
vations of a discontinuity near 1150 km in 
subduction arcas [ (3 ,  6 ) ,  for example] indi- 
cates that this may be a global feature o t  yet 
unknou.n nature. 

T h e  observation of reflectors at mid- 
1ua11tle iiepths comparable to those in sub- 
duction zones, hut in a different environ- 
ment,  indicates that a search for yet un- 
identitied nlineral asscnlblagcs o t  global 
significance may he ~\.orthn.hilc. Recent cx- 
periments have shown the possihle exis- 
tence of phase tra~lsitions a t  lolvcr mantle 
conditions: orthorhomhic-to-c~113ic silicate 
pcrovskite (3d)  a i d  rutile SiOz to CaClz  
structure ( 3  1 ). T h e  role ancl proportions of 
volatiles such as water or carbon dioxide in 
the nlantle remain largely unknown and 
co~ l ld  he o t  importance (32) .  

Additional seismic observations with 
the  great resolving power of BB arrays 
s110~11ci help answer the yucstio~n o t  the 
global character of our observations. 
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Coherent Laser Control of the Product 
Distribution Obtained in the 

Photoexcitation of HI 
Langchi Zhu, Valeria Kleiman, Xiaonong Li, Shao Ping Lu," 

Karen Trentelman,-1 Robert J. Gordon$ 

Active control of the distribution of products of a chemical reaction was demonstrated by 
using a method based on the principle of quantum mechanical interference. Hydrogen 
iodide (HI) molecules were simultaneously excited above their ionization threshold by two 
competing pathways. These paths were absorption of three ultraviolet photons of fre- 
quency w, and one vacuum ultraviolet photon of frequency w, = 30,. The HI- and I -  
signals were modulated as the phase between the lasers was varied, with the HI+ signal 
lagging by 150" i- 15". A mechanism consisting of autoionization and predissociation is 
proposed. 

A fundamental goal in synthetic chemistry 
is to develop methods tor ~naximizing the 
yiclcl o t  a desired compound while reducing 
the yields of u n ~ a n t c d  by-products. T h e  
traditional approach to this problem is to 
~uodify the cxperimc~ltal conditions (such as 
temperature, pressure, or pH) so as ti> opti- 
mize the product distr~hution. This is a pas- 
sive strategy in that it relies on the natural 
response of the cl~emical system to external 
conditions, and there is no  guarantee that 
there cxist co~ldi t io~ls  that co~lld produce 
the desired result. For example, one may 
wish to photodissociate the stronger of two 
h o ~ ~ d s  in a molcculc. A l t h o ~ ~ g h  for some 
molecules it may he possible to tind wave- 
lengths of light that can acconlplish this task 
( I ) ,  for many others the weakest bond 
breaks prefircntially at ally ~vavele~lgth. 

I11 recent years, a 11uinher o t  strategies 
have bccn proposed to ach~cvc  more actlve 
control o t  chemical reactions (2) .  T h e  cell- 
tral ~clea IS to ~ n a ~ l i p ~ l l a t e  the reacting mol- 
ecule with electromagnetic fields, which al- 
low the experimenter to guide the molecule 
along the desircd reaction path. W e  report 
hcrc active experimental control of the iiis- 

tribution of products in a cheinical reaction. 
O n e  approach for controlling chemical 

reactions, developed by Tannor,  Rice, and 
eel-workers (3 ) ,  is to excite a molecule with 
a sccluencc of ultrashort light pulses. This 
method has been used, for example, hy Ger- 
bcr and co-workers (4)  to control the ion- 
1zatio11 and fragrnentat~on o t  Nap  

Another approach to acti\'c co~ltrol is 
hased i>n the principle of quantum-mechani- 
cal intcrterencc. This nrinci17le states that if 
thcrc cxist more than one independent way of 
rcaching a final state, the overall prohability 
of reaching that state includes the prohahili- 
ties c ~ f  the inclividual paths and co~ltrih~ltio~ls 
arising from interference hctaecn them. The  
hest kno~vn esa~nple ot  this principle is the 
interfere~lcc ot  particles passing through a pair 
of slits hehre h~ t t ing  a screen. T h e  intensity ot  
particles reaching sollle point on the screen is 
the sum of the in tens~t~cs  oha i~ lcd  from each 
s l ~ t  independently, plus a n  tnterfcretlce term 
that depends oil the relative d~stailce of the 
aoint trom the two sl~ts. 

T h e  photochemical analog of the twc~ slit 
exper imc~~t  d x  first proposed by Brumer and 
Shapiro (3). Their strategy involves the si- 
i l l ~ ~ l t a ~ l c o ~ ~ s  excitatio~l i>t a molecule by two 

Departlnent of Chemistry (m!c 1 1  I), University of IIInos ciifkrent pathways cclnnecting the same inl- 
at Chicago Chicago, L 60607-7061, USA. tial and final states. T h e  prohahility for each 
'Present address: Department of Chemistry, ndana U n l  independent transition is given by: 
versity Bloolnlngton IN 47405 USA 
-:-Present address Detro~t Inst~tute of Arts, 5200 Wood- I>,, 1 {PI 1 o,, 1 \Pi) 1 2 
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wave tilnctions blescr~l~ing the initial and 
final st~xtcs and 0,; ii the transition operator 
tor p,~th\vay n. 'When hi>th yath\v,xys arc 
present, the c o ~ n h i ~ ~ e ~ l  probability is: 

\\.here I',, ci>sA(l) results from i ~ ~ t c r k r e ~ ~ c c  
Ixt\\,cen the 13atl~s and 1+ is a phase differ- 
ence aasoci,xtecl \\.it11 the tnro paths. T h e  
total reaction prohahility can he moclulatecl 
hy  \.arying A+ experimentally. 

In our experiment, the t ~ \ ~ o  optical path- 
aays  are cxcitatio~n with three photons of 
frequency wl  or wit11 a si~ngle photi>n of 
freil~~ency o3 = 3wl (4) .  I11 this case the 
phase editferencc is given hy: 

&re +, and (11, are constant terms in the 
phases of the two electromagnetic tielcls, 
,xnd ti, ; is a "molecular phase" ~ieri\.eii from 
the complex value of I$,. Variation of the 
"lascr phase" <b,-3(1), allows co~l t ro l  of the 
population of the  final state. 

This concept can hc take11 a step Lirthcr 
t~ c011tr01 the ratio of products evolving 
from the excited molecule. In this case, the 
excited state wave filnction can be \\.ritten as 
a a~~pupos i t ion  of two outgoing waves, e,~ch 
correl,~ting asymptotically to a different set 
of products. T h e  coefficients of t111s superpo- 
sition clepe~~ci on the 131~ases of the t\vo fields 
and of the o~ltyoing a.,xve, so that the proh- 
ability of ohtaining a particular product q 
may he controlled by changing the laser 

phase, For the one- and three-photon paths, 
this llrohaliil~ty is ~ I \ T I I  l>\- (5):  

+ ?[I3 I;] '  ' S;', cos(+, - ?+, + 8';;) ( 4 )  

I11 this expression, 1 jS;' is the prol~ahility of 
ohtaining p r o d ~ ~ c t  il after ahsorption ot  one 
photon, 1;Sy is the three-photon prohability, 
ancl the last term is ca~lscci hy i l i~ant i~m- 
mechanical i~lterfirence (1 is the intensity of 
light at  trcc~uency o,, S;1 a h  al~sorption coef- 
ficients, and S?; is a ~natr ix  e l e ~ n e ~ l t  o t  the 
p r c ~ d ~ ~ c t  of the one- and three-photon oper- 
ators). Selective control of a yarticu1,lr procl- 
uct is possible if the molec~~ la r  phases ti;', for 
various reaction channels differ sufficiently. 

Calculations have dcmo~~stratccl the h a -  
sihility of this approach (5 ,  5), hilt cxperi- 
mental arouress 11,~s heen slow. Coherent , <, 

phase control of a hound-to-hoilnd transi- 
tion i ~ n  \vhic11 the o111v ~.roi!uct is n houncl 
excited state, and - 6) a . ~ s  first demon- 
strated for a t o m  hy Bi~ckshaum and co- 
u~orkcrs (7) and Inter hy E l l~c~ t t  and co- 
workers (8), whereas c o ~ ~ t r o l  of diatomic 
m i ~ l e c ~ ~ l c s  was achieved hy  Gorcion and co- 
workers (9 ,  1 il). Elliott and co-~vorkers ( I  1)  
have alao ~iemonstratecl that the direction of 
electrons released in photoionization of at- 
0111s and diatomic molecule.; mav he con- 
tn~l led  coherently. 

For l ~ o i ~ n J - t o - c ~ ~ n t ~ n u ~ i m  tranjitions o t  
molec~llcs, it \\.as necessary to show that 
averaging P" over rotational states ilocs not  

346 348 350 352 354 356 358 360 362 364 366 368 370 
UV laser wavelength (nm) 

Fig. 1 (left). The UV photo~onizat~on spectrum of HI. (A) The HI+ signal. ncluding 
two-photon resonance-enhanced ~onzat~on froln two of tile b.'lI, Rydberg states 
(B) The I ' signal, wth strong enhancement of the on  yield in the vcinity of the b'll; 
HI resonance. The ~onzat~on thresholds of HI and I(2P+2) by three UV photons are 
~ndcated viith arrows. Fig. 2 (right). Potentla energy d~agraln for HI and I .  
obtaned from (15-18). The short and long arrows on the eft ~ndicate the lnech- 
anisln for- controlling the exc~tat~on of HI. The arrows on the r~ght ~nd~cate  possble 
schemes for on~zing the ~ o d ~ n e  fragment. The horzontal dotted Ine corresponds 
to the energy of three 354.98-nm photons at vihich one of the phase-control 
experlnents was performed. 

~vas11 o ~ l t  the interference. Allother concern 
was that  t l ~ r e e - p l ~ o t o ~ ~ - a l l ( ~ ~ \ ~ e ( i ,  one-pho- 
ton-forhidden tra~lsiticjns might mask the 
mociulation. Our  recent control of the di- 
rect ionization o t  H , S  i 12) dcmo~lstrates ~, 

that  these are not major ohstaclcs for con- 
trol. 111 all of these cx~7eriments. ci>ntrol was 
olxerved fix only a single set of products. 

W e  sl~o\\, in this rcnort that ui~antum- 
mechanical interference can he used to con- 
trol the hrancl~ing ratio in a chemical reac- 

u 

tion. By varying the phase differe~lce between 
two l m r  heams, controlled the relative 
amounts of HI+ and I +  prodi~ccd in the p l~o-  
toexcitation of HI. In this experiment, a vac- 
ULIIII ~ll tral  iolet (VUV) photi>n at  118.33 nm 
and three UV at 354.98 nil1 were 
ilaccl to excite HI above its ~ o ~ ~ i z a t i o n  thrcsh- 
old. The  U\' photons were produced with an 
excimer-p~~mped dye lascr (Lamhda Physik 
Lextra 50 and Sca~l~l la te  11, DMQ dye, -2.0 
ml L.er ~3ulse at 10 Hz). The  VUV racliation 

a ,  

\\.as prodilced from the U V  heal11 by third- 
harmonic eencration ( T H G )  in a cell con- - 
taining 2 to 3 torr of Xc. The Xe pressirre \\,as 
adjusted so that the total ~ r o d u c t  yields fri>m 
the two paths ere approximately equal. The  
conditions of T H G  guarantee that the laser 

u 

(I),-3(1), is a constant after emerging 
from the tripling cell (13). In order t c~  maxi- 
lnize the yield of a particular prociilct, it is 
necessary to vary +,-?(I),, which was accom- 
plished 137. passing hoth hea~ns through a ~LII I -  

ing cell containing H z  gas. By exploiting the 
Jiftcrence hetween the refractive indices of 

1 2 3 
Internuclear distance (A) 
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H, in the UV and VUV, a phase lag between 
the two beams is produced. This relative 
phase difference can be altered by simply 
changing the pressure in the tuning cell (14). 
The two beams rsere focused with a pair of 
A1/MgF2-coated mirrors (20.3-cm focal 
length) into an unski~nmed pulsed molecular 
jet of HI, and the product ions were detected 
with a time-of-flight Inass spectrometer. Ad- 
ditional experimental details have been re- 
ported previously (1 0). 

Figure 1 shows the three-photon photo- 
ionization spectrum obtained with the UV 
beam. The rotational structure in the HI- 
signal results from 2+ 1 resonance-en- 
hanced multiphoton ionization (REMPI) of 
the b3112 and b3111 Rydberg states (15). The 
b 3 n l  state is strongly predissociated and 
produces I atoms that are responsible for the 
peak seen in the I -  spectrum near 351.8 
nm. Potential energy curves (15-18) and 
energy levels for the states involved are 
shown in Fig. 2. 

In order to avoid complications arising 
from intermediate resonances, the experi- 
ment was at wavelengths lying 
between the REMPI features shown in Fig. 
1. Coherent control of the HI- and I- 

signals at 354.98 nm (3.49 eV) is shown in - 
Fig. 3. As the phase differcncc \>et\veen thc 
UV and VUV beams was varied, both ion 
signals oscillated. The ~nodulation freiluen- 
cies for the two ions are within 1% of each 
other and agree with the value predicted 
from the refractive indices of hydrogen (14, 
18). Although the yield for HIf is approx- 
imately three times greater than that for I f ,  
their nlodulation depths are nearly the 
same. Moreover, they i r e  comparable ;o the 
modulation obtained for bound-to-bound 
transitions under siinilar experinlental con- 
ditions (14, 18). The key point is that the 
HI- and If  signals are out of phase, so that 
when one signal is at a maximum the other 
is near a minimum. 

The lag between the signals was deter- 
mined quantitatively from their correlation 
coefficient. We first corrected the scans for a 
slow linear baseline drift and then rescaled 
the signals so that their average values were 
zero and their intensities were eilual. The 
correlation coefficient p, is defined as: 

Fig. 3. Modulation of the (A) HI ' , I  I 

and (6) I +  signals as functions of H, 
pressure in the phase-tuning cell. 0.500 

The HI- signal IS seen to lag the I +  - 
signal by -150". The smooth ,$ 
curves are least-squares f~ts of the 5 0,250 
function A + Bcos(cP+d). The ire- 2 
quency c agrees !~,lfh thevalue ca-  % 0250[81 , 1 I , ' I 1 I I I t I I 4 : 1 ! , I I I 1 I 4 I I 1 1- 

culated from the refract~ve ndex of I I+ I 4 
H, at o, and o, 

t , ' I  . 8 I , , , I , , 'I , , , I , , , , I , d 
1 2 3 4 5 6 7 8  

H1 pressure (torr) 

Fig. 4. Photo~onizat~on spectrum of 
HI obtained by adding 12 torr of Xe 
to the frequency-tripng cell. This 
spectrum s the  sum of both the UV- 
and VUV-generated signals. The 
auto~onization structure of HI be- 
tween 353.8 and 356.2 nm is visible 
in both the (A) HI+ and (B) I +  data. 
The dashed line shows the THG ef- 
ficiency In Xe. 

350 352 354 356 358 
UV laser wavelength (nm) 

where X ,  is the HIf signal at hyiirogen 
pressure i ,  Y,,, is the I- signal at pressure 
i+s, and N is the number of points in the 
scan. The offset s was varied so as to max- 
imize p,. Twenty scans, taken over a period 
of several weeks, gave a lag of 150" i 15" (1  
u).  Our observation of a lag between the 
two ion signals is in contrast to our finding 
for H2S, where the signals for H,S-, H S f ,  
and S- were all in phase (12). In that case, 
we deinonstrated that HSf and Sf  were 
produced by photodissociation of the parent 
ion, and only the total ion yield was con- 
trolled. Here, the lag between HIf and I- 
clearly rules out this mechanism. 

The  inost explanation of 
our data is that a superexcited state of 
HI undergoes both autoionization and 
predissociation: 

and that the branching between these two 
reactions is controlled by varying the phase 
difference between the t.~\lo laser beams. 
Control of the ai~toionization of Xe, which is 
isoelectronic with HI, was predicted by Na- 
kajilna and L a ~ n b r o ~ o ~ ~ l o s  (6).  Our proposed 
mechanism is a generalization of this prob- 
lem to the case of a superexcited state em- 
bedded in two continua. 

As shown in Fig. 2, the energetically 
possible states of the iodine atom are 5p' 

5pi ('Pl,'), 6s ('P,,,), and 6s (2P,iZ). 
Depending on which states are populated, 
the I atoms formed in reaction 7 absorb two 
or three UV ~ h o t o n s  to produce I f  ions. 
The lag bet~veen the t ~ v o  ion signals in Fig. 
3 is due to the difference hetween the mo- 
lecular phases for reactions 6 and 7.  

An alternate nlechanisnl that  nus st he 
considered is the dissociation of HI at the 
t ~ v o  photon level (at the long tvavelength 
edge of the 351.8-nm peak in Fig. 1B) to 
produce I('P,,,), follotved by an additional 
pair of controlling steps: 

Previous tvork (1 6,  19) showed that only a 
few percent I(2PII,) is form$ at this energy. 
If this rnechanisnl wpre correct, the lag 
between the two ion signals would be due to 
the difference bet\veen..the molecular nhas- 
es for reactions 6 and 9. 

One wav of distintruishine between these - 
lnechanis~ns is to compare the one- and three- 
photon spectra of HIf and I + .  To do this, we 
increased the intensity of VUV radiation by 
increasing the pressure of Xe in the tripling 
cell. As shown in Fig. 4, between 353.8 and 
356.25 nm (117.93 to 118.73 nm in the 
VLV) both ion sienals are dominated bv au- u 

toionization resonances of HI, indicating that 
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I ;~ tnm\  are yroiIuce,l ,rt the w, = 3w1 enerqy 
lc\-el (,lt -1P.6 el:) .  This zlcnature ,llio 
evlilent In the m~~i i l la t lon ilata. 6etn.c.rn 
354.08 anii 356.1S nm, n-hlch c~~rrespni l . ;  to 
the reyon of the ~ L / T ;  ~ l l ~ i  5d6 reonancec [if 

HI (29),  n-c cil~talne~l control n.ith a 150" l;i: 

l-et\vee~i t l ~ c  tux) ;~gna~ils. 13etn.et.n 3 5 4 . 3  anil 
3 5 4 . 3  nm (tlie reyon of the iftr anLl 5 / ~ i  
~-e\i)~liiilces), \ye &an. little 01- no moiiu1,ltlon of 
the IL>n \lenalb, xhile I3etnreen 353.7:: ,inii 
354.23 mu \ the  reillon ot the 5su resirnancc) 
~5.e ag'1il-i oht~llr-ieil mnili~lation, hut In tins 
c ~ r e  there \\-as nLj 1,1p I~tn-eel1  the HI+ ,il-id 1- 
slg~-ial<. Finally, \\;a\-elencths c11~)rtt.r th,~l-i 
353.75 nm, modiil,it~on w;ls ,ii.aln ,ll?aent. 

In order ti, ol7tai1-i ~pliasz moili11atlc~1-i ijf I- .  

tilrc. iic>min,ite> the w j  spcctrilm c > f  I (Fii.. 
4R), it t i) l lo~~-> tliiit I atoln. ,Ire proiluceil h\ w; 
ailil i o l  ,it lC.6 e l '  (21 ) .  Thia e\.iilcncc rillci 
O L I ~  the \econii mechanl~m,  \vh~ch p ~ i ) i l ~ ~ i e \  I 
at the 7w, Ie\,c'l. Llorcove~-, the a~~toli~~-il:lng 
strilctilre ot I('P, is al.\ent in tlie I' spec- 
trilm (Fig. 113). In I ~ . ~ r t ~ c ~ ~ l a r ,  stroi-ig rebo- 
n,lnce ,it tlie 'ltomic ion~ra t i~>n  threshold (12) 
1s cnnap~ci~oi~aly al3yent in this l lectrum. ,-ilso, 
t i ln in~ the U\' laaer to tlie 21-1 RELlPI tre- 
i l ~ ~ e ~ l c i e >  ot  It2P, ,) tCliIcii to proLkice ~1i-i)- 

\trilcture in the I +  sycctriilii (Fii.. IR) .  It tn-o 
~3hi)tnn.: ~ s ~ i i l ~ ~ c c .  ;In e lse>> 1 atom,, Iiotll ( i f  

t11e.e te, i t i~re n.oi11ii be prominei-it in the 
pcitri im. 

A n ~ j t h e r  p i ~ s i h i l i t ~  in\-ol\.iny t ~ v o  sc- 
i l~~ent i , i l  s i~n t ro l  bteIi\ (fc3r er;imple, I-zac- 
tioll> 7 ;illil 9 )  can 1.e alao ruIeLl unt, Ileca~ise 
thi\ ~ l ~ e c h ~ i ~ l i e l i l  15.oi1l~l c;3uae I +  to have 
tlvice the moiiul,~tion t re~j~lcncy o t  H I  

1X.c l-ici\-e ci)~-itr[>lleii the  t)ntci)me of a 
chemlc,~l re'lction I Y  ili~antii~~l-11ieclianical 

pro~note  the HI moleci~le to a htate th,lt 1s 
e~lll~i ' i l~ieil  in 1~0 th  ailtn~oni:atlon ,lnLi Lire- 
di.;sociatic,n continna. B!- varying the phaye 
iilfierence bet\veen the t\vo l.eam\ n.e kl\.irr 
one reaction p r i~d i~c t  over the other. T h e  
i~ l t im~l t e  ?oal o t  uimy lI,lser.: ti> l3reak specit- 
I C  ~ L I I I L I S  111 ~l-iolec~ilt' :i1pper1s~ to lie ~v l th in  
reach. 
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