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P H Y S I C A L  REV1E\Xr L E T T E R S  

p r e v i o u s  Letter could f ind al1 of t h i s  s o  p e r p l e x -  

ingLg 
W e  conclude with t h e  o b s e r v a t i o n  tha t  a t h e o r e t -  

i c a l  ca lcu la t ion  of t h e  p h a s e  a n g l e  p might  p r o v e  

to b e  e x t r e m e l y  in te res t ing .  

tWork supported by the U. S. Energy Research and 
Development Administration. 

*Present address: Stanford Linear Accelerator Cen- 
t e r ,  Stanford, Calif. 94305. 

SPresent address: 2625 Regina St., Ottawa. Canada. 
Present address: Elscint,  Inc., Palisades Park ,  

N. J. 07650. 
'P. J. O'Donnell, Phys. Rev. Lett. E, 177 (1976). 
2 ~ .  J. Edwards and A. E. Kamal. Phys. Rev. Lett. z, 

241 (1976). 
3 ~ .  H. Boal, R. H. Graham, and J. W. Moffat, Phys. 

Rev. Lett. E, 714 (1976). 
4 ~ .  Isgur, Phys. Rev. Lett. 3f>, 1262 (1976). 
5 ~ .  Gobbi et al. ,  Phys. Rev. Lett. 3, 1450 (1974). 
 he width r (wO - s o + y )  i s  taken from V. Chaloupka 

et al., Phys. Lett. 50f3, 1 (1974). 
 here re i s  little doubt that improved measurements on 

theprocessesp- -T-  L y ,  K*O-KO-~, andK*--K-+y 
with use of the Coulomb dissociation technique and beam 
energies in excess of 100 GeV can and will be forthcom- 
ing. The accuracy of the existing results obtained at 
lower beam energies has been restricted by the compli- 
cation engendered by the interference between Coulomb 
and strong amplitudes. At the higher energies now 
available, the Coulomb amplitude will markedly domi- 
nate the strong amplitude for  large Z ,  and the extrac- 
tion of accurate radiative widths will result.  Accurate 
values for CO and <F (see text for  definitions) should al- 
so be provided. 

'L. Strawczynski, Ph.D. thesis,  University of Roches- 
t e r ,  1974 (unpublished) . 

'severa1 of the theoretical papers cited above con- 
tain incorrect inferences concerning our work. The 
author of Ref. 4 incorrectly gives our result a s  505 25 
keV and quotes Refs. 1 and 2 a s  justification. 

"11. Alvensleben et al., Phys. Rev. Lett. 3, 786 (1970); 
H.  J. Behrend et al., Phys. Rev. Lett. 24, 336 (1970). 
 h he reatier may wonder why the solutions for cp = 90- 

correspond to larger  r than that given by setting C o -  0. 
The underlying explanation is  that some destructive in- 
terference i s  inlplied for q - 90'. This is caused by 
Coulomb phase shifting which must be included in the 
aualysis. Coulomb phase shifting decreases with in- 
creasing impact parameter. The strong-interaction 
amplitude corresponds to impact parameters equal o r  
l ess  than the nuclear radius. í'he Coulomb dissociation 
amplitude contains contributions from substantially 
greater  impact paranleters and consequently lags in 
phase. The manner in which Coulomb phase shifting i s  
introduced into the optical-model analysis is entirely 
straightforward. 

" ~ e e  Ref. 5 for discussion aud references. 
'%e submit that our experiment features an unusual 

number of checks and controls. These a r e  briefly noted 
in Ref. 5. Of particular interest is the fact that the 
identical experimental apparatus was also used to meas- 
ure the coherent reaction p + A -  A+ ' A  under almost 
identical beam conditions. [B. Gobbi e t  al., Phys. Lett. 
58B, 219 (1975).] 'Fhe subsequent optical-model analy- - 
s i s  gave resul ts  in excellent agreement (i 8y0) with the 
prediction based on y TP - A +  -p + 7in experimental data. 
This result can be equivalently expressed by the state- 
ment that the measurement provides a value of T(At  
-p +y)  e600 keV, in excellent agreement with published 
values. 
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We denionstrate that neither l ase r  broadening nor inelastic collisional broadening plays 
a dominant role in the data of our recent experiments a s  has been suggested, and again 
we conclude that our results can only be explained by redistribution ernission resulting 
from phase-changing processes. 

In a recent Letter' w e  r e p o r t e d  t e m p o r a l  and  but not p rev ious ly  observed .  T h i s  p r o c e s s  is one 
f r e q u e n c y  m e a s u r e m e n t s  on t h e  r e - e m i t t e d  light i n  which a molecu le  u n d e r g o e s  a co l l i s ion  r e s u l t -  
f ollowing s l igh t ly  off -resonante m o n o c h r o m a t i c  ing  in a change of p h a s e  b u t  it r e m a i n s  i n  t h e  
exc i ta t ion  of m o l e c u l a r  iodine,  We i n t e r p r e t e d  s a m e  quantum state, i.e., it is a p s e u d o e l a s t i c  
o u r  d a t a  as clear ev idence  f o r  co l l i s iona l  r e d i s -  co l l i s ion .  S i m i l a r  o b s e r v a t i o n s  were s u b s e q u e n t -  
t r i b u t i o n a n  e f fec t  p r e d i c t e d  s o m e  y e a r s  ago2 ly m a d e  i n  a t o m i c  s o d i u m  by  C a r l s t e n  and S ~ o k e . ~  
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Recently, however, ~ a c k e t t ~  claimed that our in- 
terpretation was incorrect  o11 account of two ef-  
fects of different origin that would resul t  in quali- 
tatively s imi la r  data. These a r e  exact resonance 
excitation due to  the unavoidable lack of precise  
monochromaticity in the incident l a se r  pulse, and 
exact resonance excitation due to  inelastic colli- 
sional processes  in which a s ta te  f rom which we 
s e e  emission has been populated by a t r ans fe r  
process  from another state initially prepared by 
the laser .  

Both the lack of perfect monochromaticity and 
the occurrence of inelastic collisions a r e  effects 
that we recognized could potentially contribute to 
light re-emission a t  the resonance frequency and 
could therefore be misinterpreted a s  redistribu- 
tion re-emission.  Indeed, both of these effects 
were  considered by us pr ior  to  our original publi- 
cationl and then, a s  now, they can be readily e l im-  
inated f rom consideration a s  playing an  important 
ro le  in the re-emiss ion properties for  the case  of 
molecular iodine under the conditions of our ex- 
periments.  

The unimportance of these effects in our exper-  
imental  resul ts  may be seen readily by inspection 
of published data. F i r s t  f rom the lifetime data 
(Fig. 2 of our previous Letterl  and Fig. 1 in this 
Comment) there  i s  a c l ea r  difference in the p r e s -  
s u r e  dependence of the two processes  a s  may be 
seen by observing the intensities of the two r e -  
emission components a t  the termination of the 
l a se r  pulse. As the p ressure  is increased, the 
ra t io  of the long-lived process  to  the short-lived 
process  increases  roughly linearly with p ressure .  
This is due to the fact that the intensity due t o  
the collisional processes  increases  quadratically 
with p ressure  while that due t o  the Raman proc- 
e s s  increases  linearly with p ressure .  This r e -  

1 O 25 TORR / O 03 TORR 1 

TIME ( p s e c )  

FIG. 1. Experimental time dec:iy of the Raman and 
redistribution re-emission at tno  pressures .  The inte- 
gration time for each decay curve is  differcnt. As the 
pressure i s  increased the ratio of the redistribution to 
the Raman intensity increases roughly linearly with 
pressure.  

sult  ru les  out Hackett 's proposal of l a se r  broad- 
ening a s  the explanation of our data since the c o r -  
responding intensity would, just a s  for the Raman 
scattering, increase  linearly with p ressure ,  and 
the ra t io  would be the same  a t  both p ressures .  
The data then require  that a collisional process  
be responsible for the effects we observe. A 
measure  of the importante of the inelastic colli- 
sional processes  r e fe r red  to by Hackett4 to the 
total  collisional r e  -emission may be obtained by 
examination of the spect ra l  distribution of the 
emission following excitation a t  5145 A (Fig. 1 
in Kurzel e1 and Fig. 2 in this Comment). 
Here only the expected S, Q, and O branch tr iplet  
is strong. The weak t r ans fe r  bands seen  on either 
side of the tr iplet  se rve  a s  a calibration of the ef-  
fect of inelastic collisional processes ;  and thei r  
weakness gives a qualitative indication that such 
processes  a r e  not important. F rom this cursory 
inspection of the temporal and spectra l  data, it 
is apparent that l a se r  broadening and inelastic 
collisions a r e  not important and that only pseudo- 
elastic collisions can account for  the phenomena 
that we have observed. In the remainder of this 
Comment we present a quantitative examination 
of these  data which support these qualitative con- 
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S O 0  

R P M A N  SHIFT í C M  ' 1  

FIG. 2 .  Raman scattering spectrum of the S, (3, nnd 
O triplet a t  213 cm-'.  ?'he labeling gives thc assign- 
ment of the origin of cach line (see text).  The rteak 
lines (al1 hut the triplet) result fron-i inelastic collision- 
al transfer processes. The line indicated by the arroa. 
at about 218 cm- '  can be used to calibrate the inipor- 
tance of AJ = 4  transfer processes. 
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clusions. 
It is well known and has been pointed out by sev-  

e r a l  authors6 that when an incident light field of 
finite width7 i s  nearly resonant with a sha rp  t r an-  
sition one can in principle see  two re-emission 
frequencies. One is centered a t  the frequency of 
the incident light and rnay appropriately be termed 
a Raman process;  and the other i s  centered a t  
the frequency of the transition under considera- 
tion. This latter re-emission resul ts  from the 
ta i l  of the light field that extends through the cen- 
t e r  of the absorption band. This ta i l  rnay result  
f rom the finite width of the light field in a cw ex- 
periment o r  rnay result  from the unavoidable f r e -  
quency broadening in a pulsed experiment due to 
turning the field on o r  off rapidly. The relative 
intensity of the two re-emission frequencies de-  
pends on the specific line-shape functions that 
characterize both the resonant transition and the 
incident light field. 

A measure  of the importance of this contribu- 
tion to  the re-emission data which we r e p ~ r t e d ' . ~  
rnay be readily obtained by a detailed considera- 
tion of the p ressure  dependence of the temporal 
response.' Raman scattering increases linearly 
with p ressure  because of the l inear iricrease in 
the 1, molecular density. In contrast ,  a collision- 
a l  process  increases  quadratically with pressure .  
The intensity due to resonant excitation from f r e -  
quency broadening, a s  suggested by Hackett, 
should a lso  increase  linearly with 1, p ressure  
just a s  the off -resonante Raman scattering does. 

The relative p ressure  dependence of the two 
types of re-emission that we observe rnay be 
seen from the lifetime data',' by using the Raman 
scattering (instantaneous process) a s  a standard. 
This relative intensity can be measured by com- 
paring the intensity of the instantaneous process  
to the long-lived process  a t  termination of the 
laser  pulse for  the two pressures .  Relative inten- 
si ty measurements a r e  necessary since, because 
of fluctuations in l a se r  power, different integra- 
tion t imes,  and possible alignment differences, a 
direct  comparison of intensities without an in ter-  
nal standard from one experiment to another can- 
not be made. As the p ressure  i s  increased from 
0.03 to  0.25 T o r r  the 1, density increases by a 
factor of 8.3. The experimental ratio of the long- 
lived to  instantaneous intensity irzcreases by a 

factor of 5.5 (see Fig. 1) .  After making a minor 
quenching correction a t  the higher pressure ,  on 
the basis of our redistribution model zce predict 
an incvense of a factor o f  6.6 In contrast, Hac- 
ket t ' s  iilodel o f  laser  bronde?zing p e d i c t s  a (le- 

crease  by n .factoi- of 0.8. This intensity decrease  
resul ts  from the above-mentioned quenching ef - 
fect without which the long-lived t o  short-lived 
ratio would be insensitive to  p ressure  under the 
assumption of l a se r  broadening. Within experi-  
mental e r r o r  our calculations clearly demon- 
s t ra te  that a collisional process  i s  occurring a t  
the higher 1, pressure .  

Hackett4 a lso  asser ted that our long-lived r e -  
emission rnay have resulted f rom inelastic ef - 
fects. He argued that the two s ta tes  prepared by 
our 5145-A excitation rnay be transformed one t o  
the other by inelastic collisional processes .  An 
accurate estimate of the magnitude of this proc- 
e s s  rnay be obtained readily by a detailed exami- 
nation of the fluorescence data. 

In the region of 5145 A used in our experiments, 
two excited electronic state levels rnay be p re -  
pared s i m u l t a n e ~ u s l y . ~  They a r e  u ' =  43, J =  12, 
and u ' =  43, J =  16. Because of the A J =  i 1 selec-  
tion rule in a radiative transition, emission f rom 
each of these levels resul ts  in a doublet; and 
since one is a P and one i s  an R transition, thei r  
overlap gives a tr iplet  in  the Raman spectrum5 
which we show in Fig. 2. This i s  a 0.5-cm-'  r e s -  
olution spectrum of the Raman-shifted r e  -emis - 
sion from 1, in the 213-cm-' region obtained with 
5145-A resonant excitation from a room-tempera- 
ture  sample (1, p ressure  - 0.25 Tor r ) .  Similar 
relative intensities of the s t ructure  were  observed 
when the l a se r  was shifted out of resonance with 
the transitions. The origin of each line is indicat- 
ed on the top using the assignments given by Kur- 
zel  et except the values of the rotational quan- 
t a  have been increased by one t o  be  consistent 
with the more recent assignment9 of the 5145-A 
excitation resulting in P(13),  R(15) transit ions 
ra ther  than P(12),  R(14) transit ions.  In consider- 
ing only the ground electronic s ta te  levels, the 
tr iplet  rnay be treated a s  S, Q, and O branch 
Raman transit ions-the S branch originating f rom 
the P(17) transition, the Q branch f rom the P(13), 
K(15) transitions, and the O branch f rom the R(11) 
transition. Al1 the other features result  f rom in- 
elastic collisional t ransfer  processes .  

The selection rule for  t ransfer  of rotational en-  
ergy through collisions i s  A r T ~  i 2n. Consequently, 
as indicated by H a ~ k e t t , ~  Ad= 4 collisions between 
the J =  12 and J =  16 levels of the excited state will 
give a result  experimentally indistinguishable 
f rom the redistribution type of process .  We con- 
s ider  only the A J =  4 type of collision because the 
multiple collision route suggested by Hackettq can 
be shown t o  be negligible (- 1'&) by inspection. A 
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semiquantitative estimate of the magnitude of A J  
= 4 collisional processes  interchanging J =  12 and 
J =  16 rnay be made by examining the Ad= 4 proc- 
e s s e s  J =  12- J = 8  and J =  16- J =  20. Re-emis-  
sion from the J =  8 and J =  20 levels has frequen- 
c ies  experimentally separable f rom J = 12 and J 
= 16 re-emission allowing identification of these  
transit ions.  

Re-emission f r o m  J =  8 and J =  20 gives the P(9) ,  
R(7) and the P(21), R(19) transit ions,  respective- 
ly, in Fig. 2. P (9 )  and R (19) coincide with the O 
and S branches,  respectively, s o  rnay not be used 
a s  a AJ= 4 calibrant; and the R(7)  is not well r e -  
solved. The P(21) line, however, i s  separated 
and well resolved (see a r row on abscissa  in Fig. 
2) and occurs  in coincidence with an  R(23) line 
obtainable by A J = 8  f rom the J =  16 level. Note 
a l so  that a P(21) line rnay a l s o  resul t  f rom a AJ 
= 8 transit ion f rom the J =  12 level. Rough es t i -  
mates of the importante of AJ= 8 transit ions rnay 
be obtained by examining the intensity of other 
t r ans fe r  lines fur ther  away, and thereby enable 
us  to  place an  upper limit on the contribution of 
the AJ= 4 collisional process  to the intensity of 
the P(21), R(23) line indicated by the a r row in Fig. 
2. This intensity ($ of the total  intensity of this 
line) rnay then be used to s e t  an upper limit on 
the contribution of inelastic collisions to the S 
branch. 

Emission at the S branch frequency rnay resul t  
f rom radiative emission f rom the J =  16  level, 
P(17),  populated by the incident photon field (the 
p r imary  process),  emission f rom J =  16, P(17), 
populated by the AJ= 4 collision f rom J =  12, and 
emission f rom the J =  20 level, R(19), populated 
by the J =  16 -J= 20, AJ= 4 collisional process.  
Using P(21) a s  a calibrationan upper l iwi t  of 10% 
nzay be placed on the AJ= 4 transfer process  con- 
tribution to the intensity of the S branch. There-  
fore  in our previously published temporal  and 
spec t ra l  data1,'  we rnay place an  upper limit of 
20-25% on the contribution f rom inelastic colli- 
sional t r ans fe r  processes  to  the broadened o r  
long-lived re-emission that we observed. 

Finally, Hackett4 argued that our conclusions 
a r e  suspect because our resul ts  a r e  sensit ive to  
uncertainties in the parameters  which we have 
discussed here.  However, we have shown that 

both l a se r  broadening and inelastic collisions rnay 
be ruled out a s  dominant contributors to  the long- 
lived re-emiss ion that we reported.l0"n addi- 
tion, a thorough theoretical  analysis of our data 
was made recently by Mukamel, Ben-Reuven, 
and ~ o r t n e r "  in which pa ramete r s  appropriate 
fo r  1, were  used to  obtain numerical  simulations 
of the t ime-resolved data. In that study1° a quan- 
titative confirmation of our qualitative conclu- 
sions were  made. On the bas is  of that work1° and 
on the bas is  of the analysis presented here of the 
cr i t ic isms ra ised by Hackett, we r e a s s e r t  our 
original c o n ~ l u s i o n s ' ~ ~  that in our off - r e s  onance 
excitation experiments, the long-lived frequency- 
shifted and broadened re-emission resul ts  p r i -  
marily f rom pseudoelastic phase-changing colli- 
sions.  

'D. L.  Rousseau, G.  D. Pat terson,  and P .  F. Williams. 
Phys .  Rev. Let t .  2, 13'76 (1975). 
b. L. Huber, Phys.  Rev. 178, 93 (1969); B. R.  Mol- 

low, Phys.  Rev. A 2, 76 (1970); B. R. Mollow, in  Third 
Rochester Conference on Qunntum Optics (Plenum, ríew 
York, 1973), pp. 525-532; B.  R .  hlollow, Phys .  Rev. 
A 8, 1949 (1973); and A.  Omont, E .  \V. Smith, and 
J .  Cooper, Astrophys.  J.  m, 185 (1972). 

3 ~ .  L. Car l s t en  and A. Szoke, Phys.  Rev. Lett. g, 
667 (1976). 

4 ~ .  A .  Hackett, Phys.  Rev. Lett .  g, 1403 (1976).  
5 ~ .  B. Kurzel,  J. C. Steinfeld, D.  A .  Hatzenbuhler, 

and G. E ,  Leroi ,  J.  Chem. Phys .  3, 4822 (1971). 
' ~ e e  fo r  example P. P .  Shorygin, Usp. Fiz .  Nauk 109, 

293 (1973) kov .  Phys.  Usp. 2, 99 (1973)l .  
7 ~ n  h i s  analysis Hackett assumed the cw argon l a se r  

linewidth was 20 hlHz. This  i s  not the in t r ins ic  line- 
wiclth but a width resulting f rom l a s e r  j i t te r ,  ancl it 
fa l l s  off much m o r e  rapidly than the 20-hIHz Lorentzian 
assumed by Hackett. The intrinsic linewidth i s  orclers 
of magnitude s m a l l e r  than this and therefore  would have 
too weak a ta i l  to be  expected to contribute to  resonant 
excitation. See,  fo r  example,  D. G Youmnns, L.  A 
Hackel, and S. Ezekial ,  J .  Appl. Phys .  e, 2319 (1973); 
D.  A Rockuell ,  R. F. Benjaniin, and T.  J Greytak, J .  
Lolz Temp Phys o, 389 (1975). 

'D. L Rousseau ancl P .  F .  W l l i a m s ,  J .  Chem. Phys.  
64, 3519 (1976). - 

'G.  Do Pat terson,  S. H. Dvi70retsky, and R. S.  H o ~ a c k ,  
J .  Rlol Spectrosc .  55, 175 (1975). 

"S hlukamel, A .  Ben-lieuven, and J .  Jo r tne r ,  J .  
Cheni. Phys.  e, 3971 (1976). 
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