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In coherent control experiments the product signal intensity is modulated

by interference between two excitation paths. This modulation is produced

by varying the relative phase of the electromagnetic ¯elds used to excited the

target. It is observed that the modulated signals for di®erent channels may

be out of phase with respect to each other. The phase lag between di®erent

channels is energy dependent and contains information about the dynamics

of the system. This paper explores di®erent mechanisms that produce such

phase lags and assesses what may be learned from them.

I . I N T RODUCT I ON

In t e r fe r e n c e b e t we e n c o m p e t in g p a t h s p la ys a c e n t r a l r o le in t h e fo r m u la t io n o f qu a n t u m

m e c h a n ic s [1 ] a n d is r e s p o n s ib le fo r a wid e va r ie t y o f p h ys ic a l p h e n o m e n a . E xa m p le s o f

p r o c e s s e s t h a t d e p e n d o n qu a n t u m m e c h a n ic a l in t e r fe r e n c e a r e a s ym m e t r ic s p e c t r o s c o p ic

lin e s h a p e s [2 ], r a in b o w s c a t t e r in g [3 ], p h o t o fr a g m e n t a n d p h o t o e le c t r o n a n g u la r d is t r ib u t io n s

[4 ,5 ], a n d a t o m ic a n d m o le c u la r in t e r fe r o m e t r y [6 ,7 ]. Th e ke y in g r e d ie n t in a ll o f t h e s e

p h e n o m e n a is t h e r e la t ive p h a s e s o f t h e wa ve fu n c t io n s fo r va r io u s p a t h s c o n n e c t in g t h e

in it ia l a n d ¯ n a l s t a t e s o f a s ys t e m . Th e va lu e s o f t h e s e p h a s e s a r e im p o r t a n t b e c a u s e t h e y

c a r r y t h e in fo r m a t io n a b o u t t h e s c a t t e r in g d yn a m ic s o f t h e s ys t e m . Th is fa c t is e xp lic it in

t h e s e m ic la s s ic a l d e s c r ip t io n o f a wa ve fu n c t io n [8 ] a n d in in ve r s io n s c h e m e s u s e d t o e xt r a c t

p o t e n t ia l e n e r g y fu n c t io n s fr o m s p e c t r o s c o p ic d a t a [9 ].

In t h e e xa m p le s c it e d a b o ve , in t e r fe r e n c e is p r o d u c e d b y t h e s u p e r p o s it io n o f t wo wa ve s

h a vin g a d e ¯ n it e p h a s e r e la t io n . Th e r e s u lt a n t s ig n a l is e it h e r e n h a n c e d o r d im in is h e d ,
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d e p e n d in g o n wh e t h e r t h e wa ve s c o m p o s in g it a r e in o r o u t o f p h a s e . A s wa s d e m o n s t r a t e d

b y B r u m e r a n d S h a p ir o o ve r a d e c a d e a g o [1 0 ], t h is fa c t c a n b e e xp lo it e d t o c o n t r o l t h e

yie ld s a n d b r a n c h in g r a t io s o f c h e m ic a l r e a c t io n s [1 1 ,1 2 ]. If t h e t wo e xc it a t io n p a t h s c o n s is t

o f a b s o r p t io n o f m a n d n p h o t o n s , r e s p e c t ive ly, t h e n t h e t o t a l ( a n g le -in t e g r a t e d ) p r o b a b ilit y

o f o b t a in in g p r o d u c t S is g ive n b y [1 0 ]

pS ( E ) = pS
n ( E ) + pS

m ( E ) + 2 jpS
mn ( E ) j c o s ( Á + ±S

13 ) ; ( 1 )

wh e r e E is t h e t o t a l e n e r g y, a n d pS
m a n d pS

n a r e t h e t r a n s it io n p r o b a b ilit ie s fo r t h e a b s o r p t io n

o f n a n d m p h o t o n s , r e s p e c t ive ly 1. Th e c r o s s t e r m h a s a n a m p lit u d e , 2 jpS
mn ( E ) j, a n d a p h a s e ,

Á + ±S
13, wh e r e Á = nÁm ¡ mÁn is t h e r e la t ive p h a s e o f t h e e le c t r o m a g n e t ic ¯ e ld s , a n d ±S

mn

is g ive n b y

jpS
mnjei±S

mn = e¡iÁ
Z

dk̂ < gjD(m)jESk̂¡ >< ESk̂¡jD(n)jg >; ( 2 )

wh e r e jESk̂¡ > is a c o n t in u u m e ig e n s t a t e , jg > is t h e g r o u n d s t a t e , a n d D(j) is t h e j- p h o t o n

d ip o le o p e r a t o r . Th e qu a n t it y ±S
13, wh ic h we s h a ll r e fe r t o a s t h e channel phase, d e p e n d s

s o le ly o n t h e p r o p e r t ie s o f t h e m a t e r ia l t a r g e t .

In a t yp ic a l c o h e r e n t c o n t r o l e xp e r im e n t , t h e la s e r p h a s e , Á, is va r ie d c o n t in u o u s ly, p r o -

d u c in g a s in u s o id a l m o d u la t io n o f t h e p r o d u c t s ig n a ls . B e c a u s e ±S
13 d e p e n d s o n t h e p r o d u c t

c h a n n e l, t h e m o d u la t e d s ig n a ls fo r a n y p a ir o f c h a n n e ls , A a n d B, d i®e r in p h a s e b y a

qu a n t it y,

¢ ± ( A; B ) = ±A
mn ¡ ±B

mn; ( 3 )

wh ic h we r e fe r t o a s a phase lag. A n e xa m p le is s h o wn in t h e b o t t o m t wo p a n e ls o f Fig . 1

fo r t h e io n iz a t io n a n d d is s o c ia t io n o f HI.

Th e p h a s e la g is im p o r t a n t in c o n t r o l e xp e r im e n t s b e c a u s e it p r o vid e s a t o o l fo r a lt e r in g

t h e b r a n c h in g r a t io o f a r e a c t io n . In r e c e n t ye a r s it wa s r e a liz e d t h a t t h e va lu e ( a n d e n e r g y

d e p e n d e n c e ) o f t h e p h a s e la g is in h e r e n t ly in t e r e s t in g b e c a u s e o f fu n d a m e n t a l in fo r m a t io n

t h a t it p r o vid e s a b o u t t h e s ys t e m . In t h e p r e s e n t p a p e r we p r e s e n t a c a t a lo g u e o f in t e r fe r e n c e

1In keeping with the convention used in nonlinear optics, we will use subscripts m and n to denote,

respectively, the n¡ and m¡photon paths, such that n!m = m!n. But it will also be convenient

to use the parenthetical superscript (j) to denote a j¡photon transition; e.g., D(3) denotes the

three-photon dipole operator.
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e ®e c t s t h a t p r o d u c e a p h a s e la g , s u m m a r iz in g t h e m a in t h e o r e t ic a l c o n c lu s io n s a n d g ivin g ,

wh e n p o s s ib le , e xp e r im e n t a l e xa m p le s . In a d d it io n , we p r e s e n t n e w d a t a o n a \ m o le c u la r

in t e r fe r o m e t e r " t h a t a llo ws o n e t o e xt r a c t t h e a b s o lu t e p h a s e o f a wa ve fu n c t io n .

I I . E XP E RI M E N T AL M E T H OD

A ll t h e e xp e r im e n t s d is c u s s e d h e r e we r e p e r fo r m e d u s in g o n e - a n d t h r e e -p h o t o n e xc it a -

t io n , wit h la s e r fr e qu e n c ie s !3 = 3 !1. Th e d e t a ils o f t h e e xp e r im e n t h a ve b e e n p r e s e n t e d

e ls e wh e r e [1 3 ] a n d n e e d n o t b e r e p e a t e d h e r e . S u ± c e it t o s a y t h a t !3 wa s p r o d u c e d fr o m

!1 b y t h ir d h a r m o n ic g e n e r a t io n in a r a r e g a s , t h e r e b y e s t a b lis h in g a d e ¯ n it e p h a s e r e la t io n

b e t we e n t h e t wo ¯ e ld s . Th e r e la t ive p h a s e o f t h e ¯ e ld s wa s c o n t r o lle d b y p a s s in g t h e la s e r

b e a m s t h r o u g h a g a s t h a t h a s a d i®e r e n t in d e x o f r e fr a c t io n a t t h e t wo fr e qu e n c ie s . P r o d u c t s

fr o m t h e va r io u s r e a c t io n c h a n n e ls we r e m e a s u r e d wit h a t im e -o f-° ig h t m a s s s p e c t r o m e t e r .

On e d e t a il wh ic h n e e d s t o b e e m p h a s iz e d is t h e m e t h o d u s e d t o is o la t e in d ivid u a l c h a n n e l

p h a s e s . A lt h o u g h t h e o b s e r ve d p h a s e la g is t h e d i®e r e n c e b e t we e n t wo c h a n n e l p h a s e s , b y

s e le c t in g o n e o f t h e c h a n n e ls , s a y c h a n n e l A, t o h a ve a r e a l t r a n s it io n a m p lit u d e ( i.e ., ±B
13 = 0

o r ¼ ) , it is p o s s ib le t o d e t e r m in e ±A
13 a b s o lu t e ly ( m o d u lo §¼ ) . A c o n ve n ie n t wa y o f s e le c t in g

s u c h a r e fe r e n c e c h a n n e l is t o u s e a g a s m ixt u r e , o n e c o m p o n e n t o f wh ic h is kn o wn e m p ir ic a lly

t o h a ve a z e r o ( o r ¼ ) c h a n n e l p h a s e . In o u r e xp e r im e n t s t o d a t e we h a ve u s e d t h e io n iz a t io n

o f H2S a s s u c h a r e fe r e n c e c h a n n e l [1 4 ]. A n e xa m p le o f h o w t h is c h a n n e l is u s e d t o is o la t e

±HI+

13 a n d ±I
13 ( t h e c h a n n e l p h a s e s fo r io n iz a t io n a n d d is s o c ia t io n o f HI ) is s h o wn in Fig . 1 .

I I I . ORI GI N OF T H E P H ASE LAG

A c a s u a l in s p e c t io n o f E q. ( 2 ) m ig h t s u g g e s t t h a t ±S
13 s h o u ld b e z e r o b e c a u s e t h e p h a s e s

o f t h e b r a a n d ke t in t h e in t e g r a n d c a n c e l. A lt h o u g h s u c h c a n c e la t io n d o e s o c c u r in a c e r t a in

lim it in g c a s e [1 5 ], t h e r e a r e m a n y s c e n a r io s t h a t p r o d u c e a n o n -z e r o c h a n n e l p h a s e . Ou r

g o a l in t h is s e c t io n is t o p r o vid e a n o ve r vie w o f t h e s e c a s e s , wh ile r e fe r r in g t h e r e a d e r t o t h e

lit e r a t u r e fo r t h e d e t a ils o f t h e ir d e r iva t io n .

Fig u r e 2 is a c a t a lo g u e o f t h e c o n d it io n s t h a t m ig h t le a d t o n o n -z e r o c h a n n e l p h a s e s .

A lt h o u g h t h e illu s t r a t io n s r e fe r t o t h e s p e c ī c c a s e o f o n e - vs . t h r e e -p h o t o n e xc it a t io n , t h e y

m a y b e r e a d ily g e n e r a liz e d t o o t h e r p a ir s o f e xc it a t io n p a t h s . B r o a d ly s p e a kin g , t h e r e a r e

t h r e e t yp e s o f c o n d it io n s t h a t le a d t o n o n -z e r o c h a n n e l p h a s e s . Fir s t , c o u p lin g o f t h e t h r e e -

p h o t o n c o n t in u u m s t a t e t o s o m e o t h e r c o n t in u u m in t r o d u c e s a c h a n n e l p h a s e wh ic h h a s

b e e n r e fe r r e d t o in s o m e o f t h e lit e r a t u r e a s a \ m o le c u la r p h a s e ." S e c o n d , t h e e xis t e n c e o f

r e s o n a n c e s a t t h e t h r e e -p h o t o n le ve l m a y a ls o p r o d u c e a c h a n n e l p h a s e , s o m e t im e s r e fe r r e d

t o a s a \ r e s o n a n c e p h a s e ." Th ir d , r e s o n a n c e s a t in t e r m e d ia t e e n e r g ie s in t h e t h r e e -p h o t o n
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p a t h c o n t r ib u t e a B r e it -W ig n e r p h a s e t o t h e o ve r a ll c h a n n e l p h a s e .

Fig u r e 2 a d e p ic t s t h e lim it in g c a s e in wh ic h t h e r e is n o c h a n n e l p h a s e . If t h e r e a r e

n o r e s o n a n c e s p r e s e n t , a n d if t h e c o n t in u u m is n o t c o u p le d t o a n y o t h e r c o n t in u a , t h e n

c a n c e la t io n o c c u r s a n d t h e c h a n n e l p h a s e va n is h e s . Th e c o n t in u u m in t h is c a s e p r o d u c e s

o n ly e la s t ic s c a t t e r in g . Th e p h a s e s h ift s o f t h e c o m p o n e n t p a r t ia l wa ve s o f t h e s c a t t e r e d

s t a t e a r e in d e p e n d e n t o f c o o r d in a t e s , r e s u lt in g in a t e r m -b y-t e r m c a n c e la t io n o f t h e p h a s e s

in a p a r t ia l wa ve e xp a n s io n . A n e xa m p le o f t h is c a s e is s e e n in ¢ ± ( HI+; H2S+ ) s h o wn in

Fig . 3 , wh e r e t h e p e a ks n e a r 3 5 5 .0 a n d 3 5 6 .0 n m r id e o n t o p o f a b a s e lin e o f z e r o p h a s e la g

[1 6 ].

If t h e t h r e e -p h o t o n c o n t in u u m is c o u p le d t o s o m e o t h e r c o n t in u u m ( i.e ., if it is in e la s t ic ) ,

t h e n t e r m -b y-t e r m c a n c e la t io n o f t h e p h a s e s d o e s n o t o c c u r . A n o t h e r wa y o f s t a t in g t h is

r e s u lt is t o e xp r e s s jESk̂¡ > in E q. ( 2 ) a s a lin e a r c o m b in a t io n o f z e r o -o r d e r c o n t in u u m

s t a t e s . Th e in t e g r a n d t h e n c o n t a in s c r o s s t e r m s wit h d i®e r e n t b r a s a n d ke t s , s o t h a t t h e

p h a s e s d o n o t c a n c e l. A n e xa m p le o f t h is c a s e is s e e n in t h e d is s o c ia t io n c h a n n e l o f HI in

Fig . 3 ( i.e ., ¢ ± ( I+; H2S+ ) ) , wh e r e t h e we a k s t r u c t u r e r id e s o n t o p o f a m o le c u la r p h a s e

b a s e lin e o f a p p r o x. ¡1 2 0 o.

P a n e ls ( c ) t h r o u g h ( f ) o f Fig . 1 s h o w t h e c h a n n e l p h a s e s p r o d u c e d b y r e s o n a n c e s lo -

c a t e d e n e r g e t ic a lly a t t h e t h r e e -p h o t o n le ve l. In c a s e ( c ) , a n is o la t e d r e s o n a n c e in t e r a c t in g

wit h a p u r e ly e la s t ic c o n t in u u m g ive s r is e t o a m a xim u m a t t h e r e s o n a n c e e n e r g y. Th e

r e la t ive p h a s e a r is e s fr o m t h e in t e r fe r e n c e o f t h e d ir e c t a n d r e s o n a n c e -m e d ia t e d r o u t e s a n d

is m a xim iz e d wh e r e in t e r fe r e n c e is c o n s t r u c t ive . Th e m e c h a n is m is a n a lo g o u s t o Y o u n g -

t yp e in t e r fe r e n c e fr o m fo u r s lit s . Th e fo u r p a t h wa ys in t h is c a s e a r e o n e -p h o t o n d ir e c t ,

o n e -p h o t o n r e s o n a n c e -m e d ia t e d , t h r e e -p h o t o n d ir e c t , a n d t h r e e -p h o t o n r e s o n a n c e -m e d ia t e d

e xc it a t io n . Fo r a r o t a t io n a lly r e s o lve d e xp e r im e n t in wh ic h t h e p a r e n t s t a t e is p r e p a r e d in

a s in g le r o -vib r a t io n a l le ve l a n d t h e r e s o n a n c e vib r a t io n is r e s o lve d , t a n ±S
13 h a s t h e fo r m o f

a s h ift e d L o r e n t z ia n fu n c t io n [1 7 ],

tan ±S
13 =

2 ( q(1) ¡ q(3) )
h
²¡ 1

2
( q(1) + q(3) )

i2
+

h
4 ¡ 1

4
( q(1) ¡ q(3) ) 2

i ; ( 4 )

wh e r e q(j) is t h e c h a n n e l-s p e c i¯ c Fa n o a s ym m e t r y p a r a m e t e r [2 ] fo r a j¡ p h o t o n t r a n s it io n ,

² = ( E ¡E0 ) =2 ¡ is t h e r e d u c e d e n e r g y s h ift , E0 is t h e r e s o n a n c e e n e r g y, a n d ¡ is t h e wid t h

o f t h e r e s o n a n c e . Th e r e a d e r is r e fe r r e d r o R e f. [1 7 ] fo r t h e g e n e r a l c a s e o f m a n y r o t a t io n a l

le ve ls . A n e xa m p le o f a r e s o n a n c e p h a s e wh e r e m a n y r o t a t io n a l le ve ls a r e p r e s e n t is g ive n

b y t h e 3 5 6 .0 n m p e a k in Fig . 3 , wh ic h is p r o d u c e d b y t h e 5 d ( ¼; ± ) r e s o n a n c e o f HI [1 6 ].

( Th e s m a lle r p e a k a t 3 5 5 .0 n m is p r o b a b ly c a u s e d b y a n o t h e r r e s o n a n c e t h a t h a s o n ly b e e n
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t e n t a t ive ly a s s ig n e d .) A n o t h e r e xa m p le is t h e 5 s¾ io n iz a t io n r e s o n a n c e o f HI a n d DI s h o wn

in R e f. [1 8 ].

If a n is o la t e d r e s o n a n c e is p r e s e n t a n d t h e d ir e c t p r o c e s s is n e g lig ib le c o m p a r e d t o t h e

r e s o n a n c e -m e d ia t e d o n e ( c a s e ( d ) ) , t h e p h a s e s h ift va n is h e s a t t h e r e s o n a n c e e n e r g y. In t h is

lim it , t h e e xc it a t io n a n d d e c a y p r o c e s s e s d e c o u p le , a n d a ll m e m o r y o f t h e e xc it a t io n s c h e m e

is lo s t o n c e t h e m o le c u le r e a c t s . A n e xp e r im e n t a l s ig n a t u r e o f t h is c a s e is a minimum in j±S
13j

o n r e s o n a n c e , wit h a n o n -z e r o va lu e o f t h e p h a s e la g p r o d u c e d o ®-r e s o n a n c e b y a m o le c u la r

p h a s e . Th e r e a d e r is r e fe r r e d t o R e f. [1 5 ] fo r a d e r iva t io n o f t h is r e s u lt . A n e xa m p le o f s u c h

a \ win d o w" is t h e 5 s¾ d is s o c ia t io n r e s o n a n c e fo r DI s h o wn in Fig . 4 [1 8 ]. Th e s t r o n g d ip in

¢ ± ( HI+; I ) is a ls o c a u s e d b y t h is m e c h a n is m ; h o we ve r , t h e a d d it io n a l s t r u c t u r e n e a r 3 5 3 .7

n m is a s ye t u n e xp la in e d .

A m o r e c o m p le x p a t t e r n is p r o d u c e d in c a s e ( f ) , wh e r e c o u p le d r e s o n a n c e s in t e r a c t in g

wit h a c o u p le d ( i.e ., in e la s t ic ) c o n t in u u m p r o d u c e a s t r u c t u r e d m a xim u m in ±S
13 s u p e r im p o s e d

o n a n o n z e r o , s lo wly va r yin g b a c kg r o u n d [1 7 ]. Th e r e a r e a s ye t n o r e p o r t e d e xa m p le s o f t h is

c a s e . A t ¯ r s t it wa s b e lie ve d t h a t t h e 5 d ( ¼; ± ) fe a t u r e in Fig . 3 is p r o d u c e d b y s u c h a c o u p le d

r e s o n a n c e ; h o we ve r , in t h is in s t a n c e t h e t h r e e -p h o t o n r e s o n a n t -m e d ia t e d t r a n s it io n is m u c h

we a ke r t h a n t h e o t h e r p a t h s . Th e r e r e s u lt s a \ t h r e e -s lit " m e c h a n is m , wit h o n e -p h o t o n d ir e c t ,

o n e -p h o t o n r e s o n a n c e m e d ia t e d , a n d t h r e e -p h o t o n d ir e c t p a t h s .

I V. A M OLE CULAR I N T E RFE ROM E T E R

A qu a lit a t ive ly d i®e r e n t m e c h a n is m is d e p ic t e d in Fig . 1 g . In t h is c a s e a r e s o n a n c e is

p r e s e n t a t t h e t wo -p h o t o n le ve l, m a kin g D(3) a c o m p le x o p e r a t o r . In t h e e ve n t t h a t t h e r e

a r e n o m o le c u la r o r r e s o n a n c e p h a s e s p r e s e n t a t t h e t h r e e -p h o t o n le ve l, t h e c h a n n e l p h a s e

is id e n t ic a l t o t h e p h a s e o f t h e t wo -p h o t o n s t a t e . Th e s ys t e m b e h a ve s a s a \ m o le c u la r

in t e r fe r o m e t e r ," wit h ±S
13 p r o vid in g a m e a s u r e o f t h e p h a s e s o f s t a t e s p r e s e n t in o n ly o n e

a r m .

Th e qu a n t it y o f in t e r e s t in t h is c a s e is t h e B r e it -W ig n e r p h a s e o f a qu a s i-b o u n d s t a t e .

Th e fo r m a lis m r e qu ir e d fo r c o m p u t in g t h e r e la t ive p h a s e a r is in g fr o m c o m p le x in t e r m e d ia t e s

is d e ve lo p e d in R e f. [1 7 ] a n d o n ly b r ie ° y s u m m a r iz e d h e r e . In t e g r a t io n o ve r s c a t t e r in g a n g le s

a n d t h e r m a l a ve r a g in g t r a n s fo r m t h e r e la t ive p h a s e in E q. ( 2 ) t o t h e fo r m

±S
13 = a r g

X

Jg

WJg

X

J

T (1) ( JgjESJ ) T (3)¤ ( JgjESJ ) ; ( 5 )

wh e r e T (j) is a n a n g le -a ve r a g e d j¡p h o t o n t r a n s it io n d ip o le m a t r ix e le m e n t , d e ¯ n e d in t h e

b o d y-̄ xe d fr a m e , Jg a n d J a r e t o t a l a n g u la r m o m e n t a in t h e in it ia l a n d c o n t in u u m s t a t e s ,

a n d WJg a r e B o lt z m a n n we ig h t s , d e t e r m in e d b y t h e r o t a t io n a l t e m p e r a t u r e o f t h e m o le c u la r
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b e a m . Co m p le x in t e r m e d ia t e s in t h e t h r e e -p h o t o n p r o c e s s g ive r is e t o a c o m p le x e n e r g y

d e n o m in a t o r in T (3), wh ic h t r a n s la t e s in t o a n o b s e r va b le p h a s e , ±S
13.

In t h e c a s e t h a t t h e r o t a t io n a l le ve ls a r e we ll-s e p a r a t e d , Be À ¡ wh e r e Be is t h e r o t a t io n a l

c o n s t a n t , ±S
13 t r a c e s in t h e vic in it y o f e a c h lin e p o s it io n t h e B r e it -W ig n e r p h a s e o f t h a t

r e s o n a n c e . Th a t is ,

±S
13 = a r g fT (1) ( JgjESJ ) T (3)¤ ( Jg jESJ ) g = ±1 + ± r es ( E ) ; ( 6 )

wh e r e ±1 is a n a s ym p t o t ic p h a s e t h a t t h a t r e d u c e s t o §¼ in t h e a b s e n c e o f t h e c o u p lin g

m e c h a n is m s d is c u s s e d in t h e p r e vio u s s e c t io n , a n d

± r es = ¡ a r g ( E ¡ EJ2 ) = ¡ t a n ¡1[( ¡ =2 ) = ( E ¡ ER
J2

) ] ( 7 )

is t h e B r e it -W ig n e r p h a s e , EJ2 b e in g t h e c o m p le x e n e r g y e ig e n va lu e o f t h e J2 r o t a t io n a l

r e s o n a n c e a n d ER
J2

it s r e a l p a r t ( t h e lin e p o s it io n ) . Th e B r e it -W ig n e r p h a s e h a s a va lu e o f

¡¼ t o t h e r e d o f t h e r e s o n a n c e p o s it io n , r e a c h e s ¡¼=2 o n r e s o n a n c e , a n d a p p r o a c h e s 0 a b o ve

r e s o n a n c e . Th e e n e r g y d e p e n d e n c e o f ±r es fo r a n is o la t e d r o t a t io n a l le ve l is p lo t t e d in Fig .

5 a .

Fo r a t h e r m a lly a ve r a g e d p a r e n t s t a t e , E q. ( 6 ) g e n e r a liz e s a s [1 7 ]

t a n ±S
13 =

P
JgJ2

AJg;J2

1
2
¡ J2 [( EJg + 2 ! ¡ER

J2
) 2 + ¡ 2

J2
=4 ]¡1

P
JgJ2

AJgJ2 ( EJg + 2 ! ¡ ER
J2

) [( EJg + 2 ! ¡ ER
J2

) 2 + ¡ 2
J2

=4 ]¡1
; ( 8 )

wh e r e AJg;J2 is a m u lt ip le s u m o ve r p r o d u c t s o f d yn a m ic a l, g e o m e t r ic , a n d B o lt z m a n n we ig h t -

in g fa c t o r s , g ive n e xp lic it ly in [1 7 ], a n d ±1 is s e t e qu a l t o z e r o . Th e e xa c t fo r m o f E q. ( 8 )

d e p e n d s ( t h r o u g h t h e AJg;J2 ) o n t h e g r o u n d , in t e r m e d ia t e , a n d c o n t in u u m p o t e n t ia l e n e r g y

s u r fa c e s a n d is t h u s u s e fu l o n ly in c a s e s wh e r e t h is in fo r m a t io n is a va ila b le . A fu lly a n a lyt ic a l

e xp r e s s io n , wh ic h d o e s n o t r e ly o n kn o wle d g e o f t h e e le c t r o n ic s t r u c t u r e o f t h e m o le c u le a n d

a ls o p r o vid e s b e t t e r in s ig h t in t o t h e o r ig in a n d s t r u c t u r e o f ±S
13, c a n b e d e r ive d b y in t r o d u c in g

a s in g le ( a n d c o m m o n [1 9 ]) a p p r o xim a t io n in E q. ( 8 ) . N a m e ly, we n e g le c t t h e d e p e n d e n c e

o f t h e b o d y-¯ xe d e ig e n fu n c t io n s a n d t h e c o r r e s p o n d in g e ig e n va lu e s o n t h e t o t a l a n g u la r

m o m e n t u m . W it h in t h is a p p r o xim a t io n , it is r e a d ily s h o wn [1 7 ] t h a t a ll d yn a m ic a l fa c t o r s

in t h e AJgJ2 c a n c e l o u t b e t we e n t h e n u m e r a t o r a n d d e n o m in a t o r o f E q. ( 8 ) , o b t a in in g a n

a n a lyt ic a l e xp r e s s io n t h a t d e p e n d s o n ly o n t h e r e s o n a n c e wid t h a n d t h e b e a m t e m p e r a t u r e .

Mo d e l c a lc u la t io n s o f ±res fo r a t h e r m a l m ixt u r e a t 2 0 0 K a r e p r e s e n t e d in Fig . 5 b -d fo r

a r a n g e o f ¡ va lu e s . Th r o u g h o u t t h e r a n g e t h e o ve r a ll S s h a p e o f t h e p h a s e is e vid e n t . Fo r

t h e b r o a d e s t c a s e c o n s id e r e d ( ¡ = 3 Be in Fig . 5 b ) , t h e O¡ a n d S¡t yp e r o t a t io n a l b r a n c h e s

a r e e vid e n t a s we a k o s c illa t io n s fa r fr o m r e s o n a n c e , wh e r e a s t h e P¡, Q¡, a n d R¡ b r a n c h e s
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s t r o n g ly o ve r la p . Fo r t h e s h a r p e s t c a s e c o n s id e r e d ( ¡ = 0 :3 Be in Fig . 5 d ) , a ll t h e r o t a t io n a l

b r a n c h e s a r e we ll r e s o lve d .

In a n e xp e r im e n t a l s t u d y we m e a s u r e d t h e B r e it -W ig n e r p h a s e s o f c o m p le x in t e r m e d ia t e

s t a t e s o f h yd r o g e n io d id e m o le c u le s [2 1 ]. Th e s e s t a t e s a r e m e m b e r s o f t h e r o t a t io n a l m a n ifo ld

o f t h e b3¦ 1 R yd b e r g s t a t e t h a t a r e lo c a t e d e n e r g e t ic a lly a t t wo -t h ir d s o f t h e io n iz a t io n e n e r g y,

i.e ., a t EJg + 2 !3. A p a r t ia l le ve l s c h e m e o f H I s h o win g t h e r e le va n t le ve ls is g ive n in Fig . 6 .

Th e in s e t s h o ws t h e r o t a t io n a l le ve ls o f t h e qu a s i-b o u n d b3 ¦ 1 s t a t e , wh ic h is p r e d is s o c ia t e d

b y t h e A1 ¦ c o n t in u u m s t a t e . Th e la s e r s a r e t u n e d a wa y fr o m a n y t h r e e -p h o t o n r e s o n a n c e s ,

s o t h a t o n ly a d ir e c t t r a n s it io n t o t h e io n iz a t io n c o n t in u u m o c c u r s . Th e io n iz a t io n o f HI a n d

H2S a t t h e t h r e e -p h o t o n e n e r g ie s c o n s id e r e d h e r e d o n o t c o n t r ib u t e t o t h e p h a s e la g , a n d

h e n c e ¢ ± ( HI+; H2S
+ ) is a d ir e c t m e a s u r e o f t h e a b s o lu t e p h a s e o f t h e t wo -p h o t o n r e s o n a n t

s t a t e s o f HI.

Th e e xp e r im e n t a l r e s u lt s a r e s h o wn in Fig . 7 . In p a n e l ( a ) , ±S
13 fo r t h e io n iz a t io n o f HI

( o b t a in e d a s t h e p h a s e la g b e t we e n t h e H I+ a n d H 2 S + yie ld c u r ve s ) is p lo t t e d a s a fu n c t io n

o f t h e t h r e e -p h o t o n wa ve le n g t h . Th e t h r e e -p h o t o n s p e c t r u m o f HI+ is g ive n in p a n e l ( b ) ,

wit h t h e p e a ks a s s ig n e d b y t h e O-b r a n c h r o t a t io n a l r e s o n a n c e s a t t h e t wo -p h o t o n le ve l [2 0 ].

In p a n e ls ( c ) a n d ( d ) a r e s h o wn t h e o n e -p h o t o n io n iz a t io n s p e c t r a o f HI a n d H2S. Th e

la c k o f s t r u c t u r e in t h e o n e -p h o t o n s p e c t r a d e m o n s t r a t e s t h e a b s e n c e o f r e s o n a n c e s a t t h e

t h r e e -p h o t o n le ve l.

Th e o b s e r ve d ±S
13 ( Fig . 3 a ) is s e e n t o fo llo w t h e s h a p e p r e d ic t e d b y E q. ( 8 ) , p r o vid in g

a d ir e c t m e a s u r e o f t h e B r e it -W ig n e r p h a s e o f t h e qu a s i-b o u n d b3 ¦ 1 r o t a t io n a l m a n ifo ld .

Th e s o lid c u r ve in Fig . 3 a s h o ws a le a s t s qu a r e s ¯ t o f t h e d a t a t o t h e a n a lyt ic a l fo r m

o f E q. ( 8 ) . A llo win g u p t o a lin e a r d e p e n d e n c e o f t h e r e s o n a n c e wid t h o n J2, we ¯ n d a

r o t a t io n a l t e m p e r a t u r e o f 2 3 6 K a n d ¡ J2 = ( 5 : 5 + 0 :6 1 J2 ) c m ¡1. ( A qu a d r a t ic e xp a n s io n o f

¡ J2 g ive s a s im ila r qu a lit y ¯ t .) Th e B r e it -W ig n e r p h a s e s o f in d ivid u a l r o t a t io n a l r e s o n a n c e s

[s e e E q. ( 7 ) ] o b t a in e d fr o m t h e ¯ t a r e s h o wn b y t h e d o t -d a s h e d c u r ve s in Fig . 7 a . Th e

in c r e a s e o f ¡ J2 wit h J2 is in d ic a t ive o f a r o t a t io n a l p e r t u r b a t io n c o u p lin g t h e b3 ¦ 1 s t a t e t o

t h e c o n t in u u m a n d is c o n s is t e n t wit h o u r s p e c t r o s c o p ic o b s e r va t io n t h a t t h e b r a n c h in g r a t io

o f p r e d is s o c ia t io n vs . io n iz a t io n in c r e a s e s wit h J2 [2 2 ].

I V. FUT URE DI RE CT I ON S

Th e t h e o r e t ic a l a n d e xp e r im e n t a l r e s u lt s s u m m a r iz e d in t h is p a p e r d e m o n s t r a t e h o w t h e

p h a s e la g o b t a in e d in c o h e r e n t c o n t r o l e xp e r im e n t s c a n b e a p o we r fu l t o o l fo r s t u d yin g t h e

p r o p e r t ie s o f t h e c o n t in u u m . Th e a va ila b ilit y o f b o t h t h e p h a s e a n d m o d u lu s o f t h e d ip o le

t r a n s it io n m a t r ix e le m e n t o p e n s u p va r io u s e xc it in g p o s s ib ilit ie s fo r fu t u r e r e s e a r c h . On e
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o f t h e s e is t h e d ir e c t in ve r s io n o f t h e p h a s e la g s p e c t r u m t o d e t e r m in e t h e c r o s s c o r r e la t io n

fu n c t io n t h a t u n d e r lie s t h e in t e r m e d ia t e s t a t e d yn a m ic s . A n o t h e r d ir e c t io n t h a t we a r e e x-

p lo r in g is u s e o f t h e p h a s e la g t o d e t e c t s p e c t r o s c o p ic t r a n s it io n s t h a t a r e t o o we a k t o o b s e r ve

b y c o n ve n t io n a l a b s o r p t io n s p e c t r o s c o p y. Fin a lly, wit h a m o r e c o m p le t e u n d e r s t a n d in g o f

it s p h ys ic a l o r ig in , we a r e b e t t e r e qu ip p e d t o e xp lo it t h e p h a s e la g a s a t o o l fo r c o h e r e n t

c o n t r o l.

W e wis h t o t h a n k t h e N a t io n a l S c ie n c e Fo u n d a t io n fo r it s g e n e r o u s s u p p o r t .

8



[1] R. P. Feynman and A. R. Hibbs, Quantum Mechanics and Path Integrals (McGraw Hill, New

York, 1965).

[2] U. Fano, Phys. Rev. 124, 1866 (1961).

[3] M. S. Child, Molecular Collision Theory(Dover, Mineola, 1975)

[4] H. Park and R.N. Zare, J. Chem. Phys. 106, 2239 (1997).

[5] T. Seideman, J. Chem. Phys. 107, 7859 (1997).

[6] M.S. Chapman et al., Phys. Rev. Lett. 74, 4783 (1995).

[7] M. Arndt, O. Nairz, J. Vos-Andreae, C. Keller, G. van der Zouw, and A. Zellinger, Nature

401, 680 (1999).

[8] J. J. Sakurai, Modern Quantum Mechanics (Addison Wesley, Reading, 1995).

[9] R.G. Newton, Scattering Theory of Waves and Particles, (McGraw-Hill , New York, 1966).

[10] P. Brumer and M. Shapiro, Faraday Disc. 82, 177 (1986).

[11] R.J. Gordon and S.A. Rice, Ann. Rev. Phys. Chem. 48, 595 (1997).

[12] M. Shapiro and P. Brumer, J. Chem. Soc., Trans. Faraday Soc. 93, 1263 (1997).

[13] L. Zhu, V. Kleiman, X. Li, S. Lu, K. Trentelman, and R.J. Gordon, Science270, 77 (1995).

[14] J.A. Fiss, L. Zhu, R.J. Gordon, and T. Seideman, Phys. Rev. Lett. 81, 65 (1998).

[15] T. Seideman, J. Chem. Phys. 108, 1915 (1998).

[16] J. A. Fiss, A. Khachatrian, L. Zhu, R. J. Gordon, and T. Seideman, Disc Faraday Soc. 113,

61 (1999).

[17] T. Seideman, J. Chem. Phys. 111, 9168 (1999).

9



[18] L. Zhu, K. Suto, J. A. Fiss, R. Wada, T. Seideman, and R. J. Gordon Phys. Rev. Lett. 79,

4108 (1997).

[19] W. M. McClain and R.A. Harris, in Excited States, E. C. Lim, ed., (Academic, New York,

1977), Vol. 3, pp1-56.

[20] J. A. Fiss, L. Zhu, K. Suto, G. He, R. J. Gordon, Chem. Phys. 233, 335 (1998).

[21] J.A. Fiss, A. Khachatrian, K. Truhins, L. Zhu, R. J. Gordon, and T. Seideman (submitted).

[22] A. Khachatrian, K. Suto, L. Zhu, and R. J. Gordon, unpublished results.

1 0



Fig . 1 . Mo d u la t io n c u r ve s fo r H2S
+, HI+ a n d I+ fo r a m ixt u r e o f H2S a n d HI . Th e

wa ve le n g t h o f t h e !1 ¯ e ld is 3 5 3 .8 0 n m . Ta ke n b y p e r m is s io n fr o m R e f. [1 4 ].

Fig . 2 . S c h e m a t ic d r a win g s h o win g d i®e r e n t s o u r c e s fo r t h e c h a n n e l p h a s e , ±S
13. ( a ) In t h e

c a s e t h a t t h e c o n t in u u m p o t e n t ia l in d u c e s o n ly e la s t ic s c a t t e r in g , ±S
13 va n is h e s . ( b ) If t h e

c o n t in u u m is c o u p le d t o a s e c o n d c o n t in u u m , ±S
13 is a s m o o t h , n o n z e r o fu n c t io n o f e n e r g y. ( c )

A n is o la t e d r e s o n a n c e t h a t in t e r a c t s wit h a p u r e ly e la s t ic c o n t in u u m g ive s r is e t o a m a xim u m

a t t h e r e s o n a n c e e n e r g y. Th e r e la t ive p h a s e a r is e s fr o m t h e in t e r fe r e n c e o f t h e d ir e c t a n d

r e s o n a n c e -m e d ia t e d r o u t e s a n d is m a xim iz e d wh e r e in t e r fe r e n c e is c o n s t r u c t ive . ( d ) In t h e

c a s e t h a t a n is o la t e d r e s o n a n c e in t e r a c t s wit h a c o u p le d c o n t in u u m , t h e p h a s e s h ift is n o n -

z e r o o ®-r e s o n a n c e a n d fa lls t o a m in im u m o n -r e s o n a n c e . ( e ) A lt h o u g h a n is o la t e d r e s o n a n c e

wit h n o d ir e c t r o u t e t o t h e c o n t in u u m d o e s n o t p r o d u c e a p h a s e , c o u p le d r e s o n a n c e s g ive

r is e t o a n o n z e r o ±S
13 r e g a r d le s s o f t h e a va ila b ilit y o f a d ir e c t r o u t e . ( f ) Co u p le d r e s o n a n c e s

in t e r a c t in g wit h a c o u p le d ( i.e ., in e la s t ic ) c o n t in u u m p r o d u c e a s t r u c t u r e d m a xim u m in ±S
13

s u p e r im p o s e d o n a n o n z e r o , s lo wly va r yin g b a c kg r o u n d . ( g ) A qu a lit a t ive ly d i®e r e n t s o u r c e

o f a r e la t ive p h a s e is a r e s o n a n c e lo c a t e d a t a n in t e r m e d ia t e e n e r g y in t h e t h r e e -p h o t o n p a t h .

In t h e c a s e t h a t t h e c o n t in u u m a t t h e t h r e e -p h o t o n le ve l is e la s t ic , ±S
13 is t h e B r e it -W ig n e r

p h a s e o f t h e in t e r m e d ia t e r e s o n a n c e .

Fig . 3 . P h a s e la g s p e c t r u m ( t o p p a n e l) fo r t h e p h o t o d is s o c ia t io n a n d p h o t o io n iz a t io n o f HI

( c ir c le s ) a n d fo r t h e p h o t o io n iz a t io n o f a m ixt u r e o f HI a n d H2S ( t r ia n g le s ) in t h e vic in it y

o f t h e 5 d( ¼; ± ) r e s o n a n c e o f HI . Th e b o t t o m p a n e l is t h e o n e -p h o t o n io n iz a t io n s p e c t r u m

o f HI. Ta ke n wit h p e r m is s io n fr o m R e f. [1 6 ].

Fig . 4 . P h a s e la g s p e c t r u m ( t o p p a n e l) fo r t h e p h o t o d is s o c ia t io n a n d p h o t o io n iz a t io n o f HI

( o p e n c ir c le s ) a n d DI ( c lo s e d c ir c le s ) in t h e vic in it y o f t h e 5 s¾ r e s o n a n c e . Th e b o t t o m t wo

p a n e ls a r e t h e o n e -p h o t o n io n iz a t io n s p e c t r u m o f HI a n d DI . Ta ke n wit h p e r m is s io n fr o m

R e f. [1 8 ].

Fig . 5 . Mo d e l c a lc u la t io n o f t h e B r e it -W ig n e r p h a s e fo r a B o lt z m a n n e n s e m b le o f m o le c u le s

fo r va r io u s va lu e s o f t h e t e m p e r a t u r e , T, a n d r e s o n a n c e wid t h , ¡ . Th e a b s c is s a is t h e

d is p la c e m e n t o f t h e e n e r g y fr o m t h e 0 ¡ 0 t r a n s it io n d ivid e d b y t h e r o t a t io n a l c o n s t a n t o f

t h e e xc it e d s t a t e . Th e r o t a t io n a l c o n s t a n t wa s t a ke n t o b e 6 .4 2 7 c m ¡ 1 fo r b o t h t h e g r o u n d

a n d e xc it e d s t a t e s , a n d a § ! § ! ¦ ! ¦ t h r e e -p h o t o n t r a n s it io n wa s a s s u m e d . ( a ) T=1

K , ¡ = 3 Be. In t h is c a s e o n ly t h e S ( 0 ) t r a n s it io n o c c u r s . ( b ) T=2 0 0 K , ¡ = 3 Be. ( c ) T=2 0 0 K ,

¡ = 1 Be. ( d ) T=2 0 0 K , ¡ = 0 :3 Be.

1 1



Fig . 6 . E xc it a t io n s c h e m e o f HI. On e a n d t h r e e p h o t o n s a r e u s e d t o p r o d u c e g r o u n d s t a t e

HI+ ( 2 ¦ 3=2 ) io n s . Th e b3 ¦ 1 s t a t e , lo c a t e d n e a r t h e t wo -p h o t o n le ve l, is p r e d is s o c ia t e d b y

s e ve r a l c o n t in u u m s t a t e s . Th e in s e t s h o ws t h e r o t a t io n a l le ve ls o f t h e b3 ¦ 1; v = 0 s t a t e ,

wh ic h a r e p r e d is s o c ia t e d b y t h e A1 ¦ c o n t in u u m s t a t e .

Fig . 7 . P h a s e la g a n d io n iz a t io n s p e c t r a o f HI a n d H2S. P a n e l ( a ) s h o ws t h e o b s e r ve d

p h a s e la g b e t we e n t h e HI+ a n d H2S+ s ig n a ls . Th e s o lid c u r ve is a le a s t s qu a r e s ¯ t o f E q.

( 8 ) t o t h e d a t a . Th e d o t -d a s h e d c u r ve s a r e t h e B r e it -W ig n e r p h a s e s o f in d ivid u a l r o t a t io n a l

r e s o n a n c e s , d e d u c e d , u s in g E q. ( 8 ) , fr o m t h e d a t a . P a n e l ( b ) is t h e t h r e e -p h o t o n io n iz a t io n

s p e c t r u m o f HI , s h o win g t h e t wo -p h o t o n , O-t yp e r o t a t io n a l b r a n c h o f t h e b3 ¦ 1 ( v2 = 0 ; J2 ) Ã
X1§+ ( vg = 0 ; Jg ) t r a n s it io n . P a n e ls ( c ) a n d ( c ) s h o w t h e o n e -p h o t o n io n iz a t io n s p e c t r a o f

HI a n d H2S, r e s p e c t ive ly.
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