belonging to the R (1 4)  line. This Doppler-free
wavelength measurements over the entire wavelength resonance is obtained by a well-known method8 in which
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RED FRING ES 7 lowest-order mode, the beam profile was carefull y
I measured at the input of the interferometer. It was

_______ - — _~~LE~~~~~~~ found that this beam profile reproducibly and domi-
PDP-12 PMT r MOVABLE nantly consisted of the TEM00 mode with a small ad-

________ ~~~~~~ FLAT CORNER mixture of the high-order modes in such a way as to
I MIR ROR REFLE,~,

TOR cause a slightly astigmatic beam with , in fact , perfect
/  L1 — — —~  — —  collimation along its two principal axes. (This profile

SAMPLING OF I~ DETECTOR 85 CO € was characteristic of the CO2 laser used in the experi-
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~ its cavity.) It can be shown that, for this astigmatic
FREQUENCY LOCKINC ~ç 

- 1 B E
~ J-1F IS -th e-N .. LAS ER1 beam , the diffraction correction has the same form as

CO LASER L 7~ 1J7~~”L J~I FREQUENCY LOCKING the TEM00 mode given above after substituting for
2 1~ _ j ~ ~~~~~~~~~~~~~ STABILIZED he-N. LASER _ I 

11w02, the quantity ‘/~(1/wo~ 
2 + 11w0>, 2), where w~~ and

WOy are the beam radii along the two principal direc-
Fig. I Simplified block diagram of the experimenta l setup: l.lOflS.

HS = beam splitter , COMP ccmpensator , GE ger nanium Since the corner reflector is used at its center , the
slab (reflects the red and transmits the infrared ), HEX = small empty spaces existing between its adjacent mir-
beam expander , FIS = feedback-isolation optics (polarizer , rors cause diffraction resulting in an additional small
quarter-wave plate , attenuator ) . All the optics have a large correction. This correction can be estimated by the
size with a usefu l aperture of 50 mm. The corner reflector scalar diffraction theory. ’3 Correcting for this and the
carriage rides on two carefully polished stainless steel rods, diffraction effect , one obtains
and its surface in contact with the rods is coated with Teflon.
The translation is obtained by the motion of an ac-synchro- A — ~~~ A2 ,‘ 1 1 \ / 9a0nous motor with this motion transferred to the carriage by the — — 

~~j 
+ 

~
) l~1 —

use of gears , pulleys , and a strong steel cable. A heavy fly- Ox O~v 0

wheel (inside the vacuu m-interfer ometer assembly) attached wherein the last factor , a0, is the width of the empty
to the main pulley gives a hi ghly uniform and jitter-free space at the junction of the corner reflector ’s mirrors ,
translation over a length of about 50 cm. which is much smaller than the quantity w0 given by

(w~~ + wo>. )/2. Inspection shows that other diffraction
fringe shifts are much smaller, and their contributions

the laser-induced fluorescence at the (001) —
~ (000) lie below our experimental error.

4.3-’a m CO2 emission hand is used in the detection The measurements of the beam widths were per-
system. Resonance full widths of I part in 10~ were formed with a detector, a pinhole, and a two-dimen-
typical in this experiment. 9 The laser frequency was sional beam-steering mechanism displaying the CO2
stabilized at the line center to within one tenth of the beam profile at the input of the interferometer. The
resonance width. spacing a0 was estimated from a large-scale photograph

in order to avoid fringe modulation , the CO2 laser of the corner reflector.
used in the measurement was stabilized to its zero beat From the above studies, the final diffraction correc-
with respect to a frequency-modulated laser , which was tion is found to be [(A — Xexp )IAI = —1.89 X 10~~, cor-
first-derivative locked to the center of the R( 14) Dop- responding to (A — Aexp) = — 1.76 X 10’~ j am. The un-
pier-free resonance. certainty of this result is conservatively estimated to be

The He—Ne laser used was likewise stabilized to the ±20% according to the following: 8% comes from wo~
center frequency of a second laser locked to the inverted and wo>, measurements (which were performed with
Lamb dip obtained with a low-pressure intraca vity io- ±4% precision); another 8% originates from a0 deter-
dine cell. TWO He—N e lasers similarly and indepen- mination (which was measured with ±25% uncertainty
dently locked to the (‘enter frequency of’ the iodine in- for w0 10 mm and a0 0.6 mm) .
verted l.amb dip were used to determine the Be—Ne The experimental results are plotted in Fig. 2. For
laser frequency re setahili ty . From the heat note oh- each point of the plot, the red and infrared fringes have
ta m ed by mixin g the out put of the two lasers , their been maximized before scanning. For each group of six
f requency rt .setabil ity was p st.im ated ’° to he ~~ ft parts data points (separated by vertical lines on the plot), the
in I (J 10. red and infrared beams have been carefully recentered

‘l’he largest iwstematic error requiring correction on the corner reflector for any position along the scan
arises from the fringe shift due to diffraction of the by realigning the entire interferometer. This centering
spatially limited beam propagating in the inter ferom- on the corner reflector (for any position along the scan)
eter (with out an aperture in its beam path) . Since this was used to obtain the required parallelism of the red
error scales as A2 , the dominant diffraction correction and the infrared beams with respect to the axis of the
is introduced by the (‘02 infrared beam. reflector translation. In the absence of this parallelism,

it is known that, for the lowest-order propagation as the interferometer arm is varied , the wavefront of the
mod e consi-ting of a TEM15, Gaussian beam , this cor- beam reflected by the corner reflector moves across the
recti on is given by (A — A0~~)/X = —X2 / ( 4 ~

2w112) . where fixed wavefront of the beani reflected by the flat mirror;
Ar,,, is the experimental value given by the ratio of the this introduces an error if these wavefronts are not
fringe eount.s and w1, is the beam radius at 1/” of its perfectly flat. The experimental scatter seen in Fig. 2
K-field dis tr ibut i on. ’ 1 . 12 is in part caused by this effect. (The slight deviation

With the laser opt imall y aligned for operation on its from a perfectly flat wavefront is caused by the lack of
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Repr inted f rom :  COOPERATIVE E- FECTS IN MATTER AND RADIATION (1977)
Edited by Charles M. Bowden . D. W. Howgate and Hermann R. RobI

Book avaulal,ic from: Pli num PuI,Iishinq Corirnrauion
227 West 1 7th Street , N w  York . N.Y . 10011

*SUl’I:RRAI) IAN(:I: I N I X 1’ER IMENTA1 I.Y RELEVA NT REGIMES

.1. C. M~~ ( ; ( l l  i v r a y  and M. S. Fc1d~

fle p a r t m c ’n r  of l ’1uy ~:ie s  and Spect roscopy Labo ratory

M a s s ac h t u set  t .s I n s t  [t ote  of Teclrnol . ogy

Cambr idge , Massachuse t t s  02139

A b s t r .-l( :t: t h i s  paper <‘~ pIo res the a s sumpt ion s  made in the
su~m i . 1 a s s i c a 1  d e s c r i p t i o n  of oiperr ad .iance .  S imp le exp r essions
b r  o b ser v a b l  e ou t p u t  l~;I r am ~ ti ’rs in  severa l  exper imenta l l y
r e h v . in t  reg imes ;uro g iven. lmp l I cat io a~; of these resul ts  to
some puss I h i  ‘ a pp i i at  ions of suip err ad lance are discussed .

1. I NTROIMJCTION

I n v i e w  of t h ’  ren ewed ‘ x po r ln i en t a l .  in teres t  in superrad iance , l i i
a d t ’ia t I t’d l i s t  of sped f i c  l i m i t i n g  c o n d i t i o n s 5 f o r  the app l i c a—
b i l l  t y i , f  t ho imp In -o r e t  i c a l  mode I ‘~‘ ‘7 wh i c h  accura te ly
r I t . st- r I bed the  r esiu l I s  of th e  m l  t i a J  cxp cr lment s R se.?ms appropr l.atc .

- I n  t i l l s  paper the s t ’m i c l a s s  I - a l  model and I t s  exact so lu t ion  in
ho Id ~ i 1 s t i p t r r ; ,d  i :un ’e ’’ I i tn I I w I l l  be i t r i e f i  y review ed . The

t ’f  I t i . I of r e t  ;ixl  ng each of i1 &’ n s sumpt  Ions made in ob ta in ing  th is
t i m  I t- w I l l  be cIc- ~:c r I bed , etn p i i is  i z log  t h e  amount by which the
p. i r :um et  i C s  of an ti - f  t~ t1 sy ;t i n l  ran dep ar t  f rom idea 11 ty wi thout
s I g n i f i c a n t l y a l t e r i n g  the au ia ] yt tcal expressions for  the expect—
en ou t p u t  r a d i a t i o n .  The ch;inges in these expressions which occur
wh en OOflI ( ’ (I f I Iu ( ’ eorl ) t rn  I n~ ar e  r ur t h er  rd axed w I l l  then ho d l  s—

II . ;i t , I’  I na I I y , I i i i ’  imp i h . t  I ) ) I I )  1 ) 1  I I teci ’  ri ) :) ,  I i  t o  — ;oui ~ ’ 1)01. (‘ Ii —

E l a l  a p pl i c a t i o n s  of s up e r r a d i an c e  w i l l  he mentioned .

Wi rk  -u, ~p o r t  e,l in  i’a u~ I b y N. )  1100:1 I Sr I once }‘ou n da t ion and US
A r m y  R, ’ : r , r c t u  ( I i  I h e  ( Ih i r i t an i )

A l )  u i i I  I’ . ~( i ’ , I u t  l i . i  low . 

---k-. —~~~ - - -- _ _  
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2 J. C. MacG ILL IVRAY AND M. S. FELD SUPERR/

These cons ider at ions  should  be of pa r t i cu l a r  interest  to Si
those  a t t e m p t i n g  to observe sui ’errad iancc In other syatems , and th i s  me
ar c  re levant to the problems of x—ray la se r  system desi gn s and
, i l t r a shor t  pulse generat ion . descril~

given
Superradianc’e I s the spon l aneous radiative decay of an ei ther

assembly of atoms or molecules In t ltc ’ collective mode. It is ever,
t he  op t ima l process for extrac) trig coherent energy from an since I
Inver ted system. l~ t h i s  proe”ss i nc oh er e n t  emission induces a relati~small macroscop ic  p o l a r i z a t i o n  In a u~ I iuv crted two—level medium experit-
w h i c h  gives rise to a growing ~‘lectrt c field and consequently an
In creasing polar ization in space and time . After a long delay , ii
a h i ghl y d irection a l pu l se Is “mitted , of ten accompanied by impili-.
ring log. Tile peak 1 1 ) 1 1  lo ut power Is prop or t  tonal to the square of
the number of radiators , N. . 1’

to sins
In  our  t hc or et  h a l  model  / 11w sc ’m ic lass ical  approach f ield

(classical fields , qtuantizod molecules) has been adopted in order
to  t ake  p r o p a g a t i o n  e f f e c t s  f u l l y I n t o  accou n t .  Semiclassical
n l i s r u , s s i n , n s  have a l so  been g i ven  by R i i rnham and Chiao ,10 Fr ledberg associ
and l lar tm a ~nn , 1’ A re echi  and Coui r t en s , 11 an d f lullo u gh . 13 In fact , -

D i c k e 11
~ gave a semiclass ica l  desc ri p t ion  in h ’ s original  paper . i~ ign.

For a discussion of quan t i zed  f i e ld  models , see Ronifaclo and
1.ug iat o 15 and references  conta ined  therein . c

compar
The coup l.ed M ax wvl . l— Sc h r edinger equations in the slowly— tical

vary ing (nv elopc .-ipp roximatioo , w r i t ten in comple x form , are 7 ’16 resu l t
are us
an ai~

— i E  + 2nk 
~v ,l’i~

’ ‘

— 
) 

+ ,
~
,
‘ fri + A , (l. b) 

I

* 
can b-

= A — n/T 1 
— (1/41 ) Re (El ’ ) . (ic) obser~ -

delay
of a p

h e m ’ P(x ,T , v ,M) and E ( x ,T) a r” the complex , slowly varying system
enve lopes  of the  po l a r i z a t i on  density per velocity interval dv
in  dogenc’ratc M

1
—s tate M .ind of t he e lectr ic  f ield , respectively,  1

u t  posit ion x ,i’nd retarded t i n t ’  I = t—x/c; n(x,T,v,M) is the limit .
Invers ion densi ty;  ~ accounts for d i f f r a c t i o n  or other loss; T~ - l/T1

I lii . popuu I at h(~u1 di u’ :uy I I me;  T~ i s  ti’t ’ p i l l a r  I sat I on decay t ime ;  P(t
A I a ;,ulrt-i ’ I or in n I n - c i r i  hu jug I In ’ r a tu ’  of i , r un l iu r t  i ,m  of i i ;  p I s  trans

degent
t hi ’ d i p o l e  moment component j i . u r a l l e l  to the direction of pota r iza—
I Ion ; . i r ici  ~ d orsu fes a ve1~’c l ty  In t eg ra l  and a sum over degener— excita

v ,M throu~’
i i - ~~~~~ . t  ~ - rhi. - r e m a i n I n g  not at  Ion I s t h e  s;ime :15 in R e f .  7.

- ¼-~~~~~~~~~~~ —- —- 
~~~~~~~~~~~~~~~ -



SUPERRAD IANC E IN EXPERIMENTALLY RELEVANT REGIMES 3

Spontaneous emission from the exi cted s tate  is simulated in
th is  model by a randomly phased polar iza t ion  source term A which

describes th e ra te  of production of P. (The expression for A is
g iven in R e f .  7 .)  The su iu c rr a dian t  process can be in i t i a t ed  by
e i t h e r  spontan eous emission or bac k g round therma l radiation . How-
ever , only spontaneous emission will be considered in this paper ,
since blackhody radiation (described in detail in Ref .  7) is
relativel y unimpor tant at wavelengths shorter than 50 p, as in the
expe riments  of cur ren t  in te res t .

Three b a s i c  a s s u m p t i o n s  arc incorporated in Eqs. (1), the
I nip I i cat  ions  t u f  wh~ I c- It w i  I I be discussed below :

1) The semlclassl -al model wi th  a polarization source term
to s i m u l a t e  spontaneous emiss ion  is used , instead of a quant ized
f ie l d  model .

2)  The p lane  wave app rox ima t ion  is u t i l i zed . Thus , e f f e c t s
as soc ia t ed  w i t h  f i n i t e  I” -am d iamete r  are neglected .

3) The interacti on of forward and backward t ravell ing waves
is ignored.

Computer solutions of Eqs. (1) should be used for precise
com~,ar isons with  experimental  data.  However , approximate analy-
t i ca l  solut ions which are in close agreement with the computer
resul t s  can he obtained in certain limiting cases. These results
are  usef u l in e s t ima t ing  relevant experimental parameters and as
an aid to understanding the underl ying physical processes .

I, ’)

II. IDEAL SUPERRADIANCE

In t h i s  l i m i t  an exac t  s o l u tio n  of the resul t ing equations
can be o l , t a i , i r - d , w i t h s i mp le expressions for experimentally

i i ’) observable  q uan t i t i e s  such :is output  intensi ty , pulse width , and
d e l a y  t ime . These can be u s e f u l  in determining the feasibil i ty
of a proposed sup or r a d lan t  scheme and in optimizing an existing

ot i’m .

l y .  The :ussurnpt tons  made to obtain the “ideal superradiance ”
l i m i t , in  , i d d i t  ion to thos e bui~ t into Eqs. (1), ar e: (4)
i/T

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

- 0) -- (1 (iii’ h i l t  I - ii p01 :ir isa t ion at the superrad iant
1 r. u u ~~ i i  I o u t )  (1, ) t - 0; ( 1 )  no I evel g~’m ’ra ~’y (a I a suimmed over
dcgorio r :uL e M s t aLes a o l  ~i I s  averaged over  N s t a t s ’ s ) ;  (8) swept

c ’x c I t . i t t c , n  (system i n v er t e d  by a ‘ulse t r ave l l i ng  longi tudinal ly
t l u r o u u g h u t he  medium at the speed of li gh t ) ;  (9) zero inversion

Y  

- 

— - _



4 J. C. MacGIL LIVR~~y AND MS .  FELD

t i m ( ’  ( syst em inve r t ed  i nst a nt a n e o u s ly ) ;  and (10) no feedback.
F u r t h e r m o r e , ( I i )  A i s  set equa l  to zero and rep laced by an
e q u i v a l e n t  d e l t a— f u i n c i ion input  e lec t r ic  f i e ld .  Each of these
assumptions is  discus ed below .

(;ivc ’n t h e s e  a s su m p t i o n s , T~qs .  (1) become 7

?ii k P 
‘ (2a)

, ( 2 b)

= — LP/ 4i , (2 c)

and n , E , and I’ ar e  al  I r e a l  • The s o l u t i o n  of these equations
i s  n r u u u  j , , P -‘ ;I

,ru () s i n  U P. n~ n ( r  0), and

du ~/dT pj /1i , (3)

wiic ’ re

UP (x ,T) J (I’7/tu)E (x,T’)dT ’ (4)

Is  t I i ~ pa r t  i :u l  ur ea of the  pu l se .  (The total  area 6(x )  4’(x ,~~) . )
A pp l y i n g  t 1~ ’ t r a n s l o r m , i t i o i i  w = to Eqs. (2a) and (3) gives
t lie p ondu I turn equ aL ion , 1 1 

-

L’” 4- ( h / w ) 4 ’ = s i u i  U P / ( T8
1.) , (5)

w h o  re i~ ij (w) and

A 4 ~ ~ 6R 2-n ~~ 2
I I  fl 1

s O

i s  i u s I I : i t  i u u u i  U I I I I I I s I I I , .  h u h  u ’ t  l iii s u i h h i u l  i v , ’
- y - ;  I i i i , .



0 SUPERRAD IANCE IN EXPERIMENtAL LY RELEVANT REGIMES 5

E q u a t i o n s  ( 2 h — c )  g ive r ise to the  fami l ia r  Block vector p ic ture .
As can he seen from the ~~I dependence  of Eq.  ( 5) ,  t h i s  system is
a n alo g o u s  to a spat I ,~Il ii r r ay  of coup led  pend u l a , i n i t i a lly t i pped
it a u n i f o r m  s m a l l  ang le  ‘J i( w 0) = 0(x  = 0) = O~~,

I 8  which fa l l
.is ‘~ i~has~ d a r r ay .

‘I he s o l u t i o n  of Eq. (‘i) is comp letely determined by two para-
meters ,10 l~ and the m i t  h a l ti pp ing angle O0~ 

For a given value

of O ü ,  a single curve re -u t es T
R
t to T/T

R 
(see Fig. 4 of Ref. 7),

and approximate ixpr os sieius i n  t ernts  of ~ In (2r /0 0) ca n be
derived for t he  peak o u tp u t  I owcr

I ~ /iN+~~/l~ UP ‘ N
2 

, (7a)

the w i d t h  of ths ’  o u t p u t  pu l s e

~~~ 
N , (7b)

. ;nd he e n e r g y  i - a n t  :i tied i i i  t ho f i r s t  l obe of e m i t t e d  r a d i a t i o n

F ‘ 4Nb~~/$ - N . (7c)

t h e  do l a y  t I me I m m  (l i e  I avers  Eon to I is

~l) i R UP I I  - N 1 
, (7d)

so t lint I I) l w (l u/ ll . t Y r ~I a l l y ,  1( 1 iii 20.

I I I  . AI ’P I .  I CA 1111 , 1 TY OF [DEAL SUP ER RAD IANCE
I 

t b ’  reg i o u u ~~ a t  v a t  Id  i t  y of each t i f  t h e  :u s su t mp t  ions l i s t e d
,Ius,v , w i l l  t u u , w  I i , ’  u I t ? i I I : ,t .

A .  1111 1’ I i i  v I u i g  Ai ssu iuu 1 u l  I ou; WI t i s l i  I lav i ’  1 , 1 1 1  l u  I I  lOot  ( I I I  thi t pui t

Wi h i t  i ioi s i du r t u s e  ; , s n u u u i u p t  i t ~n :; w I t i  eli u -an he comp l e t ely
U ;uinv,’d w i t  bout s ign  I f  I r a , u t  I y a f f e c t  ing  tIn ’ I d e a l  s o l u t i o n .
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a) The s e m i c l a s s i c a l  app ro ach , describes the system for
s ince  at t’

R 
there i s one p h iton in each mode of the radi-

a t i o n  f i e l d . 1 A l t h o u g h , stric tl y spea k i n g ,  the semiclassical
d e s c r i p t i o n  breaks  down f o r  I ~ 1 , we are on ly  interested in the In -

R be
o u t p u t  a t  1’ • wh it -ti is typicall y 2~ — i O ( )  T . Fluc tua t ions  In t he

ene
f i e l c l s ( h u r l  ng t iu s ’  f i r s t  w i l l  I ,aV( ’ I i t t  I.e e f f e c t  on t he output

we
a t  T1) (l u t e  to t h e  logarithm ic dependence of the output on the e f f
i n i t i a l  cond h L i o n s  hr ou gh i~~. Thus , the ran dom ly phased pola ri — reg
za t  io u  source , coi~n i  rule  ted to he c o n s i s t e n t  w I  th the requi rements  can
of therma l oqit II i h r h i u n , ~ should  giv e correct results for T 

~ 
T
R
. thi

I)) Cui inp iut i.~r :inn I ys i ; shows that the effect of A on the

s’v utl u t  J i l l )  of I lu ~ ? ; y ; t  i ’m i s  a In i us t  id~ n i h e a l  to that of a dcl La— P°P
Iiinc t ton i n pu t  j  l i e  Id  of ippu-opriate magnitude to give coti

in ~~~~ (1:1 11 ) h’
’], where  riL Is t h e  smal l—signa l  f ield gain ,

so t h a t  ii = I’f2 /T , where  is t h e  inverse l inewidth .  This is

iinder standahl/ sun~ t’ fluctuations at  the f a r  end of t he medium
a r e  amp t i f i e~’ over the grc’ utest length and therefore dominate. 

-

/ 
The

e) Com pu ter an a l y s i - ; of the i n t e r a c tio n  between forward lar
and backward travel 1 log waves shows that th is effect is virtually
n e g l i g i b l e  in  ill 4wept ex -itat ion systems , and it is also
leg I i  gi  h i  e in  utn i f o m r n  I y Ox i l ted systems for  which L/c  

~ 
T~~.

( t h i s  l a t t e r  cans ’  i i ;  d i s r ~ - su’d below .) This is so because the del
f o r w a r d  and h a c k w a m d  waves only become sizable in the same otl-
reg ion  a f t e r  nuo Ii of I to’  st o r e d  energy  has been rad ia ted . TD

u t )  Comput er  ca l  c i i i  a t  i ons  sh ow t hat  rep i acing by its

average  Va 1 t ie over M st a t e n  and n by i ts  sum over M s ta tes  has
l i t t l e  e f f e c t  on the  output. radiation . Therefore, the influence
( I f  leve l dege n eracy is insi gnif icant. If

tel
can

b. A s s i i r n p t  ions  Vii h b u  Can S i g n i fi c a n t l y  A f f e c t  Output ca~
emi

F or t t ie reun ; i  t i l t lUg us ; - I tap t hins , sma h i dcv i  at  ions from idea l ity
- I me ol  1 i t t  11 I niportance l ilt l a r ge  dcv in  t- Ions can cause significant
i- t u:iii~’ u ’ ;  ~il t lii’ ou t  t pu t . lI t ’ ’ lilt low i iig  one I i t ; ;  Ions  have been
V ’  U I I - ‘ I I  tv I u h u u i t i s I  I ‘ - I :u ‘ l i i i  I c i i i , ;  i ’ l  F i t : . I I

a)  I lut ’  l i f e t i m e s  n i-u ’d not  he i n f I n I t e , wh ich  would imply
I n f i n i t e  g a i n :

I )  itu,’ net  g a i n  (ga h O  m l  n t i s  loss )  nius t be large enough antI
t i  ( (tie total a ron of the out  put  p oi se  can grow to n . This

I end s to (lie r e q i i  I r emt ’uu t
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( - ;  c ) !  ~ . (IOn)

In the opposite limit where (c1—K)L < I , collective effects can still
he i m p o r t a n t  ( s i n c e  I ‘~~T ) hut  onl y - l  s ma l l  f r a c t i o n  of t h eR sp
energy i s  r a d ia t e d  c o h e r e n t l y ( s i n ce  r ~ T

1~
) ;  t h i s  regime , w h i c h

we r e f e r  to as “1 jet ted superrad l a n c e ” , / I nd tides such familiar
e f f e c t s  is f r e e  i n d u c t i o n  decay and ech u s .  In the intermediate
r e g i m e , w h er e  1 : ( - r ) I  ~ ~~, t li~ peak m t  e n s i t y  w i l l ,  be si g n i f i —
can t l  y l os s  t h a n  t h a t givc’n b y E q ,  7 ( a )  ;ina l y t  ica l  r e su l t s  in
thu Is reg let ’  c;un he 1) 1)1 a i nod I rots t h e  II to ur t licory of Crisp _ 20

i t )  l~ mus t  be g r e a t u ’m  t l s ; t n  ‘I~~ I Eq. 7 ( d ) ] ,  o the rwise the
p i u p u t  b u t  I uni vi I I de ny  i nr u l u r ’ i u t  I y and i ( ‘d i l l , ’  t he  ;i inoufl t of
c i u l i s i i ’ u u t  l u l l  j u t u t  . I t i  I ~ I ‘;iils ( i t  I l i t  u u u i i l I I .’ I on  I or e f f i c i e n t  o u t p u t

r u ,  ? (~~/4) i~ / r 1 . ( lOb)

T her e  i s  no s i m i l a r  r e q u i r e m e n t  on T 2 or T~ s ince  e f f e c ts due to

l arge dvp hia siu ig or p c u l a r i z a t i o t i  decay rites are of f s e t  by high
gaIn.

b) As lo n g  as t h e  i n v e r s i o n  t i m e  T is less than the observed
d e l a y  t inn’ , a n o n — z e r o  t w i l l  tuavi’ 1. 1 tt Ic  ( ‘fl eet  on the output
ot  b i t -  m t t i n  t i i  in cr ea s e  t lie ot serveih dcl  - iy  t I me f rom T1) to

+ - / 2 .  I t u  I ;  g ives  t h e  re qu i  I r t ’m ent

- (lOc)

It I I u u  . i i I ) 5 i I - u t  I h i t  flu I 
~~ 

I o c t  - u t  t n  lie t i , r - i ’  I lii’ i ulve rs hun  process
t i -r oi l u . i I  i - ;  

• t t n - t i  oil I y t tue ta ml y p ;u r t ut I lii ’ 1)4 ) 1 1( 1 I a  t I on Inve rs Ion
c i i i  U u t i  t i i  t u i t  t o  I i ’  t t i c ’  H m t  1) 11 i ’ ; of m i u t  i ; c I  l o u  • Iii the si nip 11’
u - i . - w h i m , ’  I I i ,  i t i ’i r s  Io n  ( I l iu m I t y  I~ t hu ih ;m ’n ct ’  of super r a d ian t
u - ni i i ‘ii i a i’q u i ;il I i ’  At , A constant , t h I n

(I ~~;c ’r 4 / A I n
I) u i l t ’ . l  v t - i t  n I t

I ~
- ‘In1 i i\ l .A

l iSt

*

- - —

-~~
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‘I ’ = R~~~~ ’ /~~
2

I A  .
w

Larg
Si  ni p I t  f o r m s  at  Ii i  r t h a n  A t c iii  at so be sol v( (I ana l y t i c a ll y ,  and t i p~
er iI )h i c a l  s i t i  u t t  i ons  a me a 1 Sit pu ss ih i  (1 . 1 and

~ letI t t  i n  m ime itie t l u u t d  c:in in iIs ( ’d t i >  provide au approximate In
i i i  i o n b r  I u i ’  u -u se w h e n -  I

I ~~~~~ I i i  v i l ) l ; l t Ion of r e q u i r e m e n t  m u
( I D I i )  a h i t t v e  . - .~ fli ’ I

- he a
r )  K, .  i - i ’ - ; ivc  I ts ;; u - u n  d I m i n i s h  su p e r r a t i a n c e  In two w a y s .

I I i an r u i t i i , - u ’  t I i , ’  i i i  I g; i  i i i , ink l og reqii I m t ’rnc ’ iu t  ( I  ( i i )  birder to med

I ‘ i l l
. 
i l l  - S i i t t i r m ; i u t i a , t I  i ) I ’ t l ; I V i a r  :115,) r e q u i r e s  t h u ; u t and

mat I
not

f  i dx — 4 / ’ , . (lOd) trail
p r o t

Wh i e iu  f  dx 4/4 (Iii puihst ’ ato l l s  n a r r o w i n g  and t lu e  i n t e n s i t y  no
met I;

longer  grows w i t h  l engt lu . i-ar constant  
~~
, I~, = Nhw /4T R(KL)

2.22 a no
up t

In I tue ri o’ iii (Ii f I rae  I ion of a Gauss inn beam , t h a t

dx 1/2 hi l l I (il /A)
2 I .  Flits quantity is a l w a y s  small  whe n pol

I li t Fri-sne 1 uiuml - ter  i s  I n  mg-e l t h an u n i t y .  Il’i

p opu t
i t )  lJ u i i ( t c r t n  i ’x t ’ i t ; u t h u h  ( c O t  ire system inverted simultaneousl y, Tb!.-

i i i  c- , t u t  i n s t  t o  aw e ; u I  u ’ x i -  I t a t  iou) w i l l  hive l i t t l e  effect on the by

i t t i t  p u t t  : 1 ;  l u n g  :un (Itt ’ t r an ; ;  i i  I i r ne  l
~ r 

= 1,/c is less thaui the (to

i ibi- ,, rvc’,i iii’ l a y  t liii , at  l i i ’ m  I inn to ilu (’r(ase the observed de l ay
I l iii I i  I

I )  
f I

t r
/’2 t4lu ’~ 1t r 

t u n g e r  t h a n  the d e l a y  t ime, t h e bar,

- ;  Vt ;  [tm w i l l  o t t  1 i t t i ge  m rail  I a t ’ ’  ; t a  ;u ml ulg It’ u-nt [ty ; this p laces a by
i aunt i t i o n  au I In ’ h i t 1 ! — t Ii ( i u ( f l , u t u ( , r . u t  ion  lengt hu ’’) : tion

part

I. t i  1
2 / 7 1 2 

. ( h O e)at ) long
- emi’-

I . ~u n p i r m y ; t  ems w i t  I br i - i k  l ip  i i t o  :1 number  of independentl y Whi~
u ;ut i a I i r ;g segmt’ui  I a i i i  a mann ’ r (lCsc~ r i bed by Ar e c eh i  and Cour tens  • 12 quan

l i t  I Ii i ,; I i Il l i t  , t I i i  - o u t  ; u u i  I i l l  l i i i , ;  i t  y I - nA-bi n- an u l  no 1 anger

5 - i ;  - t , i i  I s i i  I i ?  i - _ i ; I I s } ~ t i u i b ’ t I i .  N u t ’  I l s ; i I  u t ~ u I i  r I u i u i - l l t  ( t t h ’ )
i I , u i ; u u u u t  u p t ’ t v  t , u  : ; w u’ I ’ t  ( ‘X , ’ i i  tu I  i i t n .

‘ ( h u t -  t ) 1 i i u i ’( ~ t ~~~ am i z a t  hu n  at . the superradiant transi— (F
I ‘‘ lu I 1) w I l l  t u : i ve  l i t t l e  ‘I l e c I p r o v i d e d  th :u t  t ran

Comp

r

______________________ - ¼ . . ~‘- • -
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l~(t  U) -~~ iu 7
n O

0 . (lOf)

I iu ’g( ’r  v ;i l i i i ’ s  uf P(t 0) -ire e q u i v a l e n t  to i n c r e a s i ng  the  i n i t i a l
id t i p p I n g  ;ing i i ’  u t f  t h e  I; lo c h  vec ( or , wh i cli sho r t euu s  the de l ay  t ime

truth mc d i i i  om t lit ’ m l  ng I i ; s ~ . ‘l b  i s  i ui c men se s  the d i f f i c u l ty  of corn—
p h e t  h o g  I bi t  i n v e r s io n  lu r ace sa  b efore ’  coherent  emiss ion  beg ins,
I i i  t ) r i n l - i p l u ’ , ;u p u l s e  of a rea  u x a ct  l y ii cou ld  comp le te l y i nve r t  an
l i i i I h a l  l y  u l a ; i u m h i i i g  m - l i u m  w i  t t > i ’ c i t  r ( ’s idu ;II  p o l a r i z a t i o n .  An

i I u t ’ r g y  i - i in ae rv :u I I o n  a r g u m e n t  shows t h a t  such a pulse wou ld  have to
hi ’  ‘ ; b u c t r t  ( r  t t a n  ‘I i n  ard or  not  t o  lose a rea  as i t  t raverses  t h e

I’— ‘ u y s .

- ‘  
n i t - c t  I u n i t ;  l i i i  1 an g e r  1) 11 1 scm , t t ue s f  forts of self—induced transparency

iu ~ t l u l l - t i h i r op a g a t  ion l) t ,com c r e l e v a n t .  10 ’  ] 2 ’ 1 1,, ?3 , 2 ’ i As a p r a c t i c a l
li t - u t  t i m , t u t u ,  -t i l t-s  t ii ci ‘ t ‘‘ct t v i I I V I  r t  t ~~~~~ I i -vol  sys tems a re  probabl y
u u u u t  I ( ‘ ; i n i  b l u ’  ( t u i c  t o  p i ob lo ins  ans i ) )  i i t c ’ d  w i  t l i  loss , l eve l  d e g e n e r a c y ,

( 10  I)  l r ; u u u ’ ; v u m n u ’  y ,’i n j , ’it lo u i s  i n  t h e  e l e c t r i c  f i e l d  associated w i t h  beam
pro !  ( I i ’ , ;u ni l  t lu e rh f t  i i l l t y  of g e u l er a t  in g  a pulse  of e x a c t l y area i .

l i i )  
F l i t - n c  t i r o h t  c-in;; O ; u u l  tu e  i i  r u ’ i u l n v t ’ h u t , ’ i I  t y us log i n d i r e c t  cxc i t a t  L u ’ uu

m et  h u i u i l s  ; i i i tu as t h r ee  t u ’v e l p i imp i ng ~ and two photon e x c i t a t i o n  w i t h
a u u u ) u i m ( ’ n i ) i u ; s h i t  i n t  er mn ( ’ (h i at e  st a te .  A l  .1 observat ions  of supe r rad iance
u p  I i i  u u u l w  have  eun p l o y s - u I  such schemes . Uoweve r , the p r oblem r emains
t l i ; i I  wIn -n  t l ie  pump rail  i a t  ion is  tu rned  o f f , a large res idua l
p a t ; i r  I , n u t  m u  - o u t l d  he h e f t  ,‘ut t h e  pump t r a n s i t i o n . This can r e s u l t
i n  m o p e r  r :id I au i c e  a t  di is  t r a n s i t I o n , w h i c h  would deplete tt ie
p0 1) iIl  a t  ion  ;iv :t i i  ab le  I or suipe r rad i auice  at the  desired wave l eng th .

- I~~US i~ 
Tb t a p r i u b  l i - c  u - an  be o\’i ;rcome b y using an incoherent  pump pulse , or

- u ;  
‘ 1w i h i o a s  i n g  a mu ch s h o r t e r  wavelength  for  the pump t r a n s i t i o n

( t o  i n c r o a n i ’  i t s  T R ) .

Un i ’ s b t i t u i  1(1 a l s o  n o t e  that  in m d  j r ec t  exc i t a t i on  scheme’s the
l i e  Iu a i - k g n i u i i u n l  t an I as ion wIt  i eb i n  I t i ;ites s u p e r r a d  lance  can be m o d i f i e d

by I l i t ’  l) l’ ( ’s ( uicc ’ of tin ’ pun up l i d  d t lu roug h m u l t i p le q u a n t u m  t r a ns  i —

t i i t u u ’ ; , ‘( ‘li i a w i u t u l d  I n( ’r ( ’asi ’ t h e  e f f e c t i v e  i n i t i a l  t i pp ing ang le ,
p a n t  I i i i  I ; u m  I v  I I  ‘I IS  l o n g ,

( 1( 1, ) I )  t h u  i t  I oct i t l  I t t ’d l s u ck  c u l l  I h i e  o u l t l u n t  is neg l i g i b l e  as
I t h u g  t i ;  I t o ’  o u i l  p u i t  l i t - h  d duo  to ( li t ’  i n !  I in  I i x  i ng  spontaneous

c - i t u i ’ - n i i t i )  I n  i g i l l  i i u : t u i t l y g r e a t e r  t I t a n  I - l i t  a d d i t i o na l  o u t p u t
sh u j u l u  m , ’ , . ; u t  I ; :  I rain I l l s  fe ’edb ;u t -k p rocess,  Compar ing  these two

tu s .  I? -~- i uut it i i ’ - ;  g i v e n  a r o u t h i t  to iu  (In I lie f eodh i ack  f r a c t i o n  F:

I - . 4 / (
t t • 1 +  

~~~~~ ( 1 0~~)

I l l ; ,  I — ( F  - - I t )  i n  t h e  IlK e;- ;p er iment s .  H ’  ~ !~) In long systems , whe re
I r i t i n i t  I j i l t , ’  I S  : I pp re (  i a h l e , due i n f l u e nce of feedback decreases.

C u u u ; i p c i l  c i  i t  T i t i  1: i u ions  i n  I h i s  reg i on’ have  ui ot  y e t  been made ,

‘-. -

_ _ _
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i t ie e f f e c t of si g n i f i c a n t  feedback  is to d r a s t i c a l ly shorten
t h e  d e l a y  t i m e s  and reduc the r i n g ing ;  the e f f e c t  is analogous
to continuing to push a pu-ndulum after it has started to fall.
The system acts as if it were subject to a different , la rger  a t

initia l condition. t
hi t

g) I t s u ’  I ’ I ;uns ’  w ;uv , ’ - pp m ccx I i tut u I i an b reaks  down when the  sol id
ang I s ’  l ii ’  t it  r t u of Rob I or - c uu d  Kb ’’ m l  y 1 ‘ (a fume t i  on of A , L , and 1) 1’
f , i l l s  i i i  ( l i t -  ;u u ta l I K r v su u e  h u u u t i u u l ) c r  r e g i m e  of F I g .  ~ of R e f .  26 ;
the  b r i n k  I ts I w e t - u i  the  two reg iunu -s i s  re l ;t t  ivel y sha rp  and occurs
near  F r e s ne l  number  2A/1l ~ 1/10. 

-

F or  ant ;t  I I I- ’rt ’--ine I n u t u i b e r  I = -r 4 u r / n A A .  The o u t p u t  s h ou l d  beH
F n d ep o u i d c -n  I ut I t ‘‘agt Ii in, 11 t h  s meg I m - , l u u u t  t he  o u t p u t  i n t e n s I t y  -
sh oui  1 ih ~ t 1 I I t ,  - p r u t l u o m  I I cu; ;i I I t u  ( I n ’  squi :l  re uu f [he popu I a t  ion
I ui ve i  ‘ t i l l )  i t u - t i -  i t  y — Wc tutu  vs ’  ;t t u u ’ ’ t u t u  c ( t u i u l ) u u t  s ’r  t u n a  1 ys IS t h i  ( hue sma I t r-

Fresco ’ 1 i u u m luc  r t- ’g l ine .

To p r o t t i ’m  I v  i c - c o u n t  I or due sp ;it i a l  v a r i a t i o n s  of E as s oc i a ted
w I t t u  f i n  i t , -  l , s-: i ;n d i  a m & ’t e m  , and wi  t l u  1( 1, -ui ; ; irig and d e f o c u s i n g  i n  ;c cl
hi glu ’ g a i n  m e d i u m , a t r ansve r se  s p a t i a l  dependence must be added
to E qs.  ( 1) .  i l u I s  aspect of the anal ysis deserves further
u t  t en t  h uiui

I V .  SOME AI9’ I , l  CAl  IONS 1W SUI ’E RRAD IA N C E

A.  Sp i t u — I ’ Iu ono n  Superrad lance

m - t y  l i i -  p i e s  i h l  e I i  observe  an a t-oust  ical  analog of supe r—
r ;id i,-I nc o  i n  t t i c ’  ~ l’ I u i — p h o u i in C n tc ’r ;ict  ion process in paramagne t ic
c r y s ta l s .~~

1 h ut ou t - l u a sy ;t em t lu e  p ar a m a gn e t  Ic  sp ins are coup l ed
to the  t a t  t i r e  v i b r a t i o n ;  ( i n  a nuann er  dese’ r Ibc ’d by Jacobsen and
Stevens 20 ) .  An shu own in  R e f .  29 , in the s lowl y vary ing envelope
a p p r o x i ma t ion t h e  i ’ o t i p l e t h  sp in—ph uonon  equat  tons  become almost
I d e n t i u - a l  in fuu rm t u t  Eqs. ( l )~~~° Acou i s t l c a l  ga in  can be suitably
de f I coat , and no i i i  a lii gh u ga in mod I urn , i I shout  Id  he possible f o r
in i i i  i t  a I I y I u u v s ’  m l  u- d u ’uu t ’ml, le  of ~I’ Ins , p e r t  urbed by kT f l u c  tua—

t i o ns , t o  rap idly tran cl t -r i t s  s tored energy  to the l a t t i c e .
I ’Iu e ’ en s iu  I t ug  ; st - u , u i ;  t i c  w ; iv t - -~ sh i iu t i  I d Iuav c  a l l  t I m ’  p rope r t i e s  of
[I i i -  ; -o lu e ru - i )  I e m i s m  j ail oh - u - rved i n  opt t e a l  su iper radiance  .

i t  I v , t I u h u i s  . i i s i h  W i  h a u n t  / l )m ul I )ut nt’d tu ms hal sal exper j nt(’ru t t i -u
i t , - ; -  u vt ; u t t u i ’ u  t c i t  i . u i i i  u - u i c i ; I c i t u  i i i  tu ;;~ t i u u - — t u h c t t t u c i t u  yal cot Iuy  ~)r , -~csi ’ I t ug I ’

h u t ’  ap i i i ’  i u u  - t  t ’ t u s a-~ t sr i u y  . t h e -  p hnn u o iu  .-iva l au i che  expe r imen t  of
R ry: i , i u u t  W. tg u u u -  r , a I t  l u n u i g h u pi - iuh ; u lu  I y not a h u t s’  coherent e f f e c t ,
was t u t u  I l i t  ( ‘r i ’ ; I I iug a d v a nu -( ’ a I ouu g I heso 1 ines .

- _ c,__ _’— - — — - —  . --— — -
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I i  
R .  X — r a y  I .asers

The r e q t u i r e m c n t s  fo r  e f f  Ic ie uu t su iper r ad ian t  emission should
-u se he iii ints ’m est to di-s i gne rs uf x—r ay  laser systems . Due to
t h e ’  s t u a r t  l i f e t i m e s  of ( l i e  t r a ns i t i o ns  and the  l ack  of s u i t a b l e
m i r r o r s  in  t lu  ii ;  r eg ime , most proposed schemes use a s j ug Ic  pass

- id h u i g l u  g a i n  M w ( ’ t ) t — e x c i t a t  ion  s y st em .  Titu s , x — r a y  lasers w i l l  super—
r,-u di ,’itc ’ . Cot set~i i e n t ly ,  the c u ln v e u i t i o n a !  ra te  equa t i on  ana lys is
i s  not  app  I i t - a b l e , and tie above cons i d e r a t i o n s  can be u s e f ul

- ;  
I i )  c su  l i m i t  a t Ice u n I t  p u t  hic ’ lu av  I or . Some of the discuss ions in
Si t - t j i l t )  I l l  a rc ’  c - ;p e c  l u  I i  y cci  ev - t cu t  1< ,  t I le  x — r a y  reg ime ; in p ar t  i—
c i u l a r , J~ I s  u s u a l  ty  so shor t  t h a t  t he  i nvc-r s  ion process w i l l  not

rI h -  he u - o m p l e t  ed b y the t Imu - superrad Lance occurs E see Eq .  ( lOcf l .

As mc ’ o t  i i u t i ( ’ ( I  ;t hovt- - t h e  race e q u a t i o n  anal y s i s  gives incor—

i ;u h I r i -- c t  r i - sa l  t s ,  I - n m  exan u h ) l e , In  the ’ Na scheme of Duguay and Ren t—
zep i  s , ~~

‘ r . u t  a (-(Pou t ion an a l y s i s  p r e d i c t s  (a t  the threshold  value)
I aho rit 10 tImes smaller and ‘F about 10 times larger than the
p

h a t e d  s e u nj ; - l a s .s j u i h  p r e d l c t i u ns . ’1 In add ition , the threshold inversion
d e n s i t y  i s  - u F u e L e r  of 10 smaller  than the corresponding rate
equa t i an t tu  m e m h u i u  I d .

Speu - I F i t -  ;u p p l  i c ;i t  ions  of these r equ i r emen t s  to x—ray  laser
schemes arc d i scu ssed  t u r t h e r  in R e f .  9.

C . t l h t r a s h o r t  P u l s e  Cene ra t ion

Si  c i i i ’  i i h t c - r r ;t d  i .-uutce  i s  t h e  opt  im liun method fo r  e x t r a c t i n g
r i t h u e r i ’ u t t  c ’ u u c - r g y  f rom iii i u u v s ’r t e d  m e d i u m , i t  is i n t e re s t ing  to

lia r —  (‘ d O s  i d er  i t  u ;  it m e ’t huc cd  f o r  g e n e r a t i n g  u l t r a s h o r t  pulses . Al though
I C  j~ ~~ s’ i c h e i l  r u se I u t c c r - i aes  w i th  increasing N , many of the

ito h t’uund it jui nut l i s t e d  ;ihe ,c~ r e s t r i c t  the shortness of ou tpu t  pulses

- ‘pc’ h o c ’ u -an ht o i~i t o  ui ’ti (s ic . Comb ining Eqs .  (7b)  , (ld)  , and ( lOc )
shows t h u a t  t h e  i nvers ion t i m e  pl~’ices a pa r t i cul a r l y  r e s t r i c t i v e

t uibl y l imit on ttu e min imum ‘r
~ 

which can he generated superradian tly :

I i , r

2i/$ . (11)

- h h u u ’  re h u n - , ~i h  I r u s t i e r  I pm1 se g e n e r a t i o n  by th is  method requi res

I ;w i - p t  t x ’- i t  a t  ion , so c - t i  I i , and as shor t  an i n v e r s i o n  t ime as

i m l u i g  ~ o ’ - - t t ’ l i - . V i l u i c ’ ’ ;  i l l  I / u  less  t I t a n  I / I t )  ap p e a r  p o s s ib l e .

i l l  i c E

~~
- t N uu t , - I t u t u  I susp c ’t  r i d  i ;ui u ee ’ i s  a I r ice; 1 , - u t p r t ~ ’c ’~~ , ;tuud re t t t s o

g i - u u i -  r -  i t i i i uu i t  I t i l l  r ;u n l u o r h  pi t  I sos by lb I s  meth od is inheren t l y
d l i  Ii- rc ‘ i l l  F mi nI t tue nuc ide I ock I lug ;ipproac’hi , whic me shor t  pulses 

~~~~~~~
- - - - - - - - •~~~~~~~~~~~~~ ~~ ~~~~

-- -
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u me’ ge ’ner ;u I (‘(I by m l x i  rig u set o I ‘upu ;u I I y-— sp tct’d Itharte cc\rr;’ hated ( 15)  R
nt c)( Ies t o  syn t ic ’ s I 70 a h- i c uu r icr slice t rctm. (Jii

( 16) Th~Re- f ereuu , -t ’ s 
l~,ui-

le~ -
( i i M.  Gro ss , C. I- ,i h i e , P.  P i t  h u t , and S. Hanusucto- , i’luys . Rev.

l ’ - t t .  ‘l I t , l 0 l ~i ( 1 9 7 ( t ) .  ( 1 7 )  lii,

cot
(2) Q. H. I- . V rt ’hten , I I ,  N .  J . l i i  k speors  , and H. M .  Gibbs , t h u

P I t y - - . R e v .  l i t  I . - to  hi’ pub lished ; II. M. Gibbs , in this
‘ i l  uum u - ; ;u i t t  Q . I t . b - - Vr -t uer t , i n  thu is vol limo . (18) It

f i t
(3) A. F I u u s ht u- rg - ‘I. Mu urt ~~hc’ rg , : r i t d S. H .  h ta  r t m an n , I’h ys . Rev.

I c - t i  , , i i ’  b u t ’  pcui u I I s hucul , and in t h i i s  vcul ume . - (19) Th i
Bu

i4) ‘I. A. I ) c - I u - u i t 1 u  It ’ , i i )  I tu is vii 1 tote

(20) H.
h r l v i i  i uiui - . i , l ’ C t i - _ i -  c c i t t i t  ; u t l s  ; c ut i l u - t u t c u l t u t t c r  ri- a ct It~ whi c—hi
ar h u h o u r t  I l i i ui t i i i )  I ) t F t ) u i h t d  i i i  1. C . M~ c C h  I I  I v m t s y  and N. S. Fe ld (21) A lt
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*SUPERRADIANCE IN EXPERIMENTALLY RELEVANT REGIME S

J. C. MacGtll ivray atud M. S. Feld
t’

Department of Physic~ and Spectroscopy Laboratory

Massachiu icetts Instit u te of l’echnology

Cambr idge , Massachuse tts 02139

Abstract: l’Ii is paper explores the assumptions made in the
ss’m lt l;IgSL(’;u l, description of supi ’rr adiance.  Simple expressions
to m observable output parameters in several experimentall y
rel e vant reg imes are given. Imp Iic~c t ions of these results to
stt mv po:;slble applications of suhuer rad iance are discussed .

1. INTR~DUCTI0N

In view of the renewed experimental interest in superradiance ,1~~
t i  dc-tailed list of specific limiting conditions 5 for the applica-
bility of the simp le theore tical model 6’7 which accurately
described the results of the m i t  ial experiments8 seems appropriate .
In this paper the semiclassical mc,del and its exact so lution in
Use “ Idea l ,  super rad iance i u lim i t  w i l l  be b r ie f ly  reviewed . The
~~lf c - i t u I  r e l ax I ng each of the assumptions made in obtaining this
I huu t l u  w i t h  hi ’ c l c ’s u-m ib e d, emphas i z ing  the amount by which the
t),ur .uui u c ’te’ rs ccl an a c t u a l  system can depart from ideality without
significantl y 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 superradlanci’ will he mertioned .

*Work ssupp orved In part by N at  Ion. ,  I Sc: I once Foutui da I I on rind ItS
Arm y Research Office’ (Durham).
-F
Alfred P. Sloan 1-ellow.
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2 .1. C. MicGh t.LIVRAY AND M. S. FELD

These considerations should be of particular interest to
those attempting to observe suiperradiance in other systems, and
are relevant to the problems of x—ray laser system design9 and
ultrashort  pulse generation.

Superr adiaruce is the spoustaneous 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 proc ess incoherent emission induces a
small macroscopic polari zatiotu in an inverted two—level medium
w h i c h  g ives rise to a gro’~.uing electric field and consequently an
Increasing polarization in spCsc:e and time . After a long delay ,
us hi ghly directiona l pulse is “mitted , often accompanied by
rIng ing. The peak output power is proport ional  to the square of
the number of radiators , N.

in our theoretica l model7 the semiclassical approach
(classical fields , quant ized  m uleculi ’s) has been adopted in order
to take propagation effects fu ly in to  account.  Semiclassical
dIsc ussions have also been gtv s -ru by hiu rnham and Chiao 1

10 Friedberg
and Ilartmann , 1

~ A recchi and Couur ten uu , L’ and Rullough.~~
3 In fact ,

1) fck e h t + ga ve a semiclassical  dc-scri pt ion in his original paper.
Fo r a d 1scu~ sion of qua n t ized I ield models , see 3onifacio and
1,ug iato 15 and references contaj ut ed therein .

l’he coup led Ma xwell— Schr~d i nger equations in the slowly—
va rying envelope approximation , wri t ten  in complex form , are 7 ’16

a E / a x —s ’ E + Zitk 1
v M~

’ 
‘ 

(l a )

2

— ikV)P + ~~~ (ii + A~ , (ib)

J n / ’ i ’r A — nfT
1 

— (l f4~) Re (~~ *) (ic)

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,
ru t position x a~d retarded time ‘I’ t—x/c; n(x,T’,v,M) is the
inversion density; K accounts for diffraction or other loss;

I~ t h e ’  pop u l a t i o n  decay t ime ; T2 Is the polarization decay time ;

A I s  ru source term describing the rate of production of n; u 2~ is
th e d [po le  moment component para) tel to the direction of polariza-
tion ; and 

~~ 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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Sponta neous emission from the exicted state is simulated in
t h i s  mode l by a randomly phased polarization source term A which

describes the rate of prodiuction of P. (The expression for A is
given in Ref. 7.) The supe rradiant 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 Eqs. (1), the
Implica tions of which will be discussed below:

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

2) The plane wave approximation is utilized. Thus, effects
associa ted wi th finite beam diameter are neglected.

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

Computer solutions of Eu-is. (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 rele’vant 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 obtained , with simple expressions for experimentally
observable quantities such a-s 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
sySt em .

The assumptions made to obtain the uuideal superradiance ”
limit , in addition to those bu i l t  into Eqs. (1) , are : (4)
l /T 1 l/T 2 l/T~ 0 , where is the dephasing time ; (5)
P(t 0) = 0 (no initial polarization at the superradiant
transition); (6) K 0; (7) no level generacy (ii is suimned over
degenerate Pt s tates and is averaged over 11 states); (8) swept
excitation (system inverted by a pulse travelling longitudinally
t h r o u g h  the medium at the speed of l ight) ;  (9) zero inversion
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tim e ’ ( sy s t e m  j r ’  ‘ed ln s t an t a n ecuu s ly ) ;  and ( 10) no feedback.
Fur th e rmo re , ( I .  - 

~ 
Is Set eq ual  to zero and replaced by an

equivalent d e l t a — f u n c t i o n  input ‘ l t ’c t r i c  f i e ld .  Kach of these
assumptions Is discussed below.

Given l uest’ assuimpt Eons , Eq~ . (I) become 1

;u E / ;)x = 2i k i’ , (2a)

= p 2nEki , (2b)

)n/ ~JT = EP/h , (2c)

and n , E , and P are all real. lIce solution of these equations
I.s fl = n

0 
Ci)S i~~, P ii ,n0 sin ~) , n0 n(t = 0), and

du ju / dT = j i E/ -l ’u , (3)

wh uu ’rt’

~(x ,T) = f (~~~/~~) E ( x ,T ’)d ’I ’ ( 4 )

is th e partial area of the pulse . (The total area 0(x)
App l ying the  transformation w = .‘2xT to Eqs. (2a) and (3) gives
t h e  pendulum equation , 17

~r
” + ( l/ w) i4 ’ = sin u

~
u / ( T R

L) , (5)

where  ~ = u~ (w) and

I 
62 uu  2iu 2

51 I,

I’ ; ( l ie c t u ; i r ; u c - t e r  1st I c  radiation uiamplng time of the collective
sy a t  c m .

(

L . — - ______________-

~

- —
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Equa tions (2b—c) give rise to the familiar Sloch vector picture.
As can he seen from the ~ I dependence of Eq. (5) , this system is
analogous to) a spatial array of coupled pendula, initially tipped
at a uniform small angle u~ (w 0) 8(x — 0) 80,

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 8~ . For a given value

of 00, a s ing le curve relates T~I to T/T~ (see Fig. 4 of Ref. 7),

and approx imate expression~r in terms of • in (21r/e o) can be
derived for the peak outpu u power

4N~ u cr /T ~~~
2 

“ N~ , ( is)

( h u e  w l d t h u  u f  the o u t p u t  pu1 -;e

T~~u~ “ N
1 

, (7b)

; t uu d  t In  energy contained in the first lobe of emitted radiation

4Nh u~u /u ~ “ N . (7c)

‘I’he delay time from the inversion to I is
p

T~ T~~
2/4 N”1 , (7d)

so that T D T u ~j 4 .  Typicall y ,  10 < < 20.

III. APPLICABILITY OF IDEAL SUPERRADIANCE

The regions of validity of each of the assumptions listed
atc ov e w i ll  now be discussed .

A. Simp l if y ing Assumptions Which Have Little Effect on Output

We first consider those r osumpt ions which  can be comp letely
removed wi tho ut  s ign i fican t l y e f fec t ing the ideal solution.

-
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a) The semiclassical aicproach describes the system for
since at T

R 
there is one photon in each mode of the radi-

a t io n f i eld . 7 Although , st r ict ly  speaking, the semiclassical
description breaks down for T < TR, we are only interested in the
output at TD, which is typ ica ly 25—100 T

R
. Fluctuations in the

fields during the first T
R 

will have little effect on the output

~~ T~ due to the logarithmic dependence of the output on the

Initial conditions through p . Thus, the randomly phased polari—
zat Ion source , constructed to be consistent with the requirements
of the rmal equi l ib rium , 7 shou ld  give co rr ec t r esu l t s  fo r T 

~~
T
R
.

h) Computer  analysis shows that  the e f f e c t  of A on the

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

in  [ñ’~~ (2~iceL)~~
/
~], where aL is the small—signal field gain ,

so that  aL = T~ /T~~ where T~ is the inverse linewidth. This is
understandable since flue tuat ions at the far end of the medium
are amplified over the great st length and therefore dominate.

c) Computer analysis of the interaction between forward
and backward travelling waves shows that this effect is virtually
neg ligible in all swept excitation systems, and it is also
neg ligible in uniformly excited systems for which L/e � T~ .
(This la t ter 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 . 19

d) Computer calculations show that replacing by its

average value over H states and n by its sum over M states has
l i t t l e  e f f e c t  on the output radiation. Therefore , the influence
of level degeneracy is insignificant.

B. Assumptions Which Can Significantly Affec t  Output

Fo r the r emaining assumptions , small deviations from ideality
are of little importance but large deviations can cause significant
changes in the output. The following conclusions have been -;

ve r i f i e d  by computer solutions of Eqs. ( l ) .~

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

i) The net gain (gain minus loss) must be large enough
so that the total area of thu output pulse can grow to if . This
leads to the  requirement5
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(a— K )L � $  . (lOa)

In the opposite limit where’ (a—K)L < 1, collective ef fec ts  can still
be important (since T

R 
4(T ) but only a small fraction of the

energy is radiated coherently (since T~ 4(TR); this regime , which
we refer to as “limited superradiance”,7 includes such familiar
ef fec t s as free induction decay and echos. In the intermediate
regime , where 1 < (a—K)L < •, the peak intensity will be signif i—
cantly less than that given by Eq. 7(a); analytical results in
th i s  r egime can be obtained from the linear theory of Crisp.20

ii) T
1 
must be greater than T

D 
[Eq. 7(d)1, otherwise the

population will decay incoherently and reduce the amount of
coherent ou tpu t .  This leads to the condition for  e f f i c ien t  output

at � (~
2/4 )T~ /T1 . (lOb)

There is no similar requiremen t on T
2 

or T~ since effects due to

large dephasing or polarization decay rates are offset by high
gain.7

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 T

D 
to

T
D 
+ T/2. This gives the requirement

r � 2T~ . (lOc)

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 1 In the simple
case where the inversion density in the absence of superradiant
emission is equal to At , A constant, then9

(T ;~ — h~ 4c
2/ A 2LAD observ ed sp

I 2hwALA
p

and

H ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~

• .
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T = 8hT /A
2LAw sp

Simp le 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

1 
< TD, in violation of requirement

(lob) above .

c )  Excessive lo~s K can diminish superradiance in two ways.
I t ran reduce the net gain , making requirement (lOa) harder to
f u l f i l l .  Supcrradiant behavior also requires that

J r  dx~~~ +/4 . (lOd)

When J v dx ~ +14 the pulse stops narrowing and the intensity no

longer grows with length. For constant K , ~~ Nhw/4T R(ucL)
2.22

In the case of diffraction of a Gaussian beam,

dx = 1/2 ln[l + (AL/A)
2
). This quantity is always small when

the Fresnel number is larger than unity.

d) U n i fo rm excitation (entire system inverted simultaneously ,
Ire c o nt r a s t  to swept ex i ta t ion)  will have l i t t l e  e f f e c t  on the
Output ilS long as t he  t r ans i t  time Ttr  L/e is less than the

cchs u ’rv,’d cIc ’I ;cy t ime ’ , othe r than to increase the rn  uthse’rved delay
t I me’ t o  t~ + ‘

~t r ” 2. When T
t 

is 1 ongc’r than t h e ’  d e l a y  I mu , the

sy su ’nc  w i l l  no l onger r~cdiate as a single entIty ; t h is places a
c ond It ton on the’ length I. (“‘001~ ’rn1t Ion length”)

L L
c 

= ~~ ~~~~~~ . (],Oe)

Longer systems wil l break up into a number of independently
radiating segments in a manner described by Arecchi and Courtens)2
I n  t h i s  l I m i t , the output intensity I nMeac and no longer

I n cr r cse’s w i t h  increasin ~ length.  Note that  requirement (lOe)
dot’s not  app l y to  swept exc i ta t ion.

‘ )  the presence ci polarization at the superradiant transi—
i c u uu  I ( P w I  I I  Isove little eflect provided that

r
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P(t = 0) —
~ 

lI zflO
O ( l O f )

Lar ger va lues  of P(t = I ) )  are equivalent to increasing the initial
t i pp ing ang le of the Blccch vector , which shortens the delay time
and red uces the ringing . This increases the difficulty of com-
pleting the inversion process before coherent emission begins.
In principle , a pulse of area exactly ~e could completely invert an
initially absorbing medium without residual polarization. An
energy conservation argument shows that such a pulse would have to
he shorter than T

R in order not to lose area as it traverses the

medium ; for longer pulse ;, the effects of self—induced transparency
‘m d pulse propagation bec ome relevant.10’12’16’23 ’2’~ As a practical
m a t t e r , schemes to directl y invert two—level systems are probably
not feasible due to prob l ems associated with loss, level degeneracy ,
transverse variations in the electric field associated with beam
profile , and the d i f f i c u l ty of generating a pulse of exactly area a .

‘l’I mest’ t)rohlcmS can he circumvented by using indirect excitation
m e t h ods su ch as three level pumping8 and two photon excitation with
a n (cruresonant intermediate state. All observations of superradiance
up to now leave employed such schemes. Rowever, the problem remains
tt m;ut when the pump radiation is turned off , a large residual
polar ization could be le lt at the pump transition . This can result
in superradiance at this transition , which would dep lete the
p o p u l a t i o n  available for superradiance at the desired wavelength .
I ’h i s  probl em can be overcome by using an incoherent pump pulse , or
h,y ch coslng a much shorte r wavelength for the pump transition
( to  I n c  r t ’asc ’  i t s

One should also note’ that in indirect excitation schemes the
ba ck ground 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 ,
particularl y if r is long .

1) ‘rh e 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:

F � 4 / ( e °35+ 
+
2 

. (lO g)

( t rn’ - j~~ ’~~4 
I n the HF experiinents. R

~
2S) In long systems , where

I ranslt tins ’ is appredable , the influence of feedback decreases.
(:ccmpectc ’r e ;tt cuI ,~t I ons In t Ids reg ime have not yet been made.

- —
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The effec t 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
ang le fac tor i~ of Rehier and Eberly

26 (a function of A , L, and A)
falls in the small Fresnel number regime of Fig. 5 of Ref. 26;
the break between the two regimes is relatively sharp and occurs
nea r  Fresnel number 2A/XL 1/10.

For small Fresnel number T = T 4w/mAX . The output should beK sp
Independen t of length in ticis reg ime , but the output intensity
should still be proportiona l 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
w it h f i n i te beam diame ter , and with focusing and defocusing in a
hi gh gain medium , a transve rse spatial dependence must be added
to Eqs. (1). This aspect of che analysis deserves further
attention .

IV. SOME APPl ICATIONS OF SUPER.RADIANCE

A. Sp in ’-l’honon Super radiance

It  may he possible to observe an acoustical analog of super—
radiance in the sp in—p honon 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
Stevens28). As shown in Ref. 29, in the slowly varying envelope
approximation the coupled spin—~honon equations become almost
Id entical in form to Eqs. (l).~~° Acous tical gain can be sui tably
d e fined , and so in a high gain medium , it should be possible for
mum Init ially inverted ensemble of spins, perturbed by kT fluctua—
lion s, to rapidly transfer its stored energy to the lattice.
The ensuing acoustic waves should have all the properties of
ti~’ coherent emission observed in optical superradiance.

Recently, Hahn and Wilson 27 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 ,31 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 tim e transitions and the lack of suitable
mirrors in this regime , most proposed schemes use a sing le pass
high gain swept—excitation system. Thus, x—ray lasers will super—
radiate. Consequently, the conventional rate equation analysis
is no t app licable, and tIme above considerations can be useful
to estimate the output be havior. Some of the discussions in
Sec tion III are especiall y relevant to the x—ray regime ; in parti-
cular , T~ is usually so short that the inversion process will not

be comp le ted by the time superradiance occurs [see Eq. (lOc)].

As mentioned above, the rate equation analysis gives incor-
rec t results. For examp le , in the Na scheme of Duguay and Rent—
zepi s,32 ra te equa t ion analysis predicts (at the threshold value)
I about 10 times smaller and T about 10 times larger than thep w
semicl assical pr edict ion~ . ~ In addi t ion , the threshold inversion
density Is a factor of 1(1 smaller than the corresponding rate
equa tion threshold.

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

C. Ult rashort 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 b r  generating ultrashort pulses. Although
in the ideal case T

~ 
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 (lOc)
shows that the inversion time places a particularly restrictive
limi t on t h e  min imum T which can be generated superradiantly:

� 2 m / +  . (11)

Therefore , ultrashort pulse generation by this method requires
se~ept excitation , small , and as short an inversion time as
possible. Va l ues of T i e  less than 1/10 appear possible.

Note’ that superradieuumce is a transient process, and so the
g ( ’ u m u ’ r ; a [  Ion of cml trashort pulses by this method is inherently
d II Ierent from the mode leucking approach, where short pulses

-A
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ire gene rated by mixing a set of equally—spac ed phase correlated
m odes to  s y n t h e s Iz e  a Fourier spectrum.
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Theory of supe r radiance in an extended , optically thick medium *

3. C. Mac(: tm ~ray and Y’.f. S Feld ’

bep u~r mment of Physics and ~p.1iros. pe Labo ’~: ’y . % f , . s . c C L e e I h i  lemsnie j i ,’ of Technolo2J .
( a ,, ibr m ~e. Ma esae . ., a

(Re’ sod 21 •~ p rsI 19Th)

u ses pape r pre’scr.cs a s.n ’ ..lass eca l t re , . t1  m of i lec ~ . e I u ’ i omi ot en initial l y mn%ersed s)sienl into a

suNrradmant ~tj t e  ice are eck ded . . rtI~~
,ds  hm .k mt leum In t t ,ms  r~~e ,s spontaneous emission and

background therm ml ia dm.et m ~ n I i c i i U t C  the c i k  sc  r Ji j tesc dc.,a~ and produce a s mt c r r ~ dma n I  oump. .t r~l~ 1
inien’cl~ p r ’~s r t r.e l i t he  ‘.,~.,j rr c i  tS r  re Se t 01 r..dcjiurc rhe ir euoncn : is hase,j on t ic ~‘ur lcd

M~ ewcl t  ~,. r r , s t ’e, r ~~i i s , : i  c-i’ ~l doJ i c  1 a fIu ~ m uj m c i m g  p l.s r m i a m e r n  .ecurce prvpcrI~ conc’,rt. rd ice

*ct’ou flI  far I t ’  e~tr ~ a ~; ‘ c I  c u r s ’  en ’’ ’ Cc rcrpem ~~r !C.Ult S ‘ii.,~ m u  I c r .c ics l - .ac n e~ s iecum , ‘ R  c’e.u
p.u r~ mciere ~ , ne t ’ ..i, m i l ~ f l . ’ n r : b ’  es l ut , : p r l ~~J e’s s I ,. i l tc  r t , r . , . t r , u e C i  r . ‘icon ,l. ’m r e im g c l n r  of the
CflII eet!s c ~y sie ’u .u m d  I c a f e m n s t u cn ~ ‘ c o s  ~‘, i .h i ’  no: ~ supe r radi.e nt pre~~css Ice i i , .~ - m u , : ?  eri c

obi~ m cms a ncer’r cS;cl - i s s i cu r s e  .c r: J s i c -  m~~.u . ‘ .a l  cipres secceic  b r  t h e mi me delay , pulse ~~~!ii . . and

peak mntccmsmc ~ I t h e  out p u t  r.edi .c i . . .fl ihese r u t i s  dre u~ ~c’.d agreement ~~c ih  enper cments A mrepJrm ~~n of
our model w i t h  p rc’ su e uu s  t r eatm cru ’s of superra anc e is g e en

I L N I R O I ) ( ( l I O N  is an ela))oratson of that model i~c’c. nt experi-
menta l  observation s and the ir :en a l v smi  are pre-

Supem ra~ iarn e , hh ’ id a t h at tim e Sp.~ifl iafleOU S scimted u another paper . ” ’5

emission ra te  of an . c s ’ a  neblv  of atones (or moC - Dicke cons idered two r~ gimcm ’ . m’ms tu:mz~tt shed by
cules) can be t r u c h  ~‘e,etu r t h a n  th a t  of the sam e whether  the sample is small (“ p ;in~ sam ple ” ) or
numb er of u i ~ .it ~~~t .11. 05 It ’s ia~~: the’ sn~jere large (“ extended mediu m ”) corapared to the wave-
01 “ocu’ ’m th e r e l  r ,mI 1 .nc’~s ’ ; : cc s : iCe :  it w a s  ore :in — lene ith of the en i i t t d r a d i a m  ~o m .  ‘leo de~ c’ p.  ten of
al b~ l)t~ m 0c

~ 1 i i ’. l)i u~ ~ in I 5 ~ h i  c’ p r at ’  ~~~ 
- of superraditutt e_’nl isseon u—i an cx ’e r m. lc c m n ,~ r tpl,.~, such

~~p e r r a c h m . m r i t  em ;ssco.i ms.  te ’ , m.s .ire coup le ’ml t~~- es occurs in the HI ’  cxpenenie tts . rc~1a1res a more

~ethe r iu ~ t h e e  r ci miel ni r .c l ~. i i  iu cc field . and so cocr .p lex ZcIiaJ ys  is . s ir.ce pro~ a , :et moo eO cct~ must
decay cooperat ivel y. 11cc i n t u ’ n s t t s ’ emi t ted  by .V be full y taken into acc ourmt. r~ith:u~ h most (heoret-
atoms as therpfare ;‘re p.,rl tonal to .‘~~~ in stead or ical t r eatm ents of superradiaxec have used quart-
,V. Tlcut~, sup~~nra.1 . ”cc ’ u. ~ a f ’m n d a n e r ’n t a t  of fr ’ .’t,  t aze d uields ,’ ’2”~~ pr opagation cu rd s are more

Ilas torteall ’ , chse~’~ ..t at ’ . .~~ du , uO e r:di.e’ en -s— easily utcluded in the st’rn:ci~~.sir. ! .‘pproach

SIOn e’fe ’ r t s  ~~O t~~ic a ’ ‘ est  iS fa r ,IS ICtht . ’s - :nrm — (ciassmcal fieid~ , qu .enti~ cd oh~~.m ’ s ) i t  ~.‘d b~
echo exp rm~~~’ ‘ 1 1’ : ‘ ‘ i .  I : , ’ . : . ~r r , ’ car D ick e i~~ and a few 0t~~0~.~, . G t s d m ~~~~ I t o  r andet
exp er mn) ’nI .. o~ cr ’ . ’ a m - i - , if  f r  . - ci i. t e ’ n cl ‘;ev , pr~~ cnted here make’s use of t i e  scn ~ie!asa~ ca!
echos, and other cec~~t m i i i ’ ..: e m n i m , s m in ~‘f f . c t s approach which , as discussed bel ow , adequately
have been ma~~ axe t: mh 4tira~ and lon g er -wa  c- describes a sttperx adian t system. In fact , there

length4 ro~ inm r~ .‘m .’ . a pa ’ r .omcna c:am he te rn :  ‘ii is nothing inherently quan Pum nt ct ar ical 4b at
“limited sup~rraae cc. - ,” •,n ’. I m u o:, I , a sa .el l  I : ’ac- superr:ciha.nce , as is il lustrated b y D~cke ’s de-
ti cmn of th~: er.cr,v s i m e t  c mime s,eap ie is cmi ed scr~ ption h~ u m of ho’~ a ~oUcctmon of c 1 t ~ z’,.~ :th di poles
cooperat ive y , ~~~ t h e  t ea  u l u ’e a y  r,f th ee ’ sanmpk is appcopriately prepared can exhibit sapeirmideaxet

essentially uceaf f Oct I n~ t l t ~ ~ Icr .u;i ~~ ma n i a ion.5 behasior . Latcr, our semiclassical results w i ll
In 1973 the lo’st ot .,~ rvm ’tcu n of “ st~~c,m ~g scpe - be compared with some results obtained in quan-

radiance ” was nm . m uJ ’ :  ice optmr;a~Iv ptmn eptd lIE ~- s.6 tized field treatments.

In this experiment v ,m -t ’.m.il!v al l  of the cnnr irv ‘ored The theory developed in this papc’r is relevant to
in jj ic s .u c ’ mp l . ’  Was  c c  cIted e a u t c e ’ e , e t m v lv , .end - o s~veraI potentaally useful app] icahion s of tamper—
the eli t e’, c i i  t i c , ’  s m i c c - , 1~~. was e l r u c m i : c l m c . e l l y  ,ecc ’ er~ radiance. For example, it may h~ possible to pro—
aU ”I . A l t I m e , u ~ t i t m .  c m ( i t ’ d  ,~~. e h i a t  mien l i me d i l l  It ’’ duce ultrashort  superradian t pulses of large peak
ch ;tr m ie ’e’ r i s t m r r ’  of m ’ m ~ m e rj’ , i e t e . e i t c u cte ’i.e~~i’j becJ b~ in tensity. ~ The results of this  work should also
lu cRe , the’ d c ’ t , t i t e ’ t  t u , ’ i , , i V  c c c i  ( e ’ $? . .  i’ in a i c i g ,  t i le be applicable to x—ray lasers” where , owing to the

delay ccl ou t pu t )  it i f f e ’ r u ’ c I  t . i th c i i i  ia I l s  f i o n e  t hi  lack of suitable ref lec t ive surfaces , feedb ack is
predirb’eI li~ l I ce ’ i i - . . : . ’  ic .u I r l , e t , u , r a c  cons of I m i k e ’s absent and one must depend on single—pas s gain .
work it em as , tml ,mt e hc ’ . (e m i du ’c t  by t t c c . -  xper mm ecn — 

~iiwrradjan t em ission shnuld also be observable

tal ohservmut 11,1 5 , .1 5 1 1 5  ie ~ t ! c m c e r o t  u ’a I na ci t el  V is in spin — lattice systems. ‘~~~

deve1op~tr m. iemrh ,me rur; t lo lv di ser itu ed the I’ a- In an extremely long (or dense) sample, features
bares of the emitted radiation. The l)resent p.por of the superradiaM output may be modified. The
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maximum spatial extent of a System which can
superradiate as a whole, mind the minimum dura-
lion of its output pul ses . are limited by effects -a-j _ —
such as f i n i t e  t.tauisit tame , d i f f r a c t i o n , and the

i.e t v t T~ ’dc’~ PULS ~~~~~ pL•—~
nature and dura tion of the exci ta t ion  process. These

effects are discussed uc anoth t cr  paper ”; they ar c ’  

Li
— 

______

insignifican t iii the case of optically pumped 1fF
gas at rnTorr pressures in samples shorter than _____

—1 0 m (about 10 times the sample length of the to’ iO~~ ~~~~ e sac

experiments). ma c ccuto,iiaeu,, OUTPUT

The remainder of this paper contains the follov. -

ing sectiocis . Ii , Expei’ imemcnta l  Observation of

oretical Mixiel w i t h  Polar izat ion Source , w i th  sub- I~ .mperr adi.u icc . I I I , Physical Principles. IV , Ti e- . ‘,~ i ‘.5, 1 V

icc
sections: A , Introduction . 11, Coupled M axwell- 

-

Schrod inger equat ions;  C. Polar ization sou rce; uo’ ‘6 4 ,o’~ 
- - —

D, Bhirkbodv r . embia t a o zm ari d “ equivalent  inpu t fa c t .” I ,) O5S~ Sce( ~) (ecc ’ ,. T

V , Numer ic ’ .u l Resu l t s .  VI , Simpl i f ied  Theory. FIG. 2. Comparison of observed otmtL *l t and lncohc-’r-
VII , Connections with Other Work. ent spontaneou s emission.  Time ’ is l otted on a log ari th-
Lengthy n m a t h c r e e a t i c m m l  t t j sc uss ioc is  have been mic scale. (a) Pc.~eulati on—invcr1ing I. .c ’r pu l s e .  0,)

placed in thee appen dixes.  OJtl*Jt expected from Incoherent spormtmumee.Js cii c e’,smon ,
exhib Iting expone ntial decay and art isotrop~c r adiat ion
pattern (ci Observ ed outpu t , e’.mhib itm ng r ir . cing , aII. LXI’ I XIM I “ I .‘~l OBSI KV IS1 R)~ 01’ St)Pl.RRAI)IAN( 1m
highly directIonal radiation pattern , an’J a t’eah iam ,’n—

In the c’XperimentS~°’’’’ a I i ) f l~~ sam ple cell of s h y  of 10 0 t i me:; that of ~j ) ,  The’ i n S et  .chow~i the t e me
evolution of the same puke with  a l l r a a r  t im e scale.low-pressure  I l l ”  m . l s  ~~ p u n u p c d b y a short ,nten.~e

pulse fruit. .e,e If }‘ laser opec .e I mce ~: on a s ingle  i~ ‘ er
P branch t r . e t c s t t ion  be l’ .i’ e ’cfl t i m e c 0 and I timbr e - 

~~~ ~“ringing”); the process is completed wlt}
m iii

tional levels (Eu :. 1). ‘Thus produces a nearly corn- a few ~sec. The radiation pattern is highly diree-
plete pope c lat ioce u n v e r 5-mo n t ec ’twecn  two adjacent tion a.l; almost all of the radiation is emitted into
rotational b’s c’ls in t h e ’  first excited vibrational a very small angle along the axis of the pump beam.
state , corr ~ sponci i r ig  to a t r a n si t iuc i  in the 50—2~0- If the radiation emitted by this system were in-
~m range. ‘Th e inf r ar ed  rad iat ion f rom this cot ‘sled coherent spontaneous emission , then it would have
tran sit ion (wh ich  as not tet the same frequ ency a’ a long exponential decay (the radiat ivc l ifet ime of
the pump transition) is studied as a function of t~ rne. these transitions is in the 1— 10-sec range), a.r,d
There are no mirrors , arid care as taken to man ;- the radiation pattern would be isotropic ~Fig. 2(b)J,mize feedback, A detailed description of the cx- Furthermore, the observed peak intensity is ten
periments and their comparison with theory IS orders of magnitude greater than that expected for
given in Ref.  ~ incoherent radiation. It is therefore clear that the
An example of the observed output intensity ~~ process observed is not incoherent spontaneous

shown in F m ’ : .  2(e ) .  Af te r a cieiesid. r,tble delay emission. It is also clear that the output signal is
(— 1—2 )Lsec) with respect to the —lO0-nsec punmj e not “amplified spontaneous emission”~°~~ in the
pulse I Fig. 2 ( a) I .  rwl u:e tiori is rcnitted in a series usual sense. since the pulse evolution time is much
of Intense , short (—100 nse’t) bursts of dim inish ing longer than the tinee over which population inver-

sion occurs.

-
\ 

The observed radiation is also distinct from that

-- 
of an ”ordinary ” h igh-gain laser, even one which

P(JPdP Tr.AP4h,d t eO P4 / /  Cf l ( ,Pi  ~ can oscillate without mirrors, such as a saturated-
e”2S~s l c~1 tw *i i S ’tT ON molecular-nitrogen laser (3300A),33”4 In the

‘F aq e e 4 r P a I e ( D i  
nitrogen systcni the peak output intensity is direct-
ly proportional to the total population difference
between the levels of the laser transition. There-

PUMP 4*1. fore , w hen the leng th or pressure is increased,
OLI LC I O SI the peak intensity increases proportionally. InLOW ept StORE

14C CE L L  contrast, the peak intensity of the observed output

FIG. 1. h F level acht’me and schemattc of experl- pulses in HF is proportional to the square of the
menta l aetup. pressure.m ’

~ This proportionality is in agreement



14 T H E O R Y  OF S U P E R  A D I A N (  E IN A N  E X T E N D F D  - -  1171

with the theoretical  conclusions il lustrated in ig. N incoherent dipoles by a factor Ni’- l0~,
4 below . The power 1 radiated by this array of N dipoles

The observed output  radiation is therefore d,-;- can be wri t ten in the (orm ’~
tinct f rom both u ;col:c’rere t eni u ss ion and mi orm ; t

!~~\(A
Izv,)/Tk ) ,  (2)laser r a d i a t i o n ,  The \ dependence and the di ;  cc -

t iona l ity of t Im e  observed radi a t ion  a :re e  with i c  where T,c is the char acteristic radiation damping
predicti nus of l)icke m ’2’ for the  beh avior  of a s per-  t ime  of the co l lec t ive  sy stem ,”
radiant system (Sec. III). The present  analy s i  of 

= 1~ ,(8~~/nA 2 LJ  , (3)
a superradian t system ;; is based on the sem aci :  S i -

cal fo rn e a l i sn a ”’  w h i c h , as Shown below , pred i ’  ts cm N / A l., and 7’s, is the l i f e t ime  of an isolated
the same V~ depcndenN ’ and d i r e c t i o n a l i t y  as molecular  dipole. ‘Therefore , the e;.:;ded power
Dacke ’s anal~ sis . TI :. ’ s e ; : ;u e l a s s m c a l  f o r m a l i s .  i is pro por t inn ,el  to ,\ 2j’,

neai es possible a d c ’ t a u l e  t d -scr ipt i c , n of the hi  in In ;ui extended niolecular  sample w?ni ch i_ s evo lv—
evolution of the  s s s t e ’m  .1ad al lows one to e s t a I - l l s t u  ing to a sup err ;mdian t s tate , a maci’o~ copic polari-
the specif ic  condi t io i : s  uc ude r  w h i c h  sup er a’a di . .  ice ZZ tt iofl  is es tabl ished over a reg ion of space . This
can occur in an e ’xt ei: , le.I  san ;lJ: ( ’ . Fur thei ’nu oz ~~, polarization is equivalent to a phase d a r r ay  of
in the sli( ’Ci:u l case of “ l i n e i t e c l  superr ad ian ce’ ” dipoles which can be repr esented qt : ,t.1tun~ neech-
described h~ low , th e  re’su lts  of the  present at;. - anically as coher ent  m i.xtures of the ~;t1 t i onar y
lysis reduce to those c ii l. i;c e e e t i c e p r evious th ee — states of the molecules.2’ In the casc of a (.1 _~~~,

rct ic ;el  t , ’ e’a t r u i e ’ c i t s  m c i  Iliez ’r:uhi ,mnece , m m ’’
~

’’’ T!, c~ • 1)—. (.J ,,_ ,. ~.J) ro ta t i ona l  t r a j i s u t i a ; ’  cut a d i —
ln t c r p r e t ; i t i o i ,  m et  t I me ’  pr e sent  e ’x l n ’r uuue t ’n t  as the ’  atomic molecule ’ suet, as 1fF , T . , i~ ;:uven b~
observatuxn of StuI )I i’i’ .e (ti.luc Ct ’ is 1)150(1 ( ecu t i c , ’  (‘ ‘ i n —  

‘ 4 7 4 3
, I I I  w0 /c , (4 )nection s (i f I t o ’  pi’e~~i cit tie c ’e e c’ v W it h previous treat—

memits of I), r k e .uied o t h i  ci ’s , .e ciii I In ’ .um roe nienc of whie re
this th eory with our exj i e ’ r i c c ;en t s .

(5)
Ill , PHYSI( II PklS ( lt’I I S

and ~~~ is the dipole moment of the i;;olc’cule. Corn-
In his original treatneent , Dicke t consicleree : bining Eqs. (3) acid (4), we have

the rad iative de,’ca~ c f  an ,es~~c ’ i n b l v  of ni cu lceu l .  5

for both a point sampl e ’  l w h r r e ’  th e wave len gth  of -
~~~

— 
~~~~~~ L , (6)

emitted r ;euhi a t  ion A eS u u m u c l i  ~r e -a l e c t han  flue tom — A h

pie length I.) and an ex i t ’ndc h n t c d iu i i i  (L  >~A) ’  Lie wher e ,z( .t !) is t h e  population inversion U~ n s ity  be-
a point sample ,” by tre .ttu ng the entire collec’ on ttveen the states .1,, ,~ i ?  and .J , , . , ,’.i ) ,  ~~ IS
of N molecules a sa  sini: t le ’  (lu ;U~tu ru i - rnCchan i C , ; 1  - the sum of , z ( M)  over a i iM levels in . .,, and
system , he found tht :et an initially totally inverted
system will evolve info a “superradiant” state’ i~

2
~ ( IM 1(M)I~~4, . ~~~~~

whose in te n s i ty  is .\‘“, 4 t e r m s h t i ~ int en si ty  radiated ‘ ‘  
~~~—,

by a s ing le  inol , ’cul e . Th is is larger  by a factor  (7)
of N/4 than the intensity radiated by N incohereiit where
molecules.

M.(~~
f )  

~M. L (J ~ 1 , M) — (J ,.l i f l  . (8)1’- or an extended nu ’d ite n i , I) ecke SIiOW(’d tha t  an
array ~f (lu i f c t ; i c l i — i u e e ’ ( ’ I e a u i i e .eI  dipoles phu: e scel along In our HF case,
an axis could also ps’ ee e huer  sm u pe ’ i ’ r a eh i a n t  emnission .”~ ~ ~, I
Most of t t ~~’ r : u l , . i t i e m e f r e c i e ,  l i i i ’  a r r a y  is c n i , t t e ’ ’ i  i.i~ —

~~~~
— “

~ ~~~~~~~ (9)
into a s u t m ; i h f  so l i d  u j i e ’  a t e ) i , m :  (10! ~L\ i S . For n ’s—
he m s in w h i c h  t ie ( ’  I ’te ’ Soe ’l  I i u I i I I f l ’r  2.-I / A L  ,~~ I when the excitation pulse is a P branch transition ,
(“disk”), the (rod mccci of n ;ol itt angle within which and
the radiation adds coherently is” 3

~ i~0_ ...Lt L (10)
J=Af i /4 11  -A ’/4~.I , (I) ~~~~ 3 2J .1

wherc A is thc cross-sectional area of the sa:i;ple. for anfl branch excitat ion pulse.
In our HF systen . , w h e re  the  Fresnel numb e r is of Equation (2) shows that when the sample radiates
order un i ty , thc correct formula ” gives a Va ; m c as a collective system , the liletime decreases
only s l ight ly  d i f f erent  f rom that  of Eq (1) , a r ’ I  from T3, to 7’R’  l~ 

can therefore be interpreted
f— I a ” 4 . ‘lice output  r:eehi .it,on intensity of the , rrav as a characteristic radiation damping t ime of the
of dipoles is larger than the r~ d,ated int en sct .  of collective system. For the HF system , T,ç’ l sec
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and n ’-IO”—lO’2 cm ”3, so T~— l O 8 see. In order l~i)
for the system to decay by the collective mode
rather than as independent radiators  it is neces -

sary that T 5 -< T~~. For a ”d isk”  th is requires
that ,iA 2L .‘ I ; i .e . ,  there must  be a large numb ’ r ‘— 0 2 4 £ 8 ‘0
of molecules in a “d i f f r a c t i o n  volun e c ” A 2 L Z

D

~ (A 2/ A)~lL .  This r e qu i r emen t  aiso insures t h at
the r e are many molecules in a cy linder  of eros
section A 2 and length L . so that  a coherent  wave
front can be properly reconst ruct ed . 4

Consider next  the’ process by wleu c le  a macro-
scopic polar i z at ion bui lds  up ice an i n i t i a l l y a;-

0verted sys tem (( l ie two ad ja cent  r ot:e ti oieal leve l ’ & 

L__~
_._
~__ _
~ 2~~:’ -~

of interest in the II F m I level). In the itl;cch t,200n

fornialisni (or a point sample , a t o t a l l y  inver t  d
system c e i i ’rt ’spontls to a vector  ~XJi n t i f l g  s t r aj g l ’ 

0 2 4 b r. , 8

up, analogous to a r u~ ;d p enc lulu m ha lacer ed ‘xa lv
on end . S ine  , l : t r l v , our u u i t  cal  lv inv e r te d e~ te nd - d

fat
med cu ne ee l r ~‘c P~ fldS to a spat ua l  dus t  r ub u t io c i  of
Bloc h ve ’ebcrs al l  p ; c u l t t u n u g  st i’ , e i ~~I ; t  up .  ‘ l i c e -  i n —  n /no
div i dua l  l t t e e ’le ~‘c-ci rs eel th t ’  extec ,dc ’d m c ied iu m n ,
which  are’ (‘0i13)lt’(l tee;9’th (’l’ ~‘ja [lee comm on r a d i  - It
at i e,e f ie ’ let , cc i av  evolve t i f f e r e n t ly  ~~~ing to prol .1 0 .2 4 ~ B e 0
g;etion e f f e c t s
Just as t i n ’ p e ’ nc t u l i i n i  is uns ta b l e ’  (c i  sma l l  f luc u —

at ions , so t i m t ’ e x c i t e d  rm e nl e ’ c u la i ’  system us u n —  0

st ah~e t~ a n .m: i l l  pc m ’ t m c r b u c u g  luc i d , i n i t i a t e d  by
sponit:tne ’eus e-rn uss u o , ,  f rom one’ r,I the e’~ ei ted 

t 5OT~-
rn o l e_’cu l ’’ , o r b. le ; uc - ’,:m ’ u’c aund  f i ee , rc c ;a I  r :ot . e t n c n ,
‘th is weak : pr e~pa;’ t t u n ; : ’ . e l ect r i c  f i e l d  induces a
bma ll  rnocr ( .s( ’op ec p c , i ; i ru z ; e t u ( en i  ire t h e’ u t u ed eum ,

which sets as ;i !00 re ’c to c rt ,’:ete ~dcl it  icacal cRc ‘ n c  ~~‘ 200Ta
f ield an the n ee d iun e  wit i c h m , in t u r n , pre c l tu c e s  n : re 

0
0 ‘T 

-

pola r iaat iou:. TI: ta regenerat ive proc ‘s s gives
rise to a growing e lec t r ic  f ie ld  and an increase:
polarization throu ghout  (he medium ( l e g .  3 (o)) .
Therefore , a sup err adiant  state slowly evolves FIG. 3. Sketch of (a) the polar iz~ t i c ’cn e nve .’lcpe ’ -~ mo d

over a sizable portion of lim e ’ saniple cell . ~ The ~) ~hc po~cu la t i on invers ion th’n~~et y a in the ,ncd,unr , as
funct ions o f x  a t t  5O7~~, l007’~ , 15 0T 5,  a nd 2Oo7~~.state corresponds to the Idoch vectors p o in t ing  The (-or re’~fx2 nd ing out taut Inten sity pat’e’rn is s~~~’n at

~idewa vs over a s i,able regioce of space , at w h i c h  the right of (a) . The doubc te peaks in e ( c )  occur when-
t i m e  r , e d i ; , t  ede n is em it  led at .c gr eat  lv t ’cu hi , ij i~’~’d e v e r the’ rb~;i ng is su ffu c i cra t t y lai’ge ’ o ld . 40) .
r;,te’ , Thus prone’s~ le~ mIs to :i i’api(t ( le ” ( ’X C i t O t i e ) f l  of
that r ig ie ,ci e e l  [lee ’ mc c l i i i  cc i , a f t e r  ~ I i i  c i i  •‘SM e ’iit i: I l~’ sp:tt ial var ia t ions  in ~P and It are due to propaga—
:,Il ed t i e , ’  J ee , I J l l l ~~t i l c l i  c ’  i i ,  t h e ’  tc,we’r l e ve l , i c ’ ,,  t h e  lion effects in a h igh—ga in  medium , a cruc ia l  poin t
J i l o r im V ( ’ d t ’ c t ’ , e l I  I c e e n i e l e , w ~~w ; i i ’ ii I ) . - , ’ x e i t , ’ d h  r’ — wh i ch  ‘has not app reciated u t  som e ear l ier  work,
gle,ns c c c  tIe.’,, I c e ’  r e e .v .c ’ u t e ’ e h  1e v  r . c i l c . e m cml frito o tie’!’ ‘I hie’ ringinn~ an (lee output radiation ( F i g .  3) is a
r et ce .,I es , ii l e ech  giv e ’s  r i s e ’  to t h ee  “ r e c i g  ueg ” ubse rve,’ct dircct consequence of these spatial variations (see
en the e c i e l p u t  r . e , l u , e h i e , : e . Sec. Vl).
Figure 3 p leet s tl.&~ pn lar . ’/ .a te on envelope 1’ a n t  Th e  t i m e  evolution of the radiation emitted by an

the popu l :ct con inver s :nn  de ’ns ,ty ci , re”spectivel’. , initial ly invei’Ied system depends on many factors ,
throughout the sacuip le .,l several i n s t ant s  of t i n -  c ’ including broadening, d i f f r ac t i on  ‘coss, and level
These values have been calculated from a theo c eti-  degeneracy. However , as shown in Sec . V , in a
cal model (developed in the following sections) high-gain system the major features of the output
based on l i e  intuitive picture presented above, radiation pulse are determined by TR and the loga-

-Notice that  eY and n vary slowly in space and t h e  rithne of O~ (desc ribed below), and a normalized
throughe,u t the ñt(’~1ium , giving rise to several curve can be drawn which gives the output intensity
regions of locailly uniform polarazat~on. Th en~e- - ‘ 1(T) multiplied by T~ as a function of time in units
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of T R (T is the retarded t ime at the ’  end of the during most of the pulse evolution t ime , (Long
sample). This curve (Fig. 4) depicts a burst -f transit times and dif ferent  excitation conf igura ti on s
radiation w i t h  r iu cci n g preceded by a long de la -  , are discussed in Sec. VI and Ref. 26.) This is so
The scaling of the c u r v e  is Such that when T 5 :s because in order for the waves to interact , ei ther
halved , h u e  svstc’n e raciu,ites twice as fas t  ~j~~t ~he (i) they must become large in the same region of
peak mtc ’c;s;tv is qu .c c l r u p l ed .  Thus curve  e~ I ;i its the med ium at the same t in i e , so tha t  the coherent
the .V 2 i nt e n s i t y  dependence w h i c h  is cha r ac t e :  us t ic  in teract ions  which  coup le the forward and backw ar d
of super rad ian t  emission , since the peak mn te .,,ty waves become import an t , or (i i)  the populat ion
is propot’tuoreal to I ~ and T 5 us proportional ‘ e depletion hr one wave mus t  affect  the subsequent
N ’. £xp er c r uucn ta l  ct.eta exh ib it  uug this scahn are growth of the other wave. The fo rmer  effect  us
given in Itef. 15 neg ligible because the bu ulde ep  of polar iz~t t u ~ n ‘f a

The shape of t h u s  curve depends on 0,.. a pa ; .ini- g iven wave is confined to one enu of th~ m e d i u m
eter wheich us a r ae .ms ure  of thee condi t ions  i v hu i ’  h u c e t i l  well after the m a i n  pulse has .elre adv been
init ia te 11cc’ sup e r r . uuuan l  pulse Eq . ( 2 0)  below - emit ted [~ 15O ’i’R. Fig. 3~ c)j. The la t t e r  e f fec t  is
Wh,en& ’v er c , — ’. 1 , th e  ctc ’l av t c n m~ r 0 f r o c u e  t h e e  i nec neg l ig ib le  because each w i n e depletes the popu-
of invci ’s O mi t  he )  thee  pc ,ck of the e F i r s t  lobe (if CO t ied lat ion invers ion p r i i e c e r l  I .  at ot ee end of the mc d i—
radiat ion is e tue ’ h m ~:Z’ (’~u t e ’r  than J ,~ - ‘l’tuus  l ( etc ~ - lel . ty urn  F ig .  3(b) 1. An iterative computer solut ion
tim e iii~ev be u u e d cr s c~ c c c d l iv c o i e s c ct e r u n g  a pen u l u n e  m us in g  the e  theoret ical  model t i -u . s that [lie zr o ’.vth
w h i ch  is u n e t e ; c  I lv he , c  I , ec ice ’(I e x a ct I ’ , (ccl ccitt . ‘II - t ime  of each wave is al cnost  C c ) i ~~~~)~~’. cc lv  ur ~affac tec t  b~-
requi re d b c ’  t h e ’  I m e ’ m e m l t i l U i e i  ho  f e l t  follc cwineg a ma l l  thee po pu lat uon e dep le t i ou e  c : :u ’c d  h~ the other  wave
pcr tur b: i t  ion c - ice let ’ n ims’i m lc ,ccr e’r t tm :i c e the osee la— We the r e fo re  ce,ncluc ic ’ tt ,it cu r  s. s~~-nci s  wi th small
t ioie pen ci l . Ice :1cc , e m m . e l c c ’ ’c c u s  Ie c : e n me c r , (he t i n u c -  t rans i t  t i m e  the .’ two wav es  \ ‘~il i ’act i , i te c ’s scnt , a l l v
n ece ’ss .e ry  Ice i ’  l i m e ’  ( ‘ c c ; m ; 1 d e ’ t e - l ,  c m ; v c ’ u ’ t ’c l  s , s t e ’n -  to independent l y  w i t h o u t  s;:~u i u 1 a - ,c n t  co r r e la t ion , and
deve lop :e cmu .ccr csc’c pic’ pc l . c i ~’..e t m e n c a n  be ni “h e Iee ,e ce fce i ’tb e , we w e l l  ce n l ~ ht - , t l  ‘a ide the for~c ierd
longe r th~ ci ( t u e  rc ,l l e d , ;~ 

p r i d  m a l t ’  n I i  me 1~~. lb is t r a v e l i n g  w eve - A d iscus ’. c oi m c f t i m e  m cet c ’i’a c t lo ce of
point w i l l  tie ’ discussed en Sec. V I .  forward and backward  ‘ a m ’. c - s ic e sy s tem s ~ it.it l ’r~

In the e x p e r i m e n t s , supe ’r , ’ad iao t  pul ses ar oh- transit times it’ll! be (owed in Re!, 26,
served s,mult:m nr-ou ’-,ly in b oth the forward an-
backward du r c c iu o n s w j I l t  r ~p c ’r t to th e popul- (ion-  IV. THLOI4ETIC -tL ~tON~1. ~% t1 II l’OL ~Kli ’~iI ON SOUR( . L
inver t ing laser pulse . ‘l’t i s  coun e s  :th out bee : SO A. l n t r oduvt iu ne
an the It } sv st en e  the t u ’ :m n s l t  t iu ce c  through th e ’
sample ct ’l l  is shor t  coce ;p. it ’ c ’d to t h e  t ime  no dod In numerous  t r ea tn eent  of sic 1cerra~ie,uece the
for the svstc ’ne tO s u p e r r , e d e a t e ’  ( ‘-7 ’~ ), So i leat  the rad iation f ie ld  is quant ized i’i~ the  molecular  svs—
elec t romagnet ic  waves can gx’ow in b ohh u d u r c e t  ie;ns tene is descr ibed in terno: of co ) l e ”r ive” l ) e ck e ’
simultaneously w i t h o u t  in t e r a c t i n g  appr eciiibl ; states , ’ ’~~

7
~~° As po inted ta ut by Are c cehi . Cour-

tens , Gilneore , and Tlcor.eas,~” these status can be
used to construct a new set of states . flInch states,

n 0 which also describe superradiant ensc’nebles ,

J These new states can be t r ea te d  by mean s of the

I semiclassical fc,rmahism (coupled M axwell-

I Scter~kIiimger eqtc:eteons), ii  ~s l ; i C 1m the nnele ’cula r
system is quant ized  bu t  t lue elcctruneicgnetuc f ie ld
is treated (‘lass icallv .

I 
One sho i’tc on ciimg of the M.e~well -Sehr ddieeg er

I 
equations as t t ic ~’ are  usu , i l l y  wr i t t e n 0 is tha t
there is no mechanisrie for spontaneous emission ,

1 \ 
so that an i n i t i a l l y  inver te d  svsteni (such as in the
HF experiment) cannot evolve,43 This problem
can be over come by adding a ph ienomeno log ical
fluctuatin g l)olari~~tion source term to simulate
the effect of spontaneous emission, This term

HG. 4 - NormaJl~ csI outpu t curve. ‘Ibis curve i~ the can be constructed to be consistent with require-
output respoo.se to a smal l re ctangular input t mu~se of ments of thex’ neal equil i br iu m as well as energy
arc~a O~ in a n o n e i e g e ’ n ’ r at e  svst c’ m ~h.’r ” 7 , r 2 - ~nd
sL 0. l i m e ’ t i m e ‘ccate’~e ii’. 7~~ aced ih e ’  I n i d r ’m. ’c e ( y  s ‘he ’ s 

and number conservation .
mi.’e 1’j~ Note’ t h a t  the .’ .hatce cif th e ” no rn malczc ’eI  out : -~ , Let us consider in more detail  the initial stage
cu rve de - t ,e ’ncl’ e sn °,.  l~ , 7~~, ans i T,1 care a l l  be’ ~~~ 

of the evolution of an inverted system to a super-
pn.”ese’d in terms of ‘I,~ and O~ (see s~c VI) radiant state. At first the system undergoes spon-

- —k’--—- _ _ _ _



1174 I C ,  M s c G I L L I V R A Y  A N D  M. S. F E L D  14

taneou s emission lit various directions at randou :e the phase of the outpu t radiation ,
times. Eventually a photon is emitted along the (iii) The delay time between the inversion of the
axis of the sample cell , leading to the excitation of medium and the peak of the superradian t outpu t
one of the modes of the inverted medium. lie the’ pulse, which is of the order of lOO T5 in the HF
case of large Fresnel number  (disk)  this mode experiments [see Eq. (4~~~, is not sensi tive to the
subtends a solid angle a :2 = A ~ A [ Eq . ( 1) 1, de- f luc tua t ions  of t h e  spontaneous emission which
termined by d cf f rac t io ue .  The average number  of initiates the superrad iar,t process. This is so
photons emi t ted  into th i s  mode in a t ime t is equ.il because the f luc tua t ion  t in e e  before the f i r s t  photon
to ( N/ T 1, ) ( X ~ 4 a A ) t  - 21/T R,  so that  the f i r s t  ph i- is emi t ted  into  the d i f f r a c t i o n  mode is of order T 5.
ton is emitted into the diffraction mode in a t i m e - This t ime is only — 1% of (I ce ’ delay t ime  in HF, and
of order T5. ~ Therefore , ~c l t h e me s u~reater  tleai~ can be ignored in c~u~cul .u  j og the delay tj t u i e .
15 there w i l l  be nean v p h m otoci s  per nuo de . so that  This exp lain s ivhy t I m e  sen iicl . is sical  f o r m a l i s m
the t ’ ad ia l i e se  f ie ld  can b~ t rea t ed  c lass ica l ly ,  w i t h  a f l u c t u a t i n r  p ol:e i’ iza (uo te source included
Note tleat up to time - T 5,  wh en the medium is give ”s a good descr ip t ion  of the evolut ion of a super-

s ta r t ing  to e volve , the number  of photon s per n:’’d e radiant  state in an i c m i t i a l l y inverted med ium ,
li~ smal l  w e—I one can quest ion the v :eh i d i t v  of the -- B Coup kd Ma,,~ cIl Schroden~er equatee.,ns
semic l ass ica l  tn cxlel  w i t h  po l ar iza t ion  source t( rm
inclu ded. ll cwcv er , in the  present problem , in Adopting t h e  seneu cla ss ical  fornu a l i sr a , ‘.ve con-

which  an i n i t i a l l y  ins table  sy stem is subjected i i  sider a gas of two-level  molecules iuet e ’r ,o -t .ing wi th

small  p c ’r tu i -h .et i ons . this neodel is a good appr si- an elcctrotnitgnetic wave, As nn the clet cu ’,t , :on

mat lon ,  ‘J o  j u S t i f y  this  conclusion , we note the follow in g Eq. (1) , we confine our a t t en te o n  to a

following: systene of hu ge Fresnel number (disk-shaped

(m ) Computer  r e su l t s  (Sec . V) obtained f rom thes system) where thee electroneagnetic f i e l d  can be

model show tha t  the superr ;ede ant  output of the ~~~~~~ 
approximated by a plan e wave, In this l u m i t  the

t i a lly  inver ted sy s t em i c  is insensi t ive to the spe- two-level system is described by the couliled Max-

ch ic form of the source f luc tua t ions , depending wel1-Schr~ dmger equations given by re . 1:,y an-

only on t h e i r  sum over a t ime  T R .  This is eas .- thors, 22 1’~~’~ We shall adopt notation s imi l a r

to under s t .m n d  in t e r m s  of the pendulum analogy to that of lcsevgi and Lamb ,24 extended o include

presented pr ev ious ly :  For a sy s tem iii an uns t ~ ble level degeneracy,  as is necessary in tz’ca tin .  ro-

init :al s tab ’ , th e response to a rap id series of tationa l transitions of a molecular sy ste; ee . and the

small destabilizing forces depends only on the sum pol arization source described prei’iou~ l, - . The
of these forces over a periexi of tinue (here , — ‘,‘,~.j 

coup led equations in the s low ly-va ry icm ~ -envelope

and no~ on t i m e  fo rm of the  ecidiVi (IU~ l forces. approximation , written in complex forne , .ere

( i i )  ‘I’he n u n u e ’r e c , e l  r e.sulls also show thai  the aS
contribution of thee po l :e r u i .ah  to u t  se iurc e t e ”rn e to l i ce  ‘

~ 
— KS 4 2ith ‘&‘ , (il a)

evolution of thee systcm b e ’cccme ’s n e g l ig ib le  for .‘

times larger  titan —i ’,~. Thu s can be ucid ersto od .
~~~~~‘ = — — ~ ~~~~~~~ 

Sn/h + i~~ , , ( l lb )
by using Eq. (47) below to sh ow th at  the t izew ncr -
essary for thee output re sulting tr e en e  a s m a l l  log i t  •

~~~~— =
~~~ — v,, — (1/ la ) Re (Sm? ’) . (llc)

pulse to ber ceme’ m u c h  larger  th ,u e lice input l)uI ~ .~ è’) T

it~ehI is of order 1’ . ‘therefore , for  t h u u e e s  gre”.tter
- 

R Here S(x 7)  and mP (e , T v .11) are the ~lo’a’l, vary-
than 1~~, thee inpu t pu l se and , accordingly , the - - - 

-

uig envelopes of thee electric f ield E( r , t ) and t h c
pola ru z~ct ed,n sourc e  V, I:  e” t e ~

‘ ivc ’s  r iy t ’  td ,  it , no I’ ‘nger , . - - -polarization density pci’ velocity interval  de .
t 1zn iu ica i ’ ml ’ ;  em efluecic es  t i me  ou tpu t  t ,e ’havi or ,  ( I t  .. 

. 
-

- , I’( r 1, ,e ,M) respectively. They are defum eed by
w i l l  be shown inc Sec. l’v U th at  t h e ’  polarization
source of (his model can be accur ate ly approxi- ~ (~~, 1) =2E ( x , l ) i R e I S (X ,T) C ’t ”° ’~ j ,  (12)
mated by an equiv .tknt input pulse.) 

~~(“ I in M )  =I P (x 1 t M )
Since Vie output r a c hj . e t i on  becomes independ ecet ‘ ‘ ‘

of the polarization source alter a time TR fo l l c ’w-  r j  He[i~’(x , T, v,M) e ’t ”o ’~~ > ] ,
Ing th et ’ im evc ’r sece n  of the ’ need iun i . please ( lm cc tu a t  -) flS 13
asso ciah c ’mh wi th i speent ic .uee’o u S emission at Subse.~ ,~cnt
t ime ’s  w i l l  t .ev c little ” effect on the output ra diat ion . at position x , time 1 , and retarded time T 1  —X/ c .
In othe r w icr d ~~, (he’  f i r s t  1) ito t i)n e’nii tlnd into the” The carrier frequency is assumed to be the molec—
diftr ;u-t mcci i  ,eeodi’ eii itiate’ s l ime ’  evolut ion of the ~~~

-
~~~— ular center frequency u~ with no loss of generality.

Ie ’ re c , a n t I plc,is e’ f l u c t cc . c t i cn i s  ,is ’;ori:it cd w i th  sub- Note that 8 and ci’ ar e com plex , and that 8(2, T)
$1” cliee ’iI t sj )c~c II.iI i , - ’ c U S - c ’ n i i S S u c ) t 1  e’v e ’nIS arc unim- I es (x , ‘I’)~ e’~ where ~ (e ’ , T)  is a slowly varying
p or l .snt ,  lie effect , the f i r s t  photon determines real phase. In these equations , n(x ,T, v,M )
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=n 2 — n 1~ where n, and n 1 are the number densities
per velocity interval du of molecules in the upger 8(x )~ ~~~~

‘ f ~~8 ( x .1)d1 , (20)
and lower states ( J , ,~l )  of the superradian t tra-esi-

t ion , respectively; e’ is a loss term which acc unts 00 = 9 (x  =0) , and a~ is the small signal field gain

for diffraction (see Sec. V) , which can be a bu m c- at the molecular center  frequency w~. For a sys-

tion of x but not of 5; and ’, is the decay rate of tern whose hin ewidth contains both homogeneous

n 1, n~, and mY , assumed equal for s implici ty (c e., and inhomogeneous contributions ,

T~ =T ,=v _ m ) , 46 
~‘e’ ~~~~ T ,.\m’ ) W ( r )  is a source t ern e  a L  = 2 iTk( ~.L~ / h) ,z~ 0 LT , (21)

describing the rate of produc tion of n , due to opti-
cal punep ing in our case , where  ((‘ I i - )  is the di~ - w here n~~ is the ini t ial  total  inversion dens i ty .  In

tribution of molecular velocities , normalized ~ the Doppler-broade ned l i m i t , which applies in the

unity [Eq . ( l5 )~ , , c~, ( e ’ . T , u , .~t )  is the poha i’eza t  on H F system , the ctea rac u ’r i st e c  broa denun~ t u r t . e

source teu’ne dc~cri l ing the rate of production of T~~ T~ I/hu1, [Note t iea (  ire our  case , A’u~ is an

Q due to spocmtaneous emiss ion.  The exact fo r ;n  is ef fec t ive  floppier width , e u ’. en by Eq. (16) above, 1

discussed in Sec. IV C’ . ‘rIme symbol ~~~ ~ den ies Combi miiie g Eqs. (6) and (21) gm ’,es the re la twr~shu p 4’

an ir t egr al  over thee ve loc i t y  dis t r ibut ion  and a ~,j  = ‘r~ii’J, ‘ 
(22)

8um over degcnei’.ete’ .~l states of thee rotat ion :  I
levels - so that a~ L is indep endent of the pump f ie l d  in-

tensity I .

~~ f  (e , .’c l )  j a m  ~~ 
f  (z ’ , M) , (14) Equation (19) shows that iii a hi t: h—m ~acue medeu ne

N~ 
t h e  area of a pulse of i - m a .d J  ee i i t i : i J area be~ uns to
grow exponent ia l ly ,

In thee cxp erin ecnt s  h u e  optical  pu ccip ing proce ss
product’s excited molecule’s ue t ime upper level of 6(x) = 00 c 0o’ , (23)

an i n i t i a l l y  unpopu I~clt ’ d two—lev e l  s , s i c m  (Fi r :-  ~) but then evolves towards a , in th u s process the
with a Lorcntzian ve loc i ty  d i s t r i b u t i o n ,47 field envelope may develop posit ive and negative

W(i ’ ) =u 1 / m ( l - 2 +u ~ ) , (15) lobes (rin ging) whose contributions to thin area
substantially cancel one another. Accordinrl , in

whe re a high-gain svstene the pulse energy cont inueS to
grow even though thee area zeniains constant.

u~~~ , 5, lIck ,. (16) The presence of ieve ’1 chc~ encracy does ceot jim-

Here k, is the wave number  and ~i , the matrix validate this conclusion . ah t t : ough level degeneracy

element of thee punep t r . u m i t i o n , and 5, is the can inhibi t  pulse prop :~ :et ucmn in an absorber. The

amplitud e’ of the int ens e” pu uc ip  f i e l d  In I l l , . , 14. m~ conside rations of Ithode ’s . Sz~ke , and Ja~’an ’~ ap-

u~—l 0 ’  cm ‘Sec . l’hct ’ tot .i l  nu ceeb e ’r de ” ces i ty  of cx- plied to an ampl if ier  show (b eat level de~ ene ’r acy

cited molecules in all ~~ sta tes is then (for ~ 
does not prevent pulse ft e r m , i t i o n , and that J~uiSOS

branch pumping) of increaSing energy ar ,d arc ,-’. near a can ~vo 1ve’,
High gain (a 0 L >~ I) u: . mme ~’c~;sary for super i  adi-

~~~n (z ’ , U)  , (17) 
aztec to occur: Thu s condilioie is equival ent  Eq.
(22) 1 to T 5 ~ - T~, wh ich  is neressary so that col-
lec tive radi ;ch ion can occur i ’apid lv w i th  respect to

0) = 

~ 
( ~~~~~ 

/11 
~~ , (18) incoherent decay. Thee requi rement  a 0L>> 1 also
/ ensures that  v~ L ._‘J h i ~ 0 ,  so that a ~m pulse wil l

where n~ 
is the total  nuceeher of neolecules in ¶h~ 

evolve’ [Eq. (19)J. The h m t j e - g . t m  condition will be
discussed further in Sc~c. VII.

rotational level (cef t i me 0 0 vibra t io t e a l  state~ which
Is bein g pumped. ” C. Po lan iate on seciur~~Although the growth of the electric field in ‘-ic
medium does not follow simple expon entia l  g u n , As discussed earlier , the superradian t evolution
the tinee integral  of the electric field obeys a: process is initiated by spontaneous emission from
exponential law , the area th eorem. ’4 This st ileS the excited molecules and by background thermal
that for a nondegenerate Doppler-broadened i- ol - radiation. In our model spontaneous emission is
li sionless system subjected to an incident field simulated by a randomly pleased polarization source

0,1) of constant pica.se, the pulse area 0 ( e )  term .~, Which is distributed throughout the mcdi-
obeys the equation urn. As is shown below, although .~, 

is essential

t.in ~h i(e) ( tan ~~~~ , (19) for Initiating the growth of 8, as the S field evolves
In a high-gain system tI m e influence of A , soon be-

where comes unimp ortant .  Therefore , to calculate the

-~~~
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ampl itude of A , for a high-gain system , we consider Sion for A,, which is not a function of dynamical
the contribution of A , to the growth of S oniy during variables, can be used in t h e  coupled Maxwell-
the first stage of pulse evolution , when -S is slnall Schrödinger equations to describe a system not
and the field produced b y .~ , is sizable compared to at thermal equil ibrium.
the field already present. We consider the medium to be divided into small

The amp litude of A , will  be calculated in the regions of volume A,~z (A~~<< L) ,  and time into
follow in g m anner: First , starting from the cou - intervals A 1 < T~ . Since the spontaneous-emission
pled Maxwcll- ’Schr ’ôd iz u ,zer equations , specialized inten sity is proportional to ,u~ (x , 1) and otherwise
to the case of weak field and steady state , we ob- depends only on molecular constants (except for
tam an equation for the intens i ty  1(x ) as a f u n c t i c - t i  a hincwidth-n arrow ing cff ~ ct in hmig h -gai n  systems ,
of the amp litude o f .~,. This equation is then coon- described below), A , is proportional to ~~~~~~~
pared to an in ten s i ty  equat ion derived f rom t h e r m i a l  We choose the fort - ic of A, tobe aseries of pulses in
equ i l ib r ium considerat ions  which  also holds for space and t in e e  wi th co e ms t ,ice t an cp li tude ~ (except
linear steady-stat e systems. Since these two for (tic n. dependence’) and e’aimdom phasc’s~

2 It
equation s are of the same form , ~~~ can evaluate is convenient to evaluate A , at points separated by

the amplitude of A, in terms of the molecular A c  in Space and AT in retarded time. Thecn A , wil l
parameters of the system . The resulting expres - be of the form

_______________________ -~

A, (x , T, c’ ,.%f) B~ [n 2(x , T , i 31)1i12 ~~ 6 (x x,) 6(T — T1 ) ~~ ô(r ’ — t ’h ) ~~ 0j I ~ N , (24)

where If ~ is a (real) constant to be determined , Eq. (27) is consistent w i t h  time requirements of 
-

x1 = ( ,i — 9.sx . .S’i - L / j .  1 , t A T , :-, are k’ disc m ete thermal equilibrium , since when I x ) = I i w / ~c ’ “~~
velocities ,”1 and c~~ i~~U are independen t random —1) and n 2 =n ~ e~~ ’’~” , Eq. (27) simplifies to
phases . dI ~, (x) / dx ~0.j To conipare Eq. (27) with Eq. (25),
We consider the case’ wheere ,, and S are m dc- Eq. (27) must be rewr it t ”n  in terms of the power

pt ’ndent, S is v e ry slowly varying in time (a ~5/a i’ per unit frequency interval I( ~i ’ , x) in the plane-

<< vS), ’4 and n us near a constan t value n, and is wave direction. As shown iii Appendix 13, for a
very slowly varying  in space and time (c,n/ ~ T system with Fresnel number not signficantly less

‘- “y n , ;J~j/;~) ~ ““f n / c ) .  - Such a system is linear than unity , Eq. (27) becomes

and ne arly s t ea dy  state ( n — n , , ).  As shown in Ap-
pendix A , the coupled M,ucwehl-Scherrcdinger equm - ~~~~~~~~~~~~~~~~~ 2a(w)~ I(w , x ) -4  -~~~~~‘ ‘~~ ) .  (2 8)
tioe’is [ Eqs. ( i l a )  and ( l l b )j  for such a system nm.t y ax 45 n 3 —n 1

be integrated to give an intensity gain equation The integration .of Eq. (28) in a high-gain (~ L
1(r ) = I ( x  0) e ia Oz 4 K ~ (e °~

ot — 1), (25) x l )  linear stead y-state system with f ini te band-
width is performed in Appendix C. in such a sy stem

where a 0 is the gain of the system at the molec ’eclar the linewidth of 1(w , x )  decr eases as a0x increases
center frequency m~~. 1 ( t ) = c A [ e S (~ f l ”/8lT is the (‘gain narrowing ”). For a high-gain system in-
power at position x , and teracting with a broadband field of input bandwidth

- ., T o ,  
~~~~~~~ — ‘ Aw>~(T~Y’ (5/2O o L)~~2 ceuct ered at frequency 

~~~~
Ic o~ ~ 

~ - Alt , 
~~~~~~ 

(I—c ) . (26) (wh ere 1/’!”, is thee ban dwidth of the gain profile),
the total output power 1 (v = L)  eta  be obtained by

F:quat t i c n  (25) h olds for .eny l ine ar  ste ’~dy—St ~ te integrating Eq. (28) as in Appendix C:
Sy 8 t i ’, i  i , inch ‘p~ ‘ri dent of th e ’ sign and neagmi it ude i f
the g;ih:t,
We require’ tha t  Eq. (2 5)  be consiste nt with th e ’  I~r L )  f I (~~,x L ) dw

F .In st e in  intensi ty  equat i on ,”7  wh i rh  states t h a t
throughout the active region of any linear stead:. - — (I( ~.0~x = 0) + -~~~~~ .__!!-s__

) 
(T~)

_i

state medium , the total energy per mode 1,,(x)  ~4

must s a t i sf y  the equation / c Eli
x -——- ) e~~o5 . (29)

d Ij ,x)  
= 2 a ( w ) (I ~ ( x ) + - --~ - ”~ . (27) ~ 2a0L,

dx ii — We can compare this result with the high-gain
where a(w) is the gain at frequency w. [Note that limit (e~

a0!i,l) of Eq. (25) to obtain 5’
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I (x 0) I(i~m~. ~ , f ~) (T ~)~~ (r /2 a 0 L) ~ ’~ (30) !±~ij4,S(~ :0, T ) 1 2 = ~~~ ‘~~‘~ n (34)
8s 4~ e~~o “i — 1

and
or , equivalently,

K 0 = ~~:h
2 (T~ ) _ u  / iT \ L~) 1 (31) 

i &j ~ hg 0 2r(~ /25)2
8~ eL~ 1~”~~ l C 3

Equation (30) tells us what the input power !(t ‘0)
in the intensi ty  gain equation [Eq.  (25) j must  I ‘ for x (35)

41A ~~~(~~~~~J / ~~)i12
a high-gain system in order to be consistent ~ uth 

-

the Einstein equation. Equation (30) can be re - The factors on the right-hand side of Eq. (3~) are,
written ui the form respectively, time background thei’neal radiation

I(x = 0) ~~~~ 0) (A~~ )~ 0, , 32 energ’v per mode, the meun eb er of nwtiec of one
polarizat ion per u n i t  value per f requency inter-

where (A~’L I ( J ~~) ,  (‘i ’~ ) _ i ( r . 2 ~~~L) i I ~ is ~he vaj  Ac , the solid angle factorj, amid the gain-dc-
mathene ,el ically derived effective bandwidth of thee pendent e f fec t ive  b~uedw idth (in units of A 4. Usin g
input r .ieh u .cti (eme ~vhee c he mu et erac tS wi t h  thee gaIn 1) 0— this value of I S(x = 0, 1) us an inpu t boundary con—
f i le  of the e ’  h m i ’t m - m : . e u u i  sv st cn i  Times g u i n — n a r r m  v un g dition , and using Eq. (33) for A ,, T’qs. (11) can be
effect c~ue be exp l .ei uiec t  p t e v s ic ; i l ly  by n otue g t i it in numerically integrated to obtain the o u t p u t  r a di—
the ear ly  stages of ~.rowttL a hi~ t e — ~t ;ii ue svSte~- m ation in tens i ty .  Exaneples of thes o  c ’n ~puter  re—
preferem i t i,tl ly ~impl  if ies the cent r a l  port ion Of the SuIts are givem e iie l’igs, 3 and 5,
frcquen c~ profil e, Alternativel y , spontaneous emussuejn in a h igh-

Insert ing Eq (31) m n t m e  (2 G) , we obtain It 1. arid 
~ gain system can be described by rephm cmn~ the

Ax is chosen such U , m t ~~,, Ai .l (as in the case of distributed polarization source by an “equivalent”
our computer prograni), Eq. (24) becomes”

A,(x ,T,r,.~f)

4A T ax ,e~AI.  \~i/2 
f M \  

0 05 I 0 ‘b ’(~~ T ( c i  1/2/ \~A~/

x E O(x — x,) O( T — T ,) ö(v — p )  , ie,,,v 

[
0 0 ” t o  t o

(33)

Note that ,~~, is proportional to i, and depend . on

the total number of excited molecules n -lA o ~T 0 ~~ ~~
associated with Ofle pon et en (he space-tiflee g r id;
the square-root de ’p vmuleneo occurs because the ~ I J’\e~ 

(d)

radiation from inde ’~s’nde’met spoietaneous-cmu’~SIOn 
a _______________________4 0 05 C O  I S

events adds incoliere’ntly.
(e)

0. hilackbody r~di aIi ,,n and “niui~aI~nt inpul feeki ’
z
I”

~‘ 0 05 C O  14
In the computer inodel background thermal  radi-

ation is simul,cted by an input field of randoirly ~ ~~~~
-‘

~~~~~~~~

O S t Ofluctuating phase, the intensity of which dep’ -nds
on the bandwidth and the solid angle of the ii;u t I (9)
radiation which interacts with the system. •l he ~~,,,_, _

result of Appendix 13 c are be used to convert the
blackbody power per mode l (x = 0)~~hw/(e~ ~
—I) to the plane-w.i~c blac’kbody power per c -n i t  FIG. 5. Computer results showing the influence of

frequency interval ((~,.o = 0) (h ,/4 i ) / (~’5~~~ — 1). parameters on outpU t inte nsity.  The same intensity
scale i~ used throu ’,~hout. (a) A theoretical fit with param-As described a h o y , - , the effective ban dwidth of
ete’r,e I~’ 6-i osi c, T 330 nsec, 1. 5.4 ~isec, ~ Lradiation which interacts with a high—gain s,Stem 95J i,, ,, ’t ~ All parameters have the same values

Is Ad, ,,, (e ,2er L) 1~’2 T~ (ste  Appendix C) , s’ th,t t as in this curve except whe n stated othem~ ise iW No
U se total input ~~~~~ whu’he must be used in cerder level de~,’encracy, I. - = ‘, sL ~O. (c) ‘t~ ~~
to correctly apply ~;q. (2~) to this case is =~~~~. (e) g L = O ,  (0 ~L=5 ’ (~) No tevel degeneracy.
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input electric field. The inpu t f ield (of constant pulse. Combin in g Eqs. (3) , (4) , and (36) with thisamplitude ) which would produce the same output expression yields ’9
intensity as the d i st r ibu ted  source (see Appendix 

~~ --~~ i ~C) for a hi gh-gain sy stem , which combenes the 9~~ -’~~~’(a 0 Lr~” ~, ~~~~ 
+ 

~~~~~~~~~~ ) , ( 38)
contributions of biackbody radiation iEq . (34)j ana ‘ a i e —

spontsneous emission , es ’~ For our system, 8~,—1 O ~~ , and in order for the
A output to evolve to a pulse of area -a , ci0 L [Eq .

I S,~ (x = 0, T) I~~ (19)J must be ~20. This is readily achieved in
the experiments .

= ~~~~~~~ — -

~~~~~
---‘--

~
- - ( ‘~~‘ 

+ (e~~°~’~ — IY ’ ’,
’
~4a (2ci o L , g) i  - \ fl~~~~fl 1 

V . NUMHtICAL RESUlTS

- i ( —~~~~~— 
~~~~~~~ — l )-”~ 

The coupled Maxwell-Schrödinger equations [Eqs.
21,1, (2ci 0 L ) t / 2  I,, fl 2

_
~~~1 / (11)1 have been integrated by computer, with level

(36~ 
degeneracy taken into account in punep and super-
radian t transitions . Computer-generated curves

The validity of the ” e q u i v a l e n t - i n p u t ”  approxima- obtained using input conditions appropriate for thelion can Lee understood hr n o ( ln i ’ that u i  a high- HF caset4 .~ are in good agreement with experi-
gain sy s tem the spontaneous eneission which oc- mental results, For example, decreasing thecurs near th( inpu t f.ice is neost important in ini sample cell pressure or pump intensity reducesteat ing thin Sup erradian t evolution process. Al- the outpu t intensity and increases the delay tim e
though all of thee output radiation curves in this and the width of the output pulse. A detailed corn -paper (ai d in Ut’!, l S ) w e r e f i t t e ’d u s e n g thedis t r ibu .. parison of Uceory and experiment can be found in
ted-polariz .etacen-sourct . nenth’l. essen t i a l ly  iden- Ref.  15.
(te al computer c u r v e s  are olna ined us ing  tim e equ e-  The following general features are evident f rom
valen t—inp ut— field ipp re ixmn ea ticcn . This finding Use numerical results , and conf irm the qu a l i t a t ivest rongly supports thi ~ v al i ( l t ( v (if th~ equivalent- statements of Sees. Ill and IV:

icid appre .ce- ti and conf i rms the interpretat ion and (i) The effects of relaxation ar c unimportan t asAnal aysis  it! Re f.  6 . long as the homogeneous relaxation t ime T 3 exceedsSince the d is t r ibut ed source can be replaced by the pulse delay T0. Whe n T2 beco mes conep ’arablean effective inpu t f ie ld  and since phase f lu c tuat ions  to r~ the pulses are reduced In size and the i’ir.ging
in the Input fo ld do not significantly affect the is cut down. At the mTorr pr essures of the e.c-
computer curve’s (as exp!.eined in Sec. WA and periments T,, determin ed by collisions , is alwaysverified by th e  computer results of Sec. V below), muche longer than TD~the results of the ar ea theorem Eq. (19) j may be (ii) The influence of the polarization source A,used f or a qual i t at ive understand ing of the behavior is limited to Uie first few T,’a. In addition , theof the system ,~° This ma3 es it  possible to derive output is unchanged when the polarization sourcean effect ive input area O~ which can be used in the [Eq . (33) ] is replaced by an inpu t field whose amp-
area theorem and for obtaining simple analytical litude is given by Eq. (36). This verifies the ef-
expressions for the delay tim e , pulse width , and fcctivc input-field approximation presented in Sec.
pe ak intenSity (Sec . VI). Owing to the exponent ial IVD and the value of &,~ given by Eq. (36).
na ture  of the growth of the area (Eq . (19)1, the (iii) The effec t of a weak input field (to simulatep ar ani eti r wh ic h  enters .nto these expressions blackhody radiation) is limited to the first  few
is a logarithmic function of O,~, flecause I 1n00 1 >~ I . T,’s. The output is insensitive to the exact shape
the expressions are insensitive to the exact TOOl” and phase of the input field . Delta function, step
merical coefficient of 0 , . function , Gaussian pulses, and pulse trains of
As .stated earlier , ttme inf luence of the effective varying phase all give output pulses of about the

input field on the ’ e ’ v e i l u t i ~~ti of the ’ superradirin t same shape and size, as long as their Input areas
sta te is orely slm :nhu icani far a short time after the arc equal. Also, the presence of ran dom jumps ‘
syste m is puni pe ’d into e ’xc i t a t uen , ~i,id since the en the phase of the In pu t field has no significant 

*ou t pu t (.clii more th an d: ,ublc’s In a ti me ~f , af te r effect on the output pulses.
excI tati on Eq. (4 7)j,  the inpu t fi eld can be ignored (iv) The area of the output pulse Is determined
after ~ t ifli () ‘1’,. Therefo re , to a good approx i- l~ the gain o~,L and the size of the input pulse e,,mat io n , us accordance with the area theorem ( Eq . (19)1.

~ T ,~ Since in our case O~-1O~~, o,L..r20 is needed for
~ ‘f’ * 

appreciable pulse buildup. Such gains are available
an be chosen to be the area of the effective input in HF at mTorr pressure.
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(v) The t ime scale of the pulse evolution pr oe ess as 
— (40)(i.e., delays, pulse shapes) is almost complet ’ Ly aT  h

determined by T~ .md ~~~ . as long as a 0 L>> 1.
(v i )  The outpu t pulses are i n s e n s i t i v e  to the (41)aT hspecific t inee  de pen dence  of the populat ion ox c . ( a •

tion. This Is t r u e  f k * :  ( X L  e t . ee i a n  puls es  of du r  m e n  l l e re , .S — ‘c ’ and ,u , .S, and S are all real Note
approachire~ the supe~ r adean t pulse dela . ( E t e c t s  that  en t h u s  s in ip hi f  me d model , in wh ich  

~, =0 . the
of longer e x c i t a t i o n  pulses  arc discussed in U f .  effect of sp ontaneous cniJs Slon (which initiates the
26,) superradean t evolut ion process in an initially in-

(vie ) Two f o r m s  ~f :he loss c o e f f i c i e n t  ~ I Eq o’ert cd sv st enm )  can be included bs necans  of the
(1 I a ) J  n ei ::ht be inepci ’ t . e i i t  und -r d i f f e r en t  ( ‘pc i —  elf c c t u o ’ c — e n p u t  — f i r l d  approxi enat ior ~. lr. the d is —
mc ’t et ah condi t ions  :~- c. c,ese of l ine ar  ( cons t . c t  I cussioies of this  section , an e f f e c t i v e  input pulse
s , as was used ue ~~~ 24 .end our previous  ~~e - i ’k ” ; [ as g iven b y Eq . (38 ) J wi l l  be used as an in i t i a l
and the case of diffr.cccion loss, where the p1. ic- condition .
w ave S f ie ld  can be neodeted as a Gaussian b ne . Equations (40) and (4 1) have the solution
in w hi~ le case c, i ( o  1.~ ) .  with L 1, = ,~~ ~. . ‘ ‘  For

n =u 0 cos~ , (42)the sanee value of the tot al loss ( KL  in the Jun . c r-
loss c;cse ; j ~. d~ i n )  I ( A I . 1% ) ’~ in the Cau- ian — S — M.n 0 sin . , (43)
beam c.c — .e) . l Ice  two reeodc’is e ’ive vir tually ide ‘itical
output peilst s ~~~~- .~±t ‘

~~- (44)a~ ii(viii) l lep l:ceu ig cact i  c f  the d i f fe ren t  matrix
elements ~~~~ in a *:ce & iec r a t e  sy st en e by the where
aver a ge value  ,j • dcl need he y E - 1 (7)  does not g —

niticantl ,- .i ff cc t  t h e ’ h w t c , i v n c r  ~f f l i t ’  output pu t .e , (i , T)  j ( c - ./k) S(~, T ’) dT ’ (45)
i.e ., the e f f e c t s  of l e v e l t l c ::c ’Ie er : l c v  are n egl :ible .

(ix ) The on i j~ i I net  e -nsit v , i t  a g e v en super r i e  ant is the “part ial  :trt ’a ” of ttee pulse ’. so I le .ct (o . T
tr ansition depends cae thee pomp t r _ tns i t i e , f l  br:’:ech -)  0(x). Fro lic Eqs . (42) and (43 ) ,  ii r a c e  be seen
used (1’ or R) ,  in ag reemen t wi th  the experer ; .ents . that ~ may also be interpreted h e the geome?tr ical
This dependence is due to the different matrix representation~ as die “ tipp ing .or ,Llc ” of a l3loch
elements and widely d i f f erent  populations of he vector~ of length pz~ whi ct e evolves ire the z - v  (a
ground-state levels selected. —~~/M. )) plane. Note (Sec. iii) that  a: e~ lendcd

In summary, as long as o~,L>> 1 , for a give n medium must b~ represented as a distribution of
T5 homogeneous and izuhonmgeneous broaden erig. Bloch vectors whose spatial variat ior .s ai’e deter-
level degeneracy, and moderate variations i; ; Die mined by Eq. (39). The initially Inverted system.
value of sL change the results on only minor ways, correspondin g to the Bloch vectors all standing on
The weak influence of these effects on the output end (s ~n0,S = 0), gradually evolves into a supe r-
pulse can be seen irs Fig. 5, which shows the radiant state (a =0,S4i. — n r,); the evolution of
changes in thee pulse shape and delay caused I)y the individual Bloch vector at any point in space is
varying these parameters. The simple results described by Eqs. (42) and (43).
obtainable by sett ing l / T 2 = l / i : = K = O a n d  n ’g iect- Combin ing Eqs. (39) and (44) gives an equat ion f o r
Ing level degeneracy neay be used for a qualitat ive 4(x , T)’2 ’ 3 :
understanding of th e behavior. ’~ This simp lim ie d
model gives the’ ‘earm;slizcd em ission curve of Fig. a 4  

- (46)ax a ( T/ T 1)~ L4, (Other e f fe ct s  w.eirh occur in very long samples ,
but w h i c h  ar e  ic e d r. l , v ; e t c t  to tite’ HF expcrii ct’nts , This equation was studied for the case of an ab—
arc discussed in il l .  26 .) sorber by flurnham and Chiao”~ and others ,’3’40

who showed that for a 6-funct ion input fie ld , the
VI S.MPUIII I)lltI- OKY time depcisdcnee of ,, (r , 1’) and therefore [Eq . (44))

of T~8(s , T) was a function of n T 1 only . Our caseAs Indicated hy t~.e computer analysis of i~’tc . V. is that of an amplifier , and the time dependence ofmost of the paramete rs of the system have cry
little effect on the superradian t outpu t pu ls (Fig. the 6-function response is again a function of T/ T ~
5). If we set y = L ’n = .~~ ~~~ = K - 0 in Eqs. ( l i t  and only, from which follows the scaling property of

the normalized emission curve of Fig. 4 131 Further -ignore the effects of level degeneracy, a set of
more , since the eff ect ive  input field is only Impor-simpl ified equations is obtained:
taM dur ing the first —T i,  any input paine of smal l

= — 2ikS , (39) effectIve area 6~ gives the same resp onse as a 6-
ax function Input pulse of the same area. [A more

---a
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formal statement of the scaling properties of ~ ~ . where O~, ~c ,,SO TR /Jl . A property of solution s of
4 is that the tr ansf orrr ~ahc on T— T  T K ,  £ — T ,,S ‘i Eq. (46) is that for ~~~~ • (T 0 )— ~ .” Setting
Eqs. (39 ) — ( 4 l )  leaves these equations unchan (ze ’ + (1~ ~~i) in Eq. (48) and solving for T0 on the lim it
axed does not a f fec t  the area of th e input pulse ( ‘ cc T9~’c’ T1. one obtains”
boundary c o n d i t i o n ) . )  rh~s s~nep le  sc . i lL ’i~ prol,’. r ty 

~r t’r / ii , ,- e ~~e l 2D~~ p /  ,1 ln~90,- .. . 4holds for ‘en d-exc : te i ”  sy s tems ire which the
system is e x c i t e d  hv .m pulse propa~ ,it in g th ro u t  Note theat Eq. (49) w,cs derived under the con dct ion
the medium at ~e ’io ’ i ,  . so t h a t  :ell molecules of small 00, However , sm c e+  only devia tes  f r o m
are CXC eted a~ t i e  S i c: . ’ ~~,‘: .  cd, ’./ t i m e .  It also Eq. (48) d u r i n g  thee l,ist few T1 before T TD ,  on ly
holds f or “ s. , m . - c \ C i t e  ‘

~ s~ see n ,s ( i n  ~ h ich  :ill a smal l error in cai -~~!. i t :n ~ j0 is made hy :.s:::~
i e i&elcc u ~ e’~. i c e  e ~~~

- , t c -~ i ‘~: c i : u I t . i n c ’e e u s I .  u n~ m’ U -r Eq. (48) to appe’oxciie~ite 4’( T 0 ) .
t r ans it  I e e c  I e 2(  1’,, 4 1 l i i ( ~~, 2 . r) 1 - , In the In Uee expcr in ic i i t :ml  s v s t c ’n e , 9

~ 
10’s , so

l a t t e r  c.is ’ , 1~i s e i i t .in~ _ eS ( ‘ t J i I ~.siOi i  in d i f f ~ j- i ’ ie t  In ( ~ ,,, ’2w) ( — 2 0  aced :‘
~~, is In s ens i t ive  to ( ‘ iin ,cS

p ;irts of t h e  c c  c t i u : n  r . , e,e ’ .s t h e ’ s . i m i i p l c ’  t~~ b~~~ti. on 6,,. ‘fleercforc I
~ IOu 

~~ 
is a COi .v (  : :ee it  , - s t i

into ,c n u c h r ccl i i ;e i ~~j~e ’n eI c - n t  h su p er r . t d i a t i m : c :  • g —  n ia te  of the e t ime r equ ii  ed for  the SUPeI’ I : d i a t i t
te e ’ n t  ,i: i. -’ , r r d.ei h e -. A r. e e - f c i  .,nd ( o u r t c c e s c ( “cc state to evolve. Since ‘I’ ,, is pmop oi ’tin ee I i i .)

He! . V f e e  f - c  i ‘ , I t i S (  u ’  ;i c ,n )  - T0 sho uld he inver sel ’, pro;s rt i on ,J  to I , ’ c’~—
‘J’he con. ; s ter  r e s u l t s  .1 l~~e e t ’ x l i i h e i  t thee - s e seali citation dens m t~’ . and I!: e ’i e for e , the pr e  ~ e , ci

t~ . - , . c .  t i c  ~~f i e ’ n  , c l t  e c f  t i c  i’ t ’ f i i e c n e e c i t ~ cef lice s ampl e  cell. ‘fleis ir e- c. rsc pro ic oe ’me . - i d ’ end
the  theory cut ’ l i c e  i d e -  i m ’ ’ . 5). Tue ma in  reqc cc— the estine:ttc of 1’~ . Eq. (4~ ) ,  agree ~v :J. exp c ’e ’i—
niCrel for t i e -  e l i - I  c i v  of t hee nce rr ie.el ii~ d em ess co mental results.
cu rve  is th , it  1~ be much  s h e e i t t ’ r  t h an  all o t f e e r  An estimate of thee width ‘I’ of the f i r s t  lobe of
t imes  ,iss(e, ’ c . it . ’( i  \~ i t h  ~‘ ~. , st ene (I ’~~’’: 1~ ) ,  so Use radi ation pulse can tee tht ained from t c 1
U ia t  supe i’ r .u l t . d i c t  c - I r e y : c e f l  C c i  c,ce u r  befor e ’ de- wid th  of 41(1 ’) at 1’ . T0, i t ’ . , by solve ,: the cqua-
l)h. ssinr or r l ’ I . L X . c t l e c n  pr (’ e ’Ssc ’s  Se ’ t  in .  It en s -  tion •(T 0 — T,/2) =4 ’(”~

) t’ for i’,~.
medi a t e ly  f c e l h c c ~~ s f r e e r . :  F A t (22 )  t l c , i t  t h is co cmdi t . en . IT~ —1’ 1 t ln(0 0 /2~ ) t  (j O)
Is equ m~-~i I e i e t  I . e cy , L se e  t i i . i h  J IR  s~ f f i c i e n t I ’ . —

tci gh-g. cin s~~st . ’ cce  w i t h  un d i ’i ro superr . id ian t cmi ;— since ‘1’,~~~1’~ . Equation (50) predicts a pulse
sion W h e n su i ’ , iblv CXC~~ted , widths —20 T1 for our system , which is :~. e:e ’~ h at

As a coe ,s equ .-m i cc (Cf thee lc rce ~ dt ’I . iv  t i ne es  w h i c h  smaller  than the observed pu lse wid ths  of
result  fr or c i  s ma l l  e f f e ct v t ’  inpu t p u t - c’s , r e— — (20—40)  T1. ~ This is expected , Since the gi’owth
nsa,ns sn ia l l  for  a lmos t  al l  of thee  pul se evoh~t i o e e  of 4 1 ( T)  near T0 is actu ally slower tleae: den t given
t i me. A ccier din ::lv , in t I n ’  c’ pr e’ssion le er  ~; I t  , I by I”.q. (48) ,
tile s m e l l  - e e r i e  Jppreexm:n: ctioce (scn~ ) can be It was explained above that because th a s:imple
used . (In the f in .oI 5t .e ~’ ’s  of pulse evoluti on . • is optically th ick (i . e . ,  cr~ L>~ I) the polnriz:ttioo
approaches r and this appr oximation break s dov. ni .) enve lopeP (~ , 1’) varics over the medium aj eJ under-
Also , since th e exact form of the e f fe ct ive  inpu t got’s changes in sign [Fig. 3(a)j . Since S
field doe,s not mat t er  (Sec . V),  a step function c- n ~2 akJ  .1’ ifv , regions of ci’ of opposite s i n e  tend to
be chosen . A numb er of useful  results can be cance l aiid the output radiation at a particular t ime
derived from this model, can be considered to oritz in~ote from a sing le b3atial

Consider f i r s t  thee dc ’iiy 10 from the tin s e at region , of width , L~ 1. Accordingly, L~~ an d ‘1 ,,, the
whi ch the samp le is inverted to the t ime of thee duration of one lobe of the superradian t output , are
fi rst peak of the emi t t e d  r ,icIiati on.~ ’ In the sm a i h -  related ; T~ is the “effective ” T1 of a sample of
angle l imi t  .c sc e t ut i e i n  ~f Eq. (4() can be touted using length L~,1 , T, T1(L L~ , ) “81T,, /aIX 2 L ,1 , from
tEc e t r ’ .en sf o r n e ; c h i c i n  n 2(t ’/)c ’~. which gives lies- which L~~ = L / I  ln (0~/ 2 r ) I .  Compar ison with corn-
sd ’s i ’qu .c t icen en ‘i I’ or the ii ei t  c a l  condition of .c putcr plots of ~‘(x , 1’) [ Fig. 3(a) ) shows that L~ , is
small step- fu cic ti n e in u at electric Field with , en— appro ximatel y the half—width at half—maximum of
vclop ’ ~‘ (ei 0 , 7’ .U ) ~‘t , , wh i , ’Ic corresponds 10 a spatial region . The total extent of a region of
S(m” 0) ~~~ the ou t put f ie ld  .it =1.  is of the form pola r ization (between points ole =0) is several

S(J 7’) S
~
I, ( ”) .  (4 7) t imes larger . We define

wlee ’rc 1,(, .) is the ’ modified Ib’ssel funct ion of Ld, ‘4L’~ 
~ 4L 

= 
4T1L (51)

order n , and u 21’!’,’ j ’ ) i / ~ ‘I to’s, 4’(’I’) — L , 1), I In(00 /2i) 1 T,
the pa rtial ar ea at t ~L , is given by

Although both L ,~ and L~,, have the correct tune-
1’ teonal de pendence , t h e  choice of L.,~ leads to much

(~ ,/ l i ) & (L, T’)dT ’ 80uI 1(u) , (‘a) better agreement between Eq. (54), below , and
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comp u’er r .-su lt ” 
~ -

. - 
~ p i  — T, \ — ~~~~~ c • -

F- quah i - en  1 5 1 -  i ” - f : c :  e s  t ( - , e t  a f r ac t io n  _ 4 / ~ 1n~ / ‘ ‘ ‘

2T ) of th e  f l , e l :~~rn c e r ~c r . t e e , t .  t e e  e a c h  l e e  of

r i n ~n e n e’ on P - ‘, -~~ e, r r , .  - e r : ;  t r u r s i s  1~ • .s suei :t  s 
— 

2 
( ~~ 2~ I

t h a t  iF •~ :5 - e l  : . i e’ t~ c e:’ . e , -~~e - . n  c ~~~~~~~ ~lJ r enc fl t, _ - ,, t \ i~
“ u n ’ -  2~ ) ,4 ~ I : ’ -  s c - - .;e r r’ - r b -, ce : -

- . .  - ‘ - (58)put -r r .  - - - - . t e i c  a • .~~ c -  I .~~s r . .  . . i f ’ &  r At bc

f u n  I ’  I c -  I , n , , , : ;  I ,  \. i  i - c ’ -’ ‘~ e~~ - f - ~‘ 5 - -- 

‘ - 
- - u’~l n -  Eq (‘i A n . s .~~:’ ’~~io’c f or lie’ ( - ; e . p’ - ;’:e-

tecees ~~~e ’ ’  l i c e ’ / ‘ c . .  i . . 1 ~ r e l - s l i t - n  d i~ f ” r e n r e ’ \ ‘ j c  , c  is th en re - a l : : ’.- ob-
‘I’he t o t .  . - n c  r ,,\ -I t c n I l  - ‘ I  he elce , is t a m ed ’-

t. 1l_ - . f l AL . . 1 ~~~~~~~~ [ 
, ( ‘ 2 )  

~~~~~ - -

.ored t i ’  t~~t . c l  p. u’ z.ecCi , ii ion in c ;, ‘- i t - , 1j c i~ ~PP~ ‘ I — 2 / L

m a t c h, I . - . c c l  i n c  r e - I  c ,, f e r s t  l , t c’ i:, e l i V i  -:d i ~1 ( I ) _ l ( O ) . 2 J  ~l i ’) .  [9 1

by the  ~~i - e h  ed  t h e  fir st - I -  e
which  has ;tn tel , ’. ( U S  i;: - i  1 ‘ at: on in t e e  Ins  -~1 I ’  t t , t j

- I ‘3) nun i l c e r  cot s r’. ,ct Ccl i

Equa t ion s  ( / )  .e:e’e f ’ • : e  cact TO se ; : - ;- l i I- ,

4 ’,Ie .~
, __ j  4 h ,, ,t , c k ’ J, I-q. ( 5( ) , Wt-’ S e t  • ~ O , c, ‘ i c c .’. !iopaler i r e

lie( i ’  2~ ) (  - tee : ’ -  2~ ) b;: 1,, ‘ ace d leve l  d - ’ e n e - r , c r  , , - :  - ‘- . 111cc t f : , t  ~ , ,, l Y

~ 
heav e a consi.wt ph i s c’. I l - j f , .r , .r . I e , , ; , . :r F -i

With rcr:pt’ct to 1’ t F: . -r, e - - -

and is pi’c . l e e I t i e c c c ,c I  t o  I ( I  c -  4) As s c i t i c e p a t c  1 2 a 7! a - ,

iii thee’ ( 1 i i . i t i t . e t i ’ .  c , h I ’ ,e ’ . - .’— I ’ . l c  ccl  ~~‘C I l l , t i ~c ’ Pe t - . - 
- 

. _ ,
~~

‘ •  ‘ .5 (CO)
. I P ,.~~ a - ,r , oh i , et ‘eec cc i’ in  - t e l -  - c - I 1,- ieee ‘ci 

~~
- / ~~~, l e , ~ a - -

f.sct,’r I t t , . ~, - i  I e - - c’ . l  t ’  ,, (~~ I’~c e; , ’ t h a t  ice I c r ;  is I ~! ~, ~~~~~~~~~~~~~~~~~ 
, — 1 c  c’ -

of t h i s  ,) c ’ - i ( ~ ‘ . e~ , e e ’  c t  t i .  c i ,  t i - ic fo ld , .
~~,, 

Eq. ( 34) 2 1 ai C’ 1 7 /1 ‘ - —
gives (61)

(ic eS~ Ie )  (i~ 4 ) 1 
- usin g Eq. C u b), ‘I ’hc’n . e i ’ e c -,~ Eq. ( 56) ,

whi ch i sFt , .~ s th .it  thee r i r ; ’ .en g  of t h e , -  su p e r r . e c t i t e .  
~~~ ~ ~~ ~, / a! 2,: I T .  -

output can be c e -we d  s a f o r n i  of Pats i  cc u t , i t io i  ‘‘ ‘
~~

‘ = j~ ~~~ ~~

- — 
7 

~~ 

‘

~~~~ 

— 

~‘‘j~ 
— 2a /c

The (or r i iu l4s fur  I~ ~ (~~~-~ : ,  ~~ Eq - ( 4 9 ) ) ,  and
[Eq ( 5O) ~ agr e e’ v. c - I l  V. i l l e  s ’xp c ’r i i e c t ’c e t a l  dat,, ,’ - (62)

computer  pr e lce t ion s . m d  th e n r i r n e , ,h s ze d  cmi  Sean Thee l ast tern e in Eq. ( ( 2 )  c- ; obtaicced by rcp t nlc i e ctz
curv e (Fec~ 4). For e x t r e m e l y  l~ i e tt sam ples ( e - the 

the source term ~A , of l’q . (CI )  by 4a ’.K , w  , . t T, .
HF case , - 10 m) . the c’o,esmdi’ra(ions of lk’f. 2’ - wh ere the form of Im~ de pends on the ga in  of I f : ,
must be l.tken into acc ou nt -  systeni [h A l . (31) or flr ’f . ( I ) .  This subs t i tut ion  is

VU (0551( 1 K) S% ~ I l I I  01111 II WOK I~ 
consistent w i t h  1.1cc avee ’ .u’. ng procedure used in
Sec. IV iii de r evi ll I l  t h e  polar izal  ion source, Note

Some previou s t r e ’ :c t tce c ’ re ts ’’’ ’ ’ ’1’ of superr ad : ence that iii thee equ i l ib r ium l imi t , whe re aI , ’o: 0, Eq.
arc b ,i se ’c l i i i ,  . - c l u . i t c i ee . ’ of t i i c ) t i e i l t  w r i t t e n  ice t t ’i  ~ 5 (62) reduces to the usual expression for inten sity
of the ‘. c c d c l . ” . I t t )  cc 1 c c ( t ) ,  tIc s ’ t emc ’ —ele ’p en c.h ’cet g..in (E q. (A 13)I
Isi I i ’ i , s ct ’, , i ee e t  c c c v e ’ r s c c , : i  - I c - C e : ,  clv. l’o eeelelpare t I c
pre’se’cet ~t ’ c i r ’ k ’ .e- c i t e  t tc , ’ ’- , c -  I i  .- ,c t i e i e ’ c m t S ~ ce i c i s ie ler  I ii ’ ,jj ‘1’
;i p lec c i ~ C d . c  c . ,m , in w h i  ci te I ‘~ n ( 1 1 )  r . ir i  Is’ rt ’wre -en ~1~r” 2 (_ _ j ; )  i~ 2ct~ h 0 (63)
en (t ie’Se I t t e s  t , c g e , r h c l c ’  - , r i c h e r  thi .ig, h a ’  f i ve r ee l
quantshie’.s ,‘ , .t ’ , , uec  c c .  the term in parentheses bein g a11.

An (‘qu , i t i i c n  for  ,sI / c i  r u m  Ice olilamm eed by mul ti- Equation (62) is exact , subject to the stated as-
plying 

~~~ 
( 11~~) h~~ (.: - • t~~) sumptions, A system winch satisfies these con-

ditions can be described by two real equations ,
— 2ie I’ (w 0A ’2) Re(S (6’),J ,  (56) Eqs. (58) Ior (59) I and (62). In two unknowns (n and

1 1), rather than by Eqs. (11). Note ’ ‘t the in-
which is a statement of energy balance, An cx- fhuene e of spontan eous emission is inc luded in
pression for d,c —~~t can lx’ obtained by inte gr at .ceg these equations , In general , they must be solved
Eq. (h ic)  over velocity: subject to appropriate initial conditions on! and

-.4
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is. For s i m p l e - c t -  - .r th e  f o h l ’ ’.e e n c n  di i ’ cu - ~s~ -s In the l imi t  of T — ~~. these equations are of the
we w i l l  a s s u c c e ’ -  i i , , ’ t i : ,  i np u t  fc , - lo is ne - I i ~~.i Ic .  same tor ies ;cs t h e  o t t c e ’r s  ~

E qu at ions  ~~~ 1:, : ~~~ r e ’  ,) e:~ . - f u l  s t a r t e n  These thre e -  St I n  ol cq u ,lt eo ce s ~(6 6) , (67) ,  and

po in t to c ’e c , n e c t  U c ’  p rc ’ s c ’nc  .cn , c i - . s ’. s w  P S c ,  - c (68) ! es sent ea lh ,~,, rce  w i t h  Eqs . t 6 5 ) ,  wh i ch  are
prevIous ~~ , C d c : ” ; , is w h i c h  d eve - lo P e  ~ c- c c —  der ived in t h e  t t e i n — s e t e c ’ p I. ’ l i n e i t  and do not app ly
tions appropi’ c. e: e ’ in 5 r,- ,:irne’ whi ch we ‘,~- u l -  l i k e -  to ~ , I. ~,‘ I.
to c,ell “ h ine e t c- d sup rradne r,c&’ “ This  r ue - i n c  is In R e f s ,  I I , 12 . and  1 7 , these equat ions  are
characteri zed by t : ce  c o n d i t i o n s  solved en the l i m i t  wh , - r c  2 1 - I .  is ne ezhi ~ i b c ’ corn -

.1 - . I (64ii ) pared to 4 1V 3T R .V o, 1 ‘cc’ s - ’ut ioics f o r  1 arc’ P:c ’n
R ‘ hyperbo l ic  —s ecan t - s q u a r e d  f u n c t j o ~ s of t i m e  f i e ’.e —

but ever , the ra t io  of the f i r s t  t e r m  to the second
t erm in Eq. (GSa) is

<‘- I , (64b )
2/IT , 3 ,“~

4LV/3T R , 
- 

2c, ,~L ~~~~~~ 
(69)

T~~. T 5 .
~~ ~~~ (64c) 

In the th in - samp le l i n u t , e~- ~ h i ch  Eqs . (65~ are
In this l i m i t , sp at : al  ‘.- ,i r m: i t ion s  in e~’ and cc r e ’ val id , a L  T l / T R ” I , arid since ‘c - ‘ .V al~v.w’s,

nc g h e c : i t d c -  t l i r u u ’ i . e r , t  thee sarnp Ie ,~ and Eq. ( I  2) can lice nea gnitud e of this  r c:lc o “; i l l  ~~~ a~ s he :,1-cch

be i n t e g r a te d  t i c obt.ein greater than 1. As a resul t , the e 21/I .  t e - ’n: mar

dl 21 ‘ i”. ~, , not be neglected , h u h  the ” ICI ’ i ei  41,V 3T~ .V 5 is

— :j: - -

~~

-

~~ 
.
~ 

-7
-

~
,.

- , (65a) ligible and max ’ be c~n r ,  u t  cl , ‘fliee’ t - f ; ’r e , th e h ’ - -
2 )‘ 0 2 R perb ol i c—sccant -squar ed  en~e’ ns l t v  solutions of

whi er i ’. hc ,ec e fcc rth , / - ! (L , 1). S imi l a r ly ,  Eq (5 9)  flcfs. 11 , 12 , arid 17 are  ietc’e , i’r ect ,
beco,eu’s The approx imate  so lu t i on  of Eqs . (65) ne,t v be

d ’~ 1 2/  obtained by ncglcctin ,: the second terne of Eq. 
. (65b) (GSa) :

dl 1 7 ‘ ,i& n
l(L z) —1 (L l = O) t. ’u t

~’
T”.. (lt V.’ / 4 i T 5 ) ( 1  _ c ’~~t~’T: )

As w i l l  to - sc - . rc Lie-I ’ ’.’. , scc l c e t m e e n s  of these” eqm ’-et i onS

are’ ye r~ it  Jle’rc’nt froi c c t hi -~ c” e d i t  .m m c d  in the h i g h  — (70a)

gain c a_ se ’ riii (I fre,,,i :1 cc ’  , ‘,~ c , r- i r ec s ’n t a l  resul ts  d m f —  
-

ferent cIe ’l ,ty t e i e i c s , no ri o ;: u.~ , C cc , ) ,  N -

~~

-

~

‘‘

~~~~~ 

I - 01 
~~~

_ zt1 T2 — e—1 /T
~) ~ N ( t  0) C~~’ 

‘
~~~

Equations (65) are almost  i t en teca l  to thee semp e r-
rad ian t ra te  r ’qual ions of I~,ni1acio , Schw’c ’nc.rnan n , ~ T 2 A A L( 1  _ e _u/ T2 ) ,  (7~~)
and Haak e ‘ which  in our notation become . - - - -where N (t  =0) is the initial population inversion

dl  
— 

2/ 4 / V  4 1 (66a) and 1(L , t = O) is the initial outpu t thtens ity , ’ pro-
d: 

- 
T 7 TR N O TR N O ‘ duced by the population e~ istmg at 1=0  in a nsedi-

dV 1 21 urn having initial conditioris , : (1 = 0) =n 0 coso and
— -~~“(N — 7’ i c% i tL) ~~ f ”. (6Gb) Q(t ,0) =~i .,i0 shnó (corresponding to an initial tip-

ping angle 0 of the liloch vector):
( They did not assume T 1 T . )  .

F .quations (4 . 10) ,ti id (4.11) of h hi’hler and Flierl y ” I ( L , l “0) = ( c A/ 8 ; ) (2 ~~ L,L.n0 sm0 )

can he dilfi’rentm.eU -’I to scl i tam , e equations s imi la r  to (,Vh~~0/4i’~) sin~~~. (71)
ours (th ey assume ’ T ‘ 0):

dl 2! 4! ’.,’ The second term in )-Iq . (70a), which is due to

dj  
— 

‘ 
C j  v (67a) the source term of Eq . (GSa), is only important

2 R ‘i when 1(1. , l 0) is negligible ( nEc~~ /4; Ti). In this

‘I ’.I 2 1 case incoherent processes initiate the evolution
— (6Th) of the system , amid I ’.q. (70a) becomes

Similar equations uh ,t :iin e ’cl by Ue ’ssayrc a n t  j  ~~~~~~~ _ c _ 2u/ T 2) = 
N~hw0 

32i’A~~ 
_ c 2 t

~~~)
Tallet” include finite I)opplcr bro adening:

dl 1 1  1 I N  / 1 (72)
— ~~~~ ‘ 

~ 
‘ri) / 

_ ‘~~~~~-cx P 
~‘.

— -a). (68a) Here 1(1) is proportional to n0 and decays expo-
nentially In the usual fashion.

- 
N — T,A AL 

— ~j, ‘68W 
The first term in Eq. (70a) is the free-induction

dl 
- hw ’ decay of l(L,f=0) . F o r l (L, ’.O) ekw0 / 4t T5; the



14 1 H F  O R  ‘I’ OF S t ’ P f  R R , ’c D I  A , ~~( F I ~. A !’~ E X T [ ~~ DE 0 11*3

second ter ns in Eq (70a) is neg l ig i ble , and 1(1)  it ’ havior is unique to high-ga in  amplifiers , where
prop ortional  to ci~ l ( - ( - i ’ ( - ’ ’nt  encis S lon ) ,  This so- time high gain can overconce dephastri g during the
lut m on is a d e c av u s~ exp -~r e n t i a 1  with decay t ime  earl y stages of pulse evolution . The s~ste m
T 2 — 2  , L T~ -2 - - T N - rather thari the hyperbolic - em ’erm tua lly dephases. but the ef f e c t i v e  dephasmg
se ca n t - s q -ce r e d  scj~ , t i i , n of w i d t h  ‘-I 5 of f le f s ,  11 t im e is increased to ,~~L T; .  as can be established
and 12. l h e r c f ’ ’ r c , co~ ect iy e  rad ia t ion  occurs by considering the response of a h igh-ga in  u chom o-
for  a t i m e  much si:c,rt  r :han T5. 4ter wh ich  th e geneously broaden ed amp l t f y L-ig med ium to a shor t
excited-state population w i l l  have d e c ay e d ,  Inte- in pu t pulse of sn eall  area s’,,. (A smal l step- fu c ec-
gratiog 1 ( t )  i, \i,~ ’ , 4 r 5 , , ~1T~s in~~, over time’, lion input pulse gives sim ilar results ,) An alyt ica l
the to t r i l  I n c  ~~~ r , c d u , c t e d  c c h e r e n t l v  is at most expressions h i v e  been gcv en by Cr ic j ’~~’ For a
()~‘h~ ’ ,, ‘8) (1’ /! ‘~~) , so n i t  r c n l v  :c s m a l l  f r a c t i o n  [, )r ent zcan  l ine  shape t i c  ou tpu t  S f ie ld  is of the
7’~ /8/  cm ~ 1 8 1 of ‘ I - c ’  ener ’ .~\ is r adi atc ’d ro— formic
h er e n t i r  ‘l a- ci c c ’ , of t t , t ’  s~ st -nc is de t e r m i n e ’ -  

/ 7’ 
-~~~~

by ord in . e r ~ e,ecolec ’r ent p r o ces ses  &(x L , T) ’- 211 !,,Exper ic i ee ’n t .c I  t c ’ r h e c c : 1 -,ee’s suctc .‘.s free ’ - in d u c t m n ’ ,
d e cay  and ~‘ !, cc tO n  CC h , cS , c wh i c h  s t u d y  t h e -  c o l t e c t : - - e  

~ 
/ 7’ \ i/2 7’x exp 2 H’~~) — ——— , (7 4 )

r a d c . e t i v e -  dc c cy of -i s~ - ‘ene  in the  l i m i t e d  super - L \ i~ T5~~0L
radiance r e - c ’ i I r e e , are u s e f u l  fo r  m e a s u r i n g  mco-

fo r an input pulse of smal l area 00 = ..’.8 0 T5 ~~~.lu’re’nt i c  J e ~ ,i l i o n  j~rc ’~- - - ;  1”, In f a c t , these cx-
Initially the square-roo t t e i’mn in the exponential

peri m e - i c t s  i ,, ’, t t c *’  c, ’ i I : c r n i e d  ir e the th in  sample  
dominates arid S increases. Its raaxcrieurn value(~~ J , - 1) t ’e 1 cn , t e e ’r  - r e t  e m i s s i o n  doe’s not  affc ‘ I  is reached at T~~T; o 0 L , after which exponentialthe de - - .c~ rile’ 1:c 11c c ’ 1 , - , ! t d ( ’  cef  l i mi t e d  super—
decay due to dephasin g sets An , Therefore , theradiance- , i i , . -  t’’’~, e- r c ’ r c t  ,‘n e i s s c c ’n  .mct s  as a probe
effective dephaseng time isof the ’ t ’ t . i t c ’  ‘1  t I c  e ’ ’ , -, ’-- ’ c ’ :11 , w c t h c a u t  s i g n i f i c a n t l y

affeet mi e ct i t ’ . s t i l e  ‘T’) T~ co0 L . (75)‘ a ,cc
Al t t i c i u ; ’f c  l e n i c t e - d  ‘~u I c . ’r r c ’ ! r J c c c e ’  can be considc- , ed

When this expression is comp-arCd with Eq. (49)sup ( -r r .c t l . c t c c -  in l ie ’ ~- e ’ I c ” c ’  t t c , i t  I~~’ - I’ ,,. so that
for the delay time , one finds th a tcoll ee’t e ’ l et ’ ‘cc’ u : c c i ~~, r t . e r c t is is seen in thee,,~ d c’p - r o t ’ - c i  .- ‘.1 F;q ( 7 1 ) ,,  ‘ c : c l v :m v c r y  sma ll frac— / lri(O~/2o)\ 

2 
(76)lion of t i e -  c r c .  r, -~ i ‘ r , c ’ i i . c t , - c t  cc h e r e i n t v  since ( T ) ,11 

a 
~ 2~ 0 L )

T 3 ’~ ‘1 * 
t I c s  c ‘. en s h c . m r p  ~- ‘ c n t g ’.ist to thee’ reczincm’

which is always smaller than u n i t y  for  a h i~h-~’~i incof strong ‘~~i c ; - r I . i c t i . s f l c e  s t ud  m i d  icc th~ II F experc —
system (where cc0 L > > I ) ,  Ther efore , an inhomo-ments , w t , m  I ,  is c - t , . c r . i i - i e ’ r i z . ’ d by the conditions
gen eously broadened system of suf f i c i en t l y  h i g h

(73.t)  gain wil l always superrad iate before it can de-
phase.”and

In a recent series of papers , f3onifacio and
a 0 L ~ 1 , (73b) Banh i” and Uon ifacio and Lugeato ””~’ have dcvel-

oped equations in terms of ~~, 6’ , and ,, (rather
- “ than I and N) for the cooperative radiation from

T~-’ T,. (73c) an initially inverted two-level system , which t h ey
call superfluorescence. In our notation, the semi-The la tter condition in i p l i cs  th at the samp le can classical equations which they obtain 7’ can besuperr a di.t tm ’ teef m ,re decay j ’ o ’sscs set in. Ac-
written in the formco rd in g ly ,  en t h ee s t r ( cng  supe rr adta nt  regime es -

sent ia l l y  i l l  of the , ’ inc rev stored us thee sample 
~ 1 a ‘ ( 

a
can he en i i t t e c l  ccc t i i ’r ec c t  ly - 111cc: condition of Eq - L ~ 

(‘
~~~~) \ j ’  ) + ‘a”] S (x , 1)

(73b) f i  ‘r st rc ,ng supe r m ’ .cd m.u ece came be made more !
precise in SOfliC C;i,Sc’s, r / a \  1The lon g delayh preceding liii ’ ubserved output a I 

~~
— I +

puis ’s dese rve furth er discussion , in l ight  of t i m e ’ L ~ bX ‘r ~~~~~~~ T)

fact theat lice conditions for strong su~~’rr ~ulianci ’
~Eqs. (7 )j  on ly requir e ’  ‘l’ Y - ‘ ‘l’~ , not ‘1’~~> ’I’~ . ( I t i ~~~ - ~ f~~L~~~x~ fl exp (_ ~~ever , T2~~7’~ is nceessa ry .) For example , typi .’ ,ell y C

1~~~ lOO i~~, whe reas l~~~50I ~~. so that i u~~2T 2 ,  (77a )
It is remarkable that  f u l l y  developed pulses w it h
ringing can evolve ove’r such long tinees, despic” a ,(,~ T) a 

~~~~~ J,5 ~~p ( ~~ 
(7Th)the presence of deph a.sing processes. l’his be- aT
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clear the simple nature of the superradian t pro-
n(x~ T)  — Re(~ c ’)e xp (~ 

-a--) (‘7 7c) cess and places it in perspective w ’it h i other co-
herent phenomena.

where  7 ’ r f  — x  - A h th , ou~ h these eciuat ions ar As show n in this paper , in the optical region
similar  to Eqs ( I I )  i l - O ~~’- , 1 1 %  r c c r , l , c d n i  two n e . cj o r  spont~me ous emission init iates the pulse evoln fion
di f f e r e n ces  ( i )  The t . r oe  (1 ~i1- ) en I’ q.  (77a) I: ‘S process and gre atly influences the t ime delay .im.d
been i n c l u d e d  t n  :iccoc , n t  f u r  “ t h e  i i ’ r e - v c ’ r s e i n ! e  - other cxpenrnentallv observable features of the
cape ( p r o p ,t g a t c o n i )  ‘cf t h e  t c c t , m l  ~c l.tx~v e ’ l I  f u’ld fr ice outpu t r a d ca t io te ,  Tire quan t i t a t i ve  agreement  of the
the act eve ‘. olu mc ’ to t i n e  i c c i s  cdi ’ , ” ‘ I f c ,w ( ”,’e’ r • semiclassical treatments with experiment is largely
wave propa n ’a t i c c n  is h~~ i ! n  m l ’  M,ia w’( ’ l l ’s t t ~u . e t e  OS due to thee fac t  th at  en .‘ le igh—gain  sy st en e the e f fec t s
(the a ~c e t e r r i e s )  so n. ,~t t h e ’  1 2! t i - r i o  ;cpp e ’ ,ir s  to  of spontaneous em ission can be combined iret , ~ abe uecor ’rect .mn d wa ~ ad de d u r e n c  c s s , u r ’ el ~ - ( i i )  l o  sc ie g le  pa ramete r  n~ w lci ch enters th ee ~ r i m ; t ~ions
accoumet (or ei e hno r ieec ~e I , ’ - u s I , :  I , - ! ,  - : i  cr i ,~, ilc h’,(~S (77)  l o ga r i t h in e  icall y, so that thee exact detnt Is of th~the fa ctor e’xp( — 1 21  ‘) is ice .’ c u d  I m i s  f , c r t o n  spocetaneous—cn sisscori  process become ’ u n i m p o r t a n t ,
arises fr o n i  t i c . - , m s s u c c n c t  ne ie~ ‘ t ie .it the r e is no C .r — Nevertheless , the need still exists for a quan t i zed—
r e l a t m o re iii  w e - c - n  f r e q u e n c y :eueui  pos i t ion  d u r i n g  ‘he f ie ld  t r ea tment  to substant iate  tine semiclassical
evolution of the superrautm .uit pu lse ’ , tie .issurnp’ ion results  and to explore quan tum -mech anc c a l  features
which we ’ hcc ’ l ~~-~~c is i ra ’ cc r r c ’ct  l len ce ’forth , we of supe rradiance such ~s fluc tuations Since it is
r e s t r ic t  out- ’-e’ lv c -s to th e  e ase 1; ~~~ en wh ich now generally recognized that a scnmicl.i~sical do—case Eq (77) ,e c ~ie. ’c s  ‘.~ i t i c  F.q . 

~~~~~~ scriptio n is adequate once tlee pulse cyc l ot r o n  pro-
In Ref .  l~e , I ‘1s . ( ‘~7~ i re  soIv~ d by ne ’glcc t in ’-  cess is under way , t h e  qua n t i zed—fie ld - th eo r y

(I c e ’ (
~

, e n  ) , cc - r i m e  - ‘Iii is i r eccc i  r e  i t  ~i I ) I e i c i ,X m i e e a t i o n  t reatnient  can be restricted to the sm a l l —  smzn al
is ius t i fii-cl ~ 

‘ by t h ee , m r o n c e r i i ’ n t  th at  in t h u  case of r egi me , w here impor tan t  simp h i f i c a t  ions occur,
“un i f o i ’ n m e ’x c e t a t  C ec il ’’ c — i d e  p c i c e u p c n n g ) .  Ee1s . (77 j  Several recent p~e pt’e’s~ leave made us e fu l  .cdv.eu ces
are sp . it i . i l lv  i r e v , n r i , c i c l  I c i r  i l l  t r e i c .  t l r . v e ’v e ’ r . along these lines , It is our hope that U c  present
since lice ’ m n~ t’r t ed n e c - e d u c e -i n ’ , fcn e t c ’ in hc ’c e ’~th , 

t 1  es work will stimulate further research in this  d~ree~—is not tim ’ ’ case’—the i : c i t i , i l  c c c n c i i t  in e rt  is sp :m tm ; i l l  - (ion ,
cu,nst~cnt ‘en lv ov or .c f i r ,  m te ’  r e - n  ion e e f space. ‘I’h’ re—
fore , ;dtcr .m h i r , nc — of ‘,rdc ’r I , ic  n p ; c t m ; i l  v a r i a t i i ’n c s  
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the sanee spirit as discussions of this subject in
ReIs , 22 and 24, ‘l’hi s work w i t  h steady-state

is aI)ph mend,le t ee cm sysb’mei in wlimc hc thee lo,ss APPENI)IX A- Dr.R IVATION OF INTENSI1’Y (.,UN
coe f f i c i e n t  ms s u l f i e ’ e c ’r c t l y  hc m gl i  see is to suppress EQUATION f-kO%l COUPLED MAXWELL-
r ln~ i m i g c h i t ’  dc-c ’ re us e ’  ice rice gm ie g for large K c am i be ~~IIROt flM;ER I QU -tTIONS FOR A S~’STt ’M NEAR
se en ir e li ce ’ sL S cur ve ’ in Fig, 

~~~
, ‘HlH~~~~~EQ Uu LIB K lt t M

VIII CON( L(t SION We :onsidcr a linear steady-state system.
Schrödingcr’s equation [Eq. (llb)J can be rewrittenThis paper has devi’loped a semiclassical de 
in the formscription of the e ’vol ut ion of zen in i t i a l ly  inverk ci

system into a suhx ’rr .md i ;u et state , and shown t h a t
‘athe inclusion of a properl y constructed ft uc t ua i ;n g  ~~~~)1~ er(7 _ m f l J a  ~~~~~ &e Tr m” +A,et~rh ni ,

polarization source in the coupled Maxweli-Sclurö-
dinger equatiores gives rise to output pulses which (Al)
quan t itatively agree with  experimental results
and have all  the features expected of a super- where r a ku and A ,, which includes level degener-
radian t system. The success of this model maic es acy and velocity dependence, Is given by Eq. (24),
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A ,(x , T , i ’ , M)  “B 1 ( n . (x , r , 1~~~f) 1i / 3  (Eq . ( l la ) j in the case of no linear loss (which is
tim e ca-se of interest), we obtain

x~~~ 5(,x — x 1 )~~~ o ( T — T1 )
aS [ ~~~~~ K n 0

~~~~~~~~~~~~~~
a ’ ax ‘j

~
” l / T 2 — t r

—
a~ m

(A2) 
= 2sk 

~~~~~~~~~~ 
~, r r 1 ) 

~2 u(7’ — T~) â (x —

I I

where a~ ( j  — ) , ~ s , ,~~~ ~~ ‘ , ‘Z ’i ~~~~ and the
v~ arc L” discre te ’  vc1cc ~ cc ,n ’ s  Then integra t ing  F 

~~~ 
x~B 1[ n ~~(x , T , 1, ,~~1) 1c /2 ~~~~ ô( t -  —

I a N
(Al) over T f r om  — -~ to T gives a

(A5)
2 T

6’ ( T) e.r( 7~m I ~~ ~
‘ 

j nc S • . r ’ 7 -e r e d l l  
= 2 rtk~~~ ‘V’ 

~ ~ 
~~~~~~~~~ u(T — T1) ô ( x  —

‘I
i e a

+ 11~ :~:: ~i: ~~ 
e ’~~I’~~ 

b(. i — z ,) ó(c - — ,.) X 
~
J i [ er -, , (x , 7’, r, ,.~1))~~~ i’’~ ’ 

cas

,~ m a (A6)

~ J 6( ’I ” T~) (  ) i /2— Since the i,,ia~iuea”y pai’t 
of the coefficic~ t of S in

Eq. (AS) van ishes when integrated over ve~- ’ citv ,

~ and thc real part es t~ce gain at line center o k, , Eq.

(A6) becomes
(A 3)

in tbc ~ czwc ’ a h e r ’,’ p, w i  cr 0 very  slowly vary in g  
e ° ~~1&e o )  

, 

-

In t im ’-  ci nch cc is ,i c c i u \  c c c . c t c ’ i ,  con st ai ct , we car’
replace t h i n -  p o p u l ; d i c n c s  ,g-, , J , e n i )  b, the i r  e q e c— =EE

~~~~~ 
> c t7

~~ r )
~
eT 2 u ( T _  J ~ )

libriune v ,ilru-s ci , ,  arid l-q . (A3) becomes ,

x 6(x — x,) B.c ’~i Iav  , (A’? )
2

~i .6’ ( T )  = 
ii UT 2 where B, (t’a , , h!)  2~ -k 1J ~ [ 0 - ,, f t , ,\j ) ) i f ~ , int egrat ing

along a path of constant T f r o m  x ( j  — l)~~ e to
‘~ c”~~ a (T  — T 1) ~~ v,) x = j . ~x gives

j S a
8 ( j A x) 8 ( (J  _ 1) .~ n) e ~ 0 ’~’

— va )e~<~~~~5 c c t 2 ,

(A4) ~~ e~~
’
~~

’
~1”~~ u (T — T1 )

a m N

where u(1) is the uni t  step funct ion , and n~ is U e xB z eao~~ h C CoI i aN (AB)
equi l ibr ium value of

~ ibst itut ing this result into M axwell ’s equation for j = 1, 2 , 3, . . . , j’, Simultaneous solution gives 

8(L , 7’) 8(0,’!’) e~
d
~, t ~~ eao r~ 

- m a t , ’,’ u(T — ~~~~~~~~~~~~~~~~~~~~ (A9)
a I N j .i

and

1(L , T)  = [ 5 ( I . , T) I’  ~ [~~o i’) i 2 e
1
~~O L cA cA

8 ‘ 8~ 
I Ii 2~~e~” ~~o~ ’ u(T — T.) ~~~~~~n mh~T2

I I a I

+ (terms contain ing random phiases). (AlO)

• For c~0~~x n~1 and ~~T/1 , I , no single her oes dc cii- in Eq. (MO). Then Eq. (AlO) can be written as the
nate the sum of random-phase terms, and the mm intensity gain equation of the text [Eq. (25)],

of these terms (wh iCh individuall y average to ze ro)
will be negligible compared to the other two terms 1~x , T)  =1(0, T) e 2

~°’ l K o(e~~O z — 1), (All) 

— - -- - .--
~~~ 

- - -~~ 
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where (B3)]

s ~~~ A T ,  2 al (w ,x)  
) (f( 

_____— = 2
~~(w w , A ) - ~ 

— (Cl)K ,= ~ ---i ~~~~~~~~~~~~~~~~~~~ ax 47

x~~~~ ~~~~ ei ’, ( , , .\ I ) .  (A12) integ rat ing Eq. (CI) over i gives

a N l(w , ~) (e 2~~~~ — l ) I ,(w)  +l ( ~e,, , x 0) , (C2 )

[Note tLi t Eq. ( A l l )  is the solution r ef  the d i f fem - en-  where
tial equation

1mw _!!i,,.__ (C3)
• 2ee K ,, (A1 3) 4cc n,— n 1

The total power at -~ ~L can then he obtained by
which is therefore an -qu e v a h ’n t  int ~-~ s m t v  g . i in in tegra t ing  over w:
equation . Ex .nnccn .ttm .cn f E q.  ( A 1 2 )  shows th , - i ~f
the e f fect s  of t t ’ . e - (  d,- - n er acv  ar id velocity dc ceci- I (x  L)  = f 1(w , x - O)dw
dence W er e  e l m n u i n . u t c - - l  hv chcO ( cSin e one %‘elocit -
and by ,n~ ’-nc rn i ru :  11 U for  all molecules , we w ’c u l d  

+ ~~~~~~~ (1 2a ( ) L _ 1 ,  ~c4)obta in the sai ecc ’ r es - ,c lt ,
0

mc w~
2 7’ 2.s ~~ , ) h ;~ ut~~~ , ‘i ) , For a h igh -ga in  svsten e E c ( w  = ,o0 ) L  .:2 01, the ex-

ponential factot ’ in i’q. (C4) is very sbcarpl.- peaked

(A14) near w =w 0, so that  1,( c,,’) can be replaced by 1,Lc0)
and removed froiee the integral . Also for a high-

that  would  be obt ci ine -d by s umm i r n~ c i - ~(t - ~ , ~t )  over -gain sy stem , the f i r s t  integral can be me egl ected ,
k and \I . J Here  e c , ( ~ - 1)  _ >

~ ,�~~ ir 2~,(i 
~~~~~~~~~ being much smal ler  th ,en the second icet egr ’al .

Equation (C4) becomes
AI~ l I  M C I X  K ( ( ) \ \  i c c  s tUN 01- I S 1 I  \ SI  I V  P 1 K %IOi ) L

W I’t t’-, i CS ~~n t t \  I i  \ S I f l ’  I’f K S i t  f t - t , \ ’I JWI l I l l I  l (L) zJ ~(w 0 ) f  du~c (0 2.T (~ )c _ I ) ,  (C5)
The E i m e st e i n  m n t e t e s i t ’, eq uation ’ ’ L Eq. (27) j

To fin d 1(L), an integral of the form
dI,.(x) ) (  /i ’ n ,  \

1 : - ~.) ’~~ - -
~

- )  (RI)
- n, —n 1 li = dwLe 2 c o I~~~

) _ I I ~~{dw ((f~~o t~~
_ ) _ I) ,

g tves tin e ’  t o t a l  e ’cnerg ’,- I (~) ~~‘r ’ mee oei c in thee ~nc tive
regio n of any l i n n e - .ut ’ -- ~, r e n c e - d i c i e e e  ‘ i c e  conver t (C6)

1 ( n )  in t o  an eie t ~~n s i I - ,- ~~~~ ~‘)  ~~~ u n i t  b zuidwi dt c iii where 
~~~~ 

a (u,’ =0 ) and G(zo) “a(w)/a 0, eeiu 5t he
the p l a n e - w a v e  d m r & - c c c c , rn . we ’ m ote tha t  the tot -l  solved. Expanding the exponential in ci power
power 1(x ) in the plane-wave direct ion iS series and Interchanging integration and ‘- u r n -

- - - c.t) (
~

-
~

) 1 ( x) ,  (132) 
mation gives 

-

1(x ) — I— ( 2cc ,~~ c1.

(C?)
where the f i r s t  f ac t or  is the numbe r of modes of J~ i
o,u’ po larei atioce ’° on the act ive  region in a fro-

For G(w) that occur ice slowly varying physicalquency i n t e r v a l  dv Lc-.- 2~r arid th e  second fac t or
I s that  frcmctron / of c u e  sphere over which plane systems , such as I~~rc’ietzians and Gaussian s ,

waves ce m e t r i b u t c  c c d. , - m ’ e c i t l v ,  in the p lane-wave [~~(~)) Yd n 1 G(w) ~~~1 d w  f or J > . -1 , so that the ratio
of term J to term ’] — 1 of Eq. (Cl) is approximatelyl i m i t , v . c l m d  tc er a s’, .—, t e n e  w i t h  lar nz ’ 1”resncl um-

ber (ce “ d e s k ” ) ,  j  - a ,2  4~ ~~~ 4~A [Eq . (1) ] .  II we 2-e ,L / J .  Therefore , for a 0 L >~ l (high-gain sys-

define ’ l(w , x)  by I ( s )  J ! (w.  s ) c l w , t h ere I ( ’  ~) tern ) , the terms which contribute most to the sum
(l / 4 r ) I , ( s ) , and Eq . ( l i i )  becomes [Eq . (28) 1 will be those for which J~ 2cy 0 L. We can therefore

approximate the factor j I G(w) Yd eat  appearing in

- ([33) 1.q . (C7) by 
J 

[( (~)1/ few n, ) ‘ ; , — ~~~~ to obtain2ce (w) t,~ 4rn fl 2 ?1 1

Iir~~~2 ~~~~~~~ i: Ic w j 2
~~~

dw
APPI !‘.UIX C K ~“,I~ S I I ) I l I  ‘, -~R KU% ~i N ( ,  IN LIN t ~R

HK.l4 ( .AIN SYSII %f e M i t S  i t  ANI ) .cv~ =e za ol [~~~~~120 0 1~~~ . (C8)
The intens ity gain equation fo r  the ptane -w.~ ye

intensity 1(c ~.e ,x)  per unit  bandwidth is Eq. (2o) or For our system, the gain profile is Lorentzian

- 
-‘- - - - - - -
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[se e discussion above Eq. ( l5 ) [ ,  w i th  G(w ) = (krm 1 )2/ words , a high-gain system described by the in-
[ ( w _ w 0 ) 2 .(kzi 1 ) n ] . ~ 2 Then . tensity gain equation

cc’9) -~~,~
-~=2a 0I(x) (Cli)

and we obta in the m’es~it  of Eq. (29), -and an input intensity

1(L) = 
~~~~~~ 

0). ~~~~~ ) e 2O o L (.~ w ) Y  
!(x 0) = 

~~

-

~~

‘

~~

‘ ( __!L~--_ + _
~~.__ ,!_ _ _)  (.~ w) , ,

4~ n2 —n ~ e ~~~~~~~~~~~ 1(d O)

where  (,
~~

,c- ’);~~ 
T~~( cc 2~ 1 ) c /2 as in the text . 

(C12)

k~ ami nznti ore of tine. ’ fuii nn of I , (w) [Eq . (C3)j  on would give the same output i n c c - r c s i t v  1 ( L )  which  we
of 1(1.) [Eq (C 1O)~ sh c\ ,  t hat  in a h i g h- gain s~ H - derived ~Eq. (d O) ] using our dc~,tm’ ib uted - source
tern , a ntm st ribut ed soumc~’ can be rep laced by n model. In a hig h-gain systen e , therefore , the
“ e q u i v a l e n m i ”  im e t ( ’ m e s i n - , source  .nt the input face distributed source of Eq. (Cl)  can be replaced by
which will g ive  (1ev samn i e ’  ou tpu t ieetenS~ ty .  In ocher an equivalent input field.
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SI S Fel t . I ’hy~ . Re~ 1: I i . 379, 3 i 9 7 5 1  the summat ion of random phases e v i l l  be more ’ m nrç ~ r-
~~ ~ (‘a~~~ m ~- n  an d A .  ‘i ’a r iv , I F  1.1. .1 . Quantu m 1 ‘cc- Uni t than small ampli tude var ia t io ns in the individual
t ron . Q F - ’ ~ ~~t ,  119 7 2 )  contr ibut ions.ii j  ~ P a r ks , n o  I- .- .~~! -- ’ . ‘~~~! an d A,’;. c, ’.I Laser ~ A s imi l ar expr ession for -~~~ without spatial depe nd ence
Phys ics .’ I”.’ e , ’ r . ’ ,,’~ cc lIz ,’ ~~~~~~~~ sy . npos cuen , was used by -I , A .  F ie -ck , Jr. lPhys Re-v 1) 1 . 54
ediie’d by St c. i - e t c h , N A K u r n i t . and A Jav an , (1970) ! . In the pr e sent case , spa m ia t  de pendence of
(Wmb -v Ne .v Yc r ’

~ , 1 97 i i . and ref e rence ’s contamn e ’ : A, must be include d , si nce in a h igh-ga in  system
ther e in ,  spatial va r i a t ions  a re ’  ess ent ial  to supe rradman c behav-

‘3G. I .  I’e.’t e ’ r - r  arc h 0. . A i i e  rr . .1 . Ph ys. A 4 , 238 ( 1971 ) . ior .
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N. A K u r n i t . and  A - - .‘en ( .& d c - v N. iv ‘cork , 197 :- . equi l ibr iun c .  Note that  th e presence of delta funenr on aet A more ’ de t : e c i , ’ e i  cl s ’ r e ; t i n r e f  bcc’k,’’s work as it  r -  — in A, ix no~ i r ec on s i s l ent  w i t h  very 510cc Is’ van log en
la t e ’s  to both i i  ; c . c c n t  s .’i r r c p l ,  e r i c h  i r e  e x t e nded med cur  is and 5; although .‘c~ has delta functcon~ , the’ sou r ce -
g i v r - r  ccc I t ’  C i s .  - terms for n aud if-’ do not ,

.\ . i r c t c u ~ dr  f n n : m r e e r - . ‘f c ’ e l t r  c H i c -  e lcnrcr pc r,,’ t e n c e ’ s  ar c ’ t6 A .  Einstein , l’hyr.. ‘/ . .  lh , 12 1  ( 19 17 ) ;  \“-rh . Ii ’ -.ch
d i scu s- i t i v  it  i ’ r r ’ . l i c e ’ r g  : m m s t  S it I l a r c m .’,nn . I ’ii~ -~. I ’hy s.  Cc-s. No. 13 ‘1 - 1 (3 91 1 ,) .
Rev. A t: t , ‘t 9 ’ ( 1 9 7 ’ . ) .  

~
‘M. W. P . Stra nehine- r g .  Phv s .  R e -v .  107 . (‘17 ( 19 573 .

~1C.  I I .  ‘Io ns -n ’ -. ‘cnc  t A I ise -i i : i - . c t , r w , .t l i r y , e r e a , - e  Spec” “ For system s whi ch are ’ not h igh  gain , th e - c dli d”pn -nm —
t~~ cc ~~~r . c ~~c y ’  ( ST i ’Or:i ’c l i n t )  ‘5 cc ‘c’e ’r k  . I 9 , 7 ) , Eq. ( 1 — 7 ’ ,) . de nt factor (ic ‘Jn I ,  ( I ‘1 would be re placed by I , so tha t

“F. j i b e - h . ‘ h i  - - lt~’c ,~~~: , -e n ;rc I i I n l n , c .  K 4 l n ./ (ci , _ n 1 ) l 1 n . ,1/.l ’d T~.
40 ’rhe n l oc i l c t e -  p. .n~.s in  ‘~ I ‘ci I cc - :n )~ i ( ‘an t a ’  e - x l c t a i c i  ci “rhere arc s onne -  errors in the ’ n u m e r i c a l  l i e - t o r n  in

as fed lose s ( ‘ Oca l - c n n  i4 I q . . c .1 ) cc nd ( -t :t)  c c  c s  I teat the corr c- spuncl ing e~lu a t ior .s ccc R e f .  i-I .
~S/1.i ’. ) ‘ Pc c c ien .r . cn t  c - c ’- r  ~n e c , - I I c e -  c t c 1 n  h , e - i c ~ c - c - c c  tt The der iva t ion  ( R e t .  4 -1) of th e  area th ,-o r c ’ne assume’s
the doubt ,- ; .e- ~~F s  I n  ‘I ( ‘ 1  t a - n  eorr e ’c l= nne l- i  to a rc ’gc ’ n a zero—phase e x t e c - r i a l  f ie ld  incid ent  upo n a r,ondc~ c’n—
where th e -  r m n ,:in ;: I - I c c .: c ’ n ” c c ; h so c hat  p c i  ~) ero s ” crate m e di u m  w i t h  c-cs c h r s ~r i tsj led sour c e - s .

0 Ii mg 1 1  Wi n e -n I ’, ,  r c n . : i r r , 1  I ce -c -once ’ s  su f u m c i e ’ n t t d  Ce ThIS follows Crone th e  exfcr es s ion  for th e .- cross sect ion
dampe d so tha i en c a n  n’c i ’ cn ’c - r  I “(‘i i n C  rx e ’i l t iv e . t h c  of a divergent Gaussian beam. See , for - s rn mp le .
dip nJ i s a p t c~ i r s  ar i d It ,  ck cu ) , l e  c ck icc -come- s a smni i t l ’  N . Sargent Ill ci a) . ,  I.asev Phys ics ~Adct ; ,o: i— Wes1r y ,
peak.  Reading. Mass , , 1974 ) , p. 369.

‘t Ac c ’ord ini , c i- , . en ci . , i e r c -~ e’ l ea .; ‘ he n ri .~~n ’ en  the e - l e n g t h ,f ~~~ P. Fey nman , F. I ,. Vernon , Jr .  • arid Ft. ‘eS . Itch —
the d ip ol e ’ ,i r : av  c- ’ , n n t e h  I c -  c ’e ,n- - c  I ’ re~ I U, tx the ’ l e - n g t -  warth , -I ,  Appl . Phys, 28 , 49 (1957).
L ,0 t<I, ) ov e r x h R - h  t in ’ - l ’ . i a r e , a i  n o n  ‘ nv e ’lo I , c ’ cc  ap :- ro x — ~ D. C, Bu r nham and B , Y . Chiao , Piy~’s, Re-s . 18~ , 667
Imat e ly  constan t ,  Se-c ’  ~~ 

( i l l )  Ix ”low . (3969); see also C. L . I .amb , Jr ., )‘h’,’s. Let t .  29.~.,
“See , for e s : i r . n ; le.’ . Ftc-f .~~- ; 507 (1969); Ref .  45; and F. T. Arecchi arid F. Cour.e ’ns
4C ho t he’ f a r  i nf r a r e d , the  ‘c, ,, -hrrc ,ci nd t h e - m eat  r ad ia t io ci  (Act. 13).

In tens ity  c-s c- ”,’el’j c is ’ct due ” to ~p en cecane ’e ) cex “mi s s ion  and Cia ,Vohr added in proo f . The normalized emission curve
become’s th e - p r im ar y  n - c  i r . e n m s r n  (nc r c n i i i : m t i n g  the ’ Is obtained from Eq. (-16) using the sub sti tutio n
su p errad i ant  prot-e”e s I ”  - ‘ i .  (‘16) 1 - w e  2( a T)m~’2 , as in 11cC. 63, One obtains ei~~ / dne. 2

“S 1., McC a l l  mii i  I, - I . . h ahn , l’hy s l te ’~~, 1 S t , 457 + (1/u>d4c/du’ = sin ~ /L 1’R ,  which for the initial condi—
(191,9) , I ’hey s . 11e v I 4 ’ t t .  I ’) . 9i c s ( 191 ,7), tion 4’( ,c- ~ 0) ~~ 1 gives the norm,alized emission curvo,- 

- 
C 1~or ml c e c n n t c r , - h e - i c - . c v e -  I I - r c i  r , - i ,  r e m - ’., s,.c- ( I .  I . .  This Initial condition is equivalent to a ô—f un ct i on input

I~ mli . .tr , 11.-v. M c w l  l ’ t iv ’e - I i , 91’ ( I 9 7 1 )  e~e Re id , which is ai sproximatel y equival ent (5cc, V) toee 111,,~ t n ~’ n  x l n i e e V  c e - i x  ~“ m c  ‘I’ , i r , )  77 i s  ,,( no ec cn se-c( ce’nec any other in pu t I*ilse’ of equa l sma ll ch fc. -c -tis ’ e area .
her. ’ n i n e ’ ,’ t i n , -  M c c I c c r r n c l r : c r i i  i c c - c r  r u , -  Is  ni e c e - t m l.’c, s CI~( the  poi ’ula t io ii e x c i t a t i o n  t i m e  is appreciabl e , T9
thn n ‘,. should h,’ nce’a sure’d front the central part of the cx—E~1~h 1M Cc , r c , nul : c  I.. cc ( ‘ e r ,  .. .~ i c ’  . m e ’ ,’ e ,t cli , ’  opice il J Ce f l e t c e I , . : c’it ,et io n pu lse. See Ref. 26.
precc ’ .-c c ’. ans i i.e en , ,) ) , ; Isi i ’  cc , c i , , -  , . c c l c , - r r : , c t , an t  ~cui ci ’  °Thls ca n he’ se-e n Crone the figures of D. C. fturnha m
cv olut l c ,n  I ’ m ’ ’ - ’  and It. Y. Chiao (11cr. 6-3) .

~~ the ’ e~y s t . ’mn  c c  t sn oep m - i  t ’v cm ‘‘ Ie r: uie, ’ h Rn, ’ . ~ re mu e “SIn the ’ derivation of Eq. (-19) , the” argument of the
be mu l t i i . I i e - , t  t e y  (2 ~i - ‘(( “ 12 !  - i logarithm depe nd ” on T0 a nd is of order ~)~/?;  the
“K I”rte’dii’-rg cers i S. Ii .  t t a r t m n c a n c i , I’h yme , l .ett , 37A , chosen numer ica l  f:u-tor provi de’s a very accurate fi t
285 (1971) to the numerical re- suI ts  of s-c , V.

5’C K. Rhode’s, A. Szbke’, and A. .lavan , Pt,ys, 11ev, ‘t From these approximate ’ expressions a picu ere emerges
Lett. 21 . 115 1 (1968). In which the normalized output enuission curve is aim—

~‘it is convenient to a s s u m e  a constant  amp l i tude ’  for l iar  to a damped sine-squared curve, 1(7’ )
A, (othe r than the in 7 depe nden ce) Ice-cause ’ cehi ’n con i c i -  i,e -Cr- ~‘D1~~ cos’lp8~ (7 — T0)/4h I ,  of frequency
out ions to 3’ from A, in di fferent regions arc added , (946, /4i~)

t 1= T51 in ( O,/2 w * - T.~) and decay consta nt ‘

_______________
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( T / 1f , l T 5( l n ( 0 0 ”2 ” I ~ ” ‘l’his equatcon ge -es a q u a l i t a t i v e -  a value correspond ing to spon taneous emission,
fi t  to the ’ n o r m a l c z ~’d eu t p u t  curve’ , and as such i t h u s -  ‘As can be see’n from the discussion of (T , l ,. lEq - (75)) ,
t rates  the- i r n t t ’ r p r e : c m c i o n  c’ super rad ianc e  as a dampeet o 5L~~) l nO ,l is su fl mc ient if  T~’ us the dominant broaden—
osci lla tory pr oc c-s ” . -.c to ri’ - iamp ing is due to the-  r e ’— mng time , but a 1._ .“ tn c 0 1 is ne ’ccssmry if  T 2 dom inates,

lease of cob, r en t  rach m .d I i on  fr’onc the’  sample ”  lt e’h.’i siom Thi s follows Crone the fact than Ta must be shorter tha n
of thi s i~~3 e ’  can 1- ,- , j e - r ~ vm - ,  f r o m  a e” i f f e r e n t n a l  e ; i a t i o n  both the incub o re-nt de c ay  t ime and tb , c f f , - c t nv c  di’-
obtained l v  c o n - i c d c - r j ’s ;,‘ - f r a c t i o n  of the energy rad - phasing t ime  of the ’ system so tha i coherent decay will
iat ed in one lobe of r ad ia : , un  arid the  t ime  between the dominate.
f i r s t  two outpu t p. a i~’i , ( ‘o m b m n n n g  thi s d i f f e ’re ’n t ca t  ~~~ D. Cr i sp ,  Phys . Rev , A 1 , 3604 (3 970 ) -
equation wi th  Eq. (S5l g i s t - s  1 ( 7 ’)  as above except for a ‘ Note that this conclu sion np i- iu - s only no ar c inhomogen-
factor of 4 In r , -n d i f f v ’r ec ;ce -  a t i r n h c u t a b i e  to the fact eoeesly broadeni’el s y s tem ,  s i c - i c -  de e-s C m ’.’et cd n of the

th at the true ’ de cay of u’ nc - r - t y  slots-s temporarily each levels is un impor T an t .  ihe popul a t i o n  de’cav associate d

ti me 6 p cm s ’i thrce n c g h zero , w i t h  homogeneous broa ’~ cc i og  cannot  be co-,i rc t cr act e d

~To simp l i fy mnt , ’ rm e d i ,’ite c a l c u l c m t c o n s  see have assum ’  -l Icy high g a i n .
neg li gible t r a n s i t  tn t ’ .;’ - ‘cc t hat I T in  E e ) s -  (5 9)— (62 ) . “Reference 19 , E qs. (10.12 ), (10 13) , and ( 10.16)—

“l’hc se ali lci ’ ox i m n a i i o n s  s c - n - ,- ) u s t i f l e ’n J  in Se-i’ , fV anal a m ’  ( 10.18 ) .  For convenc e ’nc e of e om pcm r i~on scm nh Eq s. ( 11)
conf i rmed by the ’ n u n c e ’r c c ’ a l  r , - s u t t ’~ i d-we , Vi whcc h , in s we have kept orniy those t e r m s  corn ‘.po rc dmrt g to the
par t icu lar , s l o w  that the ’ pha se ’  “1 ~~

‘ is reasonabl y coo- fot ~~ard t rave l ing  s e a n e . th is  is conis n~ icn ( a u t h  the
st ant th rou ghou t  th e  rime -ch um and cm t i m e .  s ta tements in S-cc . I I I  tha t the fo r sea rd  a rid backecard

‘‘Fhe cons tan t -phase’  as s u m pt ion  i m p l I es that the car- waves do not unt er-’uct appreciably ,
n e t  freque ncy is c 0 5 - to re sornence - (C 

~~ ~ > This ~~ Note added is proof .  The pendulum equation ~I R d .
approx i m a t i o n  Is v a l i d  ) c , ’v cm u ’n e- the spontancoume-etnis- 19 , d’~ /d12 +I(c/ 2LI.(1/2T )1de’/dI ( (J 2 L T ~ )u 1 1’~

stoic profile ice s y m m e t r i c  ab out i t s  pe ’ain at  
~

. x sln~, Is a function of time only. N- ,n te that the pcnciu-
ti~g~ In tegra t ing  F q .  1172) care r nu s c  ic e’ tak en to keep all hum equaUon obtained f rom the pre sOnt treatment (Ref .

te rms of order e.a 0L in ordc ’r to olitain the correct 63a) is a function of both sjxeee aced t im e- .
numerical  eoe ’(t ic ’ient of the ice-conch te ’rm in Eq. (GSa) 7 R . Bon ifacio . F. A. hop t. P. Meystre , and M . 0.

Howeve r , as s e n  l,,’Iow . tha t nu nne ’ r ica l  factor  is Scully, Phys. Rev , A 12 , 2568 (197Zd , and rcIe rcncea
unimportant because tha t t e r m  is n e g l i g i b l e  (a ,L therein ,

“R. H. Picard and C. R, Willis . Phys. Rev . A 8, 1536
ri The solutions of Eqs. t i ;M)  oI,ta in ,’,l in Ref .  17 do not (1973), and references therein; Ft. Saunders. B. K.

agree at all w i t h  the e’xjs ~ m en Ia l  results of Re f.  6 , Bullough . and F. A hznad , J. Phys. A 8. 759 ( 197r ,) ;
notw ith .st ars ter eg the ’ :enalv sis ‘ci 11.-f - l 7 ,  In  the  f i t  F. A. Uopf and P. Meystre , Phys . Rev. A 12, 2534

the rein to t i c ,  e ’ x p c - r i n m , - n d .it r,-’,c,tt cc . ~he t ime ’  axm. ’m has (1975); F. A, Ilopi. P. Meystre , and D. W, McLaugh lin ,

been shift ed a r i , i t r a r c l y  a m ~c h die ’ , ‘ s cc . - r ir n en t a l l y  oh’- Phys. Re v. A 13 , 777 (1976) .
served ring i ng Ire d i s re ’g cu rc te ” l Al i hn cnc i g h  II,’!, 17 U The very slowly vary i ng app roximation imp lies tha t
claims that l a r ge  d , -ba ~ s ‘crc- etu . ’  no mnh om ogc ’ne’ous the carrier frequency is close to re sonance (“ ‘ ~~~ an

broadening, the i r  c a l c u l a t i o n s  do rs’et g ive ’  t he ’ obcs , ’r s’ d approximation discussed en Ref. 70.
delay s I n fa ct - our me ’ -c , I ts sho w that for constant 1~~, tt The intensities of the two polarizat ions grow mnt de ’pen—

the delay decrease ’s as th e ’ inihinnc oge ’neou sly broaden dent ly, but the one which starts first w ill dominate ,
ed width 1/T f increases (Eq (71,11 . ‘2 For a Gau sstanG~~, ) = e~~A~~’~~~

i , 1~ ‘~~rm / 2o 0L) ~”~
‘3Equattons (136) do not al low IlL , ! 0) - 0 , because R e f . x k ~ e 2C15 L ( ce’/ ç j ,L ) 1 I 2j e 2a oL/ T~
12 requires that 1(L , 1 0) must  he at least as Iae’gt as



Criteria for x-ra y su perradiance ~
J. C. MacGill ivray and M, S. FeId~
Dt’p,ertmt’ni of Plcyincm eeced Spectroecopy La boro.tor ’y. ,Wassach useus Icesz stu t e of Technology, Cambridge,
.Was.ua chc~seic.s (h1131n
(Keecceed 2 1 February 1977 , accepted for publication 2 May 1977)

t h i s  pdpe r develops set of ~r nt ena for superradia nt c-mnlssIon cue s-ray systems. l’hese new cntena , which
ccmus n be saucst’ued in m~dcr to obtain efficien t s-ray emcsslon , are given in the form of simple inequalities en
leone ’. of espenmental parameters

PACS numbers : 32,30 Rj, 42 ,55.B c

O-,’er the past several y- ,n ars  there has been consid ,ir- center , L is the sample length , and t

u b l c -  discussion of possible x- ray  laser schemes. Due = l~ (N l / 2 (2n)5/ ’ (aL ) ’c/ ’l a~ InN . ( 2 )
to the short spontaneous lifet imes of the tran sit ionis and
the  lack of suitable mir rors  in this regime , a higle-gain (For typical x-ray systems , 15 < p  <30. ) In this case

th e properties of the emitted radiation are determinedsingle-pass system which  is excited longi tudinally at the by ,p and the collective radiative damping time ,
.speed of l i < ht  (swept excitation ) must be used . The ’ prop-
e r t i e s  of such a syste m will differ considerably f n - nne T5 = 7’~ (8ir ,/nA 2 L) ,  n = N A L , (3)
those of conventional lasers. In a recent pape r H e e h ~~,
Me ’v st r e , Scully , and Seely 2 noted that the rate-equa tion where T, is the spontan eous lifetime of a single atom ,

A is the wavelength of the emitted rad iation , n is the
.spprmcach , used to calculate the gain in many proposed ini tial inversion density, and A is the cross -sectionalsciiC i lnO.S, is in cur i’e ct due ti  “laser lethargy ” , a i-ed uc- ar ea of the sample. Note that ’ cnL = T~/T ~, where TLi on in g-ai c i  due to f in i t e  amp l i f ie r  bandwidth and r.tp id

is the inverse linewidth ..ttenueeic de ’ay . Al te rna t ive l y ,  the x- ray  radi at iecn lerocess
m a y  be viewed as superradi ~ent emission frn m an in i t i a l -  The output rad iation is determined fro m the Maxwell-

ly in verted syste iee , sine tl ar to that recently observed 3”~ Schrdding er equations~’~ ; the peak output power is
and analyzed e’ in inf ra red systems. This paper exploits

1 4PTh~ J / T ~Ø 2 c c N’, (4)
the latter point of view to develop a set of simple in-
equalities en t e rms of experineental parameters , which the width of the output pulse is
must he met in order to obtain ef f ic ien t  x-ray emission .
Such c rit e r i a , which hav ..t not been given previously, T~~~T5q cx N- ’ , (5)
should be of interest to proposers of x-ray laser sys- and the energy contained is
tems. li e fact , several proposed schemes fail to nieet
these criteria. E,a 4Nliw/ ep mx N. (6)

Superradian ce is the spontaneous radiative decay of The delay time from the inversion to is
an assenebly of atoms ut  molecules in the collective T0 ne ~TR~~’m x N ’, (Ia )
mode - Alternatively, it can be veewed e’ as the transient
Ioi ’en of stimulated creeission from a hti:h-gain medium, so that TD~~~T.,’P. This pulse is followed by ringing.
In this process ice ccihe rec mt spontaneous emission induces (2) Next , consider the case in which the inversion
a sneall mac roscopic pol..c’ezateon which gives rise to a r ise t ime ~ is f in Ue but ler,ninates before the superra-
g r owt im~.~ electric  field aced consequently an increasing diant pulse is emitted . In this case the inversion density
polarization ice space acid lice i t ’ After a long delay, a which would exist in the absence of stimulated emis-
hi f , h l y d i r ec ’t iouea l  pulse t i c  t’iiitttcd, often acconepaucied sion , ’1 n (l ) ,  reaches a constant value which can be
by ringing. ‘[‘lee peak icu l~net Ixcwt’ I’ is proportional to used in place of u in Eqs. (1)—(6), The delay time 7~,t i n- squai’e of lI n e ’ nutic be ’i- cci  c ’;tdiat or s , N . measured from the commencement of the inversion pro -

i i )  ‘l’Iic udt ’ .il case ccl  .si -ptt i ’ i ’ adi ;tnce occurs whe,u a cess , is greater than T0 :
t w e i — l cvi,’l syte t c ic i  w i t h  se; f n e i c u i t  gain , . 

Tol ~T5Ø 2 I rf(i’), f -c’ <T011, (Th)
‘ii, ‘ic ( 1) where J ( T)  is a numerical factor , 0< f< 1 , determined

hat , been inver te d  by swc~et excitation wit h ,ie’gligilnIe” by the shape of n e(l ) for l e T .  tO [If n’(t )=  A15 1 , A con —
stant and 0> 1, then f =  1— 1/0. 1r i se ’  Ic,,u ’ to a l xcp u l a t uuen  in v e ’  d’ ic i on ‘s , Here nL is (he

-small-signal field gadic (h alf  thee power gain) at l int-  (3) If the superradiant output occurs before the exci-
tation process terminates ( T o l <r ) ,  ,t.~~= n ( t = 7 ~ ) must

________________________ be used in place of n in Eqs. (1)—’(6). Equation (Th) Is
then replaced by

(an [1—f ~7~)J 7~ ~~~T~~ ’) (8r / n,,1X 2L) ,  (7c)
~ ork SUtdix) rted in part  cv t : e t i ’c f l t i h  Science Foundatiorm and
1 .8. .‘ermy Research ( O l cu O)cerham). which can be solved for 7~ for any given n (I). ~ The( Sc
, \ I lr e d  P. Sloan Fc ’ltce w . frequently made assumption that the x-ray laser pulse

14 Applevd Ph yicci L e t t e r s , Vc.l . 31 , No. 2, 15 July 1977 Copyri~ et 0 1977 American tnstj tut~ of Physics 74



c c ~~C . t’ i, at the PCJk - 1 the ,t • c ir ’,e it ~ particularly others. In this regime it ’ = ruIn 4 cc L must be used ire
erroneous in t h i s  case. ~i r n m l a r t y ,  gain calculated using place of n in Eqs. ( 3 ) — ( 7 ) ,  so that 1,a ( h ~eA 32 —T,,)
t h is peak v a l u e  ha-s rio p a r t i c u l a r  s ignif icance .  ‘m (n k cc ) 2 and 7’, ae c 7’~ nA 2 no long er depend on L .  This

sets an upper lim it on the useful length of a superradi-
For exateiple , fur 1 T we have ~ (~) - \ f S-i 

~
. > 

ant system with loss, regardless of its gain. Longer
then lengths reduce efficiency but not 1,.

~ ~ 
i- c a’ - c/B (8) (c) In the case of unii’orrr c excitation (all atone s ex —

cited simultaneously , in contrast to swept excitation),
~~~ ‘r~ ~~~ \ )

c / 1 8 - t i n  
~~~ ,~~~

i i i  
•‘s~~ /~~, where  a saneple longer than cT0 will break up into independe re t -

cc , - 2et ’l~, :’~~ A I ( / L  cc , ~~~ I ‘l ’hn.s va lue  of “.et ly radia t ing  segments (in a manner described by
cane be used icc  l- .c ( .’c,  i i ) -  6 , for  ex a mp le-  - I 1c -~, ~~~~‘s Ac-occh e and Courtens t 8 ), resulting in loss of e f f ic iency.

(ii ,1 ,\)em-2 B ’~ N i n t u  t h a t  i i i  t h is  case I , - \ . 00’ ~~ This gives rise to a maxmneum “cooperation length”
but ,\~ ra d i a t i o n  s t i l l  n ci ’ ,i r s  because th e e e f fec t ive  mu o n  — 

- (‘7 ,~ ’- 2nA i ) t 
~~ , the length for which 7’D - ~ c ’. The

ber of r a d i a t o r s  .\ en •~~. ’i I .  \~ ~~~ . H owever , a l t h c c c e g h peak output power fo r L I.~ is ~Eq. (4 ) 1 1,
I~ increases  w i t h  i ce ( - i ’ea~~I I i .~ .\ , the e f f i c i e n c y  de-  ,‘~h~ ,(t ’ - L ) ;  for I. > L~ the neax imurn power !~ renea mt es
creases t2 . The energy  n c e l e - h  t e n  i nver t  the systen approximately constant, This will be a problem in small

— .\i 5 ’ h,~’ , su th at l’~ I ’ - (4 ~ )( TL T) 8’
~~, as ep- sanep les such as that of Ref.  1(b) in which the entire

posed to the ideal cas e (1 ) .  where E 0 E ,,= 4 “h. samp le is excited simultaneously.

It is sonieticiees useful to rewrite Eq. (8) as f l •~ In summary , in order to achieve superradiant out put ,
[,n . ( 7 ) f e m - r 1,~ , whe re  n ’ ~n. the peak value of cc’, can n (or n,~1 or cc ’ ) and L must sat isf y Eqs. (9) and (10).

be con v e ce i en t ly  tout ed frn j mee  R e f .  1(d ). S imi la r ly ,  Efficient superradiant emission also requires ccL ~
~~~~ , 1 ( r ) ) u m /m and 1,~~~h~.mALn ’( r )  rU— o lin,.: and L <L a, and , in systems for which r > T~ (most

ti ’ ( r)  alwaysj .  Written in thus fo rnc , x-ray systems), T~,
; r as large as possible.

these expressions hold for nhost n ’(/).
To illustrate how these criteria apply, consider the

W)eene the invers ion  is produced b y a beani which scheme proposed by Duguay and Rentzepis , tc ,i in which
c rc cssce, t i ne  n i e d i u c e m  in the  transverse direction , as in 

2/c electron s of sodium vapor are to be photolonized to
Ref. 1(c ) . l Ice  t r a e e s i t  t i m e  of this beam (‘an be concp a - create a population inversion at 372 A. In this system
i- aid e”  to I~ aced mus t  be take n into  account when calcu - p 0.02 Torr , T 1 T~ -~ 400 psec , T~ = 17 psec , L 500
h aLi ng ee ’( /) .  cm , cc -- 3x l0~ cm~~, and the degeneracy ratio of the

(4) h e m  ~c h l c t  d cc i I c c o c e d i t m n n m n  ( I ) ,  e i the r  ( ‘r u t e r m a  which upper to lower states is 3. The pump power (centered
a r i s e  t r e n c e e  ( ‘f l ee t s  w l e m c l e  a re  pa r t i cu l a r l y ieeepor t a cmt  i i i  at 50 eV) increases linearly with time (~ = 3) at a rat e
x - r a y  syst ece ms n ic i s t  be r. iet  1? 4 GWnsec ’ cm , and 0. 3~ , of the pump energy is

absorbed by the medium . (Hence A = 0. 003R .!2hu ~~m,(a) ‘l in e h n n m n c c , g e n c o u s  decay tcni ~ “c . clue to slx)cita for / - -  ii,.) Equation (7c) applies here and gives
n e t / us , ‘ c c n c s c v m o c n , c i n t h i s i c c i s , Star k broadecung, Au-er n•~ 6 x 1012 cm , Since this value satisfies Eqs. (9 )
t ra n b i t i e c m e s , etc . , m ust s a t i sfy  T0 ~ ~~c ,  otherwise cnco and (10), superradiance will occur; then ~ 23 , Tol 100
herent dcc .i~ bce cii cm the d cc n c e n a i m t  mode of deexn t a -  1)5cc , 7’, 5 psec , and 1, 600 MW. Conep uter solution 5
lion , p m e v e .nmi t in g  superradmance.  ~ This coreditmon t cves of the Maxwell-Schrödinger equations for such a system
~ J ~~(~~~c 2 ) ( ’/~~~ 7’~ ) or equiva len t l y ,  gives 1, - - 600  MW , T~= 80 psec , and T_ =4  psec , in

ci’. ~~~ i ’)( i ~, 7’ ‘ -
~ 

- (9)

so that w i t h  dcc i e ’,,s c og wave length e tim e m i n i m u m  m, due

gives I~ ._ ( I c -c c / ‘ 1)(2ir A~~ A 2 X 1 , i’ m ) 2 .‘vI i ~ t /7 ’ ,. -.

Wit h dece’easing wave e ci gthe  ‘/‘
~, often becomes li ce

mlei m ei ece aue t ceieclmanisne for 1’~ ( ‘I ~ ‘li, ) ,  so that at iii resh— L osi_
c,Jei (I , Nle~ ‘i ,) tIne pea~ jsa wer &‘eihe r ent ly enu it t t ’d
( t i e t e c  a s c e ma l  I solid angle) equals the power that w eeeul d  ,

nt ,n I, i c r  (n i .  ~~~ icecrea ses . Con eb uning Eqs. (9) amid (4 )

have icc ece i c i cce lue r e mi t l y i’adu .’nleid v ia  s$x)ntaneous C e m e i s —  a
Mic c i e ~i cm a l l  di rections).  co ‘~ ~~ RAT E EONS

(I, ) Excessive lc,ss can uu m hi b i l  supere’adeaiit cmi- -sio n. ~
~ J 0 ”lie x - ray  systems loss may he due to phote eieeuei’i .atm ’’n, U

invers e her ec iiss tra hl u ng or nonresonant absorptio cn ,
and th~ ? - f i e ld  loss coef f ic ien t , cc (1 ‘~ )(

~~~~~~
i c r ) 1, ~~~~~,

is independen t of x. Due to loss , neorc gain is needed ~~~~~ - .

~~~

________________________

to achieve supee’radlant output. Equation (1) becoinces 14 
PU M P POWER RIS E RATE R (OW rcsec ”cm”)

K)!, ~ & (10) FIG. 1. 1, versus R , for a system identical io that of Duguay
and Rentzepis (Ref. 1 (a) , described in texti , except that R IsNo matter m o w  large the gain , for ccL ~ ~~~ , th e culse varied and Tf ~~~. At R -4  GW ns.c~~ cm ’, nd, L = 3 xtO~ cm”2.ste eps narrowing and the intensity no longer increases (1 2) Threshold values of !~ and R , obtained from M~xweh1—

with length , ~ giving rise’ to a steady-state pulse’ de- Schr&h lnger equations (curve (1) 1 and rate equations (curve ~ )I
scribed by lcsevgi and Lamb , t8 Bonifacio e~/ at. and (see Ref. 19) ,
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e ee. - ’,e.’ .i~~, s’eme c s ct , e t h  t h e  , - ‘ .t : a t c ’ t - ~. These re su lt~ are r , -f , - r , ’n  e n  Ut e r i - in . Ic) I’ . .1 . Ma hl o zz u , II , M . F ;- ,no- r , R . G .
nian - ki ’ni l y . 1 . 1 1 - r e - c u t  t u e - i ,  t~, ’-,c c , I , i a iuee ’c l  1r ti rate c-qua — ~~~~~ I i i  . AI ,t eIcI n c e m . I) . P . Fairand , W I . e a ~ agher ,
I I - - a n n u l .  s m s  , ‘ ‘ s h e i c h ~~ 

- .11 ( 1 1 about 10 t m m e s  s n i . c l l e r  It . I . . I e’e k e  r , and M . I ’ . Muckerheede , J ,  Ap~ci . l’h~ s. 45 ,
- I s91 ( l ’ e 7 ; I ,

.i ni / , ah n c c u t  I ’ )  t u e  ‘, ( c c i ~~cr , i F~. A.  I b id . P . Mevatre , M , e c , Seul~ , and J , I” . i-”t ’c ’IC
Ac - a  I ’ , - t h e  v,c uc f R i s  a inco s t  an order  of n a g  — l’hY~ Rev.  Lett . 35, 61 1 ii

N . Skr iba n owmt z , I . P . He rman , J. C. Mae~~~i vr a v ,  acidcde (a m tha  c t heal i ‘. e r~ to achieve superi a ~ ~ ~~~~ [‘toe Res t .ett 30 i i  ( i i
e i i a n c v  - 1 : ,  e t c m m i i c e c u i e c  ‘~‘ a - c c - . c te ta m e d  f r o n t  Eqs. ( c  ‘i P. He rman , J . P , M ac Gi l l  cv r ay , N .  Sk r c h xn now ill , and
acid I I I . . is  0 .8  e ’A i i . s c c  c m i i  - ci~’ung 1~ 100 MYn and M . S. Feld , nfl  Laser  Specf r oscop v.  edited ci R . e . tb r est ’ r
1~, 11 pse’e Cc i c 1 c i 1  c i  a .  a i - I (‘ C c c e f i r n e n s  these rc .-.uhts  . tend A . %hsc rc h ean Plenum , N,”i York, 1 ‘7

. Gross , C . I ‘ ain r e , I’ , l’ n lle ’t , and S . il ze roche , l’h~ s , h t e ’v .
I c  !e,r t , e ’ e  (‘ ‘ c e C i l  e s t  t I l e  n t - n i c e  t i c r is cf M a x w e l l —  l.ctt . 36, 1 0 1 6  ( i n T l . ) .

‘en l . r c c d u u p c r  i c i c i  t . i t ’, e- - 1 , , c t n c i c . ’-, , e - - i e s i e h ( - i ’ the com ec Jt ez ’ “ 1 . 1 -
- 

M c  c ; i l l c v rar end M. i’e i” eld , Phvs . Rev , A 14 , 11 11

e n d ’ , c- i ’ ,  I l” i i  1~ ( . i t i t i ) 7  I i c e d  IC f u r  a s~ s i t- ni identical
‘ I t , i- ’ rncd t ccrg a rid S. It . l l ee r tm ann , l’hvs , 11ev , l e t i , A 37 ,I c c  lI e,, h e - s c  g t c - i  d c c  -v i -  L i n t a m t lc l i  s m r e c p h m c n t v )  n e c  ,

~~~ ( l ’d7 1)
l > c c e p l e r  b c n c . i c l c - i c i i ~ ~‘t ‘ , I ’ m , ’ p e ak  i c m t e c n s i t y  u i —  5 W)n ’n thy ,; cp - r _  cmvi l o w e r — l e v e l  PuP ul ’e t l c r s  let - n i  it
is i c i e d  t i  m e n L i ce Max s e l I  - .‘ c h 15 cc1 t i ~~er equations (a e l c i f e r e n t  rates , Eq. ( l i e)  of Ref . 6 must be reiclact’d Ii
ext euds th at c i t  t he  r a t e  c c~~ n t i  ci,, (b ) b y  a f ac to r  oh 10 ‘~ ‘l c ar ate equations i c r  n,~~ . and ~~~~~~~~~~

e n th e ..,. sciper ra dmafl t re~,’m i e . and about 10 tunm es as ‘I c c r v t ’ m e  cci ,r ’(I) crc easily obta ined froco ra te — eq n nt i tnon -m al i - -

niucic put i ~~i Is wer  is iee ’ec -, , .s.it ’~ Lu achieve superr iuc ican t see , such cs those of Ref . 1 id) . As en Ref . 1 all , cl egen er .ite ’
in ( ‘ 1,-k must be taken into account .

- ulpiat rhO, uncitsise cr threshold c)ccui.’, becausc, ~~ ,~c -cct ’ral , f I T)  j ’ ~~~ ( 1) d t I T,, ” ( T) I .  Usuall y , I is essen-
;x,la r i  j u t  wee I’ e - a mc n m be ~ i’eatt ’d ens tanta mn eu cus ly .  ‘ - For t i : e I  l y erwh (- la ,n (l cnt ~,f T.
. i/  1 , 1’ ev k e ’ s  Sl a’l\ - ~mvi ceg  r ise to a t ime de lay  “ l- :qu tuti oce (7c) can be solved graphically using n’(I ) curves
during whuu’h 1’ c aim decan - ~ For ~t i . ,~ ~c , however . 1’ such is those of Ref . lal). The exact sha pe of ‘u V )  has le t Ue

builds up c u r e  r a p i d l y  - .eced to a larger  value than that ~~~~ t -t ,°ii 
the cebserved ou~~et , fo r reasons discussed in

p red icted by i’ate equatic is, gm v mmeg rise to snial (en e” r~ i condition r — T~ fo r no loss of efficiency is more str in-
dela ys aced s le or te r  P u l s c - s  of l a rger  in tens i ty ,  gent than the r T. condition of Ref. 1 ~~) , since T~ <

:ctw :c ys (see text above Eq. (9) 1.O& ,servm ce g c l i  ret- I i c c i m a l  .tm ei sot r opy ice tine outpu t r , cd i a — i t fie t , effective nl ephas ung t ime cnLT, ’ should also be a T0.
lio n nmay Ice ! a i,- t- fc ul e.’~,e’ rmmmnrnn ta l step towards at- lu cy - bunt tici s does not introduce a new condition , as is show n Lit
im i r  super u ’ad m a n i c 0~ sicec e! u s  thee ’ exp er i  me mental  pan e ccc — ltd . 14 ,
ett’rs approach t ime  thi’ esh~ ld c~f e ’ ci l ee r ent enmiss ion , the i4 j ( .  M necG i l l i vr ay  and M .S . Feld , Phys. Rev. (to be
n,ut put radiatiomt becomes ced e reeled into a small  cecegle jul~I ishod).
along the ax i s  I’lec output  un t ens u ty  frol i c a systenc wi th  

e~Th(. Pu lse a steady state in retard ed t ime , i .e., its wave-
Iorm doc~ not cha nge as ut propagates.

gai ue e cf n > r d e i ’ c i c m i l y  is .l~c ( i r e n X i ree a te l y twice  as larg e ’ ir t e A hu ’scvgc and W. F . Lamb , Jr . , Phys . Rev . 185, 517
the forw a  i’d t h e m ’ c c l  uncut  as icc l a tera l  du rect ions. For (1 tcc ;’i) .
ex cu cem l el t ’ . en l ime N a s i - h c e ; e i e ’  o f Ref .  1(a ) ,  the pump ~~lt I lon i f accu , I-’ . A . ilopf , P . Meyst re, and M .U . Scully,
p e n w e d ’ m- equer e . ’eI m c  c h s e ’ r v a t m c c n  of anmsotr opy is a l m o s t  l’hys. Rev . A 12 , 2565 0,9761 .
thuce n ne ’de ’m ’ s f m u e a ~ c e m t u e I e  le ’sS than that for :cnd F. Courtt ’ns , Phys. Rev. A 2 , 17110

seu i x.t r m a c h  m . e i m n  e - . t ‘~~h~ rat&’ equations used nrc Eqs (See.) au-al (6 1) of Ref.  6,
We w i s h  to t h in k N i  e lan K u r m m u t  for useful -

‘ 
wuth  a — cc , modufied as unducated in Ref. 5.

‘-51’he equation relating I~ end R for the rate-equ ati cen case
d is c u s s i on s .  (h ” ig. 1 OtIl is In (I/ ~

) - T~T1 X2 ( I —  I 0) / 2 ehwA T~, 2aL , where
10 8w (nc/2aL) 112/4 tT , (Ref . 6) with u~ obtained f rom R. ‘A’ :ce
th reshold occurs at 1— ’2T8WAT~ / T 1’T1 1t2 .

~~ the rate-equation picture this buildup e f  P is unstantan-
1S,-,- , ( c c c  c’~~ c ( I c ’ , (m M , ‘ . , I ) c l l e l t c \  noel I ’ . M . Rentz et c s, eous. Note that the rate equations can be obta ined fro m the

-‘ I e h d l . i ’hu y ’e . ‘ti . 10 , .‘.l e  c l i c c ; 7 )  (bi Ic , i.ax tend A , l l .  Maxwell-Schz~,d ii~ger equations of Ref . 6 by setting 8P/8T
.cn e ’ n t t ce - r , . \ l m l e l . l ’h~ ,e . I t ’S , 21 , el (l’eT.i). (c) It . A ,

\ I u ’ ( ’ ,, u k l , ’ , ‘ c i a , 11e v , I ,~~i . 29 , n ” i  (j ,7~~) ,  all icc . I :It on , 22 ltefcrence 2 describes the smaller output (compared to rate
IC , W . W e i : c c i , b e. ,  ‘n , \ n c ( c ’ -w ,e , ‘cia l M . Ii . Re i l l y, N :in ii lie- equations) as a spatial delay in the growth of the gain (laser
,,,‘. c r , ’Ie I d . c  ct -r i  biu- I c ’ rt ~c c i , 7 1 1 2 , 11172 (u c n lcublishc , i ) , and lethargy) ,
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Observation of adiabatic rapid passage utilizing narrow
infrared saturation resonances *

S. M Hamadanl , A. T, Mattick . N. A. Kurnit , and A, Javan
Physics t) ep u e’im ~mee-m c ,Wei e.machuseus In .eci r cnie nef TechsccIog~c. Cambridge. Mas,s,acliiceet:s 02139
(Recemsed 17 MarLh Ins )

Popu ianon ens  c is ic I , h~ ,udiaba uie rapid pa~s,sage (A RP ) utili z ing narrow satur at ion rmonances is observed for
a mu infrared u r a n s n c c c c c ,  -f “.14 - The popul atcon change’ produced by sweeping the rr’equ~~~y of a strong
s a m u m ’eee cn g lase r fceld m i c r c m u g h ihet cenuer nsf a Dopple r broadened absorption lune us probed by a weak
cou n met rprn cpcugeumi ng (kI,l as cii a I.,amb’-dup espenmer~’ When the A R P  conditions are satuslied. unver seon of
pøpu iat uecn i.e dciet- t e,’d a-. .ump lm f ’ic atuon of the probe save near the line center .

PACS number ’,  11 20K , 12 20 1)

Po p u l a t u i ) u m u n ’ , - e ’r s e c c i I  ny  adn ab atu e rapid hdassa~ (ARP) cou nterpropagating waves having different frequencies,
has long becu e used in ~~MR  I c c  study relaxation eftects as in a recent slow passage expe riment , relaxation
ce f Spi n sysiOms , Recem. tly, this ueucti eud has b eenc applied can be studied as a function of molecular velocity.
in t l e ’  d n l ) t m ( ’ iu l region Icy Stark tuning an m m efrared  t ransi - - -Let us consider the interaction of a Doppler-broadenedlo in i n  N i l  t h i r e d u g h  res cn ance with an intense lasec r  -

- transition centered at w~ with a strong saturating travel-f i e l d .  The ’ relaxati on c,f the entire Dopp ler-broadened m ng wave E, exp [i(wt — k z ) J  traveling in the positive a di-line was nm e cn m tc e re ’ d  iCy Ii seciund passage. rection and a weak counterpropagating probe wave
In items letter we repcc z’t the observation of population E,exp[i(w1 k z) J .  For sufficiently slow sweep (as in a

inversion by ARP fun mol c -cu les of a specific velocity conventional Lamb-dip expe riment), the strong field
group by n bserving th - narrow saturation resonance selectively saturates those molecules with z component
appearing at the n eut e r uni a Doppler-broaden ed .tbsorp - of velocity, r -~ , satisfying the condition 1w - 0 — kr ’1 (
t een l ine 1.acceb depc as a strong saturating wave and a ~~~~ (~ 

.
~ ~5) i /z  where y is the collision-broadening

weak countenpropagatmn .~.ive of the same freque ncy rate and $= M E 3 /lh . At t he same ti me, the probe field
are  rap idly tuned throu gh line center. 3 The ncethccd has wi ll interact with molecules with u- a satisfying 1w — w 0
the advanta ge A easunp the conditions required f c c ’ ARP, k,-~ l < ~ . As w is swept through line center , both fie lds
in that time frequenc y sweep seed only be of the ouder of interact with the same set of molecules (v~~~O), and the
time. ’  iceec iecegen eou sly hr ec acht ’n e d  wudth of the resormacuc e , probe absorption will exhibit the well-known saturation
mc c u ( ’h i  tea r r e cw e ’  r than th e Dopp ler width .  F’ur (h cr uc c ore , di1e, with a symmetrical line shape centered at Iai =
s ince  n c u u l e ’r u i b ’ s  un u m e i g h i b e c n i n g  ve loci ty  groups a u e and a full width of approximately y8. In the limit of

u r m i l m e - u l  I ce  I c r c ’  ( l e c r c n 1~. ,u me d i m m e d i a t e l y  alter the- ARP , large saturating field strength (p “~ y ) ,  the absorption
l e t  u’e- I . u s , c l c ’ c c u  l n r e i ( ’ u ’ ~~~u ’ a e11u1 he investigated w u t l c  re l— ci t  the weak probe field at w = scr~ does not generally

ii l ’ ly  ~ l ’ e w S W I ’ e ’ l n  c’ .j t c,’~~. Tlcc~ di m tunic rechtit cii I I . ’ re - approach aero , as nmig tm t be expected from complete
b um i - ’ - c u c l ~I u ( s  c u e  I . I~~e ’ r  lcowi , m ’ . I t u  add c t i ’ cu i , fecu ’ the I a c saturation of the I~ pulation by the strong saturati ng

it  A n ,c , l c . ’ , l  Plc y s c cs Le , t  c, ’r s V mel .  21 , No, 1 , 1 Ici l y 19 It , Co~ y rcglec c. 1975 Amercetan Inst it ute of Ph ysics 21
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t ,m e

0 ~~~~~~~~~~~~ i t
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- 
‘ In additi on, a second c’- n d t t t , c r ,  •s r i e se s sarv  if  the pas -

sage m a I- be adiabatic ~

C - -
c c  -

~ ~ 

/~~
‘ ‘ —

/ . u these l w  C -  c~~d t t . c f l i .  a rt ’ u , ’t , the  sI r  cm : . sat u r a t i ng

/ ., -e :. -~ a v e  w m k ,  c o m p l e t e ly  inv er t  each c i -  es’eiia r ve1~~~t t v
group as :t passes thr ough re ’s,’nan - t - A -~~e ’ai ~ ‘ -~u n t t - r -

- ‘ —- pr cpagating probe wave  w i l l  see abs c r ’~~i - c’ on - m e ’  s ide
,, - -f t h e  Dopp l e r-b r o a d e n e d  l ine , but nce - has been

- ~~~~~ - - . . . 
swept  th r u ezh — - t h e  probe w i l l  i n t e rac t  w i t h  n i e d e e c ue s

— - w h i c h  hav e  a l ready been inve r t ed , and hence w i l l  ex h i b i t
a m j n l i f i c a t c )n. As the r, vi ’ rted - 1cui au ‘r rc~.s~.es t~i

I n , ’~~~’ c t  i i c I t c  ee c r , s c c ) 7, , ‘c , i ~~c i c c ’  , l i l t e . r i ’ r , c , _~~ ‘. ‘ -

- , ‘ C m re. ’ , d , : c cv , ’C  - C ,’ .~~ ~ - r  - v - e l i  ‘ e t c s e e r l c i  t o m , r t c  - ~~
. 

‘ c c 1  C I  t e n  inc . the amp lification decays hack i c e  t h e  un -

io u - c  — d  Ic ., c c —  -c l c,e, C c v  ccl ft c - c , , , ’  fl a t r c , r t c  I c r  m l i i i .  ~~ s at u r at e dd abs orp tn ccn  w i t h  a t im:c  cons tan t  d e t e r m t n e d  liv
nec  ‘d ) ,  . 5 1 , .  lcd -~.- ‘‘

, T, 1- m A  T 1. T h u s  s’tl l manifest ;ts~ i f  as a n n c n s y n i n e e t n i n ’a i  A R P
~i c .  I ’  - - d  ~‘ -  d ’ ~ ‘- S c - t ”  • ~‘ - c m ’ ) - e ’ c c ~n ’ li’ s a tu ra t ion  resonance l i n e  sha pe , Thus , as the sweep

‘ ‘ t - ~~~c ) ,  c c c c  c m  c ’ ’  r e ’ - .~~ ” ti c h . t  ra te  cs increased f r c m  a l w  value , the Lamb ~1i - w e l l
I . , . , e l m  e t C  . , , - r e c m -  t ’ -~ r~~ c t  ht , , cml ‘c 1,’ c - .  no rc-  s lit. e ’ml

t e e ’  -c- , c i  c c  c c l - _ o r ’ I c c - c. I m t \ I -cc ‘- , c c s s m e  c ~~~
-c,c _ be coteee deepe r , p assing  s-er in to  a n c p i u f m c a t m s e n  and

n c  ‘ - e m ’  - C e  t ,c c ieri  be c on tm n g  increa s i c eg ly  a symmet r ica l  at h i ghe r  sweep
rates c f .  Figs . 1 and 2, which are discussed beLow).

in formulat ing the effect, the customary Bloch equa-
t c~ Id. I us c c . 1  a u . ’ I . i i  - c s i f t,  !Z - umc c s a r c i e c e t c’mc t mo ns C can be w r i t t e n  for  the sa tu ra ting  f i e l d  i n t e r a c t i n g

d I d  ; n ~ - ‘ I -e c - c  t e  l i C e ’  l a  n a n e  m ’s - i  , iiuc ’ c’d by the  cn w i th  the ensemble of nec)leCuileS having a g iven  V Cl n ) Ci ty
- h e i r  u I - i  c c i  c e - a r c / a l l ’  c i  and .s (Iej)efldeflt on t I ne  ratio component , ,, For these molecules the saturating f ie l d

- 1  i . I c - ,i , (t  It  e l m - c ’ ~t ,  r a t & I I~ t t h e  Ieon een gen eu u i- width appears at the Doppler-shifted f requency  ~t — ~~~ As
1 .,  Ar- ‘ , , , sc. n in  Fit ’ !- 5 , CIa-  residual absor ct ion th is  Doppler -sh i f ted  frequency is swept through -~~~,

e t C  c as :h H a ’)d  j s  ci  : 1cc ’ unsat ura ted absorpt i e.c ci  and neglecting the relaxation effects, and with ARP condu-
n j j c ’ e c .t e ’ l c c ’ ~ / e n d  - c i v  I r 1~ T 1 . tm ons ; l )  axe d (2 )  satisfied , the population difference as a

- function of the t ime-va rying ~ wil l  be given by S S

i c -  e’ c c t i d i l i c  n I c r  sI  -s ‘~w,’e is satmsfeed when the
. 1 e e i I . u l i , i i  C l i . t i c ~ :e -  t i d u  c i i  Ic y  I ce - sat u r a t i n g  f i e l d  c’an 

~~‘~
‘r r ‘ — ~~~~[( ~~~ c ) 2 , ~2~~l C  2 

~ ,\‘ 0(m , ( 3 i

c ’ . i ch m c - c 1 e t i l i I c r i u u e i  I c e - I  i s  dt ’tu ieed I c y  an ac eecc u nt  m ’ 2

- - i i i n~ i , i I c I ,  i c e  ,,. F ee l ’  ,tdia ic .u I  i c  i - a m i d  passage, t h is  where  .~~,..
- 

~.
- — (a - ,1 c k m , I and ~ N 0 (e • I is the population

- i i e l e t i  c m i  l b  C C 5 C C  i ’ c - e i  In  t i m i  s c ase li ce ’ f i e ld  neu St be difference in the absence of the saturating f i el d .  In this

c - W e - l e t  t i e r . c i ~,li t he.i sj ’cS, , i’ bi ’ d cadeused width of the reso - equation, it is assumed that ~~‘ is swept start ing at a
c c. e t a - ce -  cc i  a I u i i ~ a t c  n t v m ’ t l c a c e  t he  col l i s i onal  re laxation value well below w 0 ‘ F.’- ~ . Note tha t after ~~‘ has swept

— ~~~~~~~~~~~~~~~~~~~ 

L .T11

l i e ; , . , ‘.‘u,teut tnn cut s t \ r c m e ’ s I  lamb -c lIp  sIgnal cros~ m ceg into nmphit (catioes as the f requency sweep rate Is inc reased to sat(sfy the
‘e l I  I c m l .  m u d s . l ’ ppe r l u - l e a ‘.ht,w the pe-olw field mei ~’ nal wi th  ze- r , - pr eiesu mr e as the lase r is swept through resonance . Midd le and

C m , ~~~c ’ ,  ivi e’ e ” vhe.,w he ace cc ’ mi i gn:i~ wI th  ii fl c l w lt houc t  tl.. s at ec r a t i n g  field , respectively, for NH, pressure of 3 mTorr lee (a) and 1.5
l u , e Cm , 0.)— 4, ’) . ‘e’( ’ r i ce -ed i c , m) n  lee 0’) I-c twice tha t  In 4c) —~~) ,  ~u ) I n line gain profile of N2 0 laser Is shown . 7 MHz/d iv , sweep

c i , ’ A m e , dO’ \l h i  n-e . c c - c -  - ~ c l  i ie- l , ’V lcrc I 1eiu r I eel tasp r ~i c,:c ea l with  increase d vert l~n 1 gai n O*se line suh~,ressed) ~tef. I I ) .  1 .6 ~i1Hz
-I 0, e’c ~d 1 J l i  c’. - Ci’ ) — ii’) -l M l i i  m l i v , In er c i i s lcg  sweep “ :etc . ’- of 0, 4 • 0.14, and 2 .0 MHZ/Msec , respectively.

“i A 1 c 1 cc  i ’ ) c~~- . 1 , - m e  Vcjl I I  N,, I , 1 Ic i l y 19F5 i-ia madane er al , 22



t h r o u g h  ~~‘ ,, ‘ ~e 
~ 

, ~~ in  ~ q. (~~l changes sign . mnd uc a t i ng  In order to calculate the gai n expected )fl the probe
c n s e ’ r s n c c n  cf populat ion uy A R P  for molecules of velocity wave under our expe remental conditions , it  is necessary
C 

•
, to consider  the effect of leve l degeneracy, which is of

imp ortance because the va rious degenerate if ,- t ransi-
In t i m e In e e s e ’n C e  cit n c cn ~ecular relaxations . th e I) ,oc h lions have di f ferent  mat r ix  elements : For a sweep rate

c ’qu at cecns m r w l u d i n g  reLaxat ion  t e rms  neay be solve d ‘consistent with condition ( I ) . smaller mat r ix  elements
n u e m n n t ’ r i e a l l y  t cc  c e t ) t a u n  the t ime-dependen t  p opu l a t m ce n .  require h ighe r  power for con dit ion (2)  to be met. Hence ,
h’ c~~U r e’ I i c l e ’ c W ~ t he 1xm ~n u I ; u t u m , n  .~ .‘s ( ’ ~ ) as the i n c i d e n t  for a g2 ven power and sweep  rate . the ARP conditions
f~c ’L d  f r e - c l u e n c ’ ’ . is  swept th rough  ao ‘ tii • at d i f f e r en t  I i )  and (2 )  may be satI sfied to va ry ing  degrees I C r  def-
swet ’ I l  r a t e s , c -i-reputed I c r  a plane wave assuminc a ferent matr ix  elements. Coneputer calculations in cLud-
I i e i c . m r f r e q u e ncy  swcep  - 2 - i f  and , fo r  m L L u s t r a -  ing leveL degeneracy, for a probe field having polareza-
m m , tak ien g T~ T~. As expected , I c r  s low sweeps the bon perpendicular to the saturat ing f ie ld , ~ i ndicate
t i n ~ de lmu -’n d cn ce-  reflects t h e  Lc ,r en t z i an  shape of a re - that a value of T1 tw ice  T2 - - 4 . 5  ~-esec is in reasonable
sc ’cca n cc ’  and , f or v e r y  s trong s a t u r a t i n g  f i e ld , g ives  agreement with the experimental observations . It
.~~~\ 0 at the  sa n i C ’  t i n c e -  when  .1.~ beconees zero.  As the should be noted , however , t ha t  w i t h  t he b eacme radius  of
SV. e 

~
-
~~

d r ate  i s  m ccc - r e -ased to sa t i s fy  condit ion ( 1) , l s ) pu l a— 2. 5 ne at (1 e i n t e n sit y )  ereep loyed in these ex per i i i iCnts .
t i - e n  i n v e r s u n , r m  r ,- s u L t s  I r a - , - 

‘ km , , The c u r v eb .  be- the molecu la r  t r ans i t  t i m e  t h r m c u g h  the  lase r f i e ld  - 5
•‘ d c f l c e ’  d c’e ’ 1 s-r and as’c’c cnrr , ( t r y  appears  due tc the f i n i t e  p sec) contr ibutes to these reLax atcoc ,  e f f e c t s ,  These
dc ca~ ii  m c i i ’  i~ . The- curves in  Fig, 1 ~ - c eu ld  also e’ e ’ pre - results are thus not t ic consis tent  w i t h  l. d d y ’ s t e c ( c a sur e c  -
se ci t th e ’  pe’cc bt ’ f i e l d  a b s e c r p t i c e n  ( n e g l e c t i n g  I~~ran ce ‘t r iC neent of a co lL i s iona l ly  induced Ix )p u lat in )n decay S ti ~~ic ’s
te ’r ,ees~) f c c i ’  ~ f i x e d — f  re c luc-i cc y p rc nbc .  If t h e ’  probe Ire— sLower  than T2 in anc,th cr  t ransit i c c n  in  N H 1, ~~~
c p n e ’ n u , ’ y i s  s’.~ . in I t n c i ; u t h e r  w i t h  tha t  of the  satue -at im cg

Detai led studies n -cf the pressure  dependence c c l  thef i e l d , ti me f r e q u en cy  scao,- m u s t  he expan d ed by a lactor
observed relax ati on effects  and the extens ion to thecf 2 (uppe r scale ’ in  F ig .  1) .
study of the velocity dependence of T~ using probe and

In the’ ex i t ’  riccce’n t , l S e I ) U I a t i d i l C  inversi on by A R I ’  was saturating fields of different frequencies are currently

e ie ~ c rs’ed fc ,  r the  i’ _ c t - c  Q( 8. 7) t m --an s i t m o n  in ale c n un  c m i i a .  en progress.

The emu t i c id l  c m l  a 1 - ccc — L o n g  N~O laser e~u er a t u n g  ‘en (t ic  Time authors wish to thank M . Ducloy, M.S. Feld,
J’1l3 ) d f l t e, w hit - ic can be tuned t h t r c e u g h t i m e s  r e sc erc .unce , H. D. Sharma, and A.  Sz ’óke for  useful discusscons.
was spi i t  u n t i e  n a strung situ rating field and a w a). pre mb e
h e l d  and sent eme opposite d i r e c t i o n s  t h r c c u g h  an 8 1 -c m -
long a i m s n e r p t m n n n  c c l i  - To Cr ccn i  u i i z ’ f eedback Of l I c e ’
[m o l d s  c a t - C  th u -  Lase r  the  vc lae ’ t z a t m c n c e  of the stron ~’, f i e ld

~~‘ts r rm tate .d  90 w i t h  res ide -ct t c d  tiee prohc f ie ld  Sec that ‘Work supported by Na t iona l  Science !-‘oundatcon , .-~cr Force
Cambridge Research h ’ehor imtor ic s, Office ccl Naval  Research ,le -c ’d lcac k  f r d d m c c  both f i e l d s  c cnild te~ t- l m mmnated  w i t i c  the tend A r m y  Research Office , Durha m .

u : - c -  cc l  l lu’e ,’w st er -a n gl e  ref l e c t o r s .  The frequenc y was ‘A . Abr agam , Thc ’ Pri ene ’cp lc ”-e of ,Vce e ’j c’ay ,‘if ncn i ’l u .cec ,  lOxtord
sa t-ph b y s- a r y i n g  the length ccl  t he  laser r esonatoc- us ing 

~~~, P., London , 1 9e 1l) .
;i 2 - e u ,  - L c e n g  t u b u L a r  PZT d r i v e n  by a sinusoidal  cccodu ” 2 M , M . ’l’ . I,o~’ , I ’hys , 11ev, lL ’ tt . 32 , ~t 14 ( 1974) . An ear l ie r
l : e t in g  v n n l t a g e  (30 that  ~~

- - a’~~ - 2ri F. s i n 2 c ’i - f , w i t h  ~ c 60 at tempt  to observe opt ica l  ~‘e R P  ccs ing  laser freqc cenc v sweep
is described in F . II . Treacy and A . .J , 1)eMac’ia , Phys. tell .M H z ) .  10 The laser ’s f re q u e n c y  sweep was inferre’d by A 29 , 369 (1 969) and E • B. Treacy, Ann . N V. Acad . S d .e e i i se rvun g  the  f r i ng e s  of a 6328-A laser beanc in .n 168, 400 ( 1970). These investigations were inconclusive as

Michelson in t cr f e ro i eue t e r  which  used tlee PZT -drmven  discussed in Ref . 2 of M . M .T . Loy ’s paper.
laser  m i r r o r  in one arcee . i~~, M . liamaulani , —‘e . T . ~e 1attick , N .A , K u r n i t , a:cd A • Javan ,

Bull , A m .  Phyg . Soc . 19 , 1088 (1974).
Figure 2 s ie edw .s  t y p i c a l  results  for signals appearing 

4 A .T . Mal tuck , A , Sanchez , N A . V . c i r n i t , and A . Javan ,
c, u m t in e  pr eeIc( ’  l i t - I d  w i t h , leer  e n d l ee lcar e son , the probe “e p~~. Phys . Lett. 23 , 67,5 (1973).

‘I-: , V . Baklanov an,) e, p• (‘hebotaev , Soy . I’hy~.-JETP 33,a i e , 1n I c ( e i d c ’ s  w i t h  ccci  ab s c c r t n t ’ r  and w i t h  ieee s a tura t ing  30(c (1971) : S. liarreehe and F . l l a r tmann , Ph vs .  Rev , A 6 ,
field, I” c e r  s l e w sw( ’e ’lus F ig s . 2(a) and 2 (b ) a l i r e c i t m n g  l~~80 ( 1 9 7 2 ) .  

-

di r . i t c  d c c  v ; eI  c m i -  e e l  80’F. ~S e cl >se ’rvt ’d d d e  the ’ Icrobe fie ld  ~ “ t-;qccations 1—3 follow from the requirement tha t the Bloch
As li c e ’  i e u c c c l u l . e t i c n n  f r equen c y c ’ is m ci-eased from 200 Hz vecto r (see lid . 7) 1w chIc to precess mn a small  cone wh ich

fr,llows the direction of the instantaneomes effective fieldI c c  ku ,., c - e e r r c - s ~sn n d i eeg  t i e  S w e d e  rates ranging ion,  
~ ~ A~ )~ ‘M0 .08 t e e  2 M l l i , /~e sec , t h e  im cig ’h t  n i l  the (lii) ainmos i 1~) P. l- ’eynman , i- .1., Vernon , and R .W . Hellwarth , J . AppI.

dcc c , ic lu -’~ . c rossing j n t d ,  gain I Feg~ . 2(c) and 2 ( d) J  with Phys . 28, 49 (1 9 i7) :  1.1) . Abella , N . A . Kurn i t , an d S.R ,
t l c t ’  a l m e l m l l f d t ’ a t c c i n  seen at the h ighest sweep rate I Fig. l la r tmann , Phys , Rev . 141 , 391 (1966).
2b )  , i c u i c c c c i c t i n g  t em 35—4O ~ cm l the unsaturated abs erp -  

N I) . Grischkowsky , in Laser Applications to Optics and Spec-
Irocncopy , edited by S I - ’ , Jacobs , M . Sargent m . J .F .  Scott ,t i ’ n f l .  I n  th t - se  Pictures the over-all curvature of t he  :und M .O. Scully (Addison—Wesley, Reading, Mass. to betraces reflects the variation of laser intensity as it is published) . See also Refs .  1 and 2.

tuned across the ,ain profile of its amp l i fy ing  tr acesit ion. 1F Shtmt zu , .1, Che m . Phys. 52 , 3572 (1970): AppI . Phys .
F r  this set of data the j~ ak saturating field intensity t~~tt. 16, 368 (1970); T. Shimizu and i Oa , Phys. Rev.
was 5 W/cm2. The full width at half-ma~~mum foe’ the A 2 , 1177 (1970) .
SIc , w-swe( ’ln Lamb dip observed at 1.5 n Torr lFi ,t .  2 (b )J ‘°The P7.T was drive n by a resonant LC ci rcui t  (util izing also

its  mechanical resonances at higher frequencies ) with drive
e m - c due I n , mower broadening and is 2 MHz. The k nown voltage chopped at 20~ duty cycle to prevent excessive
n’ e e l l l s i on  broadening parameter4 gives for this 1)1” ‘ssure healing. A laser wIth a shorter cavity would be more suitable

FWIIM ccl 35 kHz co rres ponding to a T~ of 4 .5  j e  sec. for this application. Note that for this repetitive sweep, the

A c m t c d P l eys t ,ett . . Vcl, 2/ , No 1 , 1 icily 19/5 Harnadanc et at , 23



modulation period T must he kept much larger tha n t --e re- most 91~ of the unsa tu rated absorption even when conditions
taxatIon time Tm In orde r to observe ARP . (1) and ~ ) a re sat laflel d for M~ 1 to 8.

~Th e St ructure  observed on the sIde of the resonance cn Fig . “Tn -type re laxa tion dominant ly  arises fro m collision-induced
2 (b) Is due to hyperflne spl i t t ing and wIl l  be dlscusse’t decays into the various rota t ion-inversion levels in each vi-
elsewhere . bration a l sta te , a nd from elastic collisions appreciably

tm2 For an axis of quantizallon chosen along the dlreet loc-c of changing v,. Since collisiona l coupling i~ strongest to the in-
polarization of the satur at Ing fIeld , th is  fie ld causes .~M =  0 versIon level of the sa me ro ta t iona l stale , more than one re-
t ransItIons , wit h j3 M ~3.4 X l 0 ~ eec 1 . Since the probe In- taxation time may be necessary to char *cter ize the decay of
teracts most strongly wi th  the M 0 subleve l , whi ch e s riot the population difference .
affected b.c the saturat i n g field , the ga in of the probe is at

74 A ce~c Icc ’ e l Plcy sccs I “ ccc ’ , ’ ., V~cI 27 , Nem 1 , 1 Ju ly  197 -
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Measurement of Molecu la r-A lignment Relaxation Rate in NH 3 Using Non-Lor entz ian
Laser-Induced Saturation Resonances

J’ R. R. Lelte ,~~ M. Ducloy,~~ A. Sanchez , D. Seligson , and M. S. Feld
1) eparlm# ’nt of Phv.clr,s and Speel roccopy Laboratosy, Massachusetts h,sHtwte of Technology,

Cambridge, Massach usetts 02139
(ReceIv ed 2 May 1977)

A gemneral technique is presented In which narrow non—Lorentzian laser—Induced reso-
nances are u~ od to stud y molecular reorientation. The experiments, which study the
v2asQQi , 7) NH 3 tran si tion , yield a value of 6 ~ 1 MRz/Torr for the excited—state alignment
relaxation rata , 50*i larger then 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~ cha~ngin,~ couisions in an Infrared molecular fran-
ject of much recent work.~ Theoretical studies3’4 sition.~~

5 The non-Lorentztan line shapes thus ob-
have shown that the shape of the narrow reso- served are used to extract Zeeman-coherence
nance is a sensitive functaon of the relaxation (alignment) relaxation rates. Thus , the present
processes , and non- Lorentzian line shapes5 have technique complements the weil-established tech-
been observed in neon. This Letter reports the nique of level crossing (Hanle effect) in optical
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‘ L E T T E R S  5 D E C E M B E R  ~~~~

/ - 
ab~c cure of 31-changing collisions , the svsten~ de-
composes into two groups of coupled three-level
systems , having the common level in the NH 3

/  

ground (i,) and excited (c ) states , respecti~ eI~
- ~~ c c  ‘s” ~~

‘ 
—

. 
_J ~Figs. 1(b) and l(c)~. For each three-level svs-

~~~~~~ 

S.c c’P~~E ten’ the intense field selectively saturates the 0—2
C tra~isition ~~~ = 0) over a narrow range of molec-

ular velocities. This produces a shar p change in
transmission over a narrow frequency range as

C 

~
7-_ .—,,--~ - (C the probe field is tuned through the coupled 0-i

trans ition (~~ M = 1). This change signal is cotu-
posed of contributions due to saturation of the
population of the common level (level 0) , and to

- ~ ,~~~,,_,, 
two quantum Rarnan-type2 processes. As is well

- known , because of interference among compo-
C I~ C I nents from different molecul ar velocity groups ,

FIG . I , (a) Experlrncntal setup. ~~ (c) Three-lev ’l the Raman-type processes are negligible in the
i~vst cnn  for common level In ground (b) and excited (c) counterpropagating case, and so probing in the

“backw ard” direction gives rise to a simple Lo-
rentz ian line shape , as expected from population
considerations. In contrast, in the forward direc-

puncp in~ experiments . and , as such , should be (ion (copropagating case) the contribution from
particul arly useful for relax ation studies in sys- Raman -type processes is large and gives rise to
tems where Star k ’and Zeeman effects are absent an additional line-shape feature in the form of a
or fluorescence is difficult to observe, narrower Lorentzian superimposed on the popula-.

In our experiments the ci#sQ(8, 7) transition of tion contribution. ’
NH , is saturated and probed using two cw N 20 Ia- When M-changing collisions occur the theoreti-
sers oscillating on the P( 13) 10.7-Mm line , which cal formalism is more complex , since such col-
falls within  the NH n Doppler profile ” ( Fig. l(a) ( .  lisions couple together the independent three-lev-
‘J’he two beams overlap and can be adjusted to be ci systems. The full degeneracy of the energy
copropagating or counterpropag ating. Three-[ev - levels must then be included , and allowance made
el systems are created using crossed linearly po- for the different relaxation rates of the various
larized fields for probe and saturating beams. mul tipole moments of each level. With use of the
The saturating field can be considered to induce tensorial formalism ’0 to describe these features .

= 0 transitions , and the weak field then pi’obes the following expression for the change-signal
AAI I transitions. For weak saturation , in the line shapes in the weak saturation limit can be
- ~~~~~~~~~ —~-- derived :

~~(e ) ‘ t~c.l(2r)L {96 ’~~,~~— 38/y0 2 ’i’ ,, t 57~(y0 2) -i’~ (v0 1) 1} . (1)

Ic ,  F~ l - ( I )  L (~ ) ( t  , where ~ is the detun —
I, . c i  11w l )rt dn- field front the center of the t i ing the data: (1) Forw ard and backw ard signals

f or w ; tr t t , — l lc ~j ckward)  resonances. r is the have equal area&2 :
i’ct .n x a t i c  cci r ati ’ of the optical (dipole) polarization 1’(÷)d ~ = , _)dA 2)
ami ‘~ lht ’ Kth -ord e :  ~nultipole decay rate in 1ev- 

g

ci o t ’ ,.i,’) :  K -0 , population; 1, orientation; (2) The ratio of the peak amplitudes of forward
2 , al ignment ccci in Eq. (1), the backward and backw ard signals is
signal is s t i l l  a single Lorentzian of width 21”

- ‘ ‘ 
g(+) 5 7 ’r (2)+T( 1)

w h i l e  the forward signal is composed of various = + 
~~~~~ — 38’r(2) ’ (3)

Icor entzi an ( ‘ontributions . In the present experi - -o

ir cen t s , (li e narrow feature of the forward signal where ~~K)  1/y,5 + l/y,~.

is pr imari ly  determined by alignment relaxation In the experimental setup [ Fig. 1(a)~ the two
)c rn)c( ’sst ’s (width ~~ ,,

‘ . grating-tuned N20 lasers , linearly polarized at
Two features of Eq. (1) are exploited in analyz- right angles , were incident on a 10-cm NH 5 cell
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A analysis to measure v,2 , the excited-state align-
ment decay rate , which has not previously been

/ 
- determined. As pointed out by Loy ,’6 the much

So -o c ,~c.o ~, / 
‘ -“ larger value of v,° as compared to that of y,° is

/‘ “ due to the domin ance of dipole-dipole inelasti c
- ~~~~~~~~~~~~~~ collisions when both coUision partners are in the

NH , ground state (Inversion splittIng — 0. 8 cm

- 
where the dipole moment does not invert during

ci “~~~~ ‘~‘ J’
~ T ’ e~,-,o c ’~ . a collision, as opposed to the case when one of

‘
~~ IA” j  ~,‘ cc ~~~~~~~~~~~~~~ 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 NB , ground
FIG. 2 , (a) , (h) utm erv ed change signals , laser polar i- state , inelastic collisions dominate, and aU the

zathons oriented at rig ht ar .~ le s. The dashed curves are relax ation rates are equal. This is confirmed in
calculated from Eq. (1) using the measured relaxation the experiments of Ref. 12, in which it was found
rates. (c) Fta t l o between peak height of forward and th~.t in an NH 3 ground-state microwave transition
backward signals . The high-pressure limit gives ;2 

T ,=T 2. Accordingly, in our analysis we set v
~6.fl I MHa/Torr .  (d) Comparison of fo rward change 

— 0
signals using pe rpendicular a rid parallel polarizatton~ .

Wi th these choices for the decay parameters
the change-signal expressions g(±) become func-

having NaC I windows. A flip mirror ~% 1 )  was tions of the single unknown parameter v93, if we
used to reverse the direction of the saturating neglect the small contribution from orientation.
beani , and thereby select forw ard or backward In fac t , it should be possible to obtain y5

2 direct-
configurations. Brewster-angle NaCI beam ly from the observed forward-backward peak-
splitters were used to overlap the beams before height ratio , Eq. (3), without the need of a corn-
the cell and separate them afterwards. The probe plete line-shape analysis.
beam was monitored using a He-cooled Cu-Ge de- However, in the data the change-signal areas
tector. The Doppler background was eliminated are not equal because the observed resonances
by chopping the saturating beam at 1.2 kHz and are proportional to the effective intensity of the

using phase-sensitive detection. The short-term saturating field , which differs in forward and
(~ 0.1 see) frequency jitter of both lasers was backward directions because of differences in
less than 100 kHz , and amplitude fluctuations misalignment and attenuation of the saturating
were less than ~%. Care was taken to insure that beam intensity . Accordingly, in analyzing the
both Lasers were operating in the TEM~J~, mode. data the amplitude scales are chosen such that

In the experiments the frequency of the saturat- the areas of the forward an backward change sig-

ing laser was set close to its line center, and the nat are equal, as required by Eq. (2). The result-
probe laser was tuned over a t  35-MHz range by ing peak height ratio of 1.58 i0. 10(Ftg. 2(c)~
means of a calibrated piezoelectric transducer gives y1

2 = 6.0± 1.0 MHz/Torr. Using this value,
(error <5%). To avoid saturation broadening, the along with the other decay rates in Eq. (1), we ob-
powers of saturating and probe lasers were kept tam theoretical line shape s which are in excellent
below 15 and 3 mW , respectively. Beam radii of agreement with the experiment (dashed line of
both lasers were 3 mm . Typical experimental Figs. 2(a) and 2(b)1. The experimentally mea-
traces are shown in Figs. 2(a) and 2(b). sured peak-height ratio [Fig. 2(c)~ is pressure

Althou gh all of the relevant r ates can be ob- independent only above 30 mTorr. Below this val-

tamed from analysis of our data , several of these tie pressure-independent mechanisms (transit

hav e already been established for the asQ(8 ,7) time, geometrical broadening, and laser frequen-

transition. The backward sign al is Lorentzian cy fluctuations), as well as velocity-changing col-

and its Iinewidth yields r = 24 k I MHz/Torr , in lislons ,’3 are expected to influence dramatically

‘agrttetu ent wi th  ear l ier  Lamb-dip measureno’nts.” the width of the narrow component. Their net ef-

I”ot 11w isitAildi ion decay , 
(
~~24 t I MHz /Tore feet is to broaden the width and reduce the ampli —

i,i, tIlE ’ ~ $ ,‘t, ;i, l et ~ls~’~ ~ ii, i  i “ — c t i ll ~t t I- l’ori ’ h u h ’  of Ihi’ narrow signal . relative to the broad

tot the .“t t ’ttc ’ ,h sI ii i’ ’’ As e~piatited below . thiest ’ one. ‘Flits causes the height ratio to decrease

values . w hich our Ma confirm , are used in our Fig. 2c)(.
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in the foregoing experiments the non- Lorent- case , normalized such that the peak heights of
zian forward change si gnal was produced using the two signals are equal.
app lied fields h aving crossed polarizations . T Since two electromagnetic waves of the sam e
demonstra te  the inherent  pol arization dependeiice polarization and same propagation vector are
of the lint’ shape , similar experiments were done equivalent to an amplitude-modulated excitation ,
in which  the probe-f ield polarization was oriented a new type of contribution now occurs , originat-
i~ar ~i l l i - l  to that  of the saturating field by insert ing ing in the coherent modulation of the populations
a half-wave plate in thc path of the saturating at the frequency difference between pump and
tx-am. A small misal ignment” was introdu ced to probe fields. This effect causes additional nar-
separate the beams. Figure 2(d) compares the rowing of the fo rw ard signal if )‘e’ <

~~e
2
~ 

With the
resulting line shape to that of the crossed-field use of the tensorial formalism ,”’ the change-sig-

______________________________ — —i  nal line shape is now given by

g ( ) -- Rei.~( 2r) ~~~, (96/y,,~’ + 76/~ 
2 + ~~~~ 

9hC (V~~) + 76.i~(ya2) I~. (4)

In this case [or p > 30 mTorr the measured for -
ward-backward peak-heig ht ratio is 1.9± 0.15 , ‘ sublevel transitions. The originality of our tech-
in excellent agreement with the value of 2 pre- nique is that it does not need any external (Stark
dicted by Eq. (4) .  This represents a good check or Zeeman) field , and that it gives a straightfor-
of our normalization procedure. The observed ward interpretation in terms of tensorial relaxa-
narrowing of the line shape for parallel polar iza- tion rates.
hon Fig. 2(d)1 is another clear evidence of M- The authors thank P. Berman , M. Gorlicki,
changing collisions , since for y~~ =y, ° Eqs. ( I )  and H. Fetterman for useful comments and L. W.
and ~4)  predict the same line shape, contrary to Ryan , Jr., for expert technical assistance. This
the e xperimental results. A computer fit of the work was suppor ted in part by the National Sd-
sign al line shape using Eq. (4)  confirms the value ence Foundation and the U. S. Army Research Of-
used [or y “ (3.9 MHz/Torr).  We also observ e fice (Durham). The work of one of us (J.R.R.L. )
that , as predicted by ( 1) and (4), the backward was partially supported by the Consetho Naclonal
si gnal is independent of the relative polarizations , de Pesquisos. Another of us (M.S.F.) is in re-
an(I yields the same value for r. ceipt of an Alfre d P. Sloan Foundation Fellow-

The good agreement obtained here between (‘K- ship.
per iunental and theoretical line shapes demon-
strates the usefulness of laser-induced line nar-
rowing as a novel techn que for studying M-chang-
ing collisions. The success of the model ado1 ted , ‘Present address: 1/niversidad e Federal de Per-

- , . nambuco , Recife . Brazil .which  does not include velocity-changing colli-
- - . . Present add ress: Laboratoire de Physique des La-

sions , indi ca tes  that contributions from such cot- sci’s, Un iver alt é Paris-Nord , 93430 Villetane use ,
lisPins are negligible in NH., above 30 rnTorr. France.
‘l iii ’ n,easure(I value for v~~ (6 MH z/Torr) shows ‘V . P . Chebotaev , I n Top ics in App lied Physics , edited
th at  in the Nil ., excited state , alignment-destroy- by K Shinioda (Springer , Berlin , 1976) , Vol. 13, p. 201.
ing collisions are 5~ L more probable than are 2 74 s’ Felci. in Fkndamental and Applied Laser Thys-

inel astic collisions (4 MHz/Torr). The excess, ics, edited by M - S. Feld , A. Javan , arid N - A. Kurnit

2 MHz Torr , corresponds to the elastic M-cltang- (Wiley, New York, 1973) , , p . 369.
S. G . Rautian , 0. 1. Smirnov , and A. M. Shalagin ,

ing  collisions which are induced by the anisotrop— Zh . Eksp - Teor. Fiz. 62 , 2097 (1972) ( Soy . Phys. JETP
‘~ p ar t  of the Nil ,(i.~ —N H ., (e) interaction potential. 35, 1095 (1972) 1, A . I. Burshteln , E . G. Saprykin , and
‘l’hv an t ( L’pretation of the above resul t , which ne- ; -  I .  Smirnov , zh .  Eksp. Teor. Fiz . 66, 1570 (1974)
(-cssltates the knowle’dge of the various contribu- I Sov . Phys . JETP 39 , 769 (1974)1.
lions to the interact ion potential (such as dipole— i l’. I t -  Berman . Phys.  Rev . ~~~~ . 2191 (1976) .
quadru~xde , quadi’upolc-quadrupole etc.), is un- ‘ft’ Thok -de, S .  G. Rau tian , E . 0. Saprykin . G. I.

der way. Finally,  we note the complementarity ~~~~~~~~~~~~~~~~~~~~~ Zh. Ek: ’ FIz.!~,

of our work to the ones by ~~ihayoun , Shoemaker , Vdovln, V. M Ermachenko , A . !  Popov , and E. D.
Stenhoin , , an d Brewer ’ anti Johns s”I iii., ” where Protsonko Pis ’ma Zh . Ekap . Teor. F~z . 15, 401 (1972)
.%l — cl i :wgi n g  col I i s iun~. have been analyzed by ob— 14 I:Tl’ ( .ett . 15, 282 (1972)1; C . V. Shank and S .  E.
~.~-rvtng n ar r o w  chang . - singnal s in Stark—split Schwartz, AppI . l~iys. Lett. 13, 113 (1968) .
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W .1 ‘lo,,,U nsnn and I t .  I. Fork ( phvs .  11ev. l.ett 20 , ‘ - B.  .1. Feldman and M S .  Feld , Phys .  Rev . A 12 ,
647 ( 196M) J have measured  such relaxation rates by 1013 , (1975) .
stoliving th.’ ~mtpot behavior of a 7.eeman-tuned 1Ie-~.(’ °A.  T . Mattick , N. A .  Kurnit , and A. .Javan . Cherr .
lase r I’hys I ot t - 3M , I 7); (1976) .

Us ing  S ta rk  sp l i t t i n g ,  “I - ch ang ing  collis ion effect . ( .  M. l )obbs, I t .  II .  Mieheels , J - Steinfeld , J. H. S.
have been observed In N l l b%’ M OUh~,VOU rI . roI loq . Int . Wang,  and .1. M. Levy , J. Chem. Phys. 63, 1904 (1975).
r N It S~ 2 17 , I~~ ( 1974) For other detail ed studj e~ 5. M .  Han~adan i . A.  1’. Mattiek , N. A. Kur n i t ,  and
see It I .  Sho ei i iaker , S. ~ St enho l m , and I t .  G . Br ,-~v-  A .  .I av an , Ap p l.  T~~ ys .  Lett .  27 , 21 ( 1975) ; S. M . Ham s-
or , I ’hy s It~ v. A 10 , 2f l ~; 7 ( 1974) ;  .1 . W .  (‘ . Johns , dani , Ph.D. thesis, Massachusetts Institute of Technol—
A I t .  W. M cKel I : ,r , 1. ()k ;t , and M .  I t~imheld , J .  (‘b r, ,. ogy. 1976 (unpublished) .
Ph~-~, 62 , l . l k s  ( 1975) . “ M. M .  T. l.oy , Phys . Rev . Left . 32 , 814 (1974) .

Sh~a’ntaker , Stenhol in , and ltrewoi- , Ref 7. ‘‘ The linewidth contribution troni transit time and mi s—
Johns , Mi-Kt ’llar , ()ka , arsi  n~;flIh (~,(l . l Ief .  7 . a l I gnment Is .~ y ~ (1 + 4~a/A)s/ a, where ~ is the misalign—

‘~See, [or instance , B Deconips , M. Dumont, and nient angle, a is the beam d iameter , and i~ is the ther—
M I)uc loy, in Laser Spec! ro.scopv of Atoms and Mole- mal velocity. Since the resolution of the two beams (at
rules , edited by Ii.  Walther (Springer , Berlin , 1976) , the detector) requires (~.~A/a, the geometrical contribu-
p. 283. t ion is necessarily greater than that due to transit time.

“T Shi rn izu  and T. Oka, Phys. Rev. A 2, 1177 (1970). In our experiment y~~10 rn rad , so that ~~‘~~250 kHz .
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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 f low 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-

atomic molecule from intense resonant laser pulses in the

regime where the energy flow is determined by V-V collisions.

Thi s is dif feren t from the studies of Letokhov and other s,
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which are concerned with col].isionless 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

transfer , as in the works of Shuler and others, with the

addition of two important features : (1) a laser pumping term ,

and (2) the assumption of a quasi-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-equilibrium 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 
~~~ 

the

VV collision rate constant for the v
3 
mode. In addition ,

-.4
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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 induced 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 with a particular rotational-

vibrational transition from the ground vibrational state of a
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molecule to its first excited vibrational state (Fig. la).

The amount of energy the molecule can absorb depends on

As ‘r~ is increased three distinct regimes can be considered .

1) When ~~ is short compared to the rotational relaxation

time , T
RR~ 

then only the fractional population Z~ of molecules

in the particular rotational state J of the ground vibrational

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

enough~ to saturate the transition then only the energy

1 can be absorbed by the molecule on the average .

2) When t is on the order of r RR /Z
J 

then the rotational

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

. 1by the molecule is ~~~~

3) When is longer than the characteristic time for

vibrational-vibrational energy exchanging collisions , r~~~,

and both times are longer than rRR/Z J 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

- —..—— - - -—- —— - —
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of this work .

For example consider the process in which two molecules

in the v = 1 state collide and exchange enercv , 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 mround state where

it can again absorb energy from the laser. Enerov will con-

tinue to be absorbed through processes of this kind , until

the laser pulse length becomes comparable to ‘VT ’ the charac-

teristic time for translational energy transfer. Thus , under

appropriate conditions many quanta can be stored as vibration~il

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. In

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 as the probability of a molecule being

in state v , where the density in state v is N P N (N is the
V ~~~
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total number density of molccules in the systeri~ , t he  rate

equations describing the interaction of the laser with the

oscillator system may be written as

—

~~~ 
— r

U”
) 

(1)

-

where ~P / ?t )~~ 
is the c o n t r i b u t i o n  due to V-V collisions and

is the effective rate corls t3nt  d e s c r i b in o  the encr c ’:  f1c~.-: in t o  th~.’

system due to stimulate~i emission an~i collisions. [The ex-

pression for -

~~~~~ 

is given in Eq. (A-l5) 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-~l 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 ‘r~ << TVT . The

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 probabi l i ty  rate

Therefore , the collision part of the coupled rate equations can

be written as~
I-

~ (~ + )v ’~~ 1~4 i ? ~,
..i -

f (~~
‘4 u ~~~v L F ~

. i I ’
~v

’. i  P~~PY ’~~~ ~~ . (2)
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Here is defined such that for an isolated three level

system (v = 0 ,1, 2 ) ,

~~~~~~
a’

~~~~~~~ (f 2~ ’. -

where is the characteristic “up the ladder ” collision

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

dition of number conservation

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

cillator is given by

E ~~~~v ~, ~~~~~~~~~~~~~~~~~~~~~~~~ entv~ j/4t~ (4)—

Thus,

%‘vv
~~_ ç (2.,4~)€ +V ] F V  + V€ .PV_, + (v# t)(€..i).~4 1~ ,(5)

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

the laser saturates the v = 0+1 transition s such th~t

- 
~~ ¼ . - - —
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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 Eqs. (1)

1 f

i~ L ~ 1~~) G

Thus, it can be seen from Eq. (5) that P0-P1 is at most of

order y
~~~

/2y
~~
. So , if

~~~~~ 
- 

) 
(7 )

then

(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 ~~~(P0
_P
1) 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 Eqs. (1)

~~~~~~~ 

c(P~ f v 
~~~~~ 

-

v~ o v~~o

Substituting Eq. (5) one obtains X~’ ~~~~~~~ 
0 , as expected ,

since energy is conserved in the collisions in this model.

______  - -~~~~~~~-.- -—~~~~~~~~~~~~ — ______
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Thus ,

~ (r .— LI
’
) (9)

and the rate equations become 
-

I ~~~~~~~~ I

— 
_

~~~~~~~ c. 
_ ( l O a)

• 

- ~~~pI\
— .

~ (lOb)

(lOc)

The c 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 = 1. As a

result, VV collisions pump molecules to higher vibtational

levels , with the laser supplying the necessary energy .

Using Eqs. (5) and (10) with P
0 

= P
1 
and

I

• (11)

This equation gives c once P
1(t) is known . Conversely, P1(t)

can be found once e is specified as a function of t or P1.

The fact is , ~ = i~~(P0
_P
1) is an unspecified parameter other

than the requirement P0(t)~~P1(t).

r This d i f f i c u l t y  can be overcome by taking advantage of

the fact that the vibrational levels v > 2 are all in

- ~~ 
- ¼ -.--~~~~~~~~~~ -
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equilibrium with respect to the v = 1 level. This can be

understood in the following way. With P0 
= P

1 the tendency

of the collision terms in Eqs . (lOa) and (lOb) is to increase

and decrease P1 [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 on the \TV time scale. The

remainder of the levels then come into equilibrium with the

v = 1 level in a time 
~~~~~~~ 

Thus , the vibrational popula-

tions can be described by an effective temperature in the form

P~~ E~~~~~?
— (v -i ) e (12)

where 0 = ~~ /kT , with T
~ 

being the time-dependent effective

vibrational temperature of the v = 1-~~ vibrational levels re—

lative to the v = 1 level. This assumed time dependent quasi-

equilibrium distribution is verified by computer solutions of

Eqs. (1) and (2). Figure compares the distribution of Eq. (12)

with the rate equation predictions for a value of 100.

As can be seen , the overall agreement is excellent. The small

discrepancies are inconsequential, since c (t) is determined by

a sum over the P,,~’s and is not very sensitive to individual

values.

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

terms of P

(13)
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and

— (14 )

This gives an independent expression for c(P), as desired .

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

a differential equation for P

.i~ [ a —  
:~~~

a )  F (15)

which can be easily integrated subject to the relevant boundary

conditions. Since the laser saturates the v = O~ l transition

on a time scale substantially shorter than the characteristic

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

are

F(t=o)~- .f~(~t.=c ’~ ?~,(~~o) • (16)

Thus

(17 )

This simple expression , together with Eq. (13) , determines thd’

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

I-

— 
- : -
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nor any other parameters enter in. Values of c(t) predicted

by Eqs. (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 limi ting va1u~ s

of ~~~~~~ For ‘Y’~~~~
T

p 
<< 1, P (Y ~~~~T~~ ) 

doesn ’t change much from

its ini tial value and

~~ ~~~~~~~~ (18a)

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

linearly with time. In the other extreme, when >� 1,

P (‘r~~T~ ) << 1 and consequently

~~ 
(18b)

This expresses the fact that the energy absorption becomes

more like a random walk (‘r~,~
T = 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

I’ll, ~~~ 
k, ~~~~ 

— 
~~~~~ 

~~~~~~~~~~~~~ I

~~ 
~ 

Y~~t ))  
I

so that P0 and P1 do change at a rate substantially slower than

the charater ist ic  VV rate , y~~~, which is consistent with as-
sumption ( 1 2 ) .

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 ,

vibrat ion- to—transla t ion (VT ) relaxation processes place an

upper limit on the maximum amount of stored energy . For

pulses exceeding TVTI the VT relaxation time , some of the

stored vibrational energy will be converted to translational

energy. Thus, for 
~~~ 

TVT the amount of stored vibrational

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

-

~~~~~~~ ~~
) - v (

~
, -

must be added to each of Eqs. (1), where 1VT = TvT is the

VT relaxation rate and 4 is given by v
~ 

= e~~
1
~~

’J
~
T, as is neces-

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

~ t ~~~~~ — vl (E +
~~~

) = ~~? ( F 0~~~~
,’)

using the expression for the laser pumping term in the revised

Eqs. (1), with P0 = P1 and P1, and the expressions for C

and c from the temperature assumption [Eqs. (13), (14)], the

differential equation for P becomes

*
When the system comes into thermal equilibrium (i.e. the
vibrational temperature ~~ual to kinetic temperature , T
this choice of causes 

at~~ VT Coil - O•
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= — 

~~~ 
_ ( 2_v

~)].(l9)

This can be integrated with the ini t ia l  condition,

P (t = 0) = 1/2, as before. For << 1 and > >  1VT

( the usual case) the energy per molecule is

E 
- £ ~~ 

f-
~

--- ( 
- 

-z ~~~~~~~~~~~~~~~ ‘
~

~~~~ 
— 

2. ) ~

valid for t � TVT. Thus, for laser pulses longer than a

few TVT the number of quanta per molecule reaches the limiting

value Thus , VT processes place an upper limit on the

amount of laser energy which can be vibrationally stored in

the molecule.
Finally, Eqs. (1) with VT interaction but without the

laser (after the laser pulse is terminated) have the expected

solution for t > c(t) = c~ +[e(t~ )—e 01 exp

where e~ ~~/(l-Pl) 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 equili brium through a continuous series

of Boltzmann-like distributions , hence assumption (12)

becomes inadequate. To get an idea of when this effect becomes

important assume that the temperature assumption of Eqs. (12)

is still approximately valid and notice that Eqs. (3) and (4)

for small P lead to -

- (v-t)/~

—-
~~~~- -—~~~~~~~~

- - — -  -— - - ——
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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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This  va lue  is w i t h i n  ex p e r im e n t a l  error  of th e  a nl  a nd

v a lu e  of 1.2 ~~.3 esec
’ tc’rr 1 ::ot~ -~r~~J using I asc- r i nd u c e d

fluo r ceo-sc zechr.i ru-es .

~.s exol aired nar~ icr , ~ f f : n i en t  ~~ ~~~~~~~~~~~ c~~n on l y  cc- -c -r i r.

the absence of a rotational bottlc-a~~ck.  rr~~~~e- r 1ecc-ssarv c o n d i ti on ,

derived in the Appendix , is ‘B T
R 

< <

:f o-.:ever , if t h i s  m a c al i t  is not  sat  z s d i e d  by t h e -  t - nr e  a b s o r b~ oc
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for the presence of a bottleneck , energy absorption exoerinants ~ere
,

r e -r forn ’ed  at  a f ix -ed CH~~F ~-r -cssure , 5 . 0  tor r , whi  i~ e d i  f f r ~ra~n t  an o in t s  of
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time given by.- 
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IV. Energy Distribution in CH3F

To establish that for times the absorbed energy re-

sides in the vibrational degrees of freedom, the time evolution

of the fluorescence from the C-F stretch mode ’ Cv )was

monitored by a Cu:Ge detector.~, n the pressure range of the

experiments the fluorescence was always in the form of a rapid

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 (v 11 v4) and 6.8 pm bend (v 21 ’v5)

fluorescence bands exhibited the same temporal behavior as

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 measurements 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 t.lte

vibrational modes, was used to measure the energy stored in

the v3 mode. In this technique the peak fluourescence is first

observed after it passes through an empty “cold gas filter”

cell to give 1(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 ‘c°
~~’jo~ 

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 ground state

— is significantly populated. The. small anharmonicity (18 ciri’)

is sufficient to prevent the absorption of V
3 
fluorescence from

higher lying levels.

The ratio I(O)~~li p 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

is primarily 110 and the ratio tends to zero.

Describing the vibrational level populations of the V
3

mode, vibrational frequency \ 31 by a Boltzmann distribution

at temperature T3, the fluorescence intensity arisng from

a particular vibrational transition is

Ittr l (1)

where/93 
= ‘v’ v-i is the net fluorescence intensity

summed over the individual rotational quantum numbers J,K.

Thus ii’? is the vibrational transition moment and the



maining factor is proportional to the total population of

level v. Assuming harmonic oscillator transition moment matrix

e1ementsL~~~v,v l  
— 

~~~ 
the ratio becomes

_ _ _ _ _ _  = 1-(1+~3~~ (2)
1(o)

where c3 is the number of vibrational quanta stored in V 3.

This equation is valid when the 110 component is com-

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 1(P’) versus cold gas filter pressure P’

is not a single exponential but instead has a long tail.

In principle all of 1
10 

can be filtered out by increasing

the optical absorption length, proportional 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 110 
absorption lines

may be pressure broadened sufficiently to overlap rotational—

3 ( 

— — —- -  . — .—- ---- ——-.
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vibrational lines of higher vibrational transitions. To avoid

these problems the dependence of 110 on P’L’ was determined

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

quantum 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

c( 

~~~~ ~~~~~ (3)

with absorption coefficient

C).UC I, (W TK 
- 

~~3
’
~~ ) (4)

where C’ is a known constant. Here NJK and are the

populations in the upper and lower states, respectively

(including statistical weighting factors for nuclear spin and

K degeneracy) and I1’?JK_J,K, is the matrix element for the

branch considered (P,Q,R). (21) The value for the transition

dipole moment, necessary for calculating 
~
1JK’J’K’ was deter—



— ~~—

mined from known absorption coefficients.~~~
5
~ The effects of

Doppler broadening (non-zero linewidth) are included by re—

~~~JK_ J1K 1P ’L ’placing the single exponential e in Eq. ( )

by L (_o 1 ri.’)1’/n’~~T . 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. C ) ] .

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 f i t , )( (F’L’) o.5~,7 exr (— O.~ I4 P~’)w. 3~J ~~~~ (—o.~1rs r~’)+o. Io2exrC_ o.o,~
so that

I(vL’~ I~(o) x
(5)

Equation ( ) can thus be modified to include the dependence

on P’L’ .

_____  _ _ _ _ _ _ _ _ _ _ _ _ _ _  
— 
(

~~~~~.
_Z

[
1(o) (6)

In the data analysis, the parameter £3 of Eq. (6) was varied

until the resulting theoretical curve matched the experimental

data (Fig. 8) .
/

In the experiments (Fig. 
~~~ ) ~ 0.253 Co laser beam,2

0.6 cm diameter , was passed tlirough a fluorescence cell de—

— - — .. -— -~ ——- — ——-——-.
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signed for viewing emission at right angles to the beam.

Noise from laser scatter, most of which is off the exit window,

was minimized by~locating the exit window far from the side

windo~
”
~ ’.i.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;

Figure {~~ shows the experimental data and the theoretical
4.

fits for various fluorescence cell pressures , P. As can be

seen, at higher pressures, P, and thus higher ‘N rates, the

number of quanta found in V
3 
increases as expected. However ,

this represents only 40-50% of the total energy absorbed by

the molecule. The remaining energy is transferred to the other

vibrational modes through VV cross-over collisions.
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B. Energy Distribution and Flow Paths

The ‘N cross over collisions which transfer energy from

V
3 
to the other vibrational modes have rates about 1/10 of the

VV rate within the v
3 mode.~~~

9
~ As explained above, the VT

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

reach a vibrational equilibrium , with each mode at a different

vibrational temperature.

Measuring the temperatures of modes other than v3 by the

cold gas filter method is generally not practical because of

the weaker absorption coefficients characteristic of these

modes.

For these modes , I~~ can only be absorbed out by increasing

P’L’ to the point where the signal to noise and pressure

broadening limitations are significant. A cold gas filter

measurement on both (v 1,v 4) and (v 2,v5
) was only able to give

an upper bound to the energies (v11 v4) which agrees with

Fig. 4. Once the temperature of 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

~ ~~~~4~ n0c. (7)

where n0 is the population of the vibrational ground state.

_ _  -- - - -
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The integrated absorption “strengths”, a, for each mode,

which are tabulated in the literature allow us to replace

in the equation since

2. Z ) 
Pt0 4K £~3 - ---—-

~~~ -

‘10 . - (8)

Summing over all v yields the total flourescence intensity

for the mode.

1
(9)

Therefore , from measurements of ‘B/’A, 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

~~~~~ 

(,
~ (10)

Once the temperature is ]~nown , of course, the energy stored

in the mode is also known [Eq. ( )1.

This method was applied to the degenerate modes

and at 6.8 pm and degenerate modes V
1 
and v4 at 3.4 pm.

The fluorescence from the mode at 8.8 pm was too weak to

measure. The (v1,v4) fluorescence was isolated with an

infrasil quartz filter and the v21v 5 fluorescence with a wide

bandpass dielectric filter. The flourescence, which served

I- 

- —‘.5 -.-————--- —.——-- — - - — — ---—- — —
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as the reference intensity was isolated by a dielectric

filter which passed long wavelengths. In establishing the

relative vibrational temperatures with Eq. C ), the tabu-

lated values of integrated absorption coefficients of Ref. 24

were used. These values agree with the absorption spectra

given in Ref s. 25,26. In the analysis (v2,v5) was considered

to be triply degenerate since the doubly degenerate v 5 is

only 4 cm 1 below v2. Likewise, (v 11v 4 ) was treated as triply

degenerate since doubly degenerate v 4 is 15 cm 1 above v1.

Conributions to the 3 pm fluorescence from the Fermi mixed

(v21v 5
) state were neglected because of its relatively weak

intensity. (27)

The results of these measurements are shown as data points

in Fig. 4. £2 5 and c~ ~ 
are the sums of all the consistent

1 I

degenerate modes ’ energies. Although £6 was not measured , it

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 established 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
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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 curves, (b), (c), (d) and (e) of Fig. 4 are theoretical

f its 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) (v3 ) + (0) ’.~ Z (v 6) + (0)  — 147 cm~~
( 2) (v 6 ) + (0)~~ (v 21v 5) + (0) 

— 275 cm 3

(3) 2(v2,v5),~~~ (2v 21 2v5) + (0) — 68 crti1

(4) (2v 21 2v5) + (0)~~(v 1,v4) + (0) + 103 cm 1

where, for instance, (2v 2,2v5) represents a single molecule

with two quanta in mode V
2 
and two quanta in mode V

5 
and (0),

a molecule in the vibrational ground state.

The temperatures, TA and TB~ 
of two different modes in

vibrational equilibrium with each other are related by

~~~~~~~~- ~~~~~~~~~~~
L&)R~~~~~~~ (11)
T

where the ui ’s are the vibrational frequencies and T is the

kinetiô temperature. Applying Eq. C ), for example, to the

two modes ‘v3 and held in vibrational equilibrium with

each other by reaction (1) in Path 1 we find

2,itt. (i 47 ~~ +
I 300°K T3

- - - -‘ ——-— -5-—- -————-5- ———-—-——-- ——--
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(12)

which for T3 = 2000° K gives T6 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 ehergy among the modes to the total vibrational

energy of a molecule. Curves (b), Cc) , (d) , and (e) were de-

termined in this fashion from the total energy curve (a)

which itself was a theoretical f i t  to the data assuming a

particular YVV .

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 3)~~~ (2v 3
) + (0)  +

(2) (2v3) + (v3~~~ (3v 3) + (0) +

(3) (3v3) + (0~~~ (~ 11v 4 ) ÷ (0)  + 16 cin~~

For example, small energy defect of reaction 3 would indicate

T14 = 2000.4° K. or £ 14 = .13 for a T3 of 2000 ° K. This is

much greater than the measured £ j 4 .

- —- —- -
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ABSTRACT

This paper describes a new class of techniq ues , calle d time -
delayed laser saturation spectr oscopy , which combine frequency
and time-domain methods of laser spectros copy to provide a way
of studying a molecular system as it evolves from an ini tially -
prepared stationary state to a second , final state. The speci-
fic example analyzed here is thre e-level free induction decay,
in which the time dependent gai n of a Doppler -broadened niolecu-
lar transition is prob ed after the sudden termination of an in-
tense field resonating with a coupled transition. The calcu-
lated lineshape features expected under different experimenta l
conditions are described , an d some o f th ese ar~ demons tra te d
i n NH 3. The ex per i men ts c lear l y separate the contributions of
popu lation saturation and Raman -type processes in the time evo-
lution of the lineshapes , and yield the first measureme nt of
the alignment relaxation rate in the ground electronic state
of a molecu le .

t Supported in part by NSF and -ARO (Durham).
* This work was performed while the author was a Visiting

Scientist at MIT.
§ A lfred P. Sloan Research Fellow.

CL
1 . Introduct ion -.

Over the past decade powerful laser saturation techniques for
inducing narrow resonances in Doppler-broadened systems have
become a major tool for studying atomic and molecular structure
in the frequency domain [1]. On the other hand , the recen tly
develo ped coherent transient techniques have been very useful
In obtaining new information about laser interactions and re-
laxation processes in the time domain {2]. The purpose of this
pape r i s  to show that these two approaches can be merged to form
a new class of techniques which yields in formation in both fre-

___________ — - -— .-—- — —



2
quency and time domains and thus extends thE. range of available
information.

As an exa mpl e , consider a conventional saturated absorption
experiment in which the saturation of a Doppler -broadened tran-
sition by an intense monochromatic field is observ ed by studying
the narrow resonance induced in the transmission of a tunable
probe beam (Fig. 1.).

SA TURATING FIE ’ D

• l - ~= M P ~~1,~ ~ ‘. — ~~ — ,‘ ,~
PROBE FIE LD

Fig.l Example of the time -dela yed te chnique. The configuration
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-
mo re , as shown below the shape of the resonance may evolve from
Its steady state form. This inf ormation can be combined to form
a surface in a coordinate system having axes: probe intensity
(i-ax is), frequency detuning (x-axis) , time delay (y-axis)
(Fig. 2).

I(PROBE)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-
. 

. .•

Fig .2 Three dimensional representation of the time -delayed
change s i g n a l s .

Sec tions parallel to the x-axis give the resonance lineshape at

__________ - -5—,.. -.-—.—----.— - .-- --5- - — - -



3
delayed times. Similar l y, 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 het erodyne detection. Thus , in such experi-
ments there is no resonant behavior as the probe fiel d 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 por tions of the lineshape may decay at dif-
feren t ra tes , resu lting in a deformation of the overall line shape.
Lineshape evolution of this type becomes particularly import ant
when the physical processes contributing to the change signal
decay at different characteristic rates (e.g. T1 p rocesses  vs .
12 processes), or the lineshape exhibits Ramsey -type fringes due
to decay of a phase -co herent cor~tribut ion. Other features of the
time-delayed change sign ~ 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 nutat ion
and 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 Decay in Three Level Systems [4,5]
When an intense , monochromatic laser field , E2, frequency c~2,
resonates with one of the transitions (0-2 , see Fig. 3) of a
Dop pler-broadened gas , th e p op u l a ti ons of l e v e l s  0 and  2 a re
al tere d over  a n a r row r a n ge of ax i al v e l o c iti es cen tered a b ou t
v2, satisfying the resonance condition c22-k 2v2 

= w~ (w2 molecu-
lar frequency , k2 

= c22/c ) .

Fig .3 Energy level diagrams.

( o )  (b i (c)

This resonant change in the velocit y distribution can rianifest
itself in the spectral profile of a Doppler -broadened transition ,
0-1 , sharing a common level with 0-2. If a weak monochromatic

__________ - — %. ——- - —-5—— - — - — - 5 - -- -— — - - —
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field , E 1 (Q 1 ), colinear with the intense field , probes the 0-1
transition , center frequency ui~~, a sharp change in transmission
wi l l occur when is tuned into resonance with the molecules
of velocity v 2 :

= Q
1 (c) where cz1 (e) = -w1

+ck 1 (c~2.-w2)/k2 ( 1 )
4
S (

~ 
= +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 lin eshape cannot te accounted for in terms of population
considerations alone , and that coherent Raman-type processes such
as two -photon transition - 5 play an important role [6]. Thus , for
exam pl e , the widths of the change signals in the forward (c = +1)
and backward (€ = -1) directions can differ considerably. This
and other lineshape asym m etries have been useful in extracting
detailed informatio n about co l l i sional and radiative decay pro-
cesses.

Our purose is to analyze the transient behavior of the change
signal l ineshap e when the saturating field is suddenly terminated
at time t = 0. !n the thin sample approximation the probe change
signal is proport ~ onal to the velocity -integrated value of Im(P),
with P(c~~) the amp~ itude of the optical polarization induced by
the probe field. In the slowly -varying envelope approximation
P obeys an oscillator equation of the type [4,5]

~+LP i~
j
1
2E 1 (n 1 -c,00)+ju 1~ 2E2c21 , 

(2)

where L = y
1
+i (~2 - ui 1 -k 1 v) and n = L; n .  i s th e therma l (or

background) population of level j ;  ~~ is 3 the O-j dipole moment
matrix element; a.. is the envelope of the i-i density matrix
elemen t (cQQ~ 

pop~4a tion of level 0 as influenced by E2; a21,
coherence induced by Raman -type transitions) and . i s  i t s
relaxation rate. As can be seen ,~ P can be exci ted 

~
y both popu-

lation and Reman -type driving terms. -.

The solution of (2) In the transient regime CE 2 
= 0, t>O) is

given by

P( t ) = P t ( O ) e~~
t_ i u

l
2E l~

t
~n(t1)e

Ut_t )dt I , (3)

where P is the linear (unsaturated)polar ization , P(O) the ini-
tial vai~ue (t 0) of the saturated polarization , and

~n(t ) = (o00(0)_n 0]e~~’Ot , (4j ’

- __
‘5_ - —-- - ---—-—— —
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5
with the population decay rate of lev el 0. The last term in
(3) describe s the coupling of P with a0~ . S i nce E 2 = 0 for t>O ,
transient Raman processes do not occur tas they would in three
level optical nutation). But their infl uence is contained in the
initial polarization , along with that of the saturated population
o f l eve l  0:

P(0) = i [-p 1
2E 1 .An(0)+ im 1 p 2E2a21 (0)]/L. (5)

The resulting probe lineshapes , obtained by integrating (3) over
veloc ity , depend on the relativ e direction of the two waves.

In  the fo l l o w i n g the l i nes h a pe fea tures  w i l l  be des cr i be d for
a folded three level system (Fi gs. 3a ,b ) .  In  th e casca d e case
(Fig. 3c) the lineshapes are the same , except that the roles of
forward and backward signals are interchanged.
2.1 Counter -P ropagating _Waves (c = — l )
For weakly saturating pump field the lin eshape is given by the
rea l  par t o f g (E:  = ±1):

_ _ _ _ _ _ _ _ _ _  

-y0t - [r+ i 6 ( - ) ] t
= 

e 
r+ io(-) 

+ e r:10+ U ( _ )  , (6)

where 6(-) is the probe field detuning [mS(c) = c21 -c2 1 (c)], a n d
r = 101 4k 11021k 2. The first term in g(-) describes the decay
of the in i t i a l polarization. Its decay rate , r , consists of two
terms , the ordinary rel~ixa tion rate , VOl’ and a Doppler dephasing
contribution , k 1 -r02/k,. This latter term is due to thE velocity
spread E~v =y~ ,/f., of ~he excited molecules , which gives rise to
a cor res p on d~1hg ~pread in the reradiated frequencies.

T he secon d term i n ( 6 ) comes from th e cou p l i n g o f P w it h the
saturated level population , and  deca ys at c harac te r i s t i c ra te

The first term exhibits Ramsey -type fringes and the associated
line narrowing, as is characteristi c of the time-delayed line-
shape resulting from the decay of a phase -cohe rent polarization.
This type of behavior can be obs~ rve d in g(-) for r<y 0. As seen
I n  F i g .  4, for t~ l/~ the line narrows below its natural wid th.

Fig .4 g(-) change signal for

~~~~~~~~~ 

r = Y
g
/2 Time delays 

4/
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This extreme narrowing is due to the selection of long -lived
molecules by the time -delayed measurement process.

In the case of I’>y the p olarization contribution is domi-
nated by the popu l ati~ n term for t�l/ [’, leading to a different
type of behavior. There are no fringes and the line remains
Lorentzian , narro w ing from an initial width r to an eventual
width r-y 0 at t>l/I’.

In  con tra st , when there are strong phase -changing collisions
[i~ 

.>>(y.+y.)/2] the l inesha pe is not deformed -during the tran-
sie~ t evo lu ’~ion (Fig. Sb).

~~~~~~~~~~~~~~~~~~~~~~~~ 

A 

S

~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 3~3 4 5

0 ~~, fl,-(~+ nl-u_

Fig.5 Forward (a) and backward (b) change signals when phase-
changing collisions predominate.

T he r e s o n a n c e , a Lorentzian of width r , then deca ys w i th  the
populati on time constant:

g(-) e
_b

Ot/[r+io(_ )].

Finally, note that in all cases Raman -type contributions are
absent in g(-), as can  be see n by t he a b sence  i n ( 6 ) o f terms
containing -y 12 , 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-P ropa gating Waves (e = +1)
In con trast to 2.1 , in the forward direction the change signal
is influenced by Raman -type processes , which are not averaged
ou t in the velocity integration. It also depends on whether
k2~ k1 .

For k2<k 1 an d no phase -chang ing collisions [i~ 
. =

the llnes hape [4] is a single Lorentzian of width 3c h a r a c te~ i zed

—T—-_ -—- — - —--
‘5. - ~~~~~~~~~~~~~~~~~~~~~~ - -— - _—_- ——-——--- ——-—-- — — -
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by Raman-type processes (and therefore narrower than the c = -l
ca!e), which is un c~istorted during the decay. I~owever , this is
not the case when phase changing colli sions dominate

Fo r e x a m pl e , in the important special case of
the change signal lineshape is given by

-lo t -

~~~~ 

-rt
g(+) e ~~_ _ e 

. (8)
r

The first term describes a broad resonance , induced by popula-
tion saturation , which decays at characteristic rate ‘

~
‘ . It is

identical to the corresponding g(-) lineshape , (7). iRe second
term is a narrow resonance of width 

~l2 ’ 
induced by Raman -type

processes , which decays at the much faster rate r =

characteristic of the decay of the ini tial polarization. This
leads to the remarkable concl usion that after a time ‘~l/~ the
narrow contribution decays away and the forward change signal
evolves to a broad Lorentzi an identical to that of the backward
si gnal , ( 6 ) .  An exam p le  i s s h own i n F i g.  5a.

When k2>k 1 there is an additional contribution to the change
signal , due to the decay of a new velocity group prep ared in the
steady state (t�O). This vel ocity group, associated with the
reson ance condi t ion for Raman -typ e processes , is centered at
v 12, defined by c~2-c2 1 - (k2-k 1 ) v 1, = w~ -w 1. (This is the energy
conservation condition for 2-’i two quantum transitions.) This
ex tra term , wh ich ex i sts even when  th e med i un i s tr a n s p a r e n t to
the saturating field (112 

= n0 / n 1 ), is proportional to the real
part of

= K
e (9)

with K= (k2-k 1 )/k2 an d y = K-y01 +k 1 -y02/k 2 . As can be seen i n
Fig. 6, the corresponding time -delayed lineshape exhibits Ramsey-
type fringes , as is characteristic of a pure pha se-coherent
contribution.

_ _ _ _  -
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F1Q .6 g(+) change signal for n 2 n0 ~‘ n 1 , k~ 2k 1, ~~ = y.
Time delays: t1 

= 0, t2 
= O.5/y, t3 ll 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 occurr ing 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~ l 
Experiments in NH~~ [\~~~asQ~8,7) transition]

In the experiments the u 2 asQ(8 .7) transition of NH 3 was sa tu-
rated and probed using two c.w . 111

2
0 lasers oscillating on the

P(l3) line (x = 10.78 1.lm), which falls within the NH 3 Dopplerprofile.

— .- — _{ Probe N20 LoserJ:J

Soturoting N20 Loserl
.Fig .7 Experimental set-up.

GaAs S W I T C H  - The GaAs switch was absent
in th€ stead y-state experi-

Nod 
_________ 

NoCI t
I \ Z 

_ _ _  
I -

NH~1

A lU cm gl a ss sa mp l e  c e l l  w ith N a C l  end w i n d ows was u s e d .  Hol di n g
the frequency of the saturating N.)O laser fixed , the p ro be was
tuned (tuning range , ±35 MHz) by..Ineans of calibrated PZT. A -

flip mirror was used to reverse the direction of the saturating -

beam ar;d thereby select forward or backward configurations. The
two laser beams were linearly polarized at right angles , and
Brews ter an gl e N a C l  b eam s p l itt ers were use d to o v e r l a p th e b eams
before the c e l l  and  se p a ra te th em af te r w a r d s .  T he pro be b eam was
mo nitored using a He-coo led Cu-Ge detector. Steady-state ex-
periments were performed by chopping the saturating beam at a -

low frequency (“m.i 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 r1aAs
crystal to which high voltage square pulses were applied (rise-

_ _ _ _  - 
~~~~~

- - __,.• . _ —-- -5-----  --5- -- -- - —



9
time 30 ns , duration 10 ~s , repetition rate 1 kHz), thus indu-
cing a fast rotation of the polarization of the c.w. satu rat in ç~beam. A subsequent analyzer , a Brewster an gle 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 Stead_y~~ tate L inesh apes [7]
Experimental lineshapes for co- and count er -propagating waves
are shown in Figs. 8a ,b.

A ~ p~5O mTorr

- (a ) (b)
Fig.8 Steady state forward (a) and backward (b) observed change
signa l s. The dashed line shows the theoretical fit.

Since the NH~ transition is degenera t e (J = 8+8) and the two
beams have p~ rpendicu 1ar linear polarizations , the saturating
field can be considered to induce t~M = 0 transitions , and the
weak field then prcbes MI ±1 transitions. In the absence of
M - changing collisions the system decomposes into two groups of
coupled t :iree-level systems having the common level in the ground
(g) and excited (e) states , res p ec ti vel y . T he R a m a n  co he rence
responsib e for the forward -backward asymmetry of the signals
of Fig. 8 is thus t~ e co herence between adjacent M-subleve l .s .

As is characteristic of systems with strong phase-changing
collisions [(7) and (8)], the backward change signal of Fig. 8
is  a s 1 n g~ e Lo ren tz i an , whereas the forward signal contains an
ad di t io na i narrow feature. However , a quantitative analysis
of the experimental results requires further cOnsideration , s i nce
In the degenerate NH 3 transition strong 11-changing collisions
c o u p l e  together the independen t three level systems. As is well
known from the symmetry prop erties of co ll isiona 1 relaxa tion pro-
cesses in gases [8] , allowance must then be made for differen t
rel a xa ti on ra te s o f the v a r i ous  mul ti po l e  momen ts of each l e v e l .

— -5 1
~~~ 

- - 
- _..— — — —-- -
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Using the tensoria l form alism [8] to account for these featur es ,
the following expression for the change signals can be deriv ed
[9) :

G ( c )  = L(2Y~ g )~~~~~g f~
’ - + ~~

_l_ [57L (Y2)+L (Y 1
)]J (10)

where L ( x )  = [x+i~~(c)]. ~e~j 
is the relaxation rate of the opti-

cal polarization and 1
k the decay rate of the kth order mu l tipo l e

in level ci : k = 0, po~ u 1ati o n; 1 , orientation; 2 , alignment.
Thus , in the presence of M -c hanging co ll i s i o n ~ the backward sig-
nal is still a single Lorentzian of wid th b it the forward one
now consists of severa l Lorentzian cc ,mponents :associated with
the various tensorial moments. In the presen t experiments the
width of the narrow Ram an -t ype contribution of the forward sig-
na~ is primarily determined by alignment relaxation processes
(y ~~) .

The observed width of the backward sign al give s’
24~ l MHz/torr , consistent with earlier Lamb dip measur ements.
Previous microwave experiments in the NH 3 ground state have shown
that due to the small inversion splitting of 0.8 cm , inelastic
c ll isions are the 8redo m inant relaxation me ch anism (which implies

= ~0) and teat -
~
‘ = le

1 [10]. This is not true for the ejcit ed
the in~ ers i o~ splitting is much larger , ~36 cm

In the next section we show that transient experiments yield
= 3.5±0.6 tIHz /torr. The best fit of the experime ~ ta1 forward

signal to (10) (dashed curve of Fig. 8) then gives 1e 
= 6±1 11Hz!

torr [7).

To demonstrate the inherent polariz ation dependence of the
change signal lineshapes , similar experiments were done in which
the probe field polarization was oriented paral l .el to that of the
saturating field by inserting a hal f-wave plate in the path of
the saturating berm . A sm all 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 crossed polari-
zations. - _

P 8 O m T o r r  -
.

E1.LE2
Et IIE2

I MHz

- -~~~--—-—- -- - -- 5 - -  - .5- - -



11
F ig. 9 Forward c~ ang e si n nal for parallel polariza tions of probe
fE ) ard saturating (E,) fields. The corresponding s i Qn al for
E 11E 2 

is shown for com paris on , normalized such that the peak
heights are equ al.

(The chan g e signal linew i dths observed in the backward direction
are the same , as predicted by (11 ) .) This can be understood as
follows: When the p o l ar~ zat i o r s are parallel both fields obey

= 0 se lection rules , and so no Raman coherence can be induced.
However , since two  e.m. ‘ie ld s of the same polarization and pro-
pagation vector are equival ent to an amplitude modulated excita-
tion , a new type of contribution now arises , originati n g in the
coherent modulation of the level populations at the frequency dif-
ference between p u m p  and pr obe fields. This 6ff~ct causes ad-
ditional narrowing of the forward signal if 

~
‘e<’r . Using the ten-

so ria l formalism , the change signal lineshape is enow given by [9]

G 11 (c) = L (2Ye~
) 

g{~
-
~ 

+ + ~-j-i-[96L(Y~~) + 76 L(Y~~) ] } . ( l l )

The observed narrowing of the lineshape for parall el polarization
is another clear eviden ce of Fl-changing collisions , since for

= - (10) and (11) predict the same lin esha p e , contrary to the
experimental results.

From the above results it follows that in the asO(8 ,7) excited
state the cross -section for elastic 11 -c hanging collisions is
about two -thirds as large as that for inelas tic collisions. To
our knowledge , this is the first measurement of the alignment
relaxation rate in the ground electronic state of a molecule.
The present experimental technique does not require Stark or
Zeeman tuning nor fluor escence detection , and thus compliments
the well-established Hanle effect and double resonanc e techniques
of optica pumping [8]. -

3.3 Tim e-De1 ay~ d 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 obs erved as ~ function of time (Fig. 10), ar
the transient lineshape is studied by tunino the pr obe frequency
at a given delay time after the saturating field has been inter-
rupte c~ (Fig. 11).
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- NH~~ 
ItNECENICP. D E CM

Fi g .l 0 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
F backward decay is a single ex-

ponential , whereas the forward
decay contains fast and slow
exponential components.

o t

Figure 10 shows the decay signals at lin e center and Figs. : l l a ,b
show the transient lin eshapes observed at diff er ent time delays.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

.25 0.25

i—i 1.3MHz p—i 1.3 MHZ
( a )  ( b )

F i g. l1 Time delayed lineshapes observed in forward (a) and back-
ward (b) dir ections. The solid curves give the theoretical fit.

The simple three -level model of Section 2 predicts that forward

- —.. —-5 - .- - - . .-
- .~ —------—- -—..-~~~~ -- --~~ — -- -

-4
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and backward signals dif er by the narrow Raman -t ype cortr ibu-
tion , and this contribution decays away rapidly, leaving a slowly -
decaying population-induced component which is the sane in both
pr opagation dire c tions [(7) and (8) and Fig. 5]. These predic-
tions are confirmed by Figs. 10 and 1 1. However , quantitative
comparison of experiment with theory must take into ac count the
level degeneracy, the existence of M -changi n g collisions , and
also the power -broadenin g induced by the pump field . As ex-
plained in the previous section , level degeneracy and re -or ienting
collisions can be ncluded by means of the tensorial formalism
[9 ] :

(i) In the same way as in the simple theory
1 

Raman -type con-
tributions have a characteristic decay rate 2

~ e 
(= 48 FIHz/torr).

A theoretical study valid for arbitrary intensi ?ies of the satu-
rating field [5] shows that this decay rate is shortened by power
de p hasi n~ . For instance , in Fig. 11 power dephasing (for I =

70 mW/cm and p = 30 mtorr)cc .ntributes 0.5 MHz to the F decay
rate.

(ii) Population saturation contributions are the same in both
Proç~a 9at1o n directions and have a Lorentzian lineshape of width

A noteworthy feature is that their decay rate is not sen-
si~~ ve to power dephasing [5). Eq. (10) shows that various mul-
tipole mom en ts 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 si gna l. However , due to the short lifetime
of the ground state , the amplitude of its steady -state contribu-
tion is very small compared to t~ at of the excited state popu-
lation. (The ratio is about 58y /96Y g~ 9%•) In addition , its de-
cay is very fast. On the other ~and , in the excited state , (1 0)
sho~ s th~ t the ratio of alignment to population cortributi ons is
38
~Ye

/96Y e~
23%

~ 
The excited state population therefore provides

the dominant contribution to t~ e decaying change signa l s, and
lasts for the longest time. 1e can thus be extracted from the
slow l y-va -- y ing component of the curves of Fig. 10. The pressure
dependence of this decay rate is shown in Fig . 12.

I I T I I I 
• -

MHz Fig. l2 (21T T0)~~ vs .  pres -
1,’I sure. The data was taken

f r o m  the slowly -decaying
0.2 - 

T com ponent of the forward

,,,f~ 
1 chan g~ signal (upper trace

0f Fig. 10).

V~”3.5 * .GMHZ/Torr

,-1

I I I I I I — I_ I
0 20 40

P(mTorr)
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The zero -pressure valu e (“.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 suffi ciently high
to follow the fast decay of the narrow component. The success
of the model adopted here , whic h does not include velocity chang-
ing collisions , indicates that in the range of pr essures observed
(p>30 mtorr), contributions from such collisions are negligibl e
in NH
4. C~ nc l usion
These first results demonstrate the power of time -delayed satu-
ration spectroscopy . By combining frequen cy and time -domain
measurements in NH 3 we have obtained a complete set of informa-
tion which improves our knowledge of the dynami cs of the excited
vibrational state , providing the first measurement of a m olecular
alignment relaxation rate in an infrared transiti on.

We have already pointed out the applicability of time -de layed
saturation spectroscopy to optical nutation and photon echoes in
multilevel systems. To under score the generality of the tech-
nique , notice that it provides a precise analysis of the dynamics
of atcinic and molecular systems: Scattering and diffusion mech-
anisms , therma l ization by velocity -changing collisions and radia-
tive transfer , v elocity -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 co ll isiors. These kind s of experiments
In exc ited neon are now underway at Universit é Paris -Nord
( F r a n c e ) .  - 

-
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Laser Saturation Resonances in NH 3 Observed in the Time-Delayed Mode
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A time-delayed technique is used to study the decay of narrow laser saturatio n reso-
nances induced in the e~as~’(8 , 7) tra nsition of NH 3. The expe riments dramatically sepa-
rate the distinct contributions to the line shape due to population saturatio n and Rama n-
typo processes , and yield a value of 3.5 0.6 MH z/To r r for the excited—state population
decay rate .

This Letter report s the first observation of a there is no resonant behavior as the probe field
new category of effects , called time-delayed Ia-. is tuned. For the same reason the new technique
ser saturation spectroscopy, which combines the is not an analog of pulse Fourier-trans form spec-
high-resolution techniques of laser saturation tro scopy. 2 As seen below, the observed decay
spect roscopy with those of coherent transients time need not be related to the inverse linewidth ,
observed in the heterod yne mode to provide a and different portions of the line shape may decay
precise way of studying a molecular system as it
evolves from an initially prepared stationary
,tate to a second f in al state. In the experiments swiTcH 5A~
a weak , tunable , monochromatic field probes the
line shape of the narrow resonance induced in a E 1 U11 ) (s.+l)

Doppler-broadened molecular system after the (a)
saturating laser field is suddenly turned on or
off , or switched in frequency [Fig. 1(a)] . Both
two-level and multi leve systems with or withou t

~~~~~~~~~~~~~~~~
WI

E1a common level can be ,Ludied in either trans .-
mission or fluorescence.

Experiments of this type are inherently differ- (b)
ent from conventiona l optical -nutat ion and free- FIG . 1. (a) Simplified setup for observ ing tim e-do-induction-decay exper iment s , 1 where the probe layed laser saturat ion resonances. E 2 is the saturati ng
field doe s not interact with the molecules and fie ld and E~ the probe field . The applied fields may be
serves only as a local oscillator for heterod y ne either coprop agating (e + 1) or counterpropagating
detection. Thus , in the experiment s of Ref. 1 (& — 1). (b) Energy level diagr am.
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with different character istic times. Thus, the = + y,~. ~ 
is the relaxation rate of the popula-

shape of the change signal can evolve in time. tion of level 0 and y~ is the decay rate of the i-j
This time-dep endent line-shape distortion is uti l- coherence , y ,, for the optical polarization , ~~
ized in the present experiments to sepa rate dra - for the coherence indu ced by 1 — 2  Ra man-type
maticatly the contributions of level population transitions. Eqqati on (l~ is obtained in the limit
saturation from those oi Ram an-type proce sses. of strong phase-changing collisions: y13~, ~~~~ ‘> ,,

These first results in time-delayed laser satu- ~~~~~~

ration spectroscopy clearly demonstrate the pow - The first term of ( 1)  describes a broad reso-
er of the technique. It is illustrated here in a nance of width ~~ + y02, i’iduced by the population
three-leve l system , where it has allowed us to saturation of level 0, and thus decaying at rate
separate in t ime the different physical processes 

~~
. This is the only contribut ion to the decaying

contributing to the steady-state, laser-induced backward change signal ( t l , Lamb-dip—typ e
line-narrowing change signals. This method can configuration). Raman-type contributions are ab-
be applied to many other laser phenomena , in- sent : Because of their stro ng velocity dependence
eluding observation of Ramsey-type fringes , 3 they cancel in the integration over the broad mo-
three-level optical nut at ion , and photon echoes. lecular velocity distribution leading to (1). In
it ;ilso provides a powerful tool for analyzing the contrast , in the forward directio n ( E = - #  1) there
d ynamical response of atomic and molecular sys- is an additiona l contribution in the form of a oar-
teins: Relaxation mechanisms such as elastic row resonance of width y~ , induced by Ramari-

awl inelastic scatteri ng, velocity-changing colh- type transitions , which decays at the much faster

sions , and radiative trapping can all be studied . rate of r = + ~~. Since E~ = 0 for L >0 , t ran-
In the example studied here , three-level free sient Raman processes do not occur (as they

decay, an intense field E 2, of f requency f2~, satu- would in three-level optical nutation) . But their
rates a Doppler-broadened transition (0-2 , cen- influence is contained in the initial polarization
ter frequency w~) as a weak , tunable , monochro- induced at the probe frequency, and thus decays
matic field , E 1 (Cl ,), probes the coupled 0—1 tran- with it. The decay rate of this initial polarization
sition , frequency w , [Fig. 1(b)J. Saturating and contains two terms, the normal ~~ 

rate and a
probe beams overlap and may be either copropa- “Doppler dephasing” contribution, y02. This lat-
gating ( =  + n or counterpropagating ( r =  — 1). ter term Is due to the velocity spread of the m i -
The probe transmission exhibi ts a sharp reso- tially excited molecules , which gives rise to a
nant change ( “ change signal”) when f2~ is tuned corresponding spread in the reemitted frequen-
such that both fields interact with the same veloc- de s  and leads to destructive interference in a
ity group: 1,2, Cl ‘

~~~ w , E(w , / O) 2 )(C�~ — u.~). The time I ~
narrow steady-state resonances obtained by this In the experiments the ~2asQ(8, 7) tra nsition of
technique , known as laser-induced line narrow- NH , was saturated and probed using two linearly
i~g. have been extensively studied over the past polarized cw N20 lasers oscillating on the P(13)
decade.4

~ In the present work frequency and line (A = 10.78 Mm), which falls within the NH3
time domains are observed simultaneously by Doppler profile. A 10-cm glass sample cell with
soddenly Interrup ting the saturating field at £ 0 NaC I end windows was used. With the frequency
arid studyin g the transient change-signa l line of the saturating laser held fixed , the probe was
sh ape at later t imes .  tuned by means of a calibrated piezoelectric

As discussed in an ear lier  work ,’ the time be- transducer. The polarization vectors of the two
h .ivior of the probe signals provides a unique way laser beams were oriented at right angles to one
o~ separating the effe~’ts of population saturation another. NaCl beam splitters were used to over-
and Ram an -.type processes ,4’7 because of their lap the beams before the sample cell and separate
different  cha r acteris tu ’  decay times. For in- them afterwards. A flip mirror was used to re-
stan ce, for we akly sa tur a t ing  h 1 field and close verse the direction of the saturating beam and
trans ition Fre quencie s (u . ~~~

W )  the change-signal thereby select forward or backward configura-
l ine shape is given by ’ tions. The probe transmission was monitored

r -, using a He-cooled Cu-Ge detector. The saturat-
I exp (— )‘ I )  ~ i ~

. */~- Ig( e) Re “, + ‘—~ç-— . , 

~
,j, (1) ing bean~ was chopped with an external electro-

U I $ Sv~ t i 4 -optical modulator , a GaAs crystal to which high -
where 6 ( 4 )  Cl, — s the detuning from the voltage square pulses were applied (rise time 30
center fre quency of the narr ow resonance and f ns, duration 10 ~s, repetition rate I kHz) , thus
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

T IME DELA Y (~issc) [ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~
1- 1G. 2. limo-domaIn st udy of (a) forward and (b) ~~~~~~~~~~~~~~~~~~~~~~ -~~ BiO~O 4 8

bai -kward change elgna ls~ p 25 mTorr. in these ~aoet D E T U N I N G  ( M H Z )

trace R the probe field is tu~cd to li ne center 16(1) = 0 1. (0) (b )

Thu backward decay t~ a single exponential , whereas FIG. 3 . Time—delayed line shape s observed in (a) for—
tht fo rward decay contains fast and slow exponential ward and (b) backward directions; p = 30 mTorr . The
components , dashed curves give the theoretical fit.

inducing a fast rotation of the polarization of the line narrowing.
cw saturating beam. A subsequent analyzer , a A quantitative analysis of the experiments must
Brewster-angle silicon plate , yielded the square take into account the occurrence of M-changing
pulses of the saturating bea m. The frequency collisions.5 This is done by using the tensoriai
resolut ion of the system , determined by laser formalism and a~lowing for different multipole
frequency jitte r , transit time, and misalignment relax ation rates in each level.9 A careful study
of probe and saturating beams, was about 300 of the steady-state line shapes shows that the
kH z.  width of the nar row Raman-type contribution

Transient chang e signals we re analyzed with a arises essentially from the decay of the excited -
boxc ar integrator operated in two different modes: state alignment , yielding a relaxation rate 

~~~~~~
either monitoring the decaying signal at a fixed = 6 * 1 MHz/Torr. Just as in the simple theory of
probe frequen cy (Fig. 2), or scanning the probe Eq. (1), this contribution decays at twice the op-
freq uency at fixed time delays (Fig. 3). The 1=0 tical dipole relaxation rate 2y,,”~= 4 8 ± 2  MHz/
signals of Fig. 3 correspond to the steady-state Torr, as obtained from the linewidth of the back-
regime studied in earlier experiments. 8 ward signal. On the other hand, the tensorial

Since the NH, transition is degenerate (J=8.-8) analysis shows that the dominant contribution to
and the two beams have perpendicular linear p0- the decay of the backward signal comes from the
lari zatlons , the saturating field can be consid- excited-state population. Its line-center decay
ered to induce ~.M= 0 transi tions , and the weak [Fig. 2(b)] then yields ~.‘°1 =3.S*0.6 P&Hz/Torr
field then probes ~ M = ± 1 transitions. In the ab- (Fig. 4), in agreement with a previous measure-
sence of M-changing collisions the system de- ment .’° Finally, microwave experiments” have
composes into two groups of coupled three-level shown that the relaxation of the ground state is
systems having the common level in the ground governed by a single rate, ~‘,~‘24 MHz/Torr.(g) and excited (e ’ states, respectively. The Since all the parameters are k nown, one can corn-
Raman coherence responsible for the forward - pare theoretical predictions (dashed curves of
backward asymmetry of the 1=0 signals of Fig. 3 Fig. 3) and experimenta l line shapes.12 The
is thus the coherence between adjacent 214 sublev- agreement is quite good, except for the short-
els. The analysis leading to Eq. (1) then predicts term (1 0.25 us) behavior of the forward signal,
that forward and backward signals differ by the where the time resolution of the electronic detec-
narrow Raman-type contribution , and that this tio n system (0. 1 us) was not high enough to follow
contribution decays away rapidly, leaving a slow- the fast decay of the narrow component.
ly decaying population-induced component which Several recent experiments ’3 ’6 have investigat-
is the same for both propagation directions , Fig- ed the transient behavior of cascade and folded
ures 2 and 3 give direct experimental evidence three-level systems when the two -quantum (or
for the two distinct physical processes which eon- Raman) transition is resonant or nearly resonant
t ribute to the narrow resonances of laser-induced but the applied fields are deguned from their re-
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This paper dc—.cribes a new class of b~ hniques. called time-delayed laser saturat ion spect roscopy , w hich
com bine f req uc i icy - and tin ’s -d omain re ~hod s of laser s pectr oscopy to provide a way of study ing a molecular
system as it tsolses f rom an in iti al l y pr pared stationary state to a second. fi nal state. The specific e.sample
ana lyz ed here is t hre r-k sel fr ee in du Lil t decay. in w hi ch the time -dependent gain of a Dopp ler-broadened
molecular traiisiii~’rt is prob ed after ib sudden termi nat ion of an Intense field resonating w ith a coup led
t i~ ii.itiori 1 lie ilioirct i~ al ca i rutal ion - h,sed in  the coupkd de nc ity -i nat na equations of motion in the
sii ,w ly-sa r> ing r ii ss-li>pc arprozim ,ii ion 1 he t ime-dcla>ed line shapes . w fr ch may be stu died in either
tr a i is i ii iss ion or s’ dc ll uo rescc iicc . es lii ’ t l i ri ew iil th asy mme t ne-s . line-shap e deformation s . Rams ey -tcpe
fringes. power broi deiii ng and dcp hasin~ . and dynamic Stark spli t tings and oscillatory decays. The tec hnique
prov ides a unique w ay of disti ng uis hi~~t t he influence of Raman-I>pe processes from that of population
saturation and a means to separately t reas ure the associated decay rates. The relationship of the present
wor k to other studi es is also disc ussed.

I INTRODUCtION brium. Thus , by studying the line shape as a
function of delay time a family of curves can be

Developments over the past decade of po- .erfu l generated. This information can be combined to
techn ir 1ucs in  l a s - r  ~pec tros copy for m~ac ring form a surface in a coordinate system having axes:
atomic and mole cular s t ructure and collisional change-signal intensity (a axis), frequency detuning
d i ~~ io. s in jj opi le r -brua de iwd gases can he clas- (x axis), ti me delay ( y  axis) (Fig. 2). Sections
sh ied in two major categories. On the one hand , parallel to the x axis give the change-signal line
st ead y-s ta te  p henomena such as standing -ware shape at delayed times. Similarly, sections para l- .
saturat io&~’ (Lamb dip) and laser-induced iine lel to the y axis give the free decay of the system
n at -ro w in g 4 ’  ((hi - ce- lor d)  techniques have been at variou s frequencies. Note that this surface
used to obt ain spc’ctroscopic information in the could have equally well been generated from the
frequency donia tr i  wi th  great p r e c i s i on .  On the family of curves obtained from the time decay of
other hand , cohe rent t i - .u is icnt phenomena such the steady-state change signal , hold ing the probe
as f re e - indu et t im dc- cay , 7 optical nuta t t on ,’ and field f ixed at various frequenc ies.
photon echoe s” hav e been used in obtaiz ting new in- Studies of this type might well be termed “Ire-
for rn: ttion about re laxa t ion  processes in th ’-  t ime quency —time-domain spectroscop y ” because both
domain .  The main  point of this pap er is to show
that by mergin g the tee hit iques of these tw~ cate-
gories one can combine the advantages o f )  -an sient SATU RA T iNG FIELD

of avadal ,le in (ot 
spe ctro sC opy to extend t b -  range

To i l lu s t r a t e  th e new class of techn iques con PROSE FIEL D

side r a cotivent iona l hi~ ls- resolution spect i-oscopy
- . ttPR OSC ) ttPRO$t i

expc’ i-i tue nt in w h i c h  a tunable monocli roni~ lic
probe is tuned throu gh a Doppler-broadened transi- 8.o
(in n saturated by an intense ni on ochr otiia t ic field 

~, 8,
to oh) am a n a r ro w saturat ion resonance (F g. 1). 

, 8z
Now ~suppose that  the intense field is suddenly
t sir ned of f , and the l i i i - shape of the narrow reso— ~ o.
n s iwe  is pr i ’~i -1  a fi ~~- I  i i ’t c ’ rval of t i m e  laI ”r .  As 1 1G. 1. simplif ied setup (or ti me—delayed saturation
thi ’ t im e  dela y is in et ease d  the ch an ~e siUnal wil l  spectroscopy expe i-imcnt s . The double across’ led!—
bc-rome ot na l ie r , cr i t - res 1,onding to the dec. y of eaten the saturating field , the w avy arrcr ,v th~ probe
(Is’ sa tur at e d iii o leculs ’s and their  re turn Li i equi l i— field . The satur at ing field Is terminated at time t 0.
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interaction which gives rise to the observation of
na r row spectral line shapes. In contrast , the or-
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.

~

9ipa

~

c (action of ordinary free-induction decay. It is this

PROS, 

- : As is evident fro m the above discussion , the time
decay of the change signal is not simp ly the Four-
her transform of the steady-state line shape.
Thus , the present technique is not an analog of
Fourier transform spectroscopy ,’° where a corn-
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 t ransform of the

FIG. ~~ . Thi-cc—dinieiclonal representat I on of the free-decay signals , but it is emphasized that the
tlnie-del: )-ed c hang e slinials. frequency-domain signals so obtained contain phy-

sical information not present in the signals of or-
types of informat ion  are obtained sin iu ltan eou : ly. dinary free-induction decay. This distinction will
As will be seen , such s tudies  extend the possil~ili~ be elaborated later on.
ties of laser saturat ion spi ctroscopy, which only The experiment above is one example of a class
pru~idi-s i i iu r itia tio i i in the Iro quen cy domain , as of time -delayed laser-saturat ion techniques.
well as those of ord i~ ary coherent transient ess - Similar behavior will also occur when studying the
perim ents , which  onl y provide t ime -domain in- time-delayed probe line shapes alter the intense
formation , field is suddenly turned on (analog of optical nuta-

These time-delayed change signals have sonic lion) . tt The technique is also applicable to study-
ver y tnter ’-~ t i i i ~ fes ’ ire c . 1-or exa mp le , their  ing echoes and othcr coherent phenomena. Also
character ist ic decay times may be totally un rt — note that the effects can be studied bot h in two-
lated to the in verse  steady-state lin ewidth s . W hat level systems and in coupled three-level systems,
is more , di f f erent  portions of the line shape can either by observing the p robe transmission or by
decay at d i f ferent  rates. Consequently, the sli :pe detecting the side fluorescence from one of the
of the narrow resonance can change during the de- interacting levels. In all cases there are interest-
cay process. This behavior occurs because the ing features which depend on whether the probe is
change signal  is composed of contributions ari ’-~ing co-propagating or counter-propagating with re-
from different  p hy sical processes (population satu- spect to the intense field .
ration , Ra in an-t yp e processes , etc.), each of The present paper presents a theoretical analysis
which has a d i f fe re n t  -~eady -stat e ltn ewidth and of one aspect of this new class of phenomena ,
decays at a d i f ferent  i-ate. Thus , new physical three-level free-induction decay, and discusses
Information not availab le from the steady-state the new information avai lable , as compared to
line shape can be obtained by studying the free that obtainable in the usual free-decay and steady-
decay of the change sign al and its line shape a - . it state three-level experiments. In this type of ex-
evolves in t ime.  0th r features  which can m a l i -  periment the intense field satu rates one transition
feat t lu -mse ives in th e t ime-delayed line shape ’. and the probe field , which may be co- or counter—
Include power broade ni n g and dep h asing ,  ac St.i rk propagating, acts on a coup led transition (Fig. 3).
splitt ings , oscil latory decays , and narrow Ras i- l3oth folded (Figs. 3(a) and 3(b) J and cascade (Fig.
sey-typo resonances. 3(c)J systems may be studied. This technique pro-

The time-delayed saturation signals have some
features in common with conventional free- indiic 

-

______

Lion decay signals observed by mean s of heterodyne 2
detection using a monoc h romatic laser field as the WIlocal oscillator. ’ In the new technique the probe 

______

field acts as a local osctiiator to beat with the
transient signals induced when the intense field is
terminated. However , in th is case the probe field

1.1 Ib ) Cc )also r esomsnllv iolcrsi cl .c with the saturated mole-
cules , which is not the case in the heterodyne do- FIG. 3. Energy level diagrams.
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vides a novel way of measurtng relaxat ion pro - Section VI calculates the time evolut ion of the side
cesscs , and a unique mean s of separating the ef- fluorescence and compares the results with those
fects of populat ion saturat ion fro m those of Rn man - obtained for the probe t ransmission.
type processes (see below). One applicat ion is to Many different symbols will be used throughout
describe the transient behavior of optically pumped this article. To make it easier to read , a glossary
lasers, of the main symbols is given in Table I.

A brief descrip t ion of the technique and soni c of Before presenting the theoretical analysis , let
the line-shape fea tures  of three - level  free decay us mention some relevant previou s studies: co-
and optical r iutat ion were given in an earlier pt ihui ca- herent Raman beats observed in the response of a
t ion .~ An experiment which demonstrates th single electromagnetic (e.m.) field to the sudden
tech oiq oe in NH~ wil l  lie reported elsewhere. ’ Sta rk splitting of a degenerate transition ,14’15 fl uo-

In th i s  paper , after a di scussion of the equations rescence quantum beats induced by pulse excita-
of mot ion in a tt i-ce-lc -vel sv stent (Sec. Il) , wr tion ,us transient two-p hoton absorption ”’t8 and
calculate the i t i o le cela r  response at the probe Ire- Ranian emission ,19 both in the casc of a nonreso-
qilency for arbit r az -\  in t ensi t i e s  of the saturat ~rig nant intermediate state , and transients in infrared-
field (Sec . III )  and present a detailed study of the  microwave double resonance.2° An experiment to
velocity averag e.  The two subsequent section are study the time-delayed Lamb dip in sodium has al-
devoted to the discuss ion of the transient resj onsc- so been performed. 2t The connections between
of the probe field in the l im i t s  of weak (Sec. lv) some of these works and the present technique will
and strong (Sec. V) sa turat ing field intensities, be discussed in the concluding section (Sec. VII).

TABL I I- Glossary of symbols .

Fqu~ ion

E i ,  E �, S~. S~ (1) ElectromagnetIc fields
g(t l,g, (9b). (28a) Probe gai n
G(r ) (27) VelocIty distribution

(1) Wave vectors
(4) Resor.ant frequency denominators
(8 8) . (9 1) Lorent zla n resonance line shape s
(8) Macroscopic polarization

Q (30)
a (19) Saturation parameter
S (42b) High-frequency Stark splitt ing

(27) The rmal velocity
v 1, v ,.v~~ (28), (33) , (57) Resonant velocities

(29 ) , tAb), (57) (Complex) resona nt velocities
(5) RabI fr equencies

.1’IJ (6) RelaxatIon rate of c~,
-re. y5. ~~~~ 4~ 

(36) , (37), (50), (31) Effective decay rates
(39) Resonanc e linewidth
(42d) ,( 42 - d , (-12v) E ffect ive decay rate s
(A3) Frequency detuning s

6(c ) (34) Probe frequency detu ning
(42a ) ,(42 .  ) ,(72 1 Frequency det unings
(28b) Gain change
(85) l’opulat lon change
(23) , (83) Density rn atri s change s

1(c) (92) . (93) Population_change line shape
C (42c)

(4lb)
4&) (53), (55) GaIn— cha nge line shape

(2) L)enstty matrix
(A4)

Molecular frequencies
0 , 0* ( 1) Laser frequencies
0” (35) Probe pea k frequency
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II EQ UATIO N S OF MOTION features discussed in the introduction will occur.
A B k 8 r n d  One particularly mte resting feature lies in the

relative time evolution of population -saturation
Wh en an intense monochromatic field E2, Ir e - contributions versus Raman-type processes. As

quency 
~~~~~ 

resonantl y in teracts  w ith  one of t !ie soon as E, is terminated Raman-type processes
t rans i t ions , 0-2 , of a Doppler -broadened ni le- cease to occur , since E2 is absent and can have
cular (or a tomic)  gas , the level populations 1 the no direct influence. However , the init ial  (steady-
tra ns i t i o i i  are altered over a narrow range e~ axial state) value of P ,( 1) ,  the optical polari zation oscil-
vel ocities Centered about veloci ty 

~~2 sati sf yi~ -~ the lating at (2 ,, is influenced by the Raman-type pro-
resonance condition ( in the molecular  rest ft  ime) cesses occuring dur ing  the preparative step (1 � 0).

— fi~~t ’,~~~ 
~~ 2 ~~ being the molecular center Ire - The probe change signals are completely deter-

quency; A~ ’~ 0,/c) . This selective saturation of the mined by P,(i) . Therefore , as P,(0)  decays the
level populations alters the spectral propert~ s of directional an isotropy and other features of the
a second coup led t r an s,t ioi , , 0_ I , molecular ‘-en- change-signal line shapes associated with Rama.n-
ter f requ ency 

~~~~
, fo rmed by e i th e r  of the sa rated type processes will graduall y disappear. This ef-

levels iuid a th i rd  level (Fig.  3). In particular , it feet is pa rticularly striking when the polarization
a weak monochromatic  probe field E,, frequ icy decay rate (~‘T, processes”) exceeds that of the
f?~, propagat ing either parallel  (+) or anti par i l le l  level populations (“T, processes”), T,c~ T,, so(_ ) to E2 is tuned through the 0-i transition , a that the change signals can persist well beyond the
narro ’v resonant change in transmission occu rs , decay of 

~~(°)~ In this case the shape of the for-
superimposed upon the broad Doppler profile , ward change signa l will evolve in time , as the in-
when (1~ is suet ,  that  the probe field interacts with fluence of Raman-typ e processes decreases , and
rn o lecuh s - f y r  !‘j cit ~ ‘ ,: 

~ ~ 
I~,s , (k 1 (?~, c). with increasing time delay the initially different

This effect , called laser -induced line narrowing, fo rward and backward change-signal line shapes
has been the subject of numerous  theoretic al4 and will eventually become identical . This opens the
experimental i Inves t iga t ions  devoted to studying possibili ty of uniquely distincuishin g the inf luence
the l ine  sl .tp of the chang e signal and using th e of Ranian-type processes from that of population
narrow reqonanc n s thu s ,htauwct in tw’.h- resot ~

. saturation and to separately measure the associated
tion spcctroscopic stud ies . 6 It is now well kn irwn decay rates.
that th i s  ~ffect  cann ot be analyzed in terms of pop-
ulation - satu ra t ion con siderations alone , and E a t  B. Coupled equ3tions in the slowly varying envelope
coherent processes pl ay an importan t role. F r  approximation
example , via double -quantum processes a mol-

- - . Consider a sample cell of gas molecules irra-cule in i t ia l ly  in level 2 can undergo transit ion to
- diated by two e.m. field s, E (0 ) and E (0 ), pro-level I by exchang in g two photons of energy IzW . I 1 2 2-

. - pagating along the z axis , having wave vectors k,and /) 12. wi th  the app lied radiation fields witho ut
~nd (k , g + l  o r — i  according to whether E2loss of phase memory .
propagates parallel or antiparallel to Ei:Because of the close correspondence with the

Raman effec t , t ransi t ions of th is  kind are some- E~= & ~cos(I21g _ k ,z ) ,  
‘1)times called Ilaman-type processcs.~

2 Such pro- E ~~~~~~ ~~ ~ k ~cesses exhtb it very differ ent  dependence on mole- , OS~ ~ —

cular  ve lo c i ty ,  according to whether  E~ and E., are The molecular energy levels of interest , levels
co-pro pag at ing  or coti r itc r~prop agat ii1g. This dit- 0, 1, and 2 , form a pair of Doppler-broadened
feren ec, g iv er  rise to a direct ional  anisotropy in t ransitions with molecular center frequencies us,the net response , comprised of cont r ibutions from and us, sharing a common level (Fig. 3). It is as-
molecule s of all  ve locit ies.  Thus, t h e  line shapes sumed that 0, is close to ~~‘ and Il, to us,, so that
obse rved in co-pru) ) agat ing  CflSC (fui ’w ard chan 1~e E, resonates with the 0.) transition ( I 0 , _
signal) and counter -propagating case (backwar (I < Dopp ler width). It is further  assumed that £

2change signal) always differ , iii some cases dr . . cannot resonate with the 0-i transition , nor E~n iat ic a l l y .  This directional anisotropy has been with the 0-2 transition. This can be ensu red either
used to advantage in th e recently introduced hi~ ti- by prope r choice of the polarizations of the H fields
resolution spectrosc opic techniques using Dop- or by having the molecular center frequencies suf-
pi er-free two-p hoton absorpt ion . 2

~ ficlent ly separated (1w 1 — w,I>Dopp ler widths). To
The aim of this paper is to study the transient be specific , the problem will be formulated for

response of the molecula r mediu m as observed the three-level conf iguration of Fig. 3(a), a folded
on the t ransmiss ion of the probe field after E~ is system with level 0 lying lowest . The equations
abruptly term in ated.  As will be seen , many of the describing the other level configurations, Figs. 
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3(b) and 3(c) , are more or less the same.’4~~’ I (v~ + y,) .  - (6)
The system ’s t im e ev oiutio n can be conveni ntiy

The equality in Eq. (6) holds only when phase-descr ibed by me ans of the ensembhe- avera 1- e~ den- changing collisions are absent , for Instance in thes i t y - m a t r L x  fo rma l i sm , in which p ,, ( r )  is the ten- case of radiative decay or relaxation by inelastics I t y - r n a f r L’c clen icnt  describing the molecules . with
collisions.axial  (z -axts )  v e loc i t y  component i p ,, IS th ~~~~ The macroscopic polarization associated with theul at iun -1 level ; • e ,, ( ; = 1 , 2) is the optical cc - 0-j transition is given byh er enc e assoc~at€- d w i t h  th e 0-s t ransi t ion (i t  ;s

proport ional to the induc e d pola rizat ion osc ilt  d ing P, = Re{Q ,exp [i(fl , 1— k,z)1}
at 0,), and 

~~~~2 
r epr ( - sc ’ist s the macroscopic m .lc 

withcular coherence induced between levels I and 2.
The fol lowing t ra n sformat ion  allows one to go into
the rota t ing frame: where ( ) denotes velocity integration over G(r).

The net field associated with the 0.1 transition is
composed of incident and reradiated components ,

= 
~ 0 

exp ( i ( 0 1 1 — k ,z )  (2)
E,(z , 1) Re {(S~ + AS 1) exp [i(c2~t k 1 z) l}. (7)

= 0
02 exp [z (cZJ — ( k 3 2 ) ]  ,

In the experiments of interest the samp le is as-
= a,, exp{, [(0 , — 

~~ 
— ( k , — k1)zf l ,  sumed to be optically thin and short (no phase-

where the a ,, are the slowly v a r y i n g  envelope — , matching problem is). In this case the amplitude
(aa 1, /- ’t 

~~~~~~~~~~~ 
u’,, .~z ‘-‘ 1.~a,,). In the ro t at in : : -  of the reradiated field will be small compared to

w ave apI r - i x i m a t i  ii th e ’ ri~~ obey the fnl l ow~ne the incident field ( I . ~S1 R< St). At the output face
equations of n iot ion~’~: of the sample cell (z = 1), AE1 is then giveli by u

— 0 ‘Ic,~+ v0(e~, — ,i~~) = — ,o(a~ — a~~) — ~ , 3 ( a0, 02 ‘ —2zifl ~ 
~~ 

• 4
~~~~~

0
i’ i-~ 1(

~~ > . (8)A81w
+ ~~(e~~ — ~ 

~. ,cv (a .,, — r7 •
~ ~ 

, C C

~• fr, - — ‘i,).’- I/3(t’ - r”~) ,  Thi .c gives rise to a change in transmitted intensity(3)
at the probe frequency~~‘~~+ L’4o,, = ~ f a a 0, — ~

601 + L,a0, ~ ~a (a ,, — a~ ) + ~ ~~~~~ , ‘~(‘) ~
‘I~ + ~~~~ Im(o01(1)> , (9a)

with i~ = c I S 1 I’/8n and I? the incident intensity of+ L a 02 = i~3(a ,, — 0~~ ) +  t aO 1 2 ,  the probe field. The last term of this  expression
where ~‘ da / d t , Is the heterodyne beat between the Incident probe

field and the reradiated field. It will exhibit tran-
= ~~~~~ i((l~ — 

~~~ 
— 1 1 i ’)  , sient behavior when the saturating field is turned

(4) on or off .
The gain at the probe transition can be definedL,, y,, + *[fl~ — — + us3 — (k 1 — ck,) v j , by

and
JiO) 1~+gI~ .

o~~ t~~S~/Ii, ~~~M02 S~/h . (5)
we then have

in Eqs. (3)_ ( 5),  
M 0 1  is the  d i p o l e — m om ent ma~ rix

g(I) (85/c)Q,1M 01 
Im(a01)/~ ° (9b)U i .eic ’meiit connect ing levels 0 and ,. The Itabi fre—

quen ct t ’~ o and ~3 can be taken to be real wt t !~~ut In transmission st,.dies , and also in studies of
loss of pc n i ’t ’ a l i ty .  The back~ t ’i unct popul at io ’i spontaneous emission line shapes at the 0-I tran s-
density of level j ( i . e . ,  i ts  popu la t i on in the ab— it ion ,4 g is the quantity of experimental interest.
senet ’ of the aj,p lt ed laser fi e ld) in the narrow in- In some experiments” it may be more convenient
tez-val between t ’ and + dv is denoted by n,(, ’) ~1v , to detect the net fluorescence emitted from a tran-

sition formed by level 1 and anothe r lower-lying
n,(v)=7, ,G (v) ,  f  G( t ’) d , ’=  1 , level , level 4, as E~ is tuned through the 0-i t ran-

sition. In this case the net intensity emitted at the
where ,i , is the total background population d~ ns ity 1-4 transition , frequency us , into solid angle dO
of level j  and G(i ’) is the no rmaliz ed velocity dis- is given by’s”
tr ibut ion . F ina l ly ,  y~ and y 1, are the decay i ttes (10)of the i)OPulatiOfl of level i and the coherence
respectively. In general , where M i4 is the 1.4 transition matrix element.
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ha t  in i -xp ( - r  r~ , • : : 5 S i t  t h i s  t~~pe one d i - ec t ly  b~ ’+ ~~~~~ = i n ( ~~~ — . ) (16)
x s t h e  mc C A  - - : ~~~

‘ - f the  t i t a l  p~p l a t i on
A s can be seen from Eq.  ( I ’~ , in the c ’ . ,. !\ - s ’ O!rof 1 -. (‘1 1 . as l’p~~ed to - t r J - i ’  ru , sc on cp er l—
rr,~n ’ r  f luorescence t e c h r u l I ’~es and tr au - u s r ,:iscionment s , -

~ : i r h  study  - H o w e v e r , t h e  t r a  s ien t
measu r e m en t s  g ive  e qu iva l en t  i n fo rma t i on . sur .c es ignals  c.b~erved in th e  two cases wi l l  be s i - ~ i l a r ,

si nce the t ’.~o q u a n t i t : e s  are i n t im a t e l y  rela ! ‘d. 
‘ = — a  Irn i . This is a d i r ect  ronse4lu ence of

the energy conservation condi t ion  at the 0- 1 t ran-
si t ion.C (,rn~rai way of i4iIs in g h i t  t l u a f l o~~ Not e tha t Eqs .  ( i l ) — i I 6 )  are v a l i d  regardless of

When the  co nc1i t i ~ n • - ‘, , is fu l f i l l ed , t h p robe the fo rm of the t ime  v a r i a t i o n s  of . .  In the fo l low -field is ~~ ak e :uc u ~~: so t i at  Eqs. (3) can be d yed ing we shal l deal w i t h  the f r e e - de c a y  case (cor~stant
by u s i r ~ a p e r t u r e a t ,  1 expansion of n,, in o - $ *0 for 1 ‘.0 . P = 0  for I ~ 0).

a,, = 
~~~~

‘ c’~; , Ill CA LC I.’ l~ ~TIO’~ OF THF PROII F F l it  P GAIN

A Xesponw ol a mok*u ta r i C I , • i i I ’ ,wt~ -re - - i s  ; - r c - ~~. r i .  - : i . i l  ~~~ This  c x p ai ion
of —

,, .  - - . : icn i n se r t e d  in I- . ~s (3 ) , leads to a i t  of In t h e  s teady-s ta te  r eg ime  ( 1 0, ~ - - O~, the solu-
eq~~,1t , ~ .ns  w h i c h  c i : :  he sokc - d  f r  ar b i t r a r y  .n t en -  t ion ( i f t he  z e r o t h - o r d e r  Eqs. ( 1 1 )  is given by
Si t e s  - f  ft . i t - J r a ~ in ~ fi eld . i . e . ,  for a r b i t r a r y  -

s f ;i - a~~ (0) — :  ~~~~~~~~ L, (17a)2 L1( iJ i~The z em - o th- ird er  st-I of eq u a t i o n s  corresp ind s

~20
to the  case in w h i c h  Pie pr lie f ield is absent a~~(0) = f l~ + 

~~~ L,(~?t~ 
(17b)(a 0). In :~; s  case the mol ecu la r  sYstem b. come s 

A . - . i i (  i t  to .( I .A u . ~ c i  s~~ste in: whe re
&, + , ( _ i . ) = .—~~ s~~ (c . _ i i~~~ ’ ) ,  (h a )

(18 )
+ ~ (e~~ — ,: ,) = iP ( o~ — aY ”)  , ( l ib )  

the  ~ctu rat ion ~~rame te r  a is prop ort ion~1 to the
b~~ + ~~~~~ I i d ( u ~ . 1 — c ’Y’) . ( l i c )  in t ens i t y  of the E . f ie ld ,

There is no coherenc e  between level 1 and 1 eels a = $‘(~~ • y,)(2~ 0y,~ Y’ (19)0: ‘0-2 ,
and n,0 is the 0-) back ground inversio n density,

a~~ ( i )  = 0 , (12)
( 20)

and th e j- l r i l a t i on  i f  levcl  1 is given by its b i c k . For t -  0 ( P = 0 )  the decay of the population and ofground value , 
the 0-2 macroscopic polarization are st raightfor .

(13) wardly given by
In the f i r s t  order in a the E 1 field doe s not change a~~”(t) , e( O)e _ z,si (2 la)the level populat ion s , nor the 0-2 optical polariza-

tion , o~~(i) = ,o0 +[a~~ (0) — ~j t ’~~o~ . (2 lb)

o~ ‘(I) = e~~ (1) =0 , ( 14) The polarization at the probe frequency is ob-
tained by solving Eqs. ( 15a) and (l 5b) .  The origi nbut it  i nduc e s  an opt ical pol ar izat ion at the 0-1 of the dis t inct  contr ibut i ons  ar is ing from popu la—t r a n s i t i o n . .is w e l l  is a coherence I ,ctween levels t ion -satur ati on effects  and Raman-type processesI and 2. These two qu ant i t ies  satisfy the Coupled 
can be readily seen in the steady-state form of Eq.• equations 
(iS a) ,

+! i a ’ =~~j O (p , 1 _ a ~~1) + ~~~,3c,~~
) a , ( 15a) 

L ie i F 
~~~~~~~~~~~~~~~~~ (22)

+ L a ~~ r — + i$c~~ . (15b) 
The two terms on the right -hand side act as source

The 1-2 coherence r esults fr om Ram :~i-type liro . terms to drive o~~. The coupling between ~~ and
cesses in which for example , the molecules under - the level populations is evident in the first  term ,
go t rans i t ions  from levels 2 to 1 by emit t ing ~i whi ch gives rise to the population-saturation con-
pho ton at P a l  absorb ing a p hoto n at 0~~.

22 tr ibutions (“ s~epwise ” transitions). The coupling
In the case of fluorescence measurements one of a~, to the probe po larization appears in the

needs to solve the equations up to the second or- second term , and is responsible for the occurrence
der in a. The F , -mnduc e d population change of of Raman-type contributions.
level 1 is given by The expression for the polarization at the probe
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frequency follows from Eqs. ( 15a) and (lSb ) . It the molecular velocity distribution. In the follow -
may be wr i t t en  in the  f o r m  Ing, a Gaussian d is t r ibut ion ,

G(t) =( l / i4  1i)e ~~ (27)n io i~ )o~~( f l =~ sa — .  
~~~ 

(1) . (23 )
wil l  be used, with u the thermal velocit y.  Using

The f i r s t t e rm on the r igh t - hand  side descr ibt i the Eqs. (9b) and (23) , one finds that the gain at the
l inear  response of the probe f i e ld ,  It is indep i a- probe transit ion is g ive n by
dent of and so does n et  e~ h ih l t  t r ans i en t  beh: v ior . g =g 0 + (8 sk 11~a~1 / h~ ) Im (M ~

t (v , 1)) , (28a )
Af t e r  ve l o c i t y  in t e gra tion it g ives rise to the r in-
stant  Dopp ler-broad -ned ba ckground gain ,  wi th  g0 the linear background gain. In the Doppler—

The second t e rm of Eq. (2 3 ) describes the i i -  broadened limit (~r~~ < k~u)
flu ence of the  sa t u r a t i n e  f i e l d  on the probe po t -t r i-

g0 =4Ii 41Ni0/~ ,
za t i on .  I t s v a l u e  in the steady state may be o~-
t R l n e d  fr om the  s t m i i t t a n e o u s  solution of Eqs. with
( iSa )  and ( 1~it, i  for  ~ 0~ N~0 ‘‘~°(°~

) , i’~ (Q i —

—~~ ~~~~
‘ r~~0 ~?2O The probe field change si gna l may then be defined

L 1 ~ 
+~~~ 1L,(,~)f~ as

x(L2 +2 i~~L12)] . (24) &g(I) =(2k 1g0/aN10
)1m(A0~~(l.~ 0). (28b)

V0
In the fully Doppler-broadened l im it , where the

The t r ans i en t  evolu tion of A.J~~ is determine d by natural widths , ~~~~ , and the power-broadened 0-2
Eq. ( 15:i ’ w i t h  3 set equal to zero.  This leads to transit ion h inewi dt h , ~~..(i + s) ~~ 2 , are much small-

+ L , ~~~~~ ~i cx( n0 — a~~’) .  (25) ci’ than the Doppler widths k 1u and k2 u, G( z4 is
slowly vary ing compared to Aa( L , I) (Eq. (26 ) ( and

The solution is obta ined with  the help of Eqs. ~~~~ can be taken as constant in the velocity integration.
and (2 I f , Thi s integration can then be performed us ing con-

tour integration , by considering A~0 as an analytic
= Aa (0 ) e~~i function of the complex variable (~ The path of in-

tegration is the real axis of the complex plane ,
a,3 2~. 

n~ e~~ i t _ e Tot 
and the contour can be closed at +~~ and —~~~ in the

4 )o 1~~(~~i ’ 1.
~ 

— 
~‘o upper half of the complex plane in order tha t the

(26) exponential term C
15

i~~~ (coming from t’ - Lit ) van-
ishes for infinite values of the imag inary part of

where  ~u~~ (0) Is g iven  by Eq. (24) .  The f i rs t  
t7, at 1> o. The integration then consists of eval—

term in Eq. (26) re l iros ents  the decay of the olar - uat ing ~a ( v , I) at the poles lying in the upper half
ization crea ted  before I = 0. The second tern a ’ the complex plane!~comes from the coupl ing b etween population - n d  

In ~a~~(v , I) the poles corresponding to L 1 =0 and
polarization , wh ich  st i l l  exists after = 0. Sin ce
the rera d ia tcd  field is prop ortional to ~~ ‘II ~~~~ 

L1 — 
~ 

=0 lie in the lower half of the complex plane
O h ’  and do not contribute. Of the two poles coming

(see Eqs. (‘i ) , ( B ) J the  decay of ~~~ (e ’n’ te i m) from L3(~~P =0 , only one brings a nonvanishing
gives r ise to cmis~ ion of r ad ia t ion  at the Doppler- contribution. The denominator (L 1L12 +~~,32 ) t  is
shif ted na tural  f requenc y , w1 +k 1 V, wh ile the much more complicated: its two poles are an—
change in the popul at i on  of level 0 (e ~o’ t e r i i )  alyzed in Appendix A. Whe n k~ — 0, there is
modif i e s  the s t imul at ed  emission at the prob- fre- no contribution. This condition corresponds to
qucncy ,  f2 1 . Also n ote  that  since E~ is absent af ter  either E = — 1 (counter—propagatingwaves) , or c = + 1

ci~~’ ft no t coup led to u~ t t , and so t r ans i ’nt andk 2 ak 3. In therema in ingcase (€ 1; k2 > k~) oneof
flam an processes do not show up (as they wou ld in thep oleshlee intheupper hal.fOftheCOiflPlexplafle
opt ic a l  nut at ion ) .  How ever , Ram an-type processes and bring s an additional contribution to ( ~~0 04t

~~
do m an i f e s t  t hems u- I v e s  in the  s teady-state  p lan -
zat ion , ~u ’~~(0) , and so the i r  influence decayui wi th  , *1.ck~~~Othe chara cter is t i c  decay t ime  of the 0-i po lar iza-
(Pm . As an example of the velocity integration , we

sl~ahl discuss this first  case in some detail. The
~~. V~ioeit~ nttpaietl gain pole of It. 2 (P )I -2 ly ing in the upper half of the com-

plex plane is given by
To obtain the expression for the probe gain (Eq.

(9b)J, one must avo rage the 0-1 po larization over k,~ F ( ( f _ i~i2) +iy ~ Q, (29)
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where

Q = ( l  , s) I / 2  (30)
- 4

Using the residu e theorem , th is  pole leads to t h e  following expression for the probe field change
signal:

+

~s( I , ) = _ i1~’uu(_~ ’L .~~:. ~.:~,ai_ \ 
~ 

I e — .~‘b’~’ (1 + ~Q) + íâ(E) ~~~~~~~~- ‘ 2k~ ~~Q .V10 ,, ev 0(~ VS — +f i~(t )  
+ [

~ + ió( ~~ (~ ,, +iô(~)J ~~l~~ 2 J ( 31)

where N20 is propo rtional to the 0-2 inversion ‘en- to the transient population of level 0. Since this
sity for the resonant molecular velocity t 2~ term describes the change in stimulated emission

N20 = it~i 0G( t 2 ) , (‘1 2) resulting from population decay, it contains a con-
tribution (e ’o’) exhibit ing neither Doppler dephas-

= c(5l~ — w2 )~~~, (13) ing (hence no dephasing due to power broadening) ,
nor beat frequency.and .5( ) is the &-tunin g of the probe frequency

When there are no dephasing collisions [~ , 
=from the l ine center of the stead y-state saturation

resonance , +v,)J, Eq. (31) may be simplified to yield

a
F — c�”, (34) Ag’(t~2, 1, £) —g0(—~~-- ~.4L_ -~~~~~-

‘
~ Re V0

y0 Q N~~) V5 .—v 0 ft ô (E )
(2r W 1 ‘. t(k ,/k2 )( fl~ — w~) . 

(~~— 1.’ 1— €Q e 7i*M~~~ \
FIna l ly, two effectiv e decay rates have been intro - 

— 2 v(c) +e5(E ) 1’
ctuced , (38)

a ).~ i + (k 1 ’k 2 h 0.Q , (3 6) where y ( E )  Is the widt h of the Lorentzlan line shape 
-

~~, ~~~~ .f ( k 1 —~~) ~~~~~~~ (17) observed la the steady-state regime ( 1=0),

~~ 
+(ki/k2)y~ Q — €(y0J2)Q . (39)

The physical  inter pretat ion of Eq. (31) is as
follows: (I ) The last term in brackets describ . -s Equation (39) straightforwardly shows the well-
the decay of the  in i t ia l  polarization induced by the known result that the change—signa l linew t dt h is
saturat ing field E2 bdore / = 0 .  Since this po lari- narrower for forward scattering ( c = + 1)  than for
zation is due to molcck .les in the velocity band cen- backward scattering (c = —1 ) . Since the net areas
tered at i ,, the decay occurs at the Doppler- under the gain curves are equai ,~’ It follows t hat
shifted frequency w 1 +k 1 z~ f 2~°. The correspond- the peak amplitude of the forward signal is larg e~
ing emitted f ield interferes  with the probe field to than that of the backward signal. This point and
give a beat at frequency ô ( t ) .  The decay of this others will be discussed in more detail In the to!-
beat consists of two contributions: the ~~ term , lowing sectIon.
which is due to the decay of the 0-1 polarization ,

I.and a ‘ flopp le r dephasin g ’ contribution , y0,9k1/k2, 2. e~~# I:k,>k 1which is due to the  rv loc i ty  spread of the excited
molecule s  r m r , in Eq. (2 9) j  and gives rise to a In the case of forward scattering with k2 > k~
cor responding spread in t h e  emi t t ed  frequencies , [Ref. 24aJ there is an additional contribution to
leading  to de i ,t ruc t iv r  in t er f er ence  In a t ime cf  the the change-signal gain , coming from the new res—
order of k ( t ~,. (?)

‘0~ N o t i c e  tha t th e  t a t t e r  centri-  onant velocity 6~ =x ..(~~/k1, where r_ (m is de-
bution conta ins the i~i( lu cn cc of power broaden ing fined in Eq. (A8). We then have
In the preparative step. Finally, as expected , for ag( t, +) ~ g(i~2, I, +) + Ag(V~ , 1, +), (40)1=0, the last term of Eq. (31) gives rise to the 

4well-known Sine shape of the saturation resonance where Ag(i’3, I, +) is given by Eq. (31), and
in a three-level system.4 

~_ cr ’..a9I/~(ii) The first  term in brackets i s a  pure tran sIent 4g(t~~, 1, + ) _ ~g5$2R e (F IA)A , (41a)
contr ibution (it  cancels for both / = 0  and ~ ~
coming from the coupling of the 0-1 polarIzation with

H

____________I 
~~~~~~~ 

jr’— ‘(Vpi +i( A ’— 
~~~~~~~~~~~~~~~~~~~~~~ l’ + i(ô — - 

(41b)1” i IA ’ k~ N10 sc~v.Q2 — (k 3/ k~~(r ’  — ~y0~ + i(A’ _j~6)~ I
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In this equation the following notation is used: decay of the change signals follows from a gen-

r+zA = [(~ +i ô )0 +Su Ii~
2 (42a) eral result presented in Ref .  26. According to this

result , the t ime behavior of the frequency- inte-
S = ~3[(k~/k2’Is~’ ‘~ , (42b) grated gain should follow the decay of (a00(t)) , the
K ( k  — k  )/k (42c) velocity-integrated population of level 0. It is

I 2 ’  easily seen from Eqs. (i’m) and (21b) that
(4 2d) 

— ~~a

I” = ~ (r + ~), A ’ ~
( A + 6) ,  (42e) ~~~ “°

~~ 
2k jir0Q 

‘
~ aoe 0

wi t h f~ the probe frequency detuntng [Eq. (34) with . Thus , using Eq. (44) we can write Eq. (45) In the
+ I ~. The Si gn of the complex square root in forts

Eq. (42a) is determined by continuity f rom • - 4 3 k  a
at ~l 0. The phys ical  in terpreta t ion of Eq. ( 1 1 )  

J 
Ag(1, )d6( )  = — ~~~~~~ ((~~ (f)) ff0), (46)

is not as simple as that  of Eq. (31 ) , and w i l l  be
elaborat ed on in the  fo l l o w ing  sections.  As hown in agreement with the general resu lt ,~ It also
below , the contr ibut ion from the 

~~~~ 
group a . -ises follows from this result that the net area under

from Raman-type processes. (For smal l 13, ~~ is the Ag( i~2 , / , c) change signal is always zero . Thus ,
determined by the resonance condition L 12 = ‘).) this quantity is either identically zero , as in the
This is the reason why this  contribution dot s not ( —  1 case , or It exhibits sign changes as the de-
vanish even ii the 0-2 transit ion is transparent tuning Is varied , as in the C =+ 1 case.
to the saturat ing f ield (.V

20 0, N10 * 0). For high Finally, it should be mentioned that these re-
i~ tcnsi t R ’ s we sha l l  see t h a t  t h i s  cont r ibut i r -  cx— suits hold for any part icular  velocity group, as
hibits  d y n a m ic Stark spl i t t ing  [ “Aut ler-Towi;es can be seen from the frequency integration of Eqs.
effcct ’~ [. Final ly ,  note tha t  ~ i~( T ~2, 1, +) sI!np l i -  (24) and (26) , which leads to a relation similar to
ties considerably when there are no phase-changing Eq. (46) . Thus , Eq. (46) is not restricted to the
co1lisio~ s [

~, ~~~~ • ~,)J and fully Doppler-broadened l imi t .  ft holds for a

A. - 2k - ‘ 
velocity distribution of arbitrary width , includin g

1 -- - )‘~~~. 
‘ the case of complete homogeneous broadening

The quant i ty  % , Eq. (4 1b), then reduces to [ Gfr) sharpj .

1 1 N ,~ 
The equal-area property will be made use of

= r’ A’ ~~~~~~~~~~~~~~~~~ 
(43) below in analyzing the frequency behavior of the

+~ 2 V i  change-signal curves.

C. Gencr2I feat ures of il~c probe field gain
2. !ndrpendent.fieldapproxü~wi’ion (FF4)

1. Lquol.area property The independent-field approximation (sometimes
A V ery Interesti ng feature of the gain curs ‘s is referred to as the rate-equation approximation) as- - ‘

that the area under the forward change sign.tl is sumes that E
~ 

and E4 interact independently with
equal to that under the backwa rd change signa l  at their respective transitions. The effects of Raman-
any time dur ing the decay . Thus , it can be r eadily type processes are neglected , and so coupling only
shown by cont~ur integration of Eqs . (31) an 1 (41) occurs through saturation of the level populations.
that This limit can be obtained easily from Eqs. (31)

and (41) by taking the l imit  v12 —~ . As can be seen

J Ag(~~3, ( , C) d i 5 ( ( ) = _ g 0 1- .P~-~~~ 9 e ’0t from Eqs . (3), this has the effect of completely
2k 1 )oQ ’ iu  destroying the influence of Raman-type processes.

arid (44) In the limit Ag( t3.~ , I , + )  vanishes and one obtains

1k fi’ N
f  Ag(i~2, l ,+)4ô=0 .

We thus obtain the statement of the equal-area xRe 1 v
property,  1Y1_ Yo +b6(o)

e ’o’ e . I a t i ) i i

f  Ag(/ , + ) d ~(~ ) a f  Ag( 1 , ...)dO(.- ) . (45) x { _ 1 - _  — 
y5 .e E6(t) ]j ’, ~~~

The equal area property of the steady-state change Therefo re , in the IFA there is no directional
sIgnals (I.e ., at 10) has been discussed be1ore .” anisotropy and forward and backward change sig-
The fact tha t tbe areas remain equal during the nals are the same. For weak saturation the change
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s,gnals in the IFA l imi t  are identical  to that of the than y(c).  However , for y; i > l  �y ~~ , when the
C = — I case [ see Eq. (53), be lowj . However , for initial polarization has decayed away, both for-
13 ~

.. ~ the sa tura t ion  behavior of the WA result di f -  ward and backward change signals evolve towards
fcrs from that  of the C = — 1  case. This is readily the IFA value (see discussion in Sec. V A).
apparent in the case where there are no dephasin~
collisions , Eq. (38) , since the factor  (v5 ~~~~~

- IV . FEATU RES OF THE WEAK FIELD RESPONSE
pears in the second te rm in square brackets in When the saturating field is not Intense
Eq. (47 ) ins tead  of ~(1 Q)/ [ ,- (— ) + i O ( _ ) J .  Thus , the results can be simpli fied by expanding Eqs. (31)
for /~~~-)~~ the IFA predicts Lorentzian forward and (41) in orders of 13/v. At the second order we
and backward change si~ na I s of width ~~ rather have

________________________—I

~ ~~ [
exP (_ v~t) _ exP i ..[v °.+i .~( 1 }Rev0 ——
-V 0

+ . W 4 v , ( 1+ C ) + exp{ — [v~ + i6(C) 1 t }J , (48)

aid -

Ag (i~?~, I , ) = — g0(-~
.- 
~ 

ne v~(~4~6 
— — 

N,0/N10 ) exp[ — (~ + i6)1/~ J (49)
V0

In these equations v~ and v °~ are the values taken m S 1, this term is induced by the decaying popu-
by y 5 and ~~ fo r (3 = 0 , lation of level 0. Its linewidth is narrower than

that of the steady-stats contribution because this
V05 V~1 + (k1 ‘k~W~ (50) term arises from a contribution to AO.~~, driven j
v~ =y 12 +[ (k1 — Ck:)/L’,1~~ri . (51) by a decaying populat ion transient [cf .  Eq. (25) 1 ,

thus causing narrowing. The narrowin g of theIn obtaining Eq. (49), note that for 
~~

“
~
‘<< ~ 

~~~— line shape in the time decay of the C = -.i
(52) change signal can be seen in Fig . 4(a) .

If v~ av05 the decaying change signal evolves In an
A. Count er-p ropag ali ng ~avcs entirely different way. The e ’o’ contribution de-

When the sa tura t in g  and probe fields are propa- cays rapidly, leaving the e~~~~ contributions , which
oscillate at frequency 6(_ ) . These terms are as-gating ari t ip ar a l lei  to each oilier ( e r _ i ) ,  Ag has a soclated with free decay of the initia l polarization.

simp le f or m .  The term In brackets in Eq. (48),
As explained earlier, the emitted radiation, whichwhich determines the line shape of the change sig-
decays at the natural frequency of the preparedna) , Is equal to velocity group, w1 +k~e’~, beats with the probe field

exp(— y ) )— e x p {_ [ y 0 5 + i6(_jj )~~
y~ —y 0 + i ’4—)

(5 3)

The t i m e - v a r y i n g  gain is proportional to the real
part of ~(— ) . A f i r s t  r emarkable re..~ult is that this
expression is independent of y 1~ . This is related
to the fact that for C r _ I  the coupling of o~ with IA~~ 

cancels after velocity integration. When the
two waves h ave opposite propagation directions ,
the Rarnan -typo processes , responsible for the
creation of the a~ coherence, have a strong vet- n~oclty dcp endunc e. When integrated over velocity
their net effect vanishes.

FiG. 4. i~ ckward (a) and fo rward (b) change signal.AU .‘O, i o U — )  is a Lor entzian of width v05. If for weak saturatton and no phase—ehai~ i ng collIsions.
Y~~>V0 then the c~~~ terms wil l  decay away In a The p.ramoters are b 1 —k 2, N15—N25, v~~ v. and $
time — i1v~ leaving only the e ’u ’ contributio n , a — O . l ’y. Ti me delays: t~—O , t~=O.S/)’, t~=1/~, and
Lorent alan of wIdth v05— v0. As explained in Sec. Si~ 2/V.
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8. Co-p opagatinj warn

For co-propa gating fields the effect of Raman-

brackets in Eq. (48) is equal to
type processes becomes impo r tant The term in

~~~ 
= 

exp(-.y01)
v05— v0+iô

+ ~~~~~~~ ~~~ 
— v~ —v 0) exp(_ (~°, +1 6)11 , (55)

_____________ ___ ___________________ (v05 — v0 + i5)(1v 05 + :6)(y05 + i~ )

The transient evolution of the gain line shape for(ii 
-

~ k~ is proportional to Re~(+). As can be seen ,
i K~. 5. Backward change ~t~ n al  for weak ~atu~atIon Eq. (55) Is a sensitive function of the presence of

and~i . > Y  Thc pat .imeti rs :irC k 1 = ’ k 2, V 0 Y ,
V (no ph3 s e-Chani~:n~ c~j lli ’~ions) , ~~ V 

phase-changing collisions (see discussion below) .
Time delays: t~ 

= 0 , :.~ i/p, S~~. 2/y,  and i 4/~ 
When they are absent , v0, + y~ y 12 + y~ ( c f .  discus-
sion following Eq. ( 6) )  and U+) reduces to

e~~ot/ ( y 0 5 _ y 0 + io) . (58)

to produce a gain component at O ( — ).  This typ e  of Thus , the contribution arising from the decay of
heatnote is a charac te r i s t i c  fea ture  of f ree - induc- the initIal polarization completely cancels and the
tion decay.  Its counterpart  in the frequenc y do- gain line shape decays as a simple exponential.
main (.il a fi xed ~~l.iy t n a i e )  is a narrowing ~f the The change signal remains Lorentzian throughout
change-s ignal line shape accompanied by inter- the decay, and Ramsey-type fringes are absent
Icr ence f r inges .  For exampie , the second term [FIg . 4(b)) . Note that in Eq. (56) the decay rate is
of Eq. (53) gives a line-shape contributio n of the completely go~erned by population relaxation and
form is independent of Dopp ler dephasing in contrast

to ordinary two-level free-induction decay .’ By
comparing Figs . 4(a) and 4(b) it can be seen that

~~.~cosôl — ~ sin~L exp(_ 4 1) . (54) the areas of forward and backward change signals
are equal at any given value of 1, as expected.

For ka >k i there is an additional contribution toThis expre ssion behaves l ike  a Lorent zi an for the change signal [cf .  Eqs . (40) and (49)] , entirely
I~ ’ 1 ‘

~05, 
but for lon ger t ime delays it narrows due to Raman-type processes. Indeed , when k3and develops fr i : t ~t es of width P~~ n / / ,  This nar- # k1 the Raman-type processes are velocity depon-

rowin g occurs because , by observing chan e sig- dent and can only occur for molecules in the 
~anals at delay t imes  05~ one is select in velocity group, defined by the Raman resonance

molecules whose l i fe t imes  are longer than the condition L12(v)=0average , and whose linçwidths are corres~eonding-
ly narrower .  Therefore , this method can he used ~~~~(Q,~~~1 w3 +~ i1 +ty13)/(k2 ...k1) . (57)
to produce change signals much narrower than the
natural  widths , a l though in practice extre m e line The real part of Eq. (57) Is the statement of energy
narrowing is l imi te d by the intensity redu ’ t ion conservation for the Raman-type process in which
occurring becam e of the decaying exponen t ial a molecule undergoes a transition between levels 2
f actor e ’. Line shape s having s imilar  i liysical and 1 by emit t ing a photon f2~ and absorbing a pho-
orig in s have been exp l oited by Ramsey 1’ in mag- ton i~~. The imaginary part of “~ 

gives the width
n et i c  resonance experiments . Recently there have of the resonant velocity group. The decay of the
been severa l observations of this effect in the opti- v~3 velocity group after 1 0 leads to the Ag(i~3, t ,+)
cal r egio n. ” The same type of line shape has been contribution . Since this contr i~ itIon is associated
observed in time-delayed level crossing e~per 1- with Raman-type processes , It can occur even If
ments .” the molecular medium Is transparent to the satu-

The actual line shape of Eq. (53) is eoni~oscd of rating field (N,0~~O). In this case the contribution
two such c nn t r l b u t i r ~ns , each of which exh ib its  given by Eq. (55) vanishes and the net change sig-
frIn ges .  It is plott ed in Fig. 5 for y05 =O .8~5y0, nai ls proportional to the real part of
which corresponds to the case k 1 = ~~ and v, =v2 N(~+ i

ô)•3e• In l i lt  /~~, (58)
=~~~,, f c f .  Eq. (50 ) ) .  The observation of ii irrow
resonances of this type opens interesting ;mossibili- The unusual time dependence of this expression
ties , can be understood by noting that the Initial polar-
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.1
2 3 3

__________________________________________________________________________

1o)

FIG. C’. F ”r ’~ a r .I cha ’- .y- ~~~~ .V c omi t r ibu t l on , IOi ’
m~eak sa t , i t . i t i n .  - t~., - ~. r . i m n c t e r ~ are L~ = t a 2, V 11 =
ami d ~J/’~ ( i i . Tm i ce  ticl. , . i, : ~~ f~~- O .S/Y , and 13
• 1 / 5.

i za t im mn undergoe s irc ’c dec ay according to exp [ i ( ~~ t~

+ L~7-~ . P ~.x p (— ~ j ) .  The i esult ing  reradiated I to ld
then he.its wi th  E, to produce the t ime  behavic r of
Eq. j~~). _______________________________________

The t i m e  ev olut i~ n of th i s  ch ange si gnal is o ~ j i~
p lotted in F i g.  6, As can be seen , th e change- ID)
signal am- ca r emnai l l s  zero throu g hout the decay.
Also n(~te th e de velup ;ne nt  of Ramsey-type fri rm ~es FIG. 7. Backward (a) and forw ard ib) change algeals
as the decay progres ~es. The pecul iar  shape t i  for strong phase—changi ng collisions and weak i*tura—

tton. ‘rho parameters are k 1 =k 2, y0— y~— ‘i 12 =v.  ~~this ehan :e si.~nal ha s been exper ime ntal ly  yen- and ph—o.1. Time delays: t , — O , 1~~ O .S/~~,
fl ed by l lhnsch ci a!. ” in the steady-state regime. t 3=1/~~, ~~~~~~~ and t 5 =4/ ~01.

C. In flurnee of phaw changing collisions
which Is typically of the same order of magnitude

Phase -ch ang ing  co l l i s ions  s tr ong ly affect both as y~, the population decay rate , but much smaller
the l ine  shape and t ime evo lut i on  of the change than the decay rate of the Induced optical polariza-
s ignal s .  I i  the pres en ce  of phase-ch angin g col l i -  tion. When condition (59) Is fulfilled ~(c) can be
si~ns the forw ard U h a n ~~C signal is no longer given approximated by [Cf.  Eqs . (53) and (55))
by the sim p le exp ressIon (56) and Dopp ler do— exp (— y 01) 1+( ~~~e~~(—y ~~) (60)phassnt ~ effects  appear ( seC Eq. ( 55) J .  In contrast , ~~~ + —r— °(v i6(C))
strong phase—inte r rup t i n g  co llisions (~~ 

.-‘>y 0)
actually s imp l i fy  the backward change signal , since The first term of Eq. (60) describes a broad reso—
Eq. (53) then re du ces  to ‘ r~, t (~~~ + 1~~~’. Thus , in nance , width v0, +v 11~, induced by the population
this lim it the evo luti -n of the change signal is m orn- saturation of level 0, which decays at character-
plete ly det ermined by population decay proces sus . istic rate y0. This is the only contribution to the
The contr ib uti on ar i s ing f rom the decaying polar- backward decay [ Fig. 7(a)j . However , In the for-
iz at mon is r e:~l m g m b l e  and Ram sey-type fringes are ward direction there is an additional contribution I
absent . [ second term of Eq. (60)) in the form of a narrow

A case of special interes t  occurs when the Ir an- resonance of width v12, induced by Raman-type
‘-. itmon t i ~ qt im ’n cmes art ’ close (‘~

‘
~ 

g
~) and the decay processes [Fig. 7(b)) . This narrow contribution

of the optical  p ola r i z .mt m on is rapi d compared to the decays at a much faster rate , y01 +y~ , determined
other decay rates (fast T. processes): by the optical-polarization decay rate .

4~~~O ‘ (59) Steady-state (i.e., 1=0) forward change signals
exhibiting both broad and narrow features have

I n man y a t onm i c ~m ici mi to l ecular  t ransi t ions these been observed recently.” This type of line shape
conditions can be achieved by using a linearly Is very similar to the Zeeman-tuned saturation
po lari i.ecl s .m tu r a t i img  f i e l d  and a probe field having resonances observed in the intensity of the fluores-
a d i t ty  r emi t  i s m l a r w . a t m m m n .  in th i s  case levels 1 ami d cence emitted f rom a transition with degenerate
2 are two t i i . L t t i i C t i C  s t ih l i ’vcl ~ of the same ener i- .v magnetic sublevels resonating with a 8ingle—mOde
level ami d 

~‘,. 
represents 11w relaxatio n rate of I t o  laser.3 Such resonances , observ ed as a function

coherence between th em (“Zecman coherence ”), of Zeeman tuning , consist of a narrow component,
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associated w i th  Le c-man coherence (°Hanl e ‘ ~f ee t ”) , 8(a) and 8(b) ) .  However , the areas of forwa rd and
supe rin ip oseci  on a broacie r “ popul at ion ci [em C backward change signals are equal. For high in-
r esonant -c . These ea t u r e s  are the counter i . .tr ts of tensities (s >> 1) Q~~(s)m h $ ( y 0).2

) m/2  and we have
the Ra ni an— ty p e ami popu l a t i on—satura t ion  ft - .ml u res , (N /\’ )g
respectivel y ,  of Eq . (60) , ~~~~~~ ~ g(~~2, 1=0 ,( )~~ 

—-______________
1 + (v0/v3)[ 1 —

The stu ct ~ of the ~r ,~ns len t  behavior of the change
signals in such a SV S t C n I  provides a unique eay of x Re ~~~~~~ (61a)
dis t imi : , u sh in  i~ p~.1~ t 1nn ~, a t s r . i t i o n  and flar . . an—tvp e y (E ) + i8( )
processes , ow:ng :~ ih ci r  v c r y  d i ffe ren t  dec my con- withslants.  A r c-nsxrk ab le cumi sequc oce of Eq. (I i)  is
that a f t e r  a t ime  ~ 

~~~~~~~~~~~~ the narrow cc t r ibu-  ,(c)~~[(k~/k2),’02 — c ( v 0/2 )J Q . (6th)
lio n decays aw~v , ~:m:d the forward  cha nge s i - ~nal iS Thus , the change-signa l amplitude saturates and
reduced to a broa d resonance ide nt ical  to th . back- its linewidth increases linearly with S~.ward s ignal .  This :vp e of behavior , in which a (ii)  In a time of order of y~

1 the e~ ~~~ * ~~~~~ con-
broad resonance decay s  Sl5~~~ 1~~ and a narro ,c  t r ibut ion vanishes , and both forward and backward
resonance rap i c i ly ,  is chf ~erent  Iro m the usual signal s are reduced to the same Lorentzian line
fr e q u e n c y - t im e  dc , :n~ m n be L av i o r  of l inea r shape ,
sys tems.  It is a g o d  examp le of the fact  t t , .m t

— (N~ /N10)g0 Re 1 V5 V0 1in three- l evel 1 -ee-decay f requency  and t ime
behavior are not connected in a s imp l e way . 1+ (y 0 /y2 ) Lva _vo ÷ iO(E ) J e~~o’

The results of rC -cnt exper iments  in whi c m such (62a)
behavior is observed In NH , will he reported else-
where. ’ with

— ~ (k 1 /k,)’~~Q. (62b)
V . S.’,TU IIA TI ON I F

(This result is valid even if phase-changing colli-
When. th e i n t ens ~t ;.’ m t  t ime  s a t u r a t i n g  f i e ld  i t  large sions occur.) As can be seen by comparing Eqs .

enough [ sa tu r a t i on  pa r amete r  c ~~ Eq. (19~l ,  new (01) and (62), as theixmckwa rd signal decays from
features  appear ifluludlitip power broadenin g A the 1=0 its amplitude increases and its lin ewidth nar-
resonances , j )ower dep has i ng of the decay r ites rows , while the forward si~ ial decreases and
and , i n sonic cases , a new type of oscillatory be- broadens ! This behavior is clearly seen in Figs.
baylor in the decaying change signals. 8(a), 8(b), and 9, where the time decay of forward

A. Power broadening and power dep hasing

When k, > k2 (e ither  counter -pr opagat ing ‘.vaves
or co-propagating waves with k 1 > k 2 ), the Si tna l
is giv en by ~~~~~~ Eq. (31). As the in t ens i ty
of the saturating field increases two features are
noteworthy:  ( i )  The change signals become power
broadened and their  anipti tudes saturate; ( i i )  of

(0)the two decay rates , the one associated with popu-
lat ion r e l a x a t i . mn 

~~
-
~~

) re i imains  unchanged , while
the ou t’ s~~m m c  m a t c h  w i t h  p olar i za t ion decay (s ~) in—
creases . This  inc r ea se  is due to power bro adening
of ti me vol n u t t y  g rm~aL) cxc it c~I du r ini ~ the prepara t ive

a .~e ‘I he g r owmn ,, r ange of in te r a c t ing  molecular
v eb ,c i tm ” s  mumu rc ase s the veloci t y  (“ Doppl er ”) de—
phasin~ cnn t r i b u t i  n to the relaxat ion rate. For
large sa tu ra t ing  intensit ies y~ can exceed ~ by an
order of magnitude , and the d ecaying chang signal 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

evolves in two d is t inc t  stages. For the sake of
sim plic i ty  let us consider the case in which phase-
changing collisions are absent , Eq (38). . CD)

(i) Fo r 1~ < 1 y 5 ~ie change sig nal is a Loruntz ian FIG. 8. Backward (a) and forward (b) change signals
of w idth y( c) [Eq .  i39 ) J  - This signal exhibit the for strung saturat ion . The pa rameters are
well-known direct :usal anu sotropy between u irwa rd N10~ .V20, ~~~~~ and pfy=1O. Time delays: t~.O. S~= . 1) and backwarc ( = — l )  scatterin g ( F i t s . — O.2/~’, 13—O .S/’y, and t~— 1/y.

_ _ _ _ _ _ _ _  - L .--
_
~~~ ~~~ — 

-4
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FIG. 9. l’orc’ ct m ’C:iv of fors tird t a t  ,~ t hacks ard (hi
chare:c sm .~: , m 1~ z.t luw u c u ~e r  (~ = 0) . The pnramett  S —~~~~~~~~~~~ - - — - 4 — —

are the sam e as in l - t t : .  ~ 0 S~
CD)

and b ackward chaagc signa l s  is p lotted at lin e FIG. 10. Backward change signal for strong saturation
center .  and k

~ ~
<k2. The parameters are k 1 =0 .lk , , 

~~~~~~ 
and

Thi s lj eli~ v i n r  occu rs  because in the steady- w)’.lO. Time delays: t~=0 , t z =0.5/~m. 13.. l/y, and

~:i tu  i t o  c , . t u I,ut :. . ~~~~ i~~ ::: . t : i - t y p u  P r n u iSCS t 4~~2/v .
broadens the back ward cha n g e signal and nat ’ ows
the forward  one , as compar ed to the p opu l a t i i . i  row s from y ( — ) to y5, with a corresponding in-
saturat ion va lue .  Whcri the in i t ial  po lar iza t ic ’ m crease in amplitude , in a t ime of order vi’, and
( wimic  h Cn . t , m l f l S  th~ j :.n~.an co n t r ibu t ion)  has , .e_ narrow fringes appear at the wings of the reson —
caved away , in a t i : ~ e of o rder  

~~~
, this i nf lu ace ance , In accord wi th  Eq. (38).

i s removed and the 1 L:,c’w td th s  change. Furtherm ore ,
i t follows from the ec,ua l- area propert y that rap .d B. Dy~..miczl Stark splitting and oscillatory decay
line narrow ing au ro : r i a t i c a l ly  impl ies  an m e n  .tse
in a mpl i tude , and v~ce %ers a . Any process do- When the two e.m. fields are co-propa gating and
st r oying thc i l :z.se m th e induced po larization- .- . is larger than k 1, a new steady-state feature
such as p hase-char  : m : . ~ col l is ions , Dopp ler d i -  appears at high saturating intensities: the reson-
phasin g or power de~h as i n g— increases ~~ and ance splits symmetr ical ly into two distinct peaks.”
thus accelerate s th e decay of the ini t ia l  polar za- As will be seen in the following, the decay of thi s
lio n. The rem a inin g s :gn al , due to population signal exhibits a novel type of oscillatory behavior.
saturation , then decays away slowly with a time The steady-state splitting has been observed re-
constant v~~. cently by Tosctiek and co-workers.” Its tine-

Nar r owin g of th i s  type has been reported b) shape features have been ana lyzed by Skribano-
Shahin and lfli n sch2 ’ in a time-delayed Lamb-dip witz et ci.,” p art icularly in the case of transitions
c x p e r i u u m t ’u u t  u s ing  a - h u r t - p u l s e  dye laser. It with level degeneracy.
.shnu!cl t ie ~~t~’r1 t t i~it )UL S( ’d lasers are not id c, il This type of behavior comes from the ~~~~for such st u a l e s .  T i c  l)resent method h a s  th u 1, +) contr ibution , Eq. (41), which increases as
advanh ,:c th at the s, s ie rn  cars be prepared in .s ~J’~’ at high intensities and thus predominates over
well -def ined steady : . t a t e , and the weak cw fie ld ‘he ~~~~~ 1, ii contribution , whose amplitude sat-
can prcc;sclv pro be i t . -, decay . urates. In the vicinity of the peaks A, Eq. (41b),

A nother in te res t iu . ~ type of behavior can occur Is a slowly varying function proportiona l to ~S, and
I n the backward chan ge signal when the in i t ia l  sat- so for I3 > v~,,
urat ion is large but ~~~ ‘-

-- ~ ( reduced Doppler he-
phasing) ,  so that v5 v0, ( k , ’k ,)~’0..Q is of the same ~ç(t , +) ~ ~12(t)=S Im 

~ + 
(63)

order as v0. However , the ini tial l in ew u dth p c — )
i~~ s t i l t  pew u m -  broadened [Eq. (3~)1. Ii~ th is s r &j fl (~ ’f /K ) +  ~ cosWI/~)

case th e decay ratc .~ of the in i t i a l  po l arizatio n and
the p opu l.u t ion are u a n i p ar ah l e , giving rise to nar - (64)
rowin g at  h u e  cent er .mn cl Ra msey — type  fr ing at
the wing s.  An exa:i . he is, given in Fig. 10. As The resonant behavior of the signal occurs through
ca n be seen , the ~- n:r aL portion of the l ine nat-  the denominator of Eq. (64). Using Eq. (4 2a) one

- -
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FIG.l1 . Forward change
signal s for stron g satura-
tiori , exhibiting dynamic
mark splitt ing. (a~ .v.~contr ibut ion ; (b) ~~ con-
tribution . The pa rs-

O’i y meters are = ~k,, ‘Yg,,
—y, and ~ — 1 O ~~m . Thei • Oily

- ~~~\ J  ~~~~~~~~~~~~~~ 
~~~~~ 

—

~~~ time detays are as sh~~~.

I O 2/ y

- 
~~~~~~~~~~~~~~~~~~~ 

- _ _ _ _ _ _

lot is)

can s h uW  that ~ and its lin ewidth [full width at hail max imum
(FW 1IM)J is approximately 75~40 Thi s behavior is1 ( 1 1 ) • illustrated in the 1= 0  plots of Fig. 11.

~~~Y• 
= (46s )T12 \~ TT(8 _S)T — 

~~ + ( 6 + . 5) The origin of this splitting lies in the high-fre-
(65) quency Stark effect ~’ or “dynamical Stark split-

ti ng, ” which is caused by the mixing of the two
For S ~? th i s  qua!~:it y undergoes a resonan t en- wave functions of the energy levels of a transition
han cem en t  around 6 .S (and a symmetr ica l  one saturated by a resonant e.m. field. In the optical
a round 6 -.5): region this frequency split t ing is velocity depen-

(r’ + ~s’)~ (ZS~ ’~~’ + (8 — S)’] °” . (66) dent and is usual l y washed out by the Doppler ef-
fect. Thus, when averaged over a wid e velocityAlso note that in th is  v ic in i ty  r and .5, Eq. (42a), distribution the splitting is transformed into a

can be approximated by power broadening, which contributes to the line-
r~~s” ° [J (6 — S ) ~ ,.~~~~ ] u / 2 — (a —S)}” , (67) width of the resonance .4’ However , in the parti-

cular case considered here the velocity dependenceand can be substantially reduced over a wide velocity
iS ~=s 11i(~(a — 5 )

2 

~~ 
+ (8 — S)}”. (68) range , leading to the line shape spLittings of Fig.

11.As seen in F.q. (C4 ) the steady-stat e (1 = 0 )  .gna l , The frequency features of the Stark splitting forproport iona l to .51~’ * ~~ exhibi t s  two re unant a particular velocity group are determined by thepeaks separated by ~ 2S. The line shape of :he 
resonant denominator L,L,,+ ~)? app~artn g In the6 = +5 peak Is giv ers by initial polarization .5o~~’~O), Eq. (24). It can be writ-

~~~“~
‘ (I(

~ ~
S)’-..~ ’J”2 . (8 _ S Y\  “ ten In the form

~,, (t = 0 ) = — ~--—~ ( 6_ Si~T ’  I L,L,,+ ~$‘= ...(fl, — i’4)(fl — V.),  (70)
(69)

with v8 the velocity-dependent center frequencies
ThIs line shape is asymmetr ica l , the signa l de- of the two Stark peaks. For #~ ‘

creas ing as 6 — S  
-~~~~~ fo r S>S — 8  ‘~~~~ a nd os v,( v =  w, ,k ,v +  t (~~ +~ 9”~J ,  (71)

6 — S  “~ 
fo r 6 — -S ‘- ~~. The peak occurs at 6

•S +~~//~. Its amplitude Is proportaonal to .Y’2 with 4,(v), the detuning of the saturating field from

________ — —‘. — -——-— -,-- —--

-
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resonance , As can be seen in Eq. (64) . whe n the satu ra t ing

.5 - (72) laser is termi na ted the resonance undergoes os-
- 2 — — 2~ ci l lations at frequency .5’ - ic as it decays with  t ime

Thi s resonant  b e h a v . .r  is due to the coup l in. . constant ~~~~~~~~~ hi the v i c in i ty  of the resonance
he ’tae~. h ~ and a .~, ~s can  be St ~.n  h r  d e t e r t n . -t in g [E qs . (42 e ) }
their  ci - r t r c q u e n c~ i~~ f r : m  Eq. (3 ) in th e l im ~t r’ ~ ‘78)a — 0 .  A so~u t ~on of :he for m c~ c”’ gives 2

(A — iL ,2 ) ( A  — (73 
wher e t’ i s given by Eq. (67) , and

(79)wh ich  has ro t s ~for .i ~~ v ,,)

- - (74) The number of oscillations is of the order of

- - .5’/r’~~(s/~)”. (80)The cor r i -s .nd ~:,g r. i r m a .  modes of the opt ic .  I
p . 1 .4 r~ .- .it i 1’ o~ . i .  -~ e at f i c : i u e n c i e s  i~, ( ’ -)  Notice tha t t h i s  behavior is d i f f e r e n t  f r o m  the w e l l —
= A , . f~ [se c Lq .  k 2  I , eq~i a t i o n . R t - s - i i , a n t  n -  known Rabi o sc i l l a t ions  observed in opt ical  nut~-
h a r . c e i n e n t  occurs  ~ er c~~ is D Jpp ~er sh i f i t  into tion t ransients , s ince a f te r  I = 0 the sa tura t ing  field
r t - ~~,nan ce a.~ t i the ; - :  he f r e q u e n c y .  Se t t ing  . ( i - )  is absent. The appearance of this  new frequency
= 12 ,, i .e . , A 0 , Eq. ~ 3) then  reduces to ~70). ~ is due to th e dynamic  Stark effect , which causes

For k~ > L ’ , t h e  vt~ ) c , t v depcnJ cn ce of the u rm the resonant interaction between the molecules
in tu - .~i-~~t t s  in Fq .  (‘~1 .id ,l s t o  t h e  Dopp ’er sh . t and the probe field to be shif ted f rom f2~~’ to a new

l l o w i v  r , ! .r  ,. •1 and k 2 >k , th e v e l oc i t - ;  de- value. When the saturat ing field is switched off ,
Pt i , i~ t .~ id 1~~~i t i  .1 1;,U.~ .irt ~~~~~~~~~~~ , leu 1mg tt ~e n - ve ioc i ty  group, prep ared befo re 1 0, r a d i—
to a pa r t a) can celIa ~~on of the  ve loc i ty  depenu ’nce ates at its natural  fre quency w , ÷ k ,v_ .4° The re-
of i’ , . The r .~~on .t n ’, v - I o c i t v  g roups  c on t r i bu t i - i g  emitted field then beats wi t h  the probe field to give
to th e S~.irk  sp l i t t i n ,~ :u..y be obta ined from th con — a beat at (2, — iL’1 — k ,t ’ = ‘5’/K. ’6
d i t i o n  12 , - ‘~,U ) .  -For l i t’ case k , 2k , we h4Vt ’ Some typical delayed line shapes are plotted in

- l - ’~’ — ~ (“5) Fig. 11. A noteworth y feature is the distort ion
. -

~~~ ~~~ 
— I of the envelope of the decay curve , which enhances

(The con s ide ra t io ns  are  s imil a r for  k2 5 2k~.) For the outer shoulders of the resonance as the delay
(2, — f2~~1 - - - - S . , , va r i e s  l inear ly  wi th  12 , but time increases. This effect occurs because the

as ‘~ ap pro aches  .S ftc dependence is much ~. eak- decay rate ,
er. in fact , near ~ S the  ve1-~ci ty  group s t . 

~~ (~~ /2~ ) {[(6 - ~~~~~ +
~~~~

‘
~~
“ — (a — s )} 1/2 (81)

i -  are essen t ia l ly  indep endent  of fl
~ over an .n-

t erval .Si- ‘ .S k . T i e  washou t  e f f e c t  is thus C i -  is frequency dependent. This dependence is due to
minished . since all of the ve loc i ty  groups in i ils th e fact , explained earl ier , th at the range of in-
i nterval  can contr i bute to the h igh- f requency  -t ark  teract ing velocities , and hence the Doppler-de-
resonanre occurring at the corresponding va l~ e phasing contribution to the decay, varies with (2,.
of (‘1, . This v.i l u e is d e t e r m i n e d  b y the condi t .  rn It can be seen in Eq. (81) that the decay is faster
that the quant i ty  62 ~~~ i n Eq. 75) be close to aero , on the inner sides of the resonance than on the

- (76) 
outer sides. Thus , the asymmetry of the peaks

- 
‘ Is enhanced during the decay.

which  g ive s  th e  - ci~~er f r e q u e n c i e s  of the Star i~- Figures 11(a) and 11(b) show the N,~ and N~split crnnpo n er t s  k i .  Fq. (b9 ) ) .  Note that  because contributions , respectively. Notice that while
of th e  v - loc , ty  lepi . r - 1  ‘u-c the Sta rk components  the N ,0 curve is init ial ly transparent in the region
a re sp li t  by 25 r . i t t ~ t l .t n by 2, i , as th ey wou ld between the Stark peaks (i.e., ja~ = < S),  the N ,0
be in t t ~t- h i t u ~t u i i e u ~ siy broadened case ”, ’ Also curve exhibits small gain over a broad region.
note from (‘15) tha t t~ c resonance condition cannot The sign of this gain is opposite to tha t of the Stark
be satisfied for any velocity group when (2 , is in peaks , as it must be to maintain zero area. After
the range a short time delay ( t - S ~~) the situation is reversed ,

~~~(. )  — S < t 2  < (2 ’
~~~ + S .  (77) the N ,0 curve exhibit ing a broad central gain region

I and the !~~ curve becoming transparent there.
This lack of r sona i~t molecules explains why in Also note tha t the area of the ~~~ curve remains
this range of probe frequencies the molecular me . zero throughout the decay, as it must.
dl um is near ly  t ran sparent  to the probe. Outside The change-signal expression in this iegion
this range the re are a~ways vel ocities satisfy og can be obtained by considering Eqs. (31) and (41)
f� ( ’ ) =  (2 , and the i n t e r ac t i o n of the l robe wi t h.  the in the l imi t  6 1  <‘S. For example , in the case
molecular medium is nonvani shing . 44 of no phase-changing collisions , k, = 2k , and v0

- -~~
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= ~
.
, (Eqs. (38! and ~43~ one f t n d s dent populat ion char. ,:c indu ced by tOe p u.. t . ..

The second term w h i c O  describes the r~~:~it ~ ica t i on
S

~~~~ +) =  —i~’0e
5’ — -  (e - ‘ — e’~’- ”) .  (82) of the 0-1 t r a n s i t i o n  rate  induced by the satur a-
‘ ~‘ ‘° ting f ie ld , sa t i s f ies

w h i c h  c \ r , I h . !s  h e  !. .,~u r es  d i s c u s s e d  above. ‘ ( 2 )  (2 )  - ( I )
- - - . - . .~~~~~~~~~ . ~~~ .) , .5a,, ~z o~~r~1 ( / ) + c .c. , (84)

F in u l ~~ , f l O tl i C  ..i ‘.~ ..t 1 & a S  .1 i - O ~~~ ib.i i i.s
ass l.t~~t ~ i t h  1~~., u e c a y  of i n i t i a l  p - J i a r i Z a  -n where  .5”~~~!) is g ven by Eq. (26) . The r e s u i t i n g
exhi b i t  p. 1 Cr dep h- s.r 0: t~~i- 

~ ~~,
, the con~ r ibu  - expr . .  ssi on  for ~ ~~~~~~ 

complete up to order a’,
l ions a~ soc~.i:e u -... - 0 u . . . t i u r .  d ccay  do no - . ca n then be wr i t ten  in the form
T l i e r e l  re . t I c  ve r  .- ioi g de l ay s  ‘ .‘)  the - t oe— / — __ —

- ~a ,, (1)) = n — .5fl , + .5,1 (1, c) , (85)
sp l i t . g d~- ~~~~~~~~ Th e  r i - u  ni , br o. td -

co n t r t I . t u1 ctl . -. ~ .~s i- ’’ p~ j .L l t iu  e ff ~ t )  ar i d wi th  .5,~~
’ the b road Gaussian backgr ound popula t ion

t- v ’ lccs  s i u i t r l y  i t h e  b.i~- ,iw.itd re sonanc t SP C. change indu ced by the  probe f ie ld  for  ,3 0,
V A ) .  

~~~ &.~~~, ‘2&~ y , ,

VI. 1IMI -D EL AY LI) F~LiORL S(LN C E Ch AN G E SU .\A LS and .Sii, (t , ~~~ (.5a~~’; the population change  s igna l .
One way of ob ta in ing  ~ ii, would be to solve Eq .

T h r c e - l c ~ el fr i - c - d e c a y  resonances  can a t — o  be (84 ) and then in tegra te  the  r e su l t i ng  expression
observe d b’. mon t- - r . r ~ t h e  side f lu ore scen ,  - .  orig-  over the veloci ty  dist ribution. A simpler approach
m a t I n g  f r o m  level 1 as the  probe f ie ld  is tun ed is to in tegrat e Eq . (84) over veloci ty ,  thus obtain-
throu g h the  0- 1 I r .-. n s i t i n n . As exp lained in - -cc . ing an expression relating .Sif , to .Sg-:
l I D  the  f luo rescc-r~-e in tens i ty  I , is di rect l y pro-
p u i t t o n a l to u , ,  dc A~~ ~y- iat.. ~r~ t ed p -

- 

u:.o- + 

~~~ 
= ~~~~~~~~~~ d’~~ (86a)

t ion of level 1 [Eq. (10) 1. Thus , this type of ex- wh ere Eq. (28b) has been used . This equation has
per imen t  d i r e c t l y  m e a s u r e s  the t i m e  evolut i  in of the solution
th e leve l  populat i on changes  induced by the  probe
I m e i d . Fu r  a We.i s 0 i u O ~ - ihi-si  occur in st -tend ‘Sn ,(g , C) = — ~~~~~ (0 , ~

)c,- V
~

1

order in Cr . We ~ .1 now ca lcu la te  (au’) for a
sa tura t ing  f ield of a rb i t ra ry ,i.

.5g (I’ , c)e ”tt ’”v~ d1’,~ 
. (86b)

0
A. Ca lcul a tion of (o s , ) 

-Thus the expression for the population change sig-
In th e se e n d  o rder  i i i  c , a ,, is de termined  by nal follow s di rect ly  fr om that of the gain change

Eq. ( 16).  T t me  s ~ u !i-u n can be w r i t t e n  i f l  the form signal , wi thout  th e necessity of doing addit ional
- I ve loci ty  in tegra l s .  As cci .i ,d be expected , the tra n-

— ~a 4 ( -  ~/ )~ )(n / L 2 ) .5a’ ,~(1) . (83) - - - - -II - I I • sient signal exhibits a new time constant ~ related
wh ere the f i r s t  t e rm describes the t ime- ind .’pen- to the relaxation of the population of level 1.

I.. k~-(k~~~ O

In th is  case Eq. (31) is used in (86b) to obtain

-. - -. / k~ ~ ~‘~?~ \ P. ~~
. ~V~,(1 + Q) ( f ’i ’ e

_ V l t 
~~e~~~

a ’

~~fl , (’ 2 , 1, ~~~= — . : ~ k ~~~c_ - ) R
~VoV i E J ~~~~~~~~

’
~~~’~~~ 

+ L, — v~

— 
1 (e

T lt _ e~~ 1* 
— 

e
_ 7 11 _ e P 0

o)] . (87)
L1— ~ 0\ L1—y ,

In Eq. (87) the complex Loren tzia n denominators 2. k~ —ek: <0
L, ia nd L , have been introduced to simp lify the
fo rm uf the exp r i - . S i O t i , In this case Eq. (4 1), used in (86b), leads to

L~ • :6(c) . L~ ) ‘N + iô( c) 
, 

(88) 
~~~(t •) = ~~~~ 1, +) + ~~~~ I , + ) ,  (89)

will ,  V1 and ~~ given by Eqs. (36) and (37), i- espcc-
li vely ,  with

r , — v ,s .(r ’.ifr,./~ .,
, t~~,

~n,(i,,, 1, ‘~~~~ 
.5ñ~S 2 

Re~—’- —1’_—_ 1.~--—- — e  
+ !..........ii (90)

L (1’ ~ )A \  (1” - C V, +1’~97~~
• 

V, Li 
-
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The r.ot~~t I  ‘n used in Eq. ~~0) is t h e  same as i .  to the nar r t ~ - res- ~n .,r.-:e f .5~ c h .ingc ~ i, tn.i , , ~~h - .-ri

Eqs . (4 l and 4 2 i .  decays rapidly  at t h e  r a t e  
~~
,. t h e  n a r r ~~ c r.~r i u u .

As c a n  be seen  in ~s . ~~) a o l  ~~!9 ) , th e s t i  .i y -  t i on  of .5~~, decays 4 t  the mu ch  slo~~er r i ~t v .  This
St.itc- i i ~;o .s0 . ; t- h t  ~ . r - f  .~~~. - 

:. is  ~t u t i -  i~ d i f f e r e n c e  o c cu r s  because the n a r r ~~ - c~ r.: r~b~~i - -n

~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 1 t o e  i . ; :. ..~e s ~~r.ai i s caused h:.~~he t’,. . _ ~
~t t t h  ~~~~ . - 0 Si t  als  c d t s  -es~ V .  f- u , -~~ r~ E q. of popu la t i o n  to  l eve l  I due to th e  ~

- t - p c t  n of
(16). ) i t ,,~i - v , r , t h i  :~~~~~

- - d i . , , - .. i r t  d,.ipe... ~rc 2 — 1  a , d  0 — 1  R... n a n — t v p c  t r , i n s t t~s~~ A , t h ~ u~ h
• not toe  t- . mc .  i n th ~ f- , i . u - A I : . g .  t t , c  ~~~~~ ) e ; loge the i n f o r m a t i o n  about  t~~.e Si pr . .e e s s t -s i S

slgr..~~s i r e  ~I r . . , , vLr t - t i i ~- i m l i s  of a t a ~~ and  in both the  i r i t i a l  p~~a r i . r .Oi i -n  ~o ’~~~0 ’ ao l  p ’t’ . . a —
St r u n g  s t i r., ’ in  -~~~ E . t i u n  )~~~‘~0)~, the  , . , t t e r  c -~ t r i b u t i u n  t s t- -- n a nt

w h e n  the p l a r i z a l i o n  r c l .~x a t i -~n ra te  is rap . -t .
B. ~ c~k field ri’spt fl~~ Thus , the narro ’s  ~~ c e n i p i n e n t  de ;a - ,-s ~~ t t h e

L A 1 ~~~~~~~ 
popula t i o n  dc c a v  r .t t e .  T , . s t n p : i e ~ ~~~~~~ 

‘~~~
-

- 
w a r d - I o r w,ird ~sv m r . r - t r y  corn  it be c . : : . u_~. t , - i  :

The res  0-  -use - c ~ is okutu .r . ’d by set t .  ~~ - -
- - - — 

- ing t h e  decay of t h e  f . u  i rescence ch a r g e  ~~~~~~~g = O a n d Q i in  ~~~~~ c,) ., nd r ep la c ing L a - 3  L -
- - - in cont ras t  to the behavior  of the  pr be - f i e l d  de-

by th e ir  uns . i t u t - 4 t e o .,.~~ Lie s , -cay signal.  Also note tha t  t h e  f luorescence e t . a r , g e
L~ ,~~~

. i - ’- ( & ) , .~~~ = ~5(~ , (91) signa l is not a simple exponent i a l , and depends
on the popul ation relaxation rates of both l e v C i S

wi th  ~~ and ~~ d e f . :  .d  45 in Eq s . (53 and (51 . 0 and 1.
for c O ~~ flt  r - ; ) r o l - . - ’.,r  ‘. = . tV CS . .~ñ is mn d p en —

dent of 1. ,,, i n I . i t i .; he c., .Cc O t . n ,,: Ra ri a n —  2 k k’
typ e Pr ~ c ( - S5C S.  1 r ( —1 the  t e rm  in b racke t s  - I < ‘

in Eq. ~o ’i) become s For co-propagating waves there  is an add i t i on a l

1 ~ ~~~~~~ ..‘~~~ .L ~~, (\  
contr ibut ion to .~ i for  ~ >k , which  may he ob.

~~~~~~~ 
~~~~~~~~~~~~~ 

- tamed fron i Eq. t90 us ing  Eq. 152 . ,i~ st .55 i n t i e
B V 4g ch~~~ite s .~~nat , t h i s  term a r ises  !r~’o R.iru.in-

_______ 
( ,~. Y s  

-. e~~~’ e~~” — t’~~~~’\ typ e t rans i t i ons , wh ich can lead to a pop . . la t t on
— L~ — V0 

— 
— V 1 (92) bui ldup in level 1. Thus , it can occur even when

In the  co-prop aga t n .t case , .5fl. is given b~ Eq. there  is complete t ransparency at the sa tu ra t ing

( 8 . )  w i th  + 1. Thi s  e’~;re ’s ion dra mat i c a t - ~ 
field L’t 7~ 0). In t h i s  case the .5n, c hange signal

sim p l i f i e s  w h e n  phase - . changing col l i s ions  at i s proportional to the real p art of

absent , in a na logy e lb the .5,,~(t , + )  c h an g e  si nat N - -

[see Eq. (55)]. We :Oen have 
~~~~~~~~~ -~~~~~~ , + i~ ) ~~~~ e ’~~

6 mt
~~ J . (96)

(93
- - . As compared to the corresponding .~~~~ change sig-

and so the quan t I ty  in brackets in Eq. (87) reduces nal , Eq. (58), Eq. (96) contains an addi t ional  term
to associated wi th  the c~~ (0) contr ibut ion , which  de-

I f y . e ’~ — V e’’~’\ cays at a rate v 1~ Thus , although the two change
~~(+ ) -  

v L~~~~ va —v , / ‘  signals are ident ical at / = 0, the fr inges occurring
in the t ime  delayed .5g change s igna ls  are less

As in the .~~ (1 , •)  ch . ,n~ e signa L , the i n f l u e n - i ’  of pronounced in the corresponding .5ñ, signals.
Doppler de -pt . i s in g  ~s absent , but the decay .f the

.) change  si~ nil ,s governed by v ,, as well  -C. Saturat ion effects
as by i, .. F or time u c c i a l  case )- v Pie qu. ot i t v
In par ciith eses in l ;q.  (94) reduces to U .v ,I ‘ ‘~~“. At high saturation intensities the decay rate of

Next , conside r t h e  case of strong ~i..ise.c an g_  the ini t ia l  po lar izat ion is very large due to power
I ng collisions and close t r ans i t i on  fre quenc e S dephasing. Thus , all of the terms in Eqs. (87) and

~~~~~~~~ trea ted for .~q in Sec. IV C. In th i s  l imi t , (90) associated w ith  the init i al  polarization are di-

~ 
c” ~~ e~’°’ 1 ~C V e” 

mtnished since, as compared to the corresponding
vC (d~

- 
~~~~~~~~~

— -
~~~~~

— 

~~~~~~~~~~ 
(95) ‘~.q expressions , each tern i has an extra factor in

0 — ‘ i I Vi N the denominator proportional to the polarization
Just as in the .~~~ c~ .enge signals , Eq. (00), ‘he fi rst decay rate. ” A ccordingly, fo r the t ime
term of Eq. ( 9 5)  describes a broad popu lat i - -n- sat-  evolut ion of the .5ñ~ change signals is completely
ura t i on  resonance 1 width v v~, ~ v,~, whi l e  the determined by the terms decaying at the popula-
second term is a narrow resonance , width ~ ,~~, - tion relaxation rates. Equations (8’? ) and (90) thus
Induced by Raman -lyp e processes. But in contrast reduce to -
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- - - - - , I - icnor , -d to I f : - s : r c i c — u - .. .m. :un l  i-c —... r ,~n t - f .  :-. :t - .n- ,, t r - ,
c - i n . . -— - ‘ .i ~~~~~ -i t t  i i . .._ a - -

i i .  az., I L, ) ~:oc, e i  ~ ~ ! r , ~~ ’.- c - - c . t . , ’s }- .i r-
v - • 

~t r .,~~i . ,s  ‘ ~~ : C. - . ‘ ‘ -

S , i - i i - .i  .: t .  i t  .~~~
- I ch t ’g t he- r r i ,ur c , f - r a c : \ t . n value of , .e i r . c n . . . : t n  r t p r J -~i —

- ‘ 
. - . - 

- b~l t t ~- i , I F  both ‘- , - u .~le . .inu C’ - b i - - n . m : . :: -~.n —
ro il , s h i f t -  i — - t i :  i _ : , : . . , n i _n , ,  r~: . , r —  s~~ i t —

- cesses  ar e’ r e - duc t -it - H-  w - ~ ~. r I : ”  d~ ,~b le .qn .ir.to ot
I , ‘ .,l,~ Ii- , ~.s I - - iv - .1 - i  I -,

- t r a n s i tio n s ~i .e . ,  I~~i :n in .t vp e ‘ - r c c e - - s c s  i n . -  i v i n g
s l I m ., - - : I -Si i ..i t - t y  t u  : . , V 1 - , r  n o r -

- - the ex cI , an I ~c of : . . o  quan ta  w i t : :  t h e  r o d t a t : n
4 1 ( 1 ,  C ,/ 1 ) L  .1 _ i  . . .~ t O —  -

sen t 
. - . - . fm e ld s’~ p r e d o m i n at e , so tnie uu~~ a -np i i

tnt t he ’ m n t e r r o c - d i a :  - , state is smal l .  Th u s , u n i ~ e

‘t l i ( (I ’s( ~ ~~~~ 
t he case of a r esc nan t  m r i t e r ru ed ia t  c st a t c , th e - re  is
no in t e rf e r e n c e  between ..~ n ,zle- and d - -, :hl e - - ~n o n-

T i n s  l .il I- :  r : 1 , - i  a t h c ~ - r i ’t cti l a n. :vs i s  tur. i  events , and the fe r n :  uf Pie chon ~~c s i u n a l s  is
C ,  c - t n . : .  1: :.. - L~ ~ I l ~ - 0 s i : ,  .i~5 d .~ ’ ~i - V, , -r , - ch i n t : , ~ u t . .

d -ca v f ~ I) - - ad m d  ;:: -;  n h , r  Ir .  1 5 1 —  state i~ n onre sonan t  an a d d i t i o n a l  cen~O t : ~ n n - .. ’ t be
ti -n , ti - c~ C i  ‘ .1 .1 -~ .1 -s l~~ i- c- I i . .  Id ~.a sat isf ied in order  fo r  the sudden a~ i. ro xi mat ion to
t h r c u 1-. f. a c- 1dc- 11 r .n i ’- 1 he ev u l v : ’ i i t  - ne - hold ,
sha1u.-s c m  be - t U  ii - .h : e - F  by rt~ n I t r l r r -  - •e 

< ~ ~—i (101)
~amn . , t pu c - u  I..-,. t - . . i - - - - t  c-c H-, ..-.t u d v t n i  t O e  I

side ’ h u r t  - e’:-- t f . :  - i -c -n S f 1 - i - fl , the t o m -  - Otherwise , the induced polar iza t i on wi l l  tend to
delay d c f — o o . -. - - - - -  ..i ls  n , . , r t : f - ~~t a r i ch  rare: - ’ of respond ad iaba t i ca l ly  to the sa tu ra t ing  f ie ld . In
fea tu  i i . r - c I u i . T l t : - :  ... .u- . i—l ; . mi  k w a r d  l i n e — s  ape pract ice , Eqs. (100) and , lOl  ) are d i f f i c u l t  to f u l —
as y m I n e -  i r . ~ - ~~, I) - -~ : - l e r - u e - 1 : h a s i n i z  e f f ec t s , l L t n i ~~& - y —  f i l l  s imul taneousl y, st nc e they require
type  f r m n t e s . p ow er  t i  L i t  f l i 0 ~ and dephasm i ~~. and However , the regime ~n wh ic h
d y n a i i i : i ’ .tl ~t .~ r k  ~~~ i t I : r .~’, e - x f : i b , t i n i z  osci 1la~~~r v  I- ô Vt 

~<v (102)
decay . It ~ a’ it ~~- ~fr- IWO tha t  t h e  t i m e — d e l ay e d  I 1

b r -  - s i l l 1 - r - - v i - , , i r : - i i ~ - w a y  1 d t s t o sh i n g  is r e a d i l y  acheivable. In this case the con t r ibu t ion
t i l t - ~ . t i i r t t  . - . f t  - t ’ ~ I r o i t i  f t n t : , i . : — t ,  I C ’  p ro — to the c h a n g e  s~ ’na l co rn i r t~ f rom the m n m t m a l l  p re—

- • 5 -~~ ,n~ I F :  t i l t  : u c a v  I i  ni t ’s , pared p o lar iza t ion  w i l l  ad iabat ica l ly  fo l low the
I I i i  t O O t .  . 1 - . . % . I t  . 1 1  • -f t i i nc— , t e !  tyed .satu i’ati ng t iel d , 4

~ and so s’ii I vanish when E 2 — 0,
c t - i t t  , .~ r i d  of t h e ’  - , 

- di  - r u s t d t o - i  e r :~u: ret ; but th e  p opulat ion Ci n t m m b u t m o n  persists and will
t i -it i i ’  ‘ : ; I in- : i t r . 1 : 1  l ie t ’ r n ,r . t t ed  n i ne decay at , t s  cha r ac t e r i s t i c  rat e .
7 i t i .i C t ;  I s i i i . i i i  I - i . . l  I I  :1 to t t : r  c t - . , r : m c t c z  st iC  Several recent publ ica t ions  have investi gated the
decay I ; . , . . -  ~ f If: - - 1 1 t : ca l  po l a r i za t ion , t ransient  b ehav i  •r  ..- f cascad e and folded three—

.~ 
le vel sy st ems when the two-quantum (or Ra nian)

V 1. t ransi t ion is  r es onant  or near-resonant and condi-
(condit ions f i r  v a n  i t .  uf the  sudde n ap lir o in i a— (ion ( 102) is  s a t i s f i e d . Theoret ical  studme s ’’~

9

t i n)  - Ot f . -r w i  ‘c . ~be rot i t  lv  p r~~ .ir ed  in ir i za— have shown t h at  in t h i s  l imi t  the equat ions of motion
t i ( m n i -a n t t r i m l y  i - c . , - .- , an d in st e a d  w i l l  t od to simp l i fy  and reduce to those of an effective two—
fo l low t h e  t i m e  Eu ni’, i - I r  ( I f  t t i e  ~. , tmi r ,t t n~: f -  ‘Id. level vr t e m , so that  the t im e evolution can be de-
li , however . ) ~~ , Pi t ’  ct : . io-ce.c i~~nal cent - but t on  sc r u - ’ by a vector mode l in which a two-photon
as..u ~ t m  ..l w i t h  i f  • - ,, t i r , m t , - J  l i - v t - I  p opul at i  -i-i s I3Ioc h vector precesses about an effective field .
will still decay at it .~ cha ract er ist ic rate. Ex eriments”~~~° have verified the different

- . - - -- - — -
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as required  by Eq (A 2 ) .  Thus , for  ~ — 0  the quan-

i-i - f e ’ :.l ir  - - . — t e -~ - — ‘- i t ’  01  . :  a o d :’., t t  s~~~- n  .
~~~~~ 

t l t ,  .ri c u r l y  b r , m c e i - t -~ : i ;u s(  approach

Ch .i n - . -  ; s , f - i ,- :: . C . i .  O f  it ‘i t h e  ~ .t - s e  .. s h I - . ’ i i - ,- (ô 1 + 
~

-
i2 

‘
~~ ) — z - ~~ ~~~~~~ ~)— f 0:~~t c i i . I ; - s o - ’ ts  .,r;d I . l i i : . C t , V  C

l et - , i . i  - • r :1,  i . t c t i ’  0” , 0 ‘lii  ‘?  - ç i . i r i .  i .t c e l l  ~~~ . -n- s 
The sign of lot Ct ) g i v e s  the pos it ion of tine c •

iq dt ,
- - : -  i -a : , ’ si r t ,  ;. - ‘ ‘‘ ~ ‘ c an  a l l  by -s : t n ; ~ -J T i ’ 

r i - t ( p ( i n1 1in ~ pole in t f , c  comp lex k 1 t - p lane . f r : - ., i ,
CX I i  :~ - ‘i UI n - I t  . - l  s . ‘. t ’  - i s , Cm i ; ’  i . .  p u n . - ~~~~~~ 

is a lw. ty s  n e c a t i v e , she reas the s ign  (.1 In -., S I C J ) J

p r - b.. t t . l i t s i t t i ’ O s  1;. ce c, - c -  :~~:i , - ’n Ie~ - - I , -sd- Id is the sant e as that  of x .  Since ~ is de t e r r . on ed

I.. a.: t o - ;  mc - u n ... ’ - - 0  .t LIn u t  i n e l a s t i c  c~ l i —  
by c o n t i n u i t y  f rom x (0 ) , ln i (,ij , a cont inuous  func —

Siuns . 
- (m en of ~~~, can chang e s ign  only if i t  v a n i s h e s  for  a

given value of B . It is easil y shown that Eq. (A 2)
cannot have a real solution s ince v and -, are

k( I, ’- O t % L )  l)( .ML ’~1S always posi t ive .  Thus ln t[ x ,(~ ) ] is ~~ways t~egative
We C m , s f t  b i  i f .  i n , . ‘ ,.nI - ( h - h e n - T ~ ni ioud ; m - r  and lm~ t~~ 3) )  has the sign of x.

SI- ’. c. ,l — t m  . ., t  :-  - mu - : u s s i o n s  t i n  t o: — sub je- t , As exp lained i n se- c - III 13 of the t cxt , only the
ari d D i r .  is, l i e - -s -r i  - i -  . a n i ’ i ; the C - I n ;  u t e r  poles of .v l v i n . ~ i n  the upee r  half of tir. e comp lex
f i ~t u r m .. 0:7..- - u- ‘.1 1).; .~ ~~~~~~ I - -  t f. . t t~c A l ;  Ja— plane can con t r ibu te  in the v e loc : t v  in t eg ra t i ons .
\ . i r , Lfl ,  I ‘h - i l  I c  - I  U r  i :  i t  k i n d  i i - — , LOP - 

Thus , th e’ ~~. pole never  cont r ibu tes , and t h e  i

d u i  in .~ h i s  . . t , v  at V I ’ . 0::,- of us  - tml . S .}- .) -is e-~, pole can cont r ibu te  only  for  ~ — 0 ( c  =i . l , k 2 > k ~) . 24
~~

t

to .~~ ~~: . . .. ... i - — 1 i i - : .  t f . c  . \ I i e d  P. SI .iti Using th e def in i t ions of O , ~
‘ and ~ introd uced i n the

Poundation . This 5-  . r ,  sos support ed in part I))’ text , t h is pole can then be writ ten in the form
thy Nat ~~~~ sC i C ’r , C , -  i- u ; i : ; d . , t ; o r i  and tI-c U.S. .-\r my
I ( & ’ s e a r m i i  (Sl it - c ID — .; - l .m i t i  I ,

~PPI-~~IflX luLl ~~~ 
m r m m ~~~~ ~~~~~~~ 

_
~ o4 — i~K~~ —

~~~~ V~2~

1 h i i _  a ‘l~ 
r i , h i ~ anal - i t s  ( t i e s o l u t i i n s  of the I qua —

h i m  + 4(~~+ i&)2 +S2J m 1 2 l  
. (A8)
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sATURATç~ ABSO RPT I ON spEcTn0s CoP~ 0:-’ ci t  OH
J . R . ~~ . Lei te  , A. Sanchez, H. Ducloy and ) 1?&. Fel& -

Physics Depart r ’ant  and SpectroscoPy Labor atory
Massachusetts Institute of Tcc~ rology

Caisbridcje, Massachusetts 02139

Up to r.ow ot h y l  alcohol has been the I
most f e r ti l e  r-s . I ~~c--ale f o r  qenera t ~~r .g f a r
i n f r a ru d  l a- t er  r ad i a t i o n  via  CO.) lc-ser  op-
tical p . j ~~~r.c~ , i )  Nun ’erth c 1e s~~, af the
numerous  Cin CI :  u - a c - r~i 1 l imet e r  emission linet  ~ NoCI 

______ ~~~oCl Au -Geand t h e i r  c~~r n  - - sc -oc - .n i n g  ja unI p t r a n Sit i O n S ,

fCH3O)~\ 
_—=~~~~~ -~~~-~~~-most of t r t  s~~ o t roscopic  as sig nm ent s  have

yet to  be rr.,adc . Detailed k now l edg , ,  of the  __________

quarit -w ’r. ri~c-T~~er ., r e l a x a t i o n  r at e s  tad di-
pole matrix eli~r, .snt s is essent i a l  iTor a s— F i gu r e  ~~~. Exp er in t c r .t Sl  set u p .

seSSi rig fu r hcr  ~a te nt i a l  of these lasers
as sources and t iti r new f undamen ta l  s tud ies
of the p hy s :Cu  of th r ee  level syst cms. the P 134) over lanping  l in e  is

In what follows we report some high ‘rorr~~~. By observing the l~ r.cwidt,i t f  tt~.c’
resolution spcctroscopic studies on two Lamb dip with increas ’.nq pressure , Lite c’~-CH OH infrared transitions in near COiflC3. lision broadening cocfficicnt was f ou n d  ~o
de~ ce w i t h  th~ CO P 1 3 4 )  atad P ( 3 6 )  9 . 7  pta be ~= l8± 4  MH z/ Torr  (I I W HM ) . The re spec t iv ’
l ines .  Thei r  Jpe~~ial interes t  l ie-s in the num bers for 1the P 136) over lapping l ine  are
f act that both can be pumped with a low 

~‘-1.6±.3 m Torr and y=26~ 5 M H z/ T or r .
power (“P 3W ) Cl CO lase . to emit strong From early low—resolution studies (3)
CW submiiln ~n.ater r~dxntion. In tbl2 experi— it could be established that the CO 9.7ipi
ments saturate,i absorption resonances (Lamb band overlaps the Q branch of the C~~) par—dips) were oa.erved in a low presuure CI’! OH allei. stretching mode of CR OH. However,
cell using a ~table CO~ laser , from which the rotational quantum n’.imb~ rs for theprecise nt~n -tu : -treats of the pressure broad— various coincidences were un~nown . Their
ening coeffic~ 5~rits, linear absorption coef— identifi~ation was the subject of our Starkficier,ts and f :equcncy detunings between effect experiments. Applying a static el—
the CO attic C1. Cii lines’were obtained. I1t ectric field to the CH.,OH gas sample splits
subseq&ant ~xj 0riments a Stark field was the magnetic (m) sub1e~ els of the rotatio-applied , 1c’adi;tg to partial assignment of ma]. manifold . Consequently, each Lamb dip
the transitie,n_ . will split into a series of dips , reflect—

The expe.. ,.mer.tal set up used to ob— ing the character of the Stark effect (lin-
serve the L,a,.TL.. dips (2) is shown in Fig. ~ ear or quadratic ) and the level degeneracy
The CO laser , v,ith linearly polarized (J value). In our experiments P134) and
emissxe~zn , was - .. t at 100 toW power-level P(36) coincidences both exhibited linear
to elimin,~ te p -~~ -r broadening effects. A Stark effect. The following discussion is
piezoelectri.c iryotal , on which the laser valid only in this case. When the polari-
mirror was mou,-,tu-j , permitted a 90 MHz zation of the saturating field is parallel
tunability of -tarn CO line. An Na CI bca,ITt to the Stark field and the probe field pe-
splitter was ~u~d to 31v3.de the 1~ ’er Out— larization is perpendicular to it , the
put into two c )r..ponents, one inte;mse (

~~— Lamb dip splits into two multiplets, the
turatlri g beam) ~ind one weak Iprob ’ beam), strucutre of which are not resolved if
which were  pa .,ed through the l . 5~ . CII 011 

~e-~ g is small compared to ‘t’ (~ e (~ g~ issample ccli  ir ~~ipo sito di rectio i’st.. i~hO the splitting between adjacent rn-states tn
Lam b dip  O C C U t - .~ as a decrease in ~robe ab— the excited (ground) levels), The separa-
sorption as t]o - laser is tuned across the tion between the two components is thea
CH OIl ui~tie ce-i 5cir. By measuring t h e  fre— 

~= (~e+~g)/2. This relation results fromgJncy s s ’j a r l .  -ac t - ’, between the Lamb dip and the fact that the saturating field is iii-
the center of ;hc CO emission p r e f i l e ,  ducing ~iM=0 transitions while the probe
the Cit OH tro:. ~it:on

2frcquency could be couples to the ~m=±l trans~ tions.obtain~d with resolution much be tter than If, on the other hand , both probe and
its 50 ~_ it~~ cr c-idth . For CbS) P(34) saturating beams are polarized along the
CO~ l i n .~~~,, t he  n ’ . t h _ i c~~cc-T t r ,tnsr t ion ~~~~~~~~~~~~~~ - , Stark field , the Lamb dip splits into a
38±5 MHZ above the C0 canter frequency. series of 23+1 components, separated by
The transition ovcrlaØp ing the P(36) line 6=~Ae—~gl . Figure 2 shows the Stark pat—
lies 25t5 MHz above the corresporasing CO.) terms obtained for thc p (34) arid P(36)
line center . Inc ,abscncfn of Lamb dips i~ r coincidences. In these traces a 30 V/cm.
the P(32) r,d ‘(38) CO 2 lines incL -~

ates 10 kliz modulation was addcd to the ~~~.a t i ,
that the vc -— rr - .;.ionding CH 011 tr,sr,:.itiofl5 N300 V/cm) S’ark fi~ 1d , ;s, and phase
~ro detunea by ~t t  least 4~ ~~~~~~~~ sensitive detection was used . In cOr ,~~c—

Tho lino,st absorption coefz..~ ient fQr
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~~~~~~~~~ th ~ o b s e r ve-U  c i tj n al  occu rs as the Work supported by U . S .  Army Research
de r iv a t~~-i c af t t~c’ L o r cn t z i ax i  d t i : s , and the ~~ Of fice  ( D u r h a m ) .
central cot- -onent is absent. The 3 value Partially supported by Universidade
of the  i .r an t i t i o n  follows directly from Federal de Pernainbuco and C~JPq-Brazil .the number of dips . From data like Fig. 2 + Present address: Laboratoire de Pnys-
taken at d i f fer e n t  va lues  of Es and both ique des Lasers, Université Paris Nord ,
p ola r iz at i c :  c o n f i g u r a t i o n s  we ob ta in  for  Av. J.B. Clthnent 93430 V~lletaneusethe P(34) e:incidence : J= l , ~= .~9~~3M}Iz/ s (France) .
1kV/cm ), 5 = 3 . 3 z . 3 ~t H z / ( k V / c t a ) . “he corres— Alfred P. Sloan Fellow .
ponding v a l -..cs f o r  the P136) coincidence
aCC 3 7 , f. -~i 5t 3  MlI z / (kV/ cm) and 6=3.5±
.3 Mllz/ (kV/ .- ) .

iu rther  work is under way to complete
the assign atcr,ts . Preliminar y et.timates CH3OHfor the trat.s tion dipole roatri.’ element, 10 mTo rrusing symmetric top p crtit~~on ftinctions ,
are ‘..03 Dcuye for  both t rans t~ ons .  De-
f i n i t i v e  vu .. .~~s w i l l  Ce obtairei after the
1(2 quant-arn r...tmbcrs have been determined.
As for the per m a n e n t  dipole mom -nts, we
can Conclude from S/f . that the ‘.‘jbratjonal—
ly excited and ground state values differ
by %l0%.

Experiments are also in progress to kV/cm
assign the u ubrnillimeter emitting transi-
tions and ~t,idy their propertie- ;. These Figure 2a. Lamb dip Stark splitting of
experiments en.ploy a low pressut-e CH3OII 

CO2P(34)—CH3OH coincidence.sample cell , saturated by the putnp laser
and probed f- - tha subm il l imc~ er emission
of an opticc....y pumped CM 011 la~;er. Both
steady state and transien~ experimentsare planned .
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*QUJ~NTUM MEC H ANIC A L FEATURE S OF OPTICALLY PUMPED FIR C . W .  LASERS

J . R . R .  Lei te ** , D. Se ligson , J .J .  Mickey , M. Ducloy ” , A. Sanchez and M . S .  Pcld~Physics Dep arun ent  and Spectroscopy Laboratory
M assacliu .etts Ins t i tu te  of Technology

Cambridge , Massachusetts  02139

G e ne ru t i o -  of f a r  i n f r a r e d  ( T’ I R)  l a— 2.  Sy s tems in which  o n ly  t he  ttiumc
ser r a d i a t i o n  z~~- m  can s  of o p t i c a l  pumping t r a n s i t i o n  is  D o p n i c r — b ’- o . t i ~t :n’-
of mo l e . t u l ct ;  . . .  a r ece ived  i n c r e a s i n g  a t —  ~~ A’1U.S 3.S the  case in w n t . . t t  1~~t C  i)onpler
t e nt i on  ov ..r  t .hc p as t  f ew yea r s  ( 1 1 .  In e f f e c t  at the FIR fr e q u e n cy  ~s r . t i - 1~~- ; i dl e
the course ot- the —. .‘v e lopmont  of F I R  . compared to the prcssure-broa~ cr.~u Line—
source’s t a t  ir~~ortant feetures have been width , but the pump transitioi, is :,t~ 1l
lar gel y r.c l e c ue d ; ( i )  the assignitient of Doppler—broadened . ‘l ’hen t h e  s i n g le - qu a n tu m
the ~ utn p and F I R  t r a n s i t i o n s ;  ( i i )  the de— 2— 0 t r ans i t i on  and the d o u b le - q ua n t-u t s
t a i led  t u n i n g  b e h a v i o r  of the  F I R  emission. transition have the susi e Doppler s h if t ,
Xnowledga ~ f the -se  two p o i n t s  is essential causing the forward—backward cnisotret.\ ’ to
for a complete understanding of the opti— disappear. Furthermore , the gain curve t.s
ccl p u m p i n g  ir-cahanism , and for assessing centered at the FIR molecular fres .~-r.cy .
the full poteni~~al of v ar ao u s  FIR laser Only its overall amplitude depends on the
sou:ccs and th stir extension to ne’a spec- detuning of the pump frequency. The line-
trai ra~.ges. m e  assignment of CI1~OH shape of the gain curve is g iven  by
transitions is presented in anoth f talk. 

— a~ tt.’~
, cv-’ 

~This ca:usun1c.1t~on discusses the  i requcricy — r t ~chareeteristi:; of the FIR emission.
Analysis  of the optical pumping pro—

cess is usua l ly  based on rate equations f y +yQ 4..Lt(l_Q) +.~ S,
(RE) (2). However , it is well known that Re t .two-quantum Raman- type  processes, which L(Tol4~ &IX~t +T.%Q 4

~~,) +~~~/~t.
are not accounted  for in RE t reatments ,
play an important role in three level sys where y. . is the relaxation rate of the
tens of the type employed in FIR optical. i-i coh~~ence, 6, is the FIR frcq-aen c- .’ -~~.“

pumping (3]. For instance, these processes tuni~g and saturation pars—eter t.s
give rise to a directional anisotropy in (1+8 /‘i - .,) . When phase-chane:r.g C.,...-
the reenission of radia.tion . The way in lisions ate absent (y. ~~~~~~~~~~~~ )/2;- , the
which Raxnan-type processes manifest them— lineshape is a Lorent~~an ~f ~ id t f .  ~~~~~~~
selves depends on whether the transitions (FWHM). The linewidth increases wtt ! ’. t . t~-
are homogeneously or inhonogeneounly br~a— creasing pump intensity , and , at high
dened . For these different cases, we will tensities, the gain saturates (g~ l).
analyze the frequency dependence of the RE approximation corresponds to tr.a:~ing ~~ .
linear gain at the FIR 0—1 transition (fre— infinitely large in Eq. (1) , in order to~quency w ) when the excited level 0 is op- cancel the 1—2 coherence (absence ot Rusi n-
tically ~umpcd via the 2~ 0 transition Cu2) type processes). Thus, for weak pump in-

1 . tensities RE gives the correct result , cu t
1. F~Illy Dop2ler-broadened systems not for an intense pump , where RE prcd:cts

This cast is now wo..l understood 13). a gain curve whose width does not power
For weak pump intensities, the gain curve broaden (FWHM=2y l~ 

and whose poa~ inc rea-
is Lorentzxari, narrower in forward emis- sos linearly 3. The correct cehavior
sion (c~+l) than in backward emission (Eq . (1)] is a direct consequence of the
(c——l), and it. centered at frequency w1 X occurrence of two-quantum transitions.
(l+eó /u ) ,  w1~erc 62 is the frequency 6e— Notice also the absence of dynamical Star.~tunin~ ~? the p-amp. The full widths at splitting , which vanishes in the velocity
half maximum J”WIIM) are respectively ~r(±)= integration .

where y . is the decay 3. Homogeneously-broadened systems
rite of 1eOol~~ (4). In adaition , the When the Doppler effect is negligible
peak forward ~,.ain is greater than the for both transitions the gain curve re-
backward gain so that the “areas” under verts to the well—known results observed
the two Lorer,uzians are equal. The for— in microwave-microwave and microwave-HF
ward-backward anisotropy xncrease.~ with double resonance experiments. - In par t icu-
~~~~~~~~~~~ For l - r g c  pump intensit ics the lar , at high pump intensities the FIR line
f~ rward rcems..,sion line spl.tts in two corn— splits in two resonances , the splitting
pc.~ents becau~ e of the dynamical . Stark depending on the pump intensity and the
sp1it~ ing . The line splitting is given by detuning of the pump frequency ( 5 ) .
26w , V’ u

1
(w~~

-t , ) ,  where B is the Rabi mu— 4.  Experimctntai obscrv.stions
tatio~ :eq u~~r .cç’ on the 0—2 transition The experimental stud y of the FIR t u r t i n -’(8.”pE/Lj. Tf.t. sp).itting in maximum for behavior for different cases is under wiiy .
w1 w2/2. The sample is a methyl alcohol cell pldccd



inside a in waveguide cavi ty  and optically
pumped by a 11W c .w.  CO., l aser .  Pre liini—
nary studies of c .w .  F IR  emission at A”
120 ~m [pum p ~= 9 .7  u r n ,  P(36) line), A~ 80

~m ( P ( 3 4 )  pu.-’-p )  and othe r wavelengths are
in progress. The emission f requency  is
tuned w i t h  a PZT mounted on one of the FIR
Cavity r ni r r c:s .  At  both 30 urn and 120 urn ,
for low (~.l00 mTor r s )  pressures  (case 1) ,
two narrow bands of F IR  emission are ob—
served when t he  CO ., pum p frequency is de—
tuned from the CH,OH center frequency .
These correanona fo fo rward  and backward
reemission cenponents of the stauding-wave
FIR f i e l d,  ~~a era symmetrically located
around the FIR transition frequency. Due
to the small values of ~~~~ 

(0 .08 - . 0.12), - .
- -

the forvard-aackward asyismetry ~s very 
-

. 

- 
-

-

weak. Ree.r~ia~~.on at A~’40um LP 34) C0
pump)- shou . --rubit more pronu-unced ~~sym —
metrics. C . - .a (2) and (3) will be stud-
ied by goin :~ higher pressures and lort—

• get FIR wavt .ar .gths ( A ~ 500 urn). Obser-
vation øf transient FIR emission, obtained
when the pum p laser is suadenly turned on
or off, is -ulso under way, in order to
check the theoretical predictions of a
previously performed anal.l’sis [6).
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Quantum Mechanica l Features of Optically Pumped
CW FiR Lasers

0. S~ LIGSON , MARTIAL DUC LOY , J. R. I~. LEITE , A. SANCHEZ, AND M. S. FELD

Abitrtwi Quantum ~ne,~~i.n*cal predictions for the gain of an op- non model. Some of the quantwn mechanical predictions axe verified
t id ily pumped CW I -k R b~ c~ &Sc presented for cases in which OflC Of us CH3OH.
bu llS ,f the pump m u - . R tiansitiofls ate pressure of Doppler
broadened . Ihe reiults arc cumpated to those based on tini rate eque-

G 
ENERATION of far infrared (FIR) laser radiation by
means of optical pumping of molecules has received

Man us. rt pt recei ved Fcb: .s-ary 4 , 1977 ihis work was supported tO increasing attention over the past few years [ I ) .  Analysis of
i~srt by (hr U.S. Army Re’earch Olfice (Durham) the National Acm -
neutw s and Space Admin istration , the Universidade Fedrral de Per- the optical pumping process is usually based on rate equation

nansbuco ~nd the CNP q.Brazil under grants to one of the authors (RE ) treatments [21 . Such treatments neglect important con-
ii It. It. L l and .~n Alfred P. Sloan FellOWshi p (MSF)- tributions to the FIR gain due to multiple quantum processes
1). Schgso n . J R. It. Lette . A. Sanch ez , and M. S. Feld j re with the

l)epartmen? of Physics and the Spectroscopy Laboratory - Massachu- and modulation of the time.dependent wave function. From

set ts i nst itut e of Techn~kogy, Cambridge, MA 02139 the quantum -mechanical (QM) point of view an optically
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rant rule I - 1  c~ ainp le - ~ uuhle quantum transit ion’ can oc’.ur
~ . ht.h u tt iu lc . 0k’ ;r. :ially in the ground state undergoe s a - ‘ .. -

ohe ren t  t rans i t ion to use lower level of the FIR tr. nsit ion by
sirnultanco.usl~ ansor b~:.z ~ pump photon and emit ing a FIR
photon - Such proccssL ~aI modil) the gain an - in sonic

ca ses . gIv c rise to d irec: nal anis~- truu p ~ in the FIR ase r eruts

siun 131 . [41 Acco rd r r  - a comp lete  understan uling ot the —— -

.~u3nl~.m n c  ~~ I c ~~ I U r e S  makes t t possible t - opt im ize  I ~ r h r c e - k s c :  ~u s:c ~~ -~s~J .‘ .ks~ ~,tse ~~ c’ -~~~. - c’ ur~ reJ 1

the output chara c terist ics of such lasers. For exany le . in u- t i e .,~cr  The pump tdd rcsonalcs wOt- . thc 2 — )  ~Jns): lo r . m -L-~utar
- ~c’ f l t Ct  t r t-quencs ~. . rh~ HR a~~r emission ~~~~~~~~~ ~ ~~~~case [51 it h4s been ~~ ssibl . I achieve ~.‘atn an d laser Oscil- ria nc it lon. m, Ircuiar ’ r r tc r  frequency

atlon in toe .,nscnce ot p op u l a t i o n  inversion . ‘1 c wa~ in
w hich R a m a r -r ~~pe pr~u~ e~scs mari tes!  the mse lve s  - cpcnds ot ) 

— k ~
~hether one or h rh u: the ~oup led transitions are ‘ ressure or

~~p; .er f~~,j tenc ~i In ~s ec ! to f l s  i — I l l  the predict ions of the fl.~ 
— ek 2 U ,

QM tre .u n c n t  t o  the a n  of an optically pump d laser are 
k — 

~~~Jt~c i~s~t u J  I t  the s.uno s case s Section IV presents some FIR I — I C

lase r exper ime nts in wh.c h QM features , not predi c ed by lu te The frequencies 5l ’
~ and ~~ are those seen h~ the molecules in

e qua t iou s are  observed th e ir  rest frames and are Dopp ler shifted by Ac 1 i- and ek 2 i- . re
Tti ~ th e e t i L d i  model [6 [ con s iders a three -lcve l system spective ly . For copropagating (counte r propagat in g)  beams we

cu ) mp se J of a pump t r ans i t io n . 2-0 . center  frequency u 2 ,  have e + l ( e  = - I ) .  Depending on whether pump and probe
coupled t u ,  .~ F IR t ran si t ion . 0-1 - center  f requency ~~ , via the transitions are pressure or Doppler broadened , a ny of the cases
common level , 0 I Fi g. I It is assumed that in the absence of described in the following three sections can occur .
the pU mp 35c r only i c  ground state . le vel 2. b populated
( t o t a l  popula t ion  n 2 ) .  The pump field , E 2 .  at frequency ~2 2 .  I HOMOGI -NEOUSLY HROAI)ESF I) S’i ST I- MS

can be arb i t ra r i ly  large , b ut  the field E 1 , fre quen cy 52 t , gen HIGH-PRESSURE REGIME

crated at the 0—1 t rans It ion is considered to be weak (7 J  . When both transit ions are pressure broadened (~y >> k 2 u)
Different  re laxat ion  rates (7 ’s) arc includ e d in the theory : pop the velocity dependence at both pump and probe frequencies
ulat ion decay (~~~ . Vi - 7~ ). pola r i lat ion decay (‘7oi . 70 2) .  and may be neglec ted (i.e., 52’~ = , = 5l~~), so the factor in
decay of the R ama n c u i n e r e n c e  ( y ~~ I The quan t i ty  of int erest  brackets in ( I )  becomes velocity independent and the remain
is the gain induced at the 0—I transition by a weak probe field ing integration over W(u) gives unity. In this case the gain
E 1 p r o p a - o t i r u ~ e i t h e r  para l le l  or a t i t i pa ra l l e l  to E2 - Let W(u)  curve reverts to the well-known result of microwa ve—microwave
he the n u r ua l i i e ~l vc’~ oc’ ty  d i s t r i bu t ion  of molecules with ye- and microwave —RF double resonance experiments. Fo r sim-
loc ity comp onent  u along the propagation direction of the p licity , let us inspect the case in which all relaxat ion rates are
fIclds. equal . Equation (1) can be written in the following form , fi rst

given by Javan [91 :
W( ~i) - - -—c- cxp - t v - u ) 2 , = 2kT/ M 2n 2 I

U s/ iT G=G I
° 2a 2 (2  y~ + (a + b) 2 .V 2 + (a -

( u  = t t , e r j l  vel oci ty  . 1  — m olecular m ass) The probe field
- ~ 2 _ i.2s~~~ 2 2~~ _ 4 1gain is t h en  given b y  (~ - + 

1a ~~ + 7 , 7 1
- 

- 
(4a 2 +7 2 ) [7 2 + (a+b)21 [72 +(a - b)2 11 ’

-~ ‘ ~ ho ~ u o  J ! __ ± i~I~ W(t, ~~ V . (I) where

where f,o =
c h 7

4,r ‘°~ ~~ , = (~~ + 4~3
2 ) i / 2/ 2

c Ii 7
b = A 2 / 2  -

u2 i i ,‘( 2t~ ,
and

I t .
~~ ‘~‘ 7 in .  A = 5 2, — ~~
., - The first two terms give r ise to a doublet with resonant fre-

-~ a ‘7ao . -
qUCIiCSCS at

R — (A A’2) 
~~~ 

fl i(±) =ul i +~~ [A 2 ± (A~ +4 ~~2 ) i / 2 1 .

A Il. 1 2 + 4Ø~7~ ,f (7072 ) ,  The third term , which is due to interference originating from

B — 
overlap of the components of the doublet, is important only at

— I ‘ low intensities ($ <‘( y) , when the splitting is small. For very
= - 

~~~~~
, / 1 ,2, large intensities (j3 >> 7, A2) the doublet separation is 2~~.
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Tlui~ spu t t i r i ~ i~ a t~i.i rn Ic  t a t n n ut  t he dynamical St4rk e ffect The RE approximation corresponds , again , to setttn g ~~t =

A u t l e r - l o w i e s  et fe c i in (3) .  For weak pump intensities the RE lu’nit agrees with the
Let us first d rnil yLe the gain expression for the case of reso- QM result but not for an intense pump, where the RE predicts

n ant  pump in g  (A~ = 0). where G is always largest. At low in. an emission line that does not power broaden (FWHM =
te mis i t i es  a ~~~~~~ gain of ~~~~~~~~ ~~2 occurs at A 1 = 0 The peak and whose peak gain increases a.s ~3’7. In contrast , for large
,diutl t f l c , e a S C S with in cr ea ~rn g pump in tens i ty ,  reachin g a max i37 the QM expression . (3), predicts that the gain reaches a
im um value G~ ’3 t or  3 — 7/2 .  At a slight ly  higher t n tens i t ~ limitin g value G~( 2720 .~~0 — I ) .  ‘fl’sis behavior i s a  direct cur .

3 5~’, T i  th~ line begin, :o split. As ~3 continues I i  increase sequence of the occurrence of two quantum transit ions.  ~~u
the sp li tting increase s , 31 -i for Ø>~ ~ the peak gai n a~ each tice also the absence of dynamical Stark splitt ing, which van-
du.~ b let  cu mp on el t ap pr ~- ches a limiting value G 014 . ishes in the velocity integration

F o r  u ff resonance p u m p in g  (A 2 >> ~5 >> ~) the gain curve When the pump field becomes so intense that 3 7  k 2 u the
Is agai n in the ~~r r i i  of a double t  wi th  peaks of equa l magni Doppler shift  at the 2 — 0 transition is no longer important , and
ru le G ,- , ,12 A~ ~ c~~ur ~ iri g = 0 and A 1 = A 2 - the system reverts to the homogeneousl y broadened case of

The cor responding expr :ss ion in the RL limit can be ob- Section 1.
:a ined t r i m  ( I )  by se t t r r c y 1 —. 0°, which has the effect of
, u -np lc t e l >  des t r oy i n g  the  Raman coherence . i .e .. 00 doub le I l l .  F U L L Y  D0PP LER- B R 0At ~E N E U  SYST E MS
quantum processes ca. r then occur Setting all other decay The fully Doppler-broadened limit has been studied exten-
r a :es  equal we I t i en  obtai n sively over the past few year s [6] - In this case ~ < < ks 2 u ,

and so the Doppler shift at both transitions is important This
G~~ = G 0 ~~~~~~~~~~~~~~~~~ 7

2 + 4a2) - 
gives rise to a directional anisotropy in the gain . The integra-
tion can be performed analytically in the limit ~ 2 <<7(ku).

lii c o n t r a s t  t~ i t  t u is ex : i c s s i o n  is als~ays a I..orentz iuin func- Complete expressions may be found in [10] -

t o n  of A 1 of wiut h ~~ (F W FIM i, which has a peak value at For weak pump intensity and no dep hasing collisions the
A 1 = 0 of magnitud e emission line shape is a Lorentzian , narrower in the fo rward

direction (e = + 1) than in the backward direction (e = — 1 ) ,  and
2 ,12 

is centered at frequency 521(e) = 
~~~ 

( 1 + eA 2/u.i2). The re-G0 ~~2 + 4,12 spective linewidths (FWHM) are

Therefore , for We a r~ pumping the RE predicts a peak gain 7(e) = 7t + 7o + (72 — 

~7o) ~‘-~i / ‘ -~2 -  (4)
2G 0~

2 /7 2 , somewhat srn c:ler than the QM result For strong
saturation the Rh limit p :edicts no splitting and a peak gain The peak gain , located at frequency Sif (e) for e = ±1 , is given

by
th .it  is twice as large as tki t u - f  each doublet component

G(e) = 4G~~2/[707(e)]. (5)
II. SY S~ i-M~ ~~ W iicii t ) s t y  TH E PUMP TItANSI n O N

Note that the gain in the forward direction exceeds thatis Doio’Li.K BROADENED
in the backward direction [G(+) > G( -)] , and that because

Plu s is the case in whi ct. the Doppler effect at the FIR fre- 
~‘(+) G(+) 7(—) G(—) the “areas” under the two Lorenizians

&lue ncy 5 negligible .omp.~red to the pressure-broadened line- are equal. The gain anisotropy has made it possible to con-
w t i t h , but  the pump tc.rnsi ti on is still Doppler broadened stru ct a unidirectional optically pumped laser amplifier in a(k u << — y <<k2 u )  There~ore , in the velocity integration of ring cavity configuration [ 11] -l i t h e  k u velocity dependence may be neglected (5~’~ = 52 i ’  The gain anisotropy G(+)/G(—) increases with the ratio

= - ek 2 u) .  This gives 
~~1f ~~2 In the case when all the ‘y ’s are equal

2 3 2 
G(+)/G(-)= I + C ~

) i / C ~
)2 .  (6)

In the limit of~~,1/ ~o~ << 1
r 72 t  ~ Y . - -iQ~~7o( Q- I ) / 2 + i A 1 . _1 (3) G(+)~~~G(-) ~~2G ’12$2 /72 ,Re 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~ 72 i  +72o Q)j ’
and the anisotropy disappears.

wi th For large pump intensities (ku > $ > y) the anisotropy be-
4 ~~

‘ -. H - ( A 21k 2 u ) 2 ]  tween forward and backward emission line shapes becomes
I k. u/ s,/~ 

‘ even more pronounced. The backward emission line shape re-
mains Lorefltzian , with a linewidth ~ + Q[~0 + (Y ~ + 7~ ) -

f l - i  ‘dl ~r a t t > n  p arameter 
~.) i /(O2I  (FWHM). Accordingly, for large $/y the backward

— 
~l i- 4~~

2 / y 7 J  ii gain profIle power broadens. At the same time its peak value
approaches a limiting value

When ph3sc thanging ~.u i  lisions are absent (i.e., b r 7,j = 
G’072/[70 + (72 + 7o ~~~~~~~ -+ 7~)/2~ the numer ator becomes a factor of the Jcnomi-

nator , and the line shape oecomes a Lorentzian of width In contrast , at large pump intensities the forward emission line
+ ~~Q(FWHM). shape splits symmetrically into two components separated by
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- .- ~ 
~~~. The spli t t ing of this doub et is max ~~~~~~~~~~~~~~~ . ~~~~~ .. 

- 

-

imum for .o~ ~~~~ 2 Th is splitt ing is another manifestation • T~ ‘ - ,  - 
‘

>f the Us na:ruk St~ r k  ~~f ee t , disc ussed in Section I , which is 
~~~ :‘e P#r~ 

~~~~~~ -~

prese i vcd in the  t u ~ i~ lkipp ler- bzoade ned limit w hen F1 and r ______

di e  cu p r - - p a ~a 1i ng N r c , however , t h a t  al thou n h  the spli t -  ~~~~~~

tin g increase s l inearly with ,1 as tn the pressur e broadened 
- -

case - its rnagi i t u d e  is J i f f eren t  In contrast  to i - c  counter-  
—~ 

-

pr op agatin g cdSC , the cal. gain of each compone nt does not
satu r a te  with inc rea s loy pump intens i ty ,  but instea d continues l i g  2. Exper imenta l setup for s tu d y i n g  th e CH 3OH HR 1~aun induced
to increase a 7 1

1 2 ip to t he point ,1 ku , where the sys- in in extern al , optscaliy pum ped sampic ecU

tcrn is no lunger Do pp er  broadened and the gain sats rate s , as
described in Se~ti on I

In comparison with the above results , the RE approach in
uie f ull y Dopp ler -broaae iel  limit predicts  identical Lorentzian
gain prof iles centered .o £i?L 1 ? There is no forwar d—back ward
anisotropy, since Raman-ty pe processe s are neglected [3] For
weak pump intensities the gain curves are identical to the
backward gain curve ut the QM case . For large pum p inten-
sities the Lorentzian s ~owe r broaden. in the case of no dephas ~
ing ~u u1 lo tuns In c  l ir ie . -.- td ths  are )‘~ 

+ 7o + Q(7o + 7 2)  0.2 1 10.12
( FWH %1 ) , somewnat urrower than the e = - I OM l inewtdt h ~
With incre asiog pump intensity the peak gain (for both e ±1)
approaches the l imi t ing value G ’~ (w 2 ~~~~ 

) 72 / ( 72  ~ ‘va ) .  which
is larg e r t t i a n  tha t  ol i i  I QM peak gain but  smaller than ~~~~~ ~~‘-“~~ 

—

the gain peaks of the e = + 1 doublet. FR EQU E NCS ‘~~N ’.3

Fig. 3. Observed FIR gain profiles. Lock-in amplifier output  vetsus
IV 1:xPERJMENTS FIR probe freq oency is shown. in traces (a), (b) ,  ( c i  the frequency

- setting of the CO 2 pump Ia~er is successively incremented by 7 MHz
We ha~c s tu d i ~ d t i c  emi ssion characteristics at an optically

pumped HR system which is full y Doppler broadened Two
types of experiments wil l be described In the first a weak CH 3OH (Fig 2). The collimated output of the FIR laser .
tunable field is use u to probe the gain line shape at the FIR aligned to coincide with the CO 2 beam , was used to probe the
transition io an optic al ly pumped external cell Subsequent gain at the coup led transition of the CH 3OH sample cell in the
experiments study th e frequency characteristics of th~ output forward direction. A IPX filter placed after the sample cell
of an op tically pumped FIR laser. In this case th~ laser fIeld was used to reject the pump beam and transmit the FIR signal .
itself serves as the probe. A He-cooled lnGe detector was used to detect the FiR radia-

In the gain line shape studies a CH 3 OH sample cell was tion . The CO 2 laser was chapped at 100 Hz, and synchronous
pumped with ~u CO 2 laser and probed with the radiation from detection was used to measure the ga in.
a FIR CH 3 011 lase r The CO 2 laser , capable of delivering Fig. 3 shows the output of the lock-in detector as the FIR
12 W CW at 9 ‘ ~c;i , had a 1-rn discharge and used a diffrac- frequency is swept. The sample cell pressure was 50 mtorr
tion grating fo~ iin~ selection Power was coupled out of the In gain profiles (a), (b), and (c) the CO2 pump frequency was
cavity via the aerot . diffraction order The frequency at the successively increased by increments of 7 MHz . The distortion
CO 2 lase r could be controlled by adjusti ng the voltage of a in the line shapes is due to the power change of the probe laser
PZT atta ched to ch~ end cav ity minor. (operated at 300 mtorr) as it is tuned over its ‘—1 0-M Hz range.

Most of the CO . laser power was used to pump the FIR The gain profiles are found to be 2.4-MHz wide (FWHM).
laser. The I l R  laser cavity was of the waveguide type with Power broadening was negligible at the available pumping
two fiat mirrors , a~e of which was mounted on a second PZT. power , so that if we assume 7i = 7 in (4) (wi th e = ± 1)
The Ilk cavity n des could be tuned by adjusting the PZT we obtain 

~ 
24(±6) MHz/tori. Under these experimental

voltage The CO . øump beam was focused inside the FIR conditions a peak FIR gain of S percent/rn was measured .

cavity through a 2-min-diam hole in one of the mirrors. This The forward—backward gain anisotropy is one of the most
hole also served to couple out the FIR radiation . The FIR interesting predictions of the QM treatment in the fully

~avity was i’ulled with CH3OH in the pressure range SO- Doppler-broadened limit. Equation (5) predicts a higher gain
500 rnt orr  Using different CO3 pump lines. CW FIR radiation in the forward direction than in the backward direction , the
at several wavelenpths could be generated (1 ~~. The expert- gain anisotropy ratio being 1 + o~ /a.~~, (6). For the 70-Mm
merits reported bc ow studied the FIR emission of the 70.5- FIR transition u.~ = ~~~~~~ yield ing a small anisotropy ratio

~m line , (P ( 3 4 ) 9 i (..m CO2 pump ] which would be difficult to observe in forward/b ackward
In the external c-d~ experiments about I W of the CO2 laser probe experiments. Instead, the gain anisotropy was investi-

power was spit ‘ if from the main beam and sent unfocused gated by studying the tuning characteristics of the FIR laser
0.) pump a 60’cii cell filled with low-pressure (< 100 mtorr) itself , because near threshold the power output is very sensi- 

.. - -
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0
a

I i~ 4 I r c qu c n ~~ p r u t .k I l k  gu n  induced by a sr~~iding-wavepa mp t ictd t he dashed : s  shoss th e Dopp ler prof il e 1 the 0— I 
-tJans&t i ~’n a ) and hi  s:; v. the ga in cont r ibut ions  uror- the r ight-  .— -- — —~~ ‘ ‘ ~“-- — -

and l e t t - p r - ~.ag ai i n g t ra s ’. l n ~i ~ ave components of the st .~;3ding wave Ci  •~~~
- _

~~
• 4~~~rfield P .a k s u c c u t  at  £1~ - _

~~ ~~~~ ~‘.ote t : , a t  in both 
-a) and I b )  -.0 - -~~i~ 5~ f i t  the cmlsslon component  above (be - ,~~~~~~ - - — -ha~ hi~ihcr din - ASS . ~RE3.€C ~

Fig S F tP . laser ou tput  tuning curv e Laser o u t p u t  int e n s i t y  sers u s
t i ve to small changes in ~ alf l  In these t-xperimen i~ the FIR cav ity runusg Is shown (a) on-resonance pump ing ~~ 0). )b ) .2~ =

7 MH z , t c  
~~ 2 1 4 MHzl.ise r W j S  oper ated in t i i c  oss -pressure (~ 0 m t o r r )  arge .  In

order  to :esulve the for~~i rd and backward emission ~ine sha pes
the pump lase r was detu ne d from the center of the CH 3OH
trans i t io n It is imp rt a n t  to realize tha t  the gain ar isotropy , R E F E R E N C E S
usuall y des~r ihe d for the t i ave l ing wave pump field , is not de- I I )  1 Y Cbang, “Opt ically pumped subm ill imeter wave sources ”
st ruyed when the pump field is in the form of a standing wave . IEEE Tra ns M,cr owav*- Theory Tech . vol M11’ ?2 .p 983 , !974
as is the case in our FIl~ cavity (Fig . 4). if the pump laser is 12 1 See, fo r ei~a mple , I A Delemple and E. t.)anielewicz “Cont in-

uous-w ave CU 3 I waveguide Laser at 496 M m Theor) and experi-
set at the high. (low-i fr~quency side of the CH ~OH .ibsorbmg mcnz ” IEEE J Quantum Electron., vol QE- 12 . p 40 . 19Th
tiinsi tion , the htgh - (lo’~- frequency component ol the FIR ( 3 1  M. S Feld , “Laser saturation spectroscopy in coupled Dopp ler-
emission h o :  shape shouid exhibit higher gain , anti this gain broade ned systems : How to find a needle in a haystack .” in

Eund.ame nr al and App ited Laser Physics , .4 S. Feld , A Javan .asymmetry should give rise to a corresponding asyr irnetry ~ and N A. K u r n u t . Ed New York . Wiley . 197 3 .p 369
th e FIR lase r ou tput  as :he F I R  cavity is tuned. (4 1 V. P. Chebotayev , “Three-level laser spe’ctroscopy.” in Topics in

This is verified in the experimental results of Fig 5: when Applied Phys ics , vol. 1 3 , K Shun oda. Ed Ne w York . Springer ,
t97 6 .p .  20!.

the pump is tuned to t~ e center of the absorbing transition 151 N Skribanow itz . I . P. Herman , and M S. EcI d , “La ser osci llation
0) I )  forward an~ backward line shapes overlap, giving and anisorropi , gain in the I — . 0 vibrational band of optically

rise to a ssngie symmetr i a1 profile of the FIR laser output t on-  pumped HF gas ,” App!. Phv s K e r r . ,  vol . 21.  p 466 , 1972. For
the case of off-resonan t pumping , see the recent work of T Y

ing curve . For a pump frequency detunin g of ~~ = 7 M 1-I.z Chang and J. D. McGee. “Off- re sonant inf r aj e d  late r action in
2) the components begi n to spli t and the gain asynimetry be- NH 3 and C2 Hy without population Inveru on .”App / .  Phys Lef t .,
t omes ap1) arent .  With -i reased detuning 3) the spli t t ing be- vol 29 , p. 725 , 1976 .

(6J See rev iews 131 and 141 and reference s there in .
omes larger and b oth • eaks decrease in magnituu~ , b ut the 171 The case of strong FIR fields I L )  has recently been analy zed for

l a ~kw a r d peak dc~reai. .nore rapidly since its gain is close r a coupled homogeneousl y broadened system by R J Temkin ,
I I )  ts~ Ihatlon tht c sh .uld r “entua lly only the forwar i emission “Rate equations and theory of optically-pumped submillimeter

lasers .” in Cont Dig Second In:. Con! and Winter School on
component h as  enoug h ..in for lase r oscillation. Submdhimete, Wares and their Applications, Puerto Rico, 1976,

Similar eilC ~ tS have been observed in the visible in a three- p. 43; and P.. L. Panock and R. J Temkin, ‘interaction of two

leve l system in neon in which the common leve l (leve l 0) is laser fields with a three level molecular system ,” this issue , pp.
42 5—4 34

lowest in cncrg ~ 1 12 1 ( $I M. S. Feld and A. Javan , “Laser-induced line narrowing effects in
Fur ther  exper iments  ! exp lor e the QM features ol optically t-oupled Doppler-broadened transitions ?’ P hys Rev ., vol 177 ,

pu mped ( ‘II~OH FIR las er s are in progress. Studies ate  planned p. 540, 1969.
(9 1 ~~ . Javan , “Theory of a three-level maser .” P hys. Rev., vol 107 ,

sing t ransi t i ons having shorter FIR wavelengths , where the 
~~

. ts~~. 1957.
1 aln anisotrih y is more srunc,unced Cases ( 1)  and (2)  will be (101 H. J Feldm an and M . S. Feld , “Laser induced line-narrowing ef-
studied by going to higher pressures and using l inger FIR lects in coupled Doppler-broadened transitions . II Standing

wave features,” Phys. Rev., vol AS . p. 899, 1972.
wavelengths (X — S0O~~ si). Studies of the transient behavior (Ill N. Skribanowit.z, M. S Feld, R. E. Francke, M. 3. Kelly, and
)t the FIR emission . obtained when the pump lase r is sud- A Javan . ‘Possib thty of a unidirectional laser amplifier produced
lenly turned on or off , c also under way . by monochromatic opt ical pumping of a coupled Doppler-

broadened trans ition, ” Appi Phys. Left., vol. 19, p. 161 , 1971;
N . Skribanowitz . I. P . Herman , R M. Osgood , Jr.,  M. S Feld ,

Ac -~rsO W LEi )(,MI.N1 and A Javan . “Aniso tropic ultra-high gain emission observed in
We would like to thanui  J - Mickey and C. Doda for their rotational trans itions in optically pumped HF gas ,” A ppl. P*ys.

Letr ., vol. 20. p 428, 1972.
ielp in the cxper it -scr . ’ ., and W . Ryan for expert technical 1121 I .  M Bcterov and V . P. Chebotayev , “Three level gas lasers ,”
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- . ins c: r d  i~ed ‘‘. ib i  , : i , tt : a  I ~s ‘5 II si n s  t ! - () I )  r o t a t iona l  vibrat ional  t r ans i t ions  ot a d i a t omtc
- .~~ ~~ last-i es~ 1 . : in + -\ li t - i : c a! rn ‘dc molecu l a r  gas When the lase r pulse t ime 4 r~, I is (t ri g

is Je t ’. e :  ~ h ich p c d i5  t -  , : i  t i nde r  a~ pr p t  ate con- compa red to the rotational bottleneck time It 13 I. the
( u i  li’fls sc’s ~r a l  c (U a t i I J  fit - n: ‘!c’eult -  , t t  bc .d’ s :  hed en t i re  rotat ional  manifo ld ‘i the i. = I s t a t e  can be

i t t  ‘.i!’ .n n, ! c-n e:~ \ r~ i3 is e n t ir ine d  l i s i r i ~ a pulse ! popu lateJ  - If  r~, is short compared to the cha r ac t e r -
I L  last- r t o  ‘ . i b r , t i i r : . , ! c . i I  l 3 U ( l , l I t :  .id..i~ is’t : i’tlc V V coll i sion t ime (r ~ ~ 

4, the  energy i1,’ss in t o
‘.sc d i r e 5  i s  ns - ,i s u t e  u t -  -n c r g ~ st t e d in t h e  sibra . the system will  be limited by the condit ion that  not

i na l  tn ,u d es a r id  shi es :! .i a s t ej dv  s t at e  t -’sis ts . Th se inu re than  half of the ground state  populat ion can he
t idin gs j i C  !~~~‘ . 1* the  , ‘1 mi lce u l a t  gases as en - ’- i r an s fe r red into the u = I vibration al s tate .  Hosse se:

) \  st r age  u r s U t a  l - i r t l :n  I C . a com p let e kn es l ed :e  1 ~ r~~5 addit ional  energy can flow into the sy s.
i i  the  en e: :~ d is t  r i b u t i t ,  i i  vi h i a t i t a l l ~ h :  h u t  r i tent .  This comes about because the normal V V proc-
ij l l t t i aj l ~ c ’ ‘:d g ases ‘fle e i n r e r d :ng  p s s i h i ! i t i e s  i i  csses as they occur in thermal  equil ibrium are unbal -
.~chuesin~ ias~-r oscil la t i on  and i t  st uds  ing ~h t - r r ; ic a l  .inced by the presence ut the intense laser field. The
I : a C t I nS in es , i ted vibr a :- Ia!  s ta t es .  laser cont inual ly  ac t s to equalize the u 0 and e =

(‘i nsider ~ n intense p e sc  ,~! lase r r a d i a t i o n  t e st - lev el popu la t i on s . and resonant V -- V processes can
then le ad to add itional vibrat iona l  heating . For exam-

l’resen t I i  - s’ l ) ~~ J ies  k~- s~, t h  [ab o rat o ry,  ~~~~ 
pie, consider the process in which two molecules in

j l ul ’ rni.u . ‘~ \ the v = I state collide to produce a v = 2 molecule
I i i i  S i n  5~ . .~~O.I L’::,~ s e r ial I t -llis~ i~~ 4 ~ - per and a v = 0 molecule, The u 2 molecules thus created

t n t  . 1 ,’-. a : t t t  n t  - ( li,- r r : , s t r ~ . ( olumb u , ,  ~ will be carried up the vibrational ladder by subsequent
5, - I s i s - N ‘5 ,  t ( 0% . \~ 5’. ‘u ‘ rk . t S S
S i t  i i  I ’ S.~ ii  I - - S - TR t, ‘.su th the rotat ional therma lization time , and f
St , .  - i i  I - i ns et  , u I , ,  o t t  studi es ha~t- Oct -fl t : i . , J e  the  frac t io rr iu l population of the lower level of the lase r man-
lOl l  5 .5 - s -s~~ ni tu .n. ‘5~ I .  c i a t u i p le . re t .  ~I J  and Sut t o n, Letokhov and M a karo v 2~ have considered the re-
r i t e -i  c’ t l i -r II gime where 

~ ~vv- See also ref. (3(.
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r. 0. I . , ahs~ ‘rp tion 161. h u t  sul  t ie i ’ .’n: ~ high te ens , hre  C’ ‘I t t  -

p le te  s a t u r a t i o n  ot the -‘(~H ~F Dopp ler p ro t ~ie
h-- c P is : :,~- ‘ i. ‘ - t i  t’~~ , c s  i b i t -  i t  ~ ~‘. e - In  the  energy absorption ex p er imen t s  the last -I b eam
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,
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is i l , e  ‘5 \ a l t ’ . . . t : s ’ .mr l  ,~~ , 
-
‘ ,

~ 
The r~~h t r r , i ’ .e ts t’d art 18 cm ( ‘H-1 F samp le cell.  i nc iden t  and

t i ,u t t d s l i t ’  ‘I eq h i  ces ’. i i ’  , s  t h e  ‘ : : ; ‘ l - ~~ ‘: the & = I r , u n s t t t i t t e d  pulse energies were mon itored w i t h  cab-
0 - I i i  ans i l i ,  ‘I ( . “ si ’: p t : ’ ’  ,: ‘ ss se ’ .Iit ’n a I bs a lase r b r a t ed  Au (,e detec t ors.  Given the ener gy absorbed

p hi ’ It t l . ~\ 1. 1 - - t .11 s a t u r a r i , ’ r :  ‘ the laser b y th t ’  sample and the beam solume , the number  i
r a t  si ’ ;. ’t t P P 

- 
and e t c  a S s h i t I t s ’ t h , , t  a .1 t a s l - e q u h -  (O~ q u an ta  absorbed per molecule , iI ’ i , can be ob-

tb:  i t t :  is t - s t a t s i , s h i e l  ..:i . s t a t e s  t’ .~~ I b : a ’ . in g  an ct lau t te d  as .s (‘unc tion of the -‘CU 3 F pressure , P 1  h g  1 .i l .

I’.~
. t o e  t e in p e r a t  c c  whic h eases w i t h  t ime , The I i  P <-. ~ tori e(P) rose mon ot on ica l l s - . t e ad i t r e g  a

n u i i , theu s i t  q : . a i : t a  pt-i i O s  - 
- 

- il e - - is then m ax in l u t l i ‘1 2.6 quat t a. At higher pressures it slow ~
dec reased due to incomp lete aser satu r a t i on  ‘set t he

~~~~&‘ ), i l  P 1 2 ’  ( 2 a )  cell l eng th .  A best fit to e(P). obtained from eqs. 1 2 4 .
gives a value of ~~~~ = 0.8 ~ 0.2 M s t or r  - 

- This te-
- t u g  eq i i i  i i i i  i n i t i a l  ‘. : d t t i ~’ns P 1 ( 0 4  = P 1 (0) = suIt agrees with Earl  and ((ann ’s viiiue (‘I of 1.2 ~ 0.3
:, t i e  i I : C i .  g i s en  h- - 3.ss i u r r  - 

- measured via laser fluorescence , and curt-

I 4 ‘i ’ ~ I — 
* 

fi tm s that eq. 12)  is a good approx imat ion  for predict-
- - - ‘ ‘ ‘- - — 

i t t ~z ene rgy  absorpt i c i rt  in a po le a t o m i c  -

( i i i i  w h i t ’ . i i  I t t  ‘.,,r h t -  ~ J (‘s ’m p u t e r  solutions If a rotational bot t leneck ( 2 , 31 is present it can be
cit cc; ( I t  .q. Cs w i t h  e’.5~ 2 and confirm t h a t  an ef- e l iminated  by adding a buffe r gas which reduces t R ’
I t -  IS’. t t - i i ips-i.I ttI rC is Cs: t — t i s h e d  ( 5 J .  In CH 3 F , h owever , no bott leneck is present , as es-

h i ;  p , ’ !~ , i t ’ I i ~~ r rt l:ei. •s , wh e r e  other itt odes dre denced by the fact that the energy absorbed did not
s l s ”.&’Ol . h it- C I k C  ,t Ss, I in pro cess is modified b~ change when up to 500 torr of argon was added to a

‘5 ‘5 , i . ’ss ‘c, - . • ol - :- , ssns . ‘.sltit ’h lead to energy trans- fixed amount of CH3F.
Ic r  Iii ni lici  i i .  ...s ’ I .  ‘we ’ c: . when the a = I level of To establish that for times ~~~~~ the absorbed ener-

gy resides in the vibrational degrees of freedom , the
h i t -  li-I i-hu.u,iui sushi’ u t  t i t u s  c- ~a t u s i n  is given b> Shiuler (il . time evolution of the fluorescence from the 96  ~am

- -  —
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anharmon lcity I S cm h i s  suff ic ient  to prevent  ab-

- ~~/ 
- sorption of 1 3 fl uorescence from hi gh er  ly ing  level s

• ~7o Descr ibing the v i b ra t t i ’n a l  i t - sc :  populati ons h e a R ’:-t i-

- / 
- - 

- 
n tann  d i s t r i b u t i o n  a t t e n tpe r a tu r e  T3 T~ > r~’~’tn hem -

- - 9 p e ra tu r e ) ,  an d assuming har mo nic  osc i l l a to r  t r a n s i t i on
/ m o m ent  mat r ix  e lements , we  obt a in

/ t 1 ,

/ _ - ‘ t c i  i t °i i i * c ~~
. , c 6 = J e xp (f l w 3 1kT 3 ) -  I] I 

-

/- i / (3)
, / ‘  7

/ - t
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/ 
- wh e r e  cc 3 is the i’~ f requen cy .  The measut ’.’d ra t i o

- / / 
- — - 

‘
~~~~~‘., * - ,“, ~~ ‘1(01 de te r m ine s e 3,  th e number  of quan t a  et , ’ted

/ .~~~‘— €~ - 
‘ ‘ i i i

- / - 

- 
~~. ~ .e ~~ a In pr act ic e.  care must be taken in obtaining the

* 
- 

,~‘ — . 
- - 

r : l t u ’)  / a / (0 ) .  The a = I —* 0 emission occurs over the
- _

-, “ u 
‘

~~~
. 4 en t i r e  rotat ional  manifold.  The in tense  entission lines

I ~ -
~~~~~~~~~~

‘ j - - 
~~ ,~~ 

- .~~ are absorbed strong ly: converse ly ,  the weak emission
‘~~ I 3 F Pkt e , p l T o R ~ l ines are absorbed weakly. As a result the curve of

- - 
t r ansmi t t ed  intensi ty i(P ’) versus cold gas filter pres-

I - I - I ( 1 -  uO .,t; ta st n i  5u , ’ ‘ . ‘ p rt ’s ’ .ute ( a )  I ,~t aI  qu ant , ,  ‘ -

SI ‘rtsi I f ly  t } t i  ‘ ‘I , ’ t h ’ . . i  hit 115 , . - .
~~ ~~

. = 0.8 0 2 ,. s~~i to rt _ i  
- 

sure , P has a long ta il ra ther  than a sharp cut-off. One
ii ci  i) , , , , : I~ ~: - . r c I in a - F:: ‘.u rv ,-s were sa i cu l a t ed  t rum finds

fh,r Ii’s’. r ’ s i - c s ’ n s - t e S , , n  sihr,,iional It - sets .  MP ’) / 1 (0)  = I + LI to I I (0 ) I  Lx(P ’) — 11 , (4a )

(‘ F slit -Li t n u d e  h b ’ ~~ ) et ~~s moni tored  by a Cu Ge where x(P’) is a function of the symmetric top matr ix
dctes to t - ,  In  thur pressure r ..nge of the e.xpenm ents the elements and absorption coefficients. For a cold gas
tl u or c sc emtce’ si gi tal  w4s a lw a y s  in the form of a rapid f i l ter  cell of length L containing Dopp le r-broadened
r ise , go sei i ied by the du ra t i on  of the laser pulse , fol- CH 3 F , ~(P’) is closely approximated by
l , wed by a lci i ig (~ ms) decay. de termined by the V — f

- 
- 

~(P ’ ) = 0 567 e °-614~ ~, + 0331 e °”45~ 
L

re laxa t i o n  pi~ cesses . The 3.3 pm ( - I I  s re ich (v 1,  1)4) ‘ -

and 6 8  pro h e i td  ( c - ~ - v ç ) luorescenc e bands  exhibited 
* o ,l02 e 0O19~°’/~ - (4b)

the saint - tempor a l  behavi or  as v 3. Th is in dt cates  fast
i t t t ermo de V ‘5 t mt u ’tsfe r t i c ’s , and t h ai soon after the Fig. 2 shows the t ransmit ted fluorescence intensity as
las er  pu lse t i ’ t t t t i t n i t , .’s a v i b r a t i om ia l  s teady s ta te  ansong a funct ion of cold gas filter pressure for several values
t h e  ruio d cs is e s t ab l i eb t e d .  of samp le cell pressure. In each case the solid line gises

Sint-e the , ,h s ,,rh cd e l u c r g v  is d i s t r i bu ted  among all a best fit to the theoretical expression for I~P ’) / I ( 0 )
t i e  modes , I t is n t t p a ) r t a n l  to  d e t e r m i n e  how much is (eq. (4 ) ] ,  from which e3 is obtained [eq. (3)]. Note
st ored in each . Ho wever , , .osolute measure m ent oh tha t  wi th  increasing sample cell pre ssure , P, I(P ’) falls
f l - i i i r escettc c int ensit i e s w i - c u  he difficult  and lmprc- of!’ mi re  slowly, indic ating increased population of
cise, A new technique . w ir . cn  utilizes the fact  that  a t h e  uppe r vibrational states and thus higher T3.
stcasl y st’~t C Is rapidly estaol ished among t h e vibra - The observed values of a! various pressures are
ti m-al modes , was emp loyed to measure the energy given in fig. lb . Note that 40— 50% of the total energy
st , ’:cd ifl l i i  this te chni que  the peak fluorescence ((1g. ( a)  resides in i~~~, Since rVT is long the remaining
is fi rst ohserscd at ’te :  i t p ~es throug h an empty “cold energy must be shared among other modes,
g. .s f i l ter ” cell t~ ’ h i s e  1( 0 ; .  Then , methy l fluoride gas in order to -let ermine more precisely the partition-
at  o n to t e m p e r a t u r e  iS int roduced into this cell to re- ing of energy, the vibra tional energies e,~ of the i’2 5

u tu we t h e  i’ I * 0, g. v in g ! O )  - I~~. Th is “cold”
( r ootn ts ’ itpt’i ~u t u r e )  gas is an ideal filter for the ti =

- 
Pressures of both sample and cold gas filler cells were kept

I ~-‘ (i l lLi ’tCSeC ttCC , since ( I t t ’  abs t rp t ion  band matches below 10 to r r to avoid overla p of lines due to excessive pres-
tlu e ’ cu t iu ~si iui he quent -Ics line fur line , and the small sure broadening.
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- . , cu r s e  of fig Ia  and the  energ% flow path ~f ru_’f ] ‘ )].
5 Thc agreement wi th  the  exper imenta l  p~ t I n t s iS ind i c a .

l u s t ’ of the accuracy of our absol u te r ot -a c ’ ’  rc:n ~’; r t s

0= si h I a t  c oal tempera tures , and 5U~~~- I t s  the  et~e:ge ‘l
~’w

assignments (‘J] - Nc ’ oth er path  ass ignments  led t o  good

- 
- -~~ ‘ . . ~ - - - ‘ - agreemeo t  wi th  the da t a .

- 

- 
~~~~~~ 5 ~~. 45 ’4 - 1 24 l i i  e,’uuetusi,’un - th is is  the f i rs t  t ime  th at  the et t ers l ’.

- — ---~~ — storage and pa r t i t i o n i n g  of a highly exci ted po lv at om .
- . — — - - 

i’. huase  been niea sured ,  The confirmation 5 n( the sm u t-
t o  p ie p i t - d i c t i on  of laser induced v ib ra t iona l  hea t ing  [eq.

a’ - - ‘5 ‘ “~ 1,’ ( 2 ) (  ,ind subsequent  s i b r a t i o n a l  energy r e d t s t r t b u t i o m t

Os 
“h” 4 ~ sits ws t h a t  ihu .se relat ionships can be applied wi th  con

- t id en ee in t i ther  molecules. Finall y, a conr par i sor t d l
— . , th e present resul ts  wi th  weak exc i ta t ion  exper im ents

— 
- 

~
, ~9[ strong ly suggests tha t  the dominan t  path for v ibr a -

- . .  ~~~~~ - -~~~~~~~~ _~~ t io mta l energy redistr ibution does not change in CH 3 F

~~~~ F I L ’ E ~~ ~ ~TO RR 
6 for v ib ra t i ona l  exc i ta t ion  up to ~~7 kcal mole.
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c~I: cA~ ~.L[Cr~O’.;CS. EXTE NS~ )N OF ~iCROWAVE TECh!s l~ cES ~‘,T0 TNt oP T:cA ’~ R E G ; & ~

C. F , Davis. Jr . • G . Elcn tnger , A . Sanchez , K . C. L n .~ and A Javan

MaSsachu ’ -r tt s l r s t ~ tujte of Technology

~rfr a r n ~ dt~ ite .a’~r~ bei an sou’re ten ye.~rs ago beamn~ definite non~ therr.t 1 respo r.se was ~- Cserved .
p O u r S  cor ,t =c ’ ‘~~“i j :,nc t io ns .  These w - - r e  u sed Responses of lead on a h u i m n u n u c u  ~~~,c’~i O f l s  wer e Obse r-

~~s 
r , c r . ,c , r i c  t ;c’’uer~~:ors and mn~xe rs , often o~ f a i r l y ved , aga ir . at 2 ’ ’. (aluirrinun above it s  5ut~erC cr - ut’t irig

r . t , r . i,r -r , T’-.e1 h3. ’t- even been used iç t s -ubi l ized t rans i t ion) ,  The response to X- t,an d and S t 4 5 .~ arg on
irunc r ic j o .eratcr ens i ns  through 2 ‘.,jrr . ‘ uch de- laser rad iation was very simnf lar s f c n w r r g  peaks  in

-‘ ‘:es c a n  iornc tnt - oast s of active far unf ired (FIR) exact l y the same l o c a t i o n s .  The pr inc i pa l  structural
u’ tu t  - u_ ’ u , t ’ .  and c~ rcc Cs for reradi ation of laser side- response occurs at dc bias voltage less than 20 n v
b ar~~s . s i - ~na~ p r o c o s s i n g  i n  this reg ion  of the spec- and is due to the supe rconduc t ing  t r a n s i t i o n  and
nrc - i  anti -~t .c2y ung - s t r e — e l y s-,ort pulse phenomen a , photon scatter ing in the head f i lm ,
~lece r ’ t l /  w ,jrk nas Leen done on MOM devic es evapo- 2ra t v t i  t r r O u p h  r-.as ~ s or photo l i tho g rap h ica l l - ~ de- A theoretical analysis of the MOM antenna/diode
f~ned . wifl sro .~ iou why sm all area devices are as a detector of microwave and infrared radiation
e’;’~er tial to exter li ng the operat ing frequ -ncy and is being conducted and FIR experiments evaluated to
~~~ s uC n de v Ices can perforr act ive circuit functions examine the consistency of the theory , The antenna
i:i the F!4 and perr aps someday on into the visible; is coupled directly into the diode. An equiva lent
a l ready MOM diodes are responding non-theri ill y to circuit is used to represent the system of the ~n-vt stL ~le radiat ion . A study we are just cor - ;)letsri g tenna and its coupling to the diode. A Stratton a
tP’ow’. that a po int contact MOM behaves according to tunneling model represents the nonlinear character
C a s s i l d i  antenna l. neory in the FIR. Some of our of the junction. Detector performance is shown to
latQs t work is dc crubed on printing MOM circuits obey experimentall y verified laws and determine an
for a rea l time hc.’ oqrap hic array. optimum junction thickness and area for each fre-

quency . It is shown that the de~~ctivity at room
Thu MOM devices operate by nonl lnearit ie ’,, in temperature can bç as hi gh as 10,0 watts ’~ Hz h at

th.~ir r.orc ’iuc~ance , wru ich must be the order of the frequencies of 10u4 Hz in the infrared . Experimental
s ’u;na l cource (thc- antenna at about 1000). This results show that for small focusing angles , e~ ~ D/fJ - .,r :tuun is then shunted by its own capacitance (where f • 12.7 cm in this case), the efficlenu~y nsc-u t . r. restricts Its high frequency operation. Juruc— is proportional to e~

2 (see Fig. 1) consistent wit)~tI-cn conductance cocreases exponent ially w u th the concept of effective aperture , The proportion-
trti ckr .ess while ca~acitan ce goes as the reu.iprocal ; ality Constant (at 337 urn wavelength) agrees within
henc e the thinnest junction must have the nost a factor of two w i th  that expected from our theory;
~ovorab1 e coniuc td r .ce capacitance ratio. Is junc-.0 this discrepancy may be caused by uncertainty in the
tiorl with barr ’er thickness about the typical 10 A calorimetric laser power measurement. As the focus—
would have res ista rce of 102 2./A (A in net2) re- ing angle is increased to the width of the major
quir ing about 1 r’- ’ to match the typical antenna radiation lobe , the coupling efficiency saturates
resistance. Order -s of m agnitude change in the area to about 3%, in agreement again with the theory.
can be compensatec for by small changes in barrier Different antenna lengths give proportionall y differ-
thickness to mai nt~in junction impedance ccctiparable ent coupling efficiencies for small focusing angles
to the antenna res -stance (b Oo ) while adjusting and the same saturated value for larger angles.
the capacitance. The response time would then be
given by PC 10-12 A . (A in tim’) To confirm that the FIR detection arises from

the same mechanism as that for rf detection (Le.
We have consi-cered several FiR functiona l cir- rectification), we checked , using a balancing tech—

c u t s ;  these have not yet been built. However , nique , that the same detected voltage comes from
f~~ric~uti on would require two successive photo— an rf signal as from a preadjusted ir si gnal , as
l u t ~. ti ~raph i c al l y c~’fined met,slizations . the first the bias is increased up to about 100 mV.
c a p a b l e  of forrn1n’ and supporting a stable barrier
layer about 10 A t cu c k and the second of a Ihering This balancing technique has been applied to
to the s u is t ra te  and making good contact ti the the study of the type of printed diodes integrated
t , u r r uc ’ r  ‘layer.  Cu_ itt c i rcui t  usabl e as a pa .smetric to an antenna described in Ref. 4, PrelIminary
s c h r , , r i ” ,r , n u c  generaTor mi ght consist of a circle results show that s ome structures have coupling
yulf ut, d e of each ceta l , overlapping at on’- inter- efficiencies as high as 2 or 3%, comparable to that
‘.- - c t u o n  to form a small area MOM diode and -it the of the mechanical point contact diode. This tech-
ot re r  a large area ohmic contact.  Inherent Induc- nique is applicable regardless of the nature of the
tance and ca pac it ~ - ice of this circuit and junction rectification raechanism as long as it is the same
can make it resona nt in the FIR. With app’ opriate at rf and ir frequencies. For example, we ha.ve a l so
m rp L. t driving signal and bias leads and a uc a li zab le fabricated antenna structures where the detecting
junction nonl inea r~ty, a Q of 5 would be adequate element is an evaporated micron-sized , thin—film
to cause oscil lation at half the signal frequency. wire without a junction. A weak bolometric response,

with the same bias dependence , was observed at both
Sor e particu larl y interesting work has been frequencies and the best coupling efficiency was

wit h hm ~ n speed d,-posited negative resistance junc- was found to be around 1%.
ti onc f , t -nn- c’d by ev~.porating a narrow lead stripe on
tin with a th in surface oxidation . ihis junction We have studied the behavior of the point con—
t s coo L’ d to abou 2 °X where bo t h tmieta)s are super- tact diode nonlinearities by observing the bias
conducting and Irradrated with a focused argon laser dependence of the rectified signal when a known
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(a~ r~ 1 , ~~ i.’r i s  CO a P~~~i t i  C ’ ’  d~~c1’~. ‘re st- resistante).
r e s u l t ’ . u _ n  ~~ C~~~c ~~‘i-l wl t r ~ n -  

~~~ c i c d t  ion of the
tunnt’ linn i . d C . V c~~uu’ . f c ~, ‘ i - i ,’ har rier ar leters A 2 x 2 array of antenna/diodes “ as bee” ‘ar-
ore found t. be r easo n ab le ,  r icated for ul t imate use as a real t ine rio1o.~ra:- n

imaging array. This is now beini eva lu a t e d  as m en-
The diode s I- . c~ a r a c t e r i s t i c  u p  to thu third v idual infrared rect i f i er / nn- ~xer s. In operation .

order can he ex pressed as:  two infrared beams differing by a microwave re-
quency will irra iiate the array. Frcw’i Yie a’ ip lrf ied

. (V ~ 
difference frequency we can obtain re~ i tm ve ~r.ise
info,’mation of the two signals. T h i s  provides C~~:
informat ion required to define and constr~ct a rea~
time hologram.

Th e n t I e  ru-it i fu , - d  ~ - u - :: . V , whim an rf vu - itage
V co’ . .-t is ccu;led to t h e  ~iode n on lin ear iHe s is
g~vcn by

v 2 1 . D. A. Jennings , F . P. Pe terso n , K. M. Evenson ,

V (r im ~ 3n ) _~o A~p l , Phys. Letts . 26, 510 (1975).
r 2

2. To be publ ished .

T5e c~ er iuneri t a l  di p odinci- of V on V ‘.howm in 
. . ‘ 177r i’~ 3 P Stra tt on J Ph ys Chem Solids 23 1Fig. 2, carl be ap, uro~~r r - a t c d  by a s t ra n~j bt  h r  in the 

(i962).low bias  r e y lo n .  We C a ’ then obtaj,n for the -

d iode , ru .16 V’1 and n 1.8 V ’ . 4 .  J. Small , 6. M. Elchinger , A . Java n , A. Sanchez ,
These val ues for m and n, wh ich are m dc’ endent F. 1. Bachner , D. L. Smyt he , App I. Phys. Let ts .  24 ,

27 5 ( 19 7 4 ) .of the cont act area , are in genera l aqreement with
those obta ined froc- c - c nuodel assuming reason ble
val ues for the b~ r r m r  parameters. From the unnel-
ing model , we can ex ~ r iss the averaaje potent i l ,

. 2 7 , , ,and thickness of barrier , L , as:

324 
~D
a

u _ n  
___

4 /~~~
‘ 4

‘O ’
4 / ~~~ /I 025

By estimating the value of contact area as

/
/ / Z~a .1 ~j ’n~ , we can then obta in 4~ .65 cv and

10.3 A which are q u i t e  reaso able and change
onl y l o g a r i t hmi c a l l y with the est imated area . /
Further-more , the v al u~ of the asyirretry factor, o , Du,..ri
accord ing to the theory is given by

= r n /~7~”
Figure 1. The antenna/di ode efficiency is plotted

which , in the case of Fi g. 2 , i, equa l to 0.2P as a function of iris dianieter , 0. It should be
and C ju_-’. not depend on the estimated area . noted that saturation at high values of 0 comes

from a combination of approaching the beam d iameter
Ar, the resistanc c of the diode is l owere l by and exceeding the width of the first lobe . Thee i ju ~cti r. 3 the pressurc: of contact , the val ue for proportional ity constant , .0035, is within a

n d’-crc’ated unonotoni a ll y. For example; if factor of two of the theoretical value.
50 o n u s  we get n 1.39 so tha t ‘

~ 
O.4i eV

ari d I ~‘ 7 . 3  A - At t ’uece low values of L and , on

th~ W i l l . approx~rnua tion used in calculating trig rtun’i r ~ing prob abi1~ ty begins to lose its app l ica—
lul u t y .  I ~~i~Ii~ t 0 V

We have shown t~ mt in agreement with the theory,
the ,,-i ’ v ias res; on’- . v i ty, ,~.(=m), remains nu_ -irly

200Of r u q n i t , i,dc . . by studying the laser rectific ation
Const ant as the resi r- unce is varied over two orders 

2~0
br—vuas thc res i sta nu ne u_if h~ diode P “relaxes ” con-

tinuous ly and slowl y (p resumabiy peeping the same
asymmi netry foctor ca f com 10 to few thousand oli ur, ,
we were able to f i~ lie rd’sult to the expression :

( P 0 \ 2
V V0~~~- .--4 ) ‘o n—

FIgure 2. The experim ental dependence of V on
with two adjustable parameters , V0 and RA (an’nnna V is presented. Diode resistance was measCred

2 KIland values of m .16 V_ I and n • 1.81 V.2
were calculated fro m thi s plot.
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THE MOM TUNNELING DIODE: THEORETICAL ESTIMATE

OF ITS PERFORMANCE AT MICROWAVE AND INFRARED FREQUENCIES*

A. Sanchez , C. F. Davis , Jr . ,  K. C. IAu

and A. Javan

Department of Physics

Massachusetts Institute of Technology

Cambridge, Ma ssachusetts 02139

(To be published J. of Appi Phys. Aug . 1978)

ABSTRACT

A t?leoretical analysis of the metal-oxide-metal (MOM)antenna/

diode as detector of microwave and infrared radiation is pre-

sented with experimenta l verification conducted in the far

infrareä. It is shown that the detectivity at room temperature

can be a~ high as 1010 watts 1 Hz~”
12 

at frequencies of io14 Hz

in the infrared . As a result, design guidelines are obtained

for the lithographic fa brication of thin film MOM structures

that ar e to operate in the 10 micron region of the infrared

spectrum .

* This work has been supported by the Air Force ARPA and ,

in part, by NASA and Army Research Office .



I .  I N T R J D U C T I G N

The metal-oxide-meta l diode has been used extensivel y over the past

decade for frequency measurements in the infrared .~~
’
~~ In fact, frequencies

up to the 2.0 micron region have been measured)~~ Electron tunneling

across an oxide l ayer separating the sharply tipped tungsten wire from

the r’~t~l~ typ ical ly nickel ) post , has been recognized as the dominant

(nonlinear) conduction mechanism in the dc regime . Previously it has

been shown tha t the conduction mechanism at low frequencies is also

responsible for rectification in the 10 micron region .(6) Radiation is

coL’pled 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

wire. ”7 ’8~Several theoretical analyses of the metal-oxide-metal point

contact detector have dealt either with the nonlinearities of the junc-

tion~
9’10’

~
1
o~ with the antenna characteristics .

U2) 
These theoretica l

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 ~
9
~ and KwoI~~

0
~ 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 (12) predict a frequency dependence of the diode

resporisivity that is not in good agreement with experimental observations.~~
3
~
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In the present paper a model is chosen for the antenna (Section II)

where the load contains u capacitive component due to the small contact

area . Electron tunneling ~heory is briefly reviewed in Section III to

obtain expressions for the responsivit y in the case of a trapezoidal

tunneling barrier . The results from these two section are combined in

Sections IV and V to yield actua l numerical results for optimum expected

power conversion efficieri y (,~,]Q
_2
) and detector NEP at room temperature

(.._ lO _ 10 W .Hz~~
”2). Further , it is seen that the quantum efficiency factor

can be as high as ~o
_2 

in the lOj.~ region.

Section VI contains the results of computer calculations that support

the valia ity of the simplified analytical results of the previous two

sections.

I!. ANTENNA MODEL

The antenna , as a receiver , is represented by an ac voltage source

v coswt 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 an d RD. The effective voltage (see Fig. 1) developed

across the diode is

________ 

RDVD V R + Z  V R + R + j R R ~~

where is the parallel combination of R0 with X~~. The jurtction

capacitance , C ~€.c~-f- is due to the finite contact area, a, and dielectric
thickness, L.

_________________ - en - , 
- - - —— — -  _________ — —  - —
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Intro3ucing the “redbced frequency ,” q = t~CR q , the ~reduced diode
vz

resistance ,” x Rn/RA and the “incident power” ~‘ = g~5~ , 
then

~_, ~., ‘A

— .  xv0 -~ TT (l + jq)x

The power dissipated in R~ (effectively the receiver l oad ) is

D 
__________ ____ [1]

= 

2 ~~ 1~+ 2 x  +
R0

It is of interest to find the value of the diode resistance that

maximizes 
~r’ 

the power coupled to the load. The condition ~ ~r = 0 leads to

x = — , and thenm l + q 2

P (x) = 2P _ _ _r m l+JT+q2

At hig r frequency (q> 1), there is a roll off where P~(x~)_a q’’ .

In the low frequency regime (qc.<l ), the maximum value of 
~r 

occurs

forR D = R A, ( x = l ) a n d i S

~
‘r (max) = P

Page 3
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We then say that the antenna is ma tched to the load. This optimum received

power , , is related to the Poynting Vector , S, of the incident field.

= ~(e,~) (
~I

This relationship defines the effective aperture of the

Calculation of the aperture and antenna impedance for di’?ferent antenna geo-

metries is a subject tha t belongs to antenna theory. For certain simple

geometries (e.g. dipole) , the maximum effective aperture is abou t O.lA 2

(See Section VII a). In what fol lows,

and for reasons 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 d/7~

’);b) the power incident in k2(~~ jS~) 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 .

III. DIODE MODEL

Electrica l conduction between the two metallic electrodes forming the

MOM diode is due to electron tunneling through a potential barrier formed

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

Page 4



calculate the I-V characteristic , ~e choose a model consisting of a trape-

zoidal potential barrier ~.ith thickness L and heights ~~, and ~ on each

side. The WKB approximation is used~~ to calculate the tunneling

probabi lity for an electron tha t has a certain energy associated with its

motion normal to the barrier.

The total current density for an applied voltage V is obtained by

integrating the contributions of electrons wi th al1 possible energies.

This can be done with the help of a computer. However, some analytical

approximations~~
5 
~allow uS to obtain a closed form expression for the I-V

characteristic. A series expansion up to V3 leads to

I = j~
— (V+mV 2 + nV3)
0

Introducing the average barrier height 
~~~

= ‘~~~ 
~ , the asymmetry

factor~ = 
— 

~ and the dimensionless parameter S = l.O25 L~1~~, where
~~i +øL

L is given in angstrom s and ~~, in electron volts , the theory (see ADoendix A)

gives the following results

RD ~~~~~~~~~~~ ~~~~~ 
(a = j unction area ) [2)

m = and [3)

1 , Sn -
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If a voltage of -imp litude v0 cos ’.~t is applied to the diode

simul tafleous ly with a bias voltage V bI there will be a rectified current

whose value is

= 

~~T ~~~~ 
v~ cos’~,t = (m + 3nV b)

= (m + 3nV b) ~r

The current responsivity is defined as = . In what follows

we will consider only the case of the unbiased diode so that 
~~ 

= m .

IV. RECT IFICATION AND POWER CONVERSION

a) Rectification

The rectified voltage appearing on the diode (with given parameters

~~~, L,4~, a) is

Vr = R

0 
p
~

where 
~r 

is the power delivered by the antenna to the diode (load)

Therefore

V ~ 4PR X 2 
[5]r ~~ A 1 + 2 x + ( l +q2) x2



It should be note t tha~ bo th and q are r e l a t i v e ly

insensitive f~ r~ctions f the  barrier thickness , L , while x

has ar. ex~ c~nentia1 der~ ndence . with t h at  ~n ~~~~~~~~~~~ we carl

see f rc~ cq. (5) that Vr ~~ a r~On O t C r . iC~~1l y ~ncreas-

ing f~ :;ctior~ cf x .  The l i n i t i n q  va lue  is

~~~~~~ 
= v0 2 where v0 = 4~~iRAP [6]

l # c j

Fig. 2 disrlays the rectified voltage given by Eq. (5) as a

function of the reduce l resistance x and for various values

of the reduced frecuercv a.

From Eq. (6) we can get some nurerical results for a

practical case. Consider a barrier with L 10 A , ~~ 
= 1ev ,

= 0.2 so that S t 10 and = m = 1/12 amp/watt. If

= l0O~2 and q < <  1 (frequency below the roll off) we ob-

tain for an incident power P = 1mW that the maximum recti-

fied voltage is about v0 
= 30 mV .

b) Power Conversion

An incident power P generates a rectified voltage Vr f

according to Eq. (5). The rectified power 
~DC 

associated with

V
r 

is given by

= ~~~~~= (4~~P)
2 RA F (x ,q) [7]

wher e F(x ,q) 2 2 2 [8]
I] . + 2x + (1 + q )

Page 7
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The m a x i r ’~n value of occurs at

= 
1 ~ ~~~~~ 3a ’~ [9]

0 1 + c 2

so tha t  the optl co~ versiori efficiency 
~e is:

P DC (x 21
~e p = P R~ F (x 0 1q) [10]

• 13Ii. + ,#~~~+ 3c2 J [11]whe re F ( x 0 ,q)  = 2 ~~~~ 2 ~( 1 + q )  Eq + ( 2 + v ’~~~~~3ql

In Fig. 3 the dependence on the reduced frequency,

q, of the optimum reduced diode resistance , x , and of the

function F(x0,q) are displayed . For the typical value of

= 1/12 amp/watt used in the previous section 
~‘e”~ 

is

also displayed as a function of q in Fig. 3. It should be

noted that for frequencies below roll off 
~e”~ ~ ~ 

watt~~ .

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 io6 volts,/cm). This would result from a

maximurt incident power , P , of about 10 mwat ts and , therefore ,

for q c 1 we would obt tin a conversion efficiency of 1%.

~~~qe 8 _ _ _ _ _  - ___



It should be remembered , however , tha t when the diode is

driven with such high power levels , the rectified current

depends quite 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 fourth

derivative contribution is already important at V = 0.1 volt.

At frequencies lying in the roll off  (q >> 1) the

conversion efficiency joes as q 3 (see Fig. 3 ). It is,.

theref ore , evident that in order to have good conversion

e f f i c iency in the ir.~r:tred ~e should reduce the jur.~ tion

area to minimize C and have q = wRC < 1 at the frequency

of interest. In what follows we will estimate the junc-

tion area a, and barrier thickness, L , to achieve that con-

dition at a given frecuericy.

At the corner frequency (q = 1) and for optimum con-

version we have from Eq. (9) that x = — = 1.82. This
0

together with Eq. (2) gives a condition relating the area, a,

and t~~ barrier parameter S,

1. 82 R 1~~~..L [12)
A 324 $~ a

~~1.~-~ on invo ..vino S and a is obtained from the



requirement ~ 1, so that 2rf~.,RAC = 1 where the junction

capacit~rice , C, is given in farads by

C = e~ c = .835 x io 13 c [13]

2wi th a in (nm) and L in A. This second relation can there-

fore be expressed as

a = .177 x k— 
[14]

From Eqs. (12) and (14) we have that

eS = io~ 
~~ l3 

[15]

13
L = ~n (103 ~~ 

10 [16]
1.O25I~~ C

The results given by Eqs. (14) and (16) are displayed in

Fig . 4 for the typical case of q~ 
= 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 propor tional

to RA (Eq. (14)).

Also , since the value of L changes by not more than

a factor of 5, so does the current responsivity 8~ = ~~~~~~~~~~~~
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The above guidelines are important to consider in tht~

design of high sreed MOM junction structures in which ,

using plic .olithographic techniques , an antenna is printed~
16’17~

and integrated with the small area junction.

As the corner f±e Tuency of the diode goes up to -

14
= 10 Hz we see that the required L and a decrease.

The decrease in a, although a d i f f i cu lt technical problem

with the present photolithograthic techniques could be

achieved with some further sophistication (e.g. electron

beam lithography). It should be mentioned that areas on

the order of .0004 i.~m
2 can be obtained in a mechanical

point contact diode. Th~ reduction in L down to 2.27A ,

on the othor hand , brings into question the validity of the

WKB approximation used in calculating the electron tunneling .

The condition for its validity is that this probability

is small compared to unity . Subst i tut ing this condition

into Eq. (15) requires:

~~~ 103 .~/~~io
13

We will not attempt at this point to make any quantita-

tive estimates on the modif ications 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 (,~,1ev) and

other interesting effects m ay set in and dominate the rectif i-

cation process . 24
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V. DETE CTOR PEP”OR~4ANCE

Let us consider thermal noise to be the dominant one .

Then

v~= — ~ 4~~
TRA AV 

~~~

Using the rect i f ied  voltage given by Eq. (1) we obtain the

signal  to noise ratio where F ( x )  is given by Eq. (8)

!L~~~~~ ~p~i!~~~- F (x) (171

The noise equivalent power (NEP ) is the value of the

power P that. gives a unity signa l to noise ratio for a band-

width of ~v = 1Hz. The inverse of the NEP is known as the

detectivity , D, and therefore , is given by

t (9 ~~~ _ _ _ _ _  
F 

(18]

sJ~
2ik~T

With the same considerations that we used previously we can

obtain,by opt imizing F ( x ) 1the barr ier  thickness that for a

given junc t ion  area yields the optimum detectivity.

Rep 1acir~ F (x 0) as given by Eq. (11), we obtain:

r
t,~~ ~~~~~ 

_ _ _ _  
F (x.) [19]

Page 12 
- —~~~-----—- --- -—--



Using 8~ = 1/12, RA = 100 ohr~s and T = 300°K we obtain

10 .
t’ 2.~~~~

- J O  J~
. (~~~~~)

The dependence of D on the frequency is given in Fig. 3.

It is of interest to compare the detector responsivity

of the MOM diode with those of existing infrared quantum-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 type of detectors

the current responsivity , ~~~and the quantum efficiency , flq P

are related by - 
-

A. 
-

1%~~ ~~~~~ 
‘

For compar ison purposes let us estimate the quantum effi-

ciency , 1q’ 
of an MOM diode opera ting , below roll off , in the

10 microns region. The energy hv of a photon at this wavelength

is about .1 ev and taking the typical responsivity 8~~i .1 amp/watt,

we get that flq ~ 10
2. In the average, there is a transfer

of one electron across the barrier for an energy coupled to

the diodo corresponding to 100 infrared photons. As the fre-

quency increases, so does the quantwn efficiency , but remains
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below uni ty everywhere in the infrared. It is this fact that

provic~es the theoretical justification for using the low fre—

quencv I-V characteristic in order to estimate the rectifica-

tion at infrared frequencies. (18)
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VI .  COMP U TER CALCUL~ATIONS

In order to get the results of the previous sections ,

approximations were necessary. In Eq. (5), (7), and (18),

the values for V
r

f 
~DC 

arid D(x) were optimized by varying

the barrier thickness. In one instance the maximum of the

rectified power 
~DC 

is obtained by maximizing F(x) in Eq. (9).

In this approximation the fact that has a linear dependence

on S was ignored because x ‘
~~ 
RD ~ e

S 
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 rig. 3.

Figure 5 shows the calculated detectivities at dif-

ferent frequencies as th-~ barrier thickness is changed . For

this calculation it was assumed RA = 100 ohm , and a = lum 2.

Eq. (18) was used where F(x) is taken from Eq. (8) and for

we take the value of m given by Eq. (3). The important result

in Figure 5 is that for each f requency there is a value of the

barrier thickness that ont imizes the NEP . For a given contact

area we have that to each frequency corresponds an optimum NEP

leading tD the results of Figure 6. These results are very

much in agreement with those in Fig. 3 , obtained analytically,

where D ( x 0) 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 (q << 1)

Page 15



Figure  6 predicts de tec t tvi ties  rang ing from i0~~ to

1.2 x 1010 Watts 1 x Hz~~
’2 , depending on contact area , while

10Figure  3 predicts .85 x 10 indep’~ndently of the contact

area . This is so because the small dependence of on bar-

rier parameters was not taken care of in calculations leading

to Figure  3. The second remark is about the roll off region

(q >> 1). Figure 3 predicts a dependence D ‘
~~ while

more exact calculat ior -.s predict D •~ ~— 1.78 Considering

the type of approximations involved the agreement is satis-

fac tory .

[
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VII. EXPER IMENTS AND TEST OF THE THEORY

a) Experiments in support of antenna theory

We have measured the efficiency in coupling the radiation from

a focused HCN laser bean ( = 377 ~m , = 5 mw) into the antenna/

diode and studied the deper~dence 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

obta ined when the rectified signal due to the FIR laser rect~~ication

equals tnat due to the rf.

The, otherwise unknown , AC voltage at FIR frequency i nduced on

the junction equals that of the balancing r f voltage , easily rneasur-

able on an oscilloscope . The received laser power, 
~r 

= v
~C 

/ 2RD Ofl

the junction can then be measured when a laser beam with total power

P1 is focused on the antenna/diode and the dependence of the coupling

efficiency, n = 
~r’~L’ 

on the diode resistance can be studied and corn—

pared to the theory (Eq. 1). In the experiment , the antenna is formed

by a thin tungsten wire severa l wavelengths long so that the radiation

impedance is predominantly resistive. Al so the radius of the point

contact ( 1000 A) is sufficiently small that capacitive loading is

negli gibl e (q<<l). The resistance of the diode is varied by adjusting

the pressure on the point contact and the coupl ing efficiency is measured

for eacl- value of the resistance . A typical set of experimental results

Is presented in Fig. 8 and found to agree with the theoretical pre—

diction : ~ 4 n 0 RA TR~~ R~
32

Page 17

-S



In tii~s way, a value of R~ = 162 
± 10 ohm was obtained for the antenna

whose radiation pattern wa s also measured (Fig. 9) by using a previously

described technique.7

The dependence r~~ (er) on the focusing angle was then investigated .

If the focusing angle is r: uch smaller than the ~idth of the first lobe

(o f<< o 2)~ the laser radiation appears essentially as a plane wave and the

coupling can be described by an effective antenna apertureo= 4-- G where
120 Lthe gain , G, for L>>x is given by G =—~

-—— —
~~

-

(See Appendix B). In this regime , (8f<<8~)~ the efficiency is given by

the ration 0 c o- /1Tw0
2 (where 2w0 = k~~f is the focused spot diameter).

2 120 L 2T hen no o/(uw0 ) = ~~~~~~~~~~ —i-— e~

has a O
f

2 dependence in agreement with the experimental results in Fig. 10.

The experimenta l results of Fig. 10 show that for small focusing ang les

( o~ 0/f where f = 12.7 cm. in this case) the efficiency n0 is in fact

proportiona l to O f
2
~ 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 n0 we replace

I and R~ by their experimentally measured values. Considering the sim—

pli f lca tions involved and uncerta inty in our calor imetric laser power

measurements , 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 balancing

condi t ion  remains when a b i a s , up to about 100 mV , is appl ied to 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- meta l junc t ion~
6 With a two-stage thin

film vacuum evaporation method , a high-speed junction is depos ted

on a substra te , along wi th a small antenna integrated to it. We have

applied the balancing technique ~o the study of such a diode junction

(integrated to an antenna). Prelimi nary results show that in some

structures the coupling efficiency is as high as 2 or 3% , compara bl e

to tha t of the mechanical point contact diode.

We should recall that the technique is applicabl e regardless 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 the load is an evaporated micron—sized , thin—film wire without a

j unction. A wea k 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 tunnel ing 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:

I =—.
~~ 

(V + mV2 + nV 3)
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Due to these nonlinearities , the rectified voltage, Vr) when an

rf voltage VD coswt is coupled to the diode is given by

V 2
Vr = (m + 3~

The experimental dependence of V r on V b 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 diode , m = .16 V 1 and n = 1.81

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:

1 324 R0a
+ = 2~f l -o 4/~r
S

I = 4/~jj~
1.. 025

By estimating the value of contact area as a = .1 um2, we can then

obtain 
~ 

= .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 = in

which , in the case of Fig. i i , -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 monoton-ically . For example; if
0

R d = 50 ohms we get n = 1.39 so that = 0.43 eV and I = 7.3 A. At
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these low values of L and 
~~~~~~~ 

the W.K.B. approximation used in calcu-

lating the tunnel i ng probability begins to lose its appl icability .

On t’~e other hand , the value of the barrier asymmetry factor

can vary over a very wide range for diodes with the same resistance , Some

of the other characteristics reported in the literature6’1
~ ’

13 ’2°

correspond only to nearly symmetric diodes.

We have shown that in agreement with the theory , the zero bias respon-

sivity, 
~ 

(=m) , remains ne3rly constant as the resistance is varied over

two orders of magnitude . Th is statement was prev iously made in section IV (a)

without experimenta l support . We have , however , verified Eq. 5 at FIR

frequencies (.where q < 1 ) by studying the laser rectification as the

resistance of the diode “re l axes ” continuously and slowly (presuma bly keeping

the same asymmetry factor ci ) from 10 to few thousand ohms. We were able to

fit the result to the expression:

I R
V = v f —  ~r

with two adjustabl e parameters, V~ and RA.
This method of determining RA is, however , more tedious and difficult

than the previously described balanc ing technique, where the changes in

R0 need not be continuous.

The authors would like to acknowledge several valuable discussions on

this subject wi th G. Elchinger.
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APPEND X A - - -

The problem of calculating the 1—V characteristic of

a metal—insulator-metal  ~~~~~~~~~~~~~~~~~~~~~ has been treated

by d i f f e r e n t  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 Lhe V 3 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

junction the barrier shape is ~ (x,V) ~ (x) — eV. An elec-

tron approaching the barrier with an energy E
~ 

in the direc-

tion perpendicular to the barrier has a transmition probabil-

ity given by the WKB approximation -

P(Ex~~
V) ~~~~~~~~~~~~~ 

dx

z -11’where 
~~
‘
e = 1. 025 e v

carrying out a Taylor expansion:

Ln p (E~~,V ) =  -[b1 + c1 ~~ + f ic~~
2 +— -1 where

and is the Fermi energy in metal 1 and the V dependence appears

in the coefficients b1, c1, f1 — —— .

The total tunneling current density is obtained by inte-

gration over the contribution of electrons with di f ferent

energies Ex 

~~~~~~ = 
‘1rr vn e k Tf (E V) F(E 1, V) ~~~~

I £* / LT )t + e x p  ‘.

~~~ F In

p~~ p .
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It is possible , at this point, to obtain nujneric~ l

solutions with the help of a computer. However, further

approximations will let us obtain analytical solutions.

A discu ssion o f the app roxim ations involve d in differe nt

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.

J ~~(T) (V 
.
~~ w V~~÷ nV 3 )

G(T) = J o C10 ~~~ (~ C10kT)

A e ”lO
=

~~~~ikr 120 T2 am p cm 2

A-
C 10

~~ b~ 
—

~~~

—

- _____ -s. .S.2 — bj~ ~~ 

+ — t,lt

2 2 6

‘~~~~~~~ parame ters b10, b11, b12 and C10 are obtained from

b1 C(eJ~~
i

~~~”~” 
= ~ _ b g~’~ 

b 1~
V1_

— 
C10 + ~ll~~ 

— 

[A 2)Cl —

I
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For a trapezoidal barrier we have ~ Cx) = —

that when substituted in Eqs. (A3), (Al), and (A2) leads to:

b~0 = S ( 1 — j ~ s - .)

b11 =~3 - ( i ÷ .~-÷ -- )
C 10 = 

~~~ 
u

where the parameter S has r een intro duced

S = ~~e L~~~~~
’ 1.025 L/ ~

’

— _ _ _ _ _  and
2

0~ ~~~~~~~~~~~~~~~~

= 
~ 
+ 

= asymmetry fac tor

For zero bias and neglecting high powers in ~ we get the re-

sis tance and responsiv ity of the diode

a7T~) R D (0I
~
mS) = 3~~

i_ =

— 29 0O and

i , 5

S
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APPENDIX B

We shall estima te the eff iciency w ith which

power focused from an infrared laser can be coupled to the

antenna/ d iode .  Us ing  the reciprocity theorem of antenna theory

and considering the antenna as a radiator , we will

calculate the frac tion , y, of power radiated under the same
solid angle, 

~~~~~
, with which the infrared radiation is focused.

The ef ficiency is

where G(Ø,~~) is the orientation—dependent antenna gain. It is

assumed that the load is matched to the antenna. By definition of

gain if is taken as 4ir steradians , then y = 1 Call power

delivered to antenna is radiated). In the case of a whisker

diode, long wire antenna theory applies. (7,8) The gain in
(25)the case of a standing wave antenna is

= —
~~

-

~

‘ { ~~~ k L + cos~ 9 s~~Z k L + — 2  cos Id cos (kL Cos ~)
~~r. 9

— Z cos e s;n kL s n  (kL cos o)}

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:

____  
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Fo: long antennas CL>> A ) it can be shown that the

maximun~ gain can be approxima ted by G 
120 L so

m RA
that the coupling eff i ciency when the focusing angle O

~ 
is

comparable with OeiS’~~ 
30 1

RA ~

For a typical RA 
= l50~~ we would get y = .06

In pr inci p le it is possi ble 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 (q<1) to well

above (q>l) roll off. The voltage, v0, is pro por tional to

the incident power , P, and is given by v0 = 4
~ i

RAP.

Figure 3. Several quantities are plotted as a function of

the reduced frequency, a . The va lue x0 is the reduced re-

sistance that optimizes the power conversion. This conver-

sion e f f iciency is given by r~~/P in Eq . (10). The optimum

detectivity , D, is given by Eq. (19). Finally , F(x0) is

given by Eq. (11) appears frequently in the text.

Figure 4 . As the opera ting f requency of the diode increases

the junction area , a, and oxi de thickn ess , L, have to be decreased in
order to optimize the detectivity of the diode. The result-

ing current responsivity , B~, decreases logarithmically.

Figure 5. The detectivity , 0, for a j unc tion area of 1

is plo tted as a func tion of dielec tric thicknes s, L. The cal-

culation is done on a computer using Eq. (18). It is noticed

tha t for each fre quency there is a value of the thickness , L,

that optimizes D. In addition , it is seen tha t as the fre-

quency increases beyond 3 x lO~~ Hz , roll off effec ts are

noticeable.
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Figt~re 6. The max ima of the family of curv es dis playe d in

F’.g. 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 (the area for which Fig. 5 was calculated).

Curves for other junction areas are similarly obtained. The

optimum thickness at the corner frequencies are displayed

above the curves.

Figure 7. Block diagram of the equipment used for establishing

an rf level that  gives e’juivalent response to an incident focused

laser beam for various measured diode resistances. An adjustable

amount of 400 kIIz 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 rneasured.

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 c~ . Whisker length is 1.95 mm = 5.8 A,

A = 337 urn.

Figure 9. The radiation pattern is given for the antenna used in

the measurement of Fig . 8. In this case, the pattern for 311 urn

is also given.

Figure 1~~. 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 ~eam diameter and exceeding the width of the first lobe.

The Pro:ortjonaljtv constant, .0035 coincides with the theoretical

prediction. However , the experimen tal value con tains an unc ertainty

of a factor of about two due to power measurements.
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Fig. 11. The experimentally determined dependence of Vr on

Vh is presented . Diode resistance was measured as 2 Kç~ and

values of m = .16 V
_i 

and n = 1.81 V 2 were calculated from this

plot.
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Study of CH 3OH 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-a 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
3
O~-[

transitions. Henriigson and others 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 CH
3

OH coincidences with

P(36), P(3 L~.) ,  P(32), P(30), P(2Li.), and R(10).

Thesis Supervisor: Michael S. Feld

Title : Associate Professor of Physics
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$ATURATED ABSORPTION STTJDIES OF METHYL ALCOHOL

FAR INFRARED LASER PUMP TRANSITIONS

by - -

DANIEL SELIGSON

Submitted to the Department ‘f Physics ~n partialfulfillment of the requirements for the Degree of
Bachelor of Science

ABSTRACT

The 9 ,~~ in band of a CO2 laser overlaps the Q branch of the C-C stretch
band of methyl alcohol. W~ have made high resolution Lamb dip and StarkLamb dip studies of the coincidence with the €02 laser lines 9P(34) and
9P(36). We found that the CII3OH resonances !ie 25 + S MH z -and 38 + 5 MHz ,
respectively, above the centers of the CO2 lines. A lso, we made
measurement s of linear absorption , pressure broadening, and Stark tuning
rates. From these data , we mzide tentative assignments of the quantum -

numbers of the methanol transitions. Because of current activity in the
field of optically pumped Far Infrared lasers, researchers arp trying to
assign this transition also. We compare our assignment with some others.

Thesis Supervisor: Michael S. Feld
Title: Associate Professor of F’hysics



2

- 

DEVELOPMENT OF A PRECISE WAVELENGT H

MEASUREMENT TECHNIQUE FOR LASERS AND

- ITS APPLICATION TO THE MEASUREMENT OF

THE SPEED OF LIGHT AND SPECTROSCOPY .

by

JEAN-PIERRE MOI~CHALIN

- 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
d i f f r ac t i cn;  the correction due to diff ract ion is calculated for the
TEM 0Q mode , higher order modes , astigmatic and uncollimated
beams. The experimental set—up is fully described including
the interferome ter , the CO2 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
interferorneter 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 12712 as a standard , the system has been the
object of 2 applications.

12 16The ratio of wavelength of a C 02 laser stabilizedon R14 of the OO O l~[lO0O ,O20O]ii band to the wavelength of the
standard has been measured with an accuracy of 6 parts in lOs.
Using the value of the frequency given by the National Bureau
of Standards of Boulder , a value for the speed of light has been
calculated c = 299792457.6 (2.2) rn/s in excellent agreement with
the other recent measurements.

The wavelengths given by a 12C1602 laser stabilized
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sucCessively on 26 transitions of the P branch of the 0111
(llbO ,0 3 10]I 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 . 

-

I

Thesis Supervisor A].i Javan
Title : Professor of Physics.
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LINESRAPES OF NARROW DOPPLER-FRE E SATURATION

RESONANCES AND OBSERVATION OF ANOMALOUS

ZEEMAN SPLITTING ARISING FROM ROTATiONAL

W~GNETIC MOMENT IN ~I 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 Philos ophy . -

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 liri9shape 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. Thi3 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

$
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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 CO2 or N20 laser. It oscillates on
several hundred transitions in the 9-,10-, and 11-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 C02/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 inrad broadening
of the HWHM of a saturation resonance.

Collision— and power—broadening measurements of CO2 and
N20 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 kflz/xriTorr. 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 future clock applications.

The observation of Zeeman splitting of excited vibrational
states of CO2 (1000 ,0200,0001) and N2O (1000, 0001) using the
SWSR technique is reported. Observation of the small Zeeman
splitting (‘~60kHz/kG) in these ~~ molecules is made possible bythe narrow linewidth obtained by this technique. The existence
of hundreds of lasing transitions in CO2 and N20 enables investi-
gation of molecular g-factors across the whole vibrational band.
The anomalous Zeernan effect resulting from the small difference
in the g—factors of the two levels (‘~.‘1—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 t~g to be:
C02, 10—micron band, g=—0.053±0.003, t~g~0.00l0O±0.O00O6; C02, 9—
micron band , g=—0.052±0.003, Ag=O.OOlOO±0.00006; N20, 10—micronband, g —O .077±0.008, Ag=0.00077±O.00008 where the magnitude of
the lower level g-factor is greater than the magnitude of the
upper level g-f actor.

Thesis Supervisor: Mi Javan
Title: Professor of Physics
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THEORY OF SUPERRADIAN CE IN AN EXTENDED , OPTI CALLY THIC K
• 

- MEDIUM

- 

by

JEFFREY CHARLES !~ACGILLIVRAY

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
)‘.iaxwell—Schrodinger equations which can be integrated
numerically. The evolution of thi s 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.
Thile 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 superradiate , or
equivalently, v’hich limit the shortness of its output

-- - —- -- --- —- —



3

radiation pulses. Limits arising from experimental
conditions such as f in i te  inversion time , f in i te  decay and
dephasing times , f in i te  transit time (cooperat ion length),
feedback , d i f f rac t ion, and Fresnel number not approximately
one are discussed. Both swept and uniform excitation
configurations are considered. Modifications 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 e f fec t s, is discussed. Finally a new
class of experiments is proposed in which a superradiant
state is prepared direct ly,  rather than by inverting a
system and allowing a superradiant state to evolve.

Thesis Supervisor : Michael S. Feld , Associate Professor of
Physics and Director ol’ the Spectroscopy Laboratory
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INVESTIGATION OF TRANSIENT COHERENT OPTICAL PHEN OMENA

/
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 .

ABSTR)~CT

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 (c~L~14). Zero degree pulses
(j s(z~t)dt=O) are observed to propagate with enhanced

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 (“.5 Torr) CO2 amplifier
in the linear regime for a variable number of gain lengths
(c*L~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 to
obtain experimental values for the transverse relaxation
paramoter T2 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 CO2 amplifiers are also presented.
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C) The properties of population inversion by optical
/ Adiabatic Rapid Passage (ARP ) using laser saturation

spectroscopy techniques. In these investigations, a
direct attempt to measure T1 in the time domain for an
infrared transition in NH3 is undertaken. The popu-
lation ch~ -~ge produced by sweeping the frequency of a
strong saturating N2O 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 T1.
The pressure dependence of this decay below 40 inTorr is
measured to be T1P=24.3 (~isec.mTorr) indicating that

3.6 T2. The results are discussed in terms of molecu-

lar dipole-dipole interactions, responsible in NH3 for the
collision-induced decay of the polarization as well as that
of the population inversion.

Thesis Supervisor: Au Javan

Title : Professor of Physics
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COHERENT TRANSIENT AND STEADY STATE 
-

PHENOMENA IN COUP LED MO LECULAR

• TRANSITIONS

by

JOSE ROBERTO RIOS LEITE -

Submitted to the Department of Physics

on April 1977 in partial fulfillment of the

requ~rements for the Degree of Doctor of Philosophy

- ABSTRAC~

A theoretical and experimental study of coherent

optical effects in coupled Doppler broadened three-level

molecular sy.stems, 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

beam 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 
- -



beams give different lineshapes for the narrow change

signals which are analyzed in their depende~ce on the
relaxation rates of the transitions and high saturation
effects.

From steady state experiments with NH
3 
the lineshapes

are used to extract a value for the Zeetnan coherence

relaxation rate in the excite.1 state of the t)2 ~Q(8,7 )

transition. This rate of 7.2 MMz/Torr is almost twice

the corresponding population relaxation. Relaxation rates

• for NH, in the presence of H~ buffer gas are also measur-
ed.

~ransient experiments with the same NH3 
transition

were observed. Features predicted theoretically are

U verified for the lineshapess decay. The excited state

population relaxation rate Is 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 CH3
OH laser,

pumped by a CO2 laser , are presented.

Thesis Supervisor* M. S. Feld •
Title* Associate Professor of Physics
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STUD Y OF RELAXATION PROCESSES IN 
-

USING PULSED DYE LASER TECHNIQUES

by

Rica rdo Francke

SLbrnitte~ to the Department of Physics in partial fulfillmentof the requirements for the degree of Doctor of Philosophy.

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 3Z+u) = He2

m and the relaxation
processes of the He2 (e~~a).In the axperiment, ~ pulsed discharge in He is used toproduce different excited species, some of which become He2,
which is then quenched by different mechanisms. In order to
study the formation and decay of He2, 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 used to excite the a3r~~(v,

N) -
~ e

3lta(v,N’) X=4650A
vibronic transitions of He in the afterglow of the gas dis-
charge. The excitation was measured by monitoring the fluore-
scence emitted from the e 3 fl level of He2. The detection
system consisted of an opti2al system to collect light, and a
monochrornatcr followed by a cooled photomultiplier. The mono-
chromator usad as a f i l ter is necessary to isolate the laser
induced fluorescence 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. In
this way all the time evolution of He2m was obtained in one
single scan. The high intensity and the short pulse of the dye
laser (6 nse: FW~~) 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 ound that under the conditions used here, }je2
m is

~~-od~ced du:~ing the first 400 j.isec of the afterglow fromexcited :~e1ium atoms. Alsc the formation rate of He 2
m

co~~c~des with the destruction rate of He
+ through transforma-

tion to He 2~ and dielectronic recombination. This model also
explaths tht~ variation of peak current during the glow withpeak population of He 2m . Furthermore, it also accounts for
the tine evolution of He2m . The rate of formation of He2

m
from He~ was found to be (2.20±0.40) times the concentrationof He+. Of course the formation of He2

m from He+ could involve
many other :r~terinediate steps. In the experimental conditions
of this won -., other mechanisms that produce He2

m are found to
make very s::~ il contributions to the formation of He

The main loss mechanism of He2
m is diffusion to2the walls.

Another los~ mechanism is electron quenching . The v=l state
was found tc be quenched faster than v=O. The first one has a
rate of (~ .CC±2.90)xl0 9cm 3/sec , while the v=0 has a rate of
(2.2±0.70)x09 crn 3/sec. The dependence of this quenching
rate on the vibrational quantum number was seen here for the
first t-.me.

it was also found that the lifetime “r” of the eflg state
is given by lit = (37.22±8.5+(4.30tl.20)p] l0’sec ’ where “p”
is the pres.ure in torn . It was also found that a collision
of an excited molecule with a helium atom could change the
electronic ...tate of the molecule. This collision transfer
all~wed me to measure the radiative lifetime of the e

3 flg~
, f~Z~~ and 

f3 rIU states as being 27±6, 53±5 , 27±6 , and -

40±l~ nsec, respectively. The collision transfer rate from the
e3 11 to the d 3

~~u, 
f 3 rt U and f3~~ was measured as being(6.90±l.39)~ l0’, (1,00±0.23)10’ and (22.6±5.2)l0~ sec~~torr~~respectively. The collision transfer rate from the e3rta to

the f 3 E~~ w~s found to be extremely fast and such that Atpressures a~)ove 3 torr the two levels were in thermal equili-brium. This rate was determined as being over 30x10’ sec 1torr ’.
Ratios of Frarick-Condon factors between the e 3flq and a3Z+u

states were measured as q00/q01=21.l and q11/q12=9.84±0.39,

The~is Supe::visors: Au Javan and Michael S. Feld
Title : Prof assors of Physics
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ENERGY ABSORPTION AND VIBRATIONAL

- HEATING IN MOLECULES

FOLLOWING INTENSE LASER EXCITATION

by -

Ronald Erwin McNair

Submitted to the Department of Physics in partial fulfillment
of the requirements for the degree of Doctor of Philosophy.

ABSTRACT

Studies are made of the energy flow into and among the
vibrational 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 analysis, 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 vib.:ational excitation is accomplished via V-V exchange
collisior.s. The fundamental results obtained employ the
novel assumption of a time dependent quasi-equilibrium distri-
bution existing among the upper vibrational states. This as-
sumption is verified by detailed computer simulations.

A s~niliar formalism is applied to a simple polyatomicmolecule 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.

Energy absorption of CO laser radiation by CH F gas have
shown that at 5.0 Torr CH~F ~ressure,~~ 2.5 quanta p~r moleculeis absorbed by the gas. ror a known laser pulse duration
(3.()~sec) the simple theoretical expressions yield a V—V up—
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the—l~dder rate for the v3 (C—F stretch) mode of 0.8+.2~sec~~ —
torr which agrees well with measurements by laser fluores-
cence techniques. This shows that an energy absorption ex-
per iment 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 ‘total energy absorbed is found to reside in the C-F
stretch mode of CH.~F. at about 9.6.im. Vibrational tempera-
tures of ~3000 °K a~ e observed after all the modes reach a
vibrational steady state while the translational tempera-
ture remains a constant.

The re-distribution of energy by intra-mode V—V colli-
sional coupling 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 pumpedmode ~s measured , again, by laser induced fluorescence.~~Bycalibrating the spontaneous emission intensity of the n
mode by that of v3, 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 inte~si~y of any mode in CH3F and Iis the v~ inteRsity.A m6de]. for predicting the steady state partitioning of
energy in polyatomics is presented and applied to CH,F. The
good agreement between the model predicted partitioning of
energy ar.d 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 f indings manifest  some of the heretofore unobser-
ved behavior of polyatomics and thetr interaction with strong
resonant laser pulses. In addition , new possibilities are
opened in the areas of laser induced photochemistry and
intra—mode and inter—molecular energy transfer lasers.

Thesis Supervisor : Michael S. Feld
Title: Associate Professor of Physics
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PROPERTIES OF METAL-T~ARR IER-METAL HIGH SPEED TUNNELING

JUNCT:CNS RESPONDING TO INFRARED AND VISIBLE RADIATIONS

by

GILBERT MICHAEL ELCHIN GER

Submitted to the Department of Physics on July 17 , 1978, in
partial fulfillment of the requirements for the degree of
Doctor of Philosophy .

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 RP, where the fre-
quency is smaller than the junction ’s (RC) 1 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 o~,tained from RF rectification measurements were usedas 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 on a laser-induced noriequilibrium electron distribution
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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 popula tion inversion of electrons and hol es
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 = i

~Pb/el resemblingthe rectification response.
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