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COMMUNICATIONS

Detection of “ended” NO recoil in the 355 nm NO , photodissociation
mechanism

Vilen K. Nestorov and Joseph I. Cline®
Department of Chemistry and Chemical Physics Program, University of Nevada, Reno, Nevada 89557-0020

(Received 15 July 1999; accepted 20 July 1999

Circularly polarized #1' REMPI with ion imaging detection was used to prgkev—j angular
correlations of the NO )(21'[1,213,2, v=0) photoproduct from linearly polarized 355 nm
photodissociation of N@in a molecular beam. Rotational angular momentum orientation was
measured for the NO product, with the sense and magnitude of the orientation depending upon the
direction of the NO recoil velocity with respect to the polarization vector of the photolysis light. The
rotational orientation is shown to originate from the directionality of the torque responsible for NO
rotational motion. The experimentally observed sense of rotation in the plane of th@atént
molecule is consistent with an effective recoil impulse force applied to the N end of the NO product.
A preliminary measure of the bipolar moment associated with this orientation fgr=t4.5 and
j=36.5 rotational levels gives a value of approximatﬁ&(Zl)zo.Z. © 1999 American Institute

of Physics[S0021-96069)01236-2

In the study of the angular momenta that characterizeés preferentially applied to one end of the NO product mol-
molecular trajectories in a chemical reaction, a moleculescule.
having rotational angular momentualignmenthas a pre- The 355 nm photodissociation of N@s described by
ferred or avoidegblane of rotation Measurements of angular
momentum alignment have become routine. Angular mo- NO,+hv—NO(X *Il15.39 + O(Po,1.),
mentumorientation indicates a preferredense of rotation and has been the subject of numerous previous stldiés.
and has only rarely been measured in molecular dynamicshe O°P, product channel predominates and excited rota-
experiment§. tional and vibrational level$v=0,1) of both theQ=3 and

To specify rotational orientation, one must choose arg spin—orbit states of NOX?II) are observed® Angular
observation plane. The presence of rotational orientation recorrelation measurements of the NO fragment trajectory
sults from a net asymmetry of the reaction dynamics in thashow there is a preference farv, wherej is the NO angular
observation plane. Zamt al. observed rotational orientation momentum vector and is the recoil velocity vector. This
of N, scattered from a crystal surface at non-normal incidenpreferred “cartwheel” NO trajectory is expected since the
angles? For this system the observation plane is perpendicubalf-collision recoil dynamics are dominated by forces lying
lar to the surface and contains the incident velocity vector. An the plane of the three atoms of the h(arent

. . . . 9,11,12
second example is the rotational orientation of CN producednolecule: e

in the photodissociation of ICN by circular polarized In contrast, the experiment described here is sensitive to
light3=® In the circularly polarized photodissociation of the sense of rotatiorf the NO product in the plane defined

achiral molecules the most natural observation plane foPY the three atoms of NOThe experimental technique is a

measuring rotational orientation is perpendicular to theSiMPIe variation of a method described in Ref. 14 for
propagation direction of the photolysis light. REMPI-TOF probing of molecular stereodynamics using cir-

Here we report measurements of rotational orientatiorfUIarly pplarlzed probe light. Reference 14 ShOWTQ' hqw to
for the NO (X, v=0) product from thdinearly polarized guantitatively measure a preferred sense of rotation in the

355 nm photodissociation aaindomly orientedNO, mol- h"?“f collision sca.ttermg plape using an _exten3|on of the
. ey . widely used semiclassical bipolar harmonic scheme for de-
ecules. This result may seem surprising, since the total sys- .. . . 16 n rebe s it
. S .. . Scribing u—v—j angular correlation§®Within this scheme
tem contains no intrinsic helicity or collective asymmetry.

) . 2 " the spectroscopically measuratzﬂé(Zl) bipolar moment de-
Nonetheless, rotational orientation is observed when probmgCribes the preferred sense of rotation, and the reader is re-

th?l 39rrel§t|onv\(l)f Nr? rot;mlonal:ngLrJ]I.aang)ment.um \IN'ﬂ_] " ferred to Ref. 14 for a detailed discussion and interpretation
coil direction. We show below that this rotational orien- o¢ .o special instance of “falsé” chiral dynamics.

tation originates from asymmetry in the photodissociation The diagrams in Fig. 1 illustrate how NO rotational ori-

mechanism of individual N@molecules: the recoil impulse  niation can appear in the N@agmentation dynamics. At
355 nm the absorption transition dipolg, lies in the mo-
dElectronic mail: cline@chem.unr.edu lecular plane and perpendicular to the &is® The electric
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and the two possible bonds to be broken. Each of the four
cases has a characteristic NO product recoil direction with
respect tqu and a characteristic sense of rotation in the plane
of observation. This NO rotational orientation corresponds to
j directed either intdclockwise rotatiohor out of (counter-
clockwise rotation the observation plane.

The full, three-dimensional dynamics, and therefore the
body-fixed distribution ofv and j, must have cylindrical
symmetry abouj. The three-dimensional distribution of the
v—j angular correlation is depicted in Fig(h} by spinning
Fig. 1(a) about theu axis of symmetry. The resultant recoil
velocity sphere in Fig. (b) has a radiugv|. The NO angular
momentum vectolj,, produced in coincidence with a particu-
lar NO recoil velocity,v, is always tangential to the surface
of the velocity sphere and always orthogonalgtoViewed
from a point above Fig. (b), the direction of thg vector
distribution circulates in a clockwise sense in the upper ve-
locity hemisphere, and counterclockwise in the lower hemi-
sphere. This unusual type pf—v—j angular correlation cor-
responds to & B3(21)<1.* If the recoil impulse were
instead applied to the O end of the NO product, the sense of
circulation ofj in the two hemispheres would reverse, and
—1=<p3(21)<0.

The experiment to detect the endedness of the photodis-
sociation half-collision was conducted in a molecular beam
photofragment ion imaging apparatus similar to those used
elsewheré®22 A mixture of 10% NQ in He was expanded
through a pulsed solenoid valve nozzle. The supersonic ex-
pansion passed into the photodissociation chamber through a
skimmer and an aperture in a repeller electrode. The molecu-
lar beam was orthogonally crossed by the laser beams in a
region between the repeller electrode and two aperture
electrode$? This stack of electrodes forms an electrostatic
ion lens with a symmetry axis along the propagation direc-
tion of the molecular beam. The potentials applied to the
electrodes were set to the velocity-map focusing condition

FIG. 1. Diagram(a) depicts the four geometrically distinct transition states tO create an image on the face of a temporally gated multi-
for photofragmentation of N@, assuming impulsive recoil between the O channel plate two-dimensional ion detector. lon images are
atom product and the N end of the NO product. In this half-collision Scat'captured by a CCD camera that is synchronized to the pulsed

tering plane, the vertical axis is parallel g the NO, photodissociation

transition dipole. The NO products recoiling into the top left and bottom

right quadrants rotate clockwidg directed into the plane and products

data acquisition cycle.
The experiment was of the pump-probe type with the

recoiling into the top right and bottom left quadrants rotate counterclock-rotational orientation of the NO product probed in coinci-
wise (j directed out of the planeDiagram(b) shows a three-dimensional qence with its recoil velocity by two-color 11’ REMP!I

representation of the distribution of the NO product trajectories in a frame

attached to thgu vector. The distribution is symmetric about tpevector
and the tips of the NO recoil velocity vectorg, lie on a sphere. The

with ion imaging detection. A data acquisition cycle con-
sisted of a sequence of three laser pulsgsa linearly po-

directions ofj are tangent to the surface of the velocity sphere and circulatdarized photodissociation pulse at 355 nm with an energy of

in opposite senses in the upper and lower hemispherege-&,J% angular
distribution of the dynamical objects ifb) is prepared and probed in the
experimental measurements.

vector of the linearly polarized photodissociation lasgr,
preferentially excites N©omolecules having £axes perpen-
dicular toeyq. This is depicted in Fig. (B) for a single half-

9 mJ,(2) a circularly polarized probe laser pulse-a225 nm
with an energy 0f<100 wJ, and(3) an ionization pulse at
308 nm with a pulse energy of1 mJ. The helicity of the
circular probe polarization state was alternated between data
acquisition cycles using a photoelastic modul&fd?

The ~225 nm probe pulse was circularly polarized and
tuned to resolved rotational transitions of the NO

collision scattering plane. Let us for the moment suppose thé 22<—X2H3,2,1,2 (v =0—v"=0) band. The 308 nm pulse
resulting NO product trajectory to be that expected for im-ionized the NO A23) molecules. for puré- andR-branch
pulsive recoil of the product O atom from the N end of thetransitions, the absorption cross section for circularly polar-
NO product. Within this single half-collision scattering ized probe light is sensitive to whether the product molecules
plane, there are four “transition states” to consider, corre-are rotating in a clockwise or counterclockwise sense when

sponding to the two possible orientations of N@the plane

viewed along thek, propagation vector of the probe laser
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tion laser polarizationgy . We vary(1) the anglefp between
the photolysis polarizatiorgg, and the symmetry axis of the
apparatus, anc?) the helicity of the~225 nm probe beam.
The parameteg is used to characterize the probe helicity,
using the convention of Blurff?® By varying 6, we can
project NO products with the same sense of rotation from
both the top and bottom halves of the recoil velocity sphere
v onto the same region of the imaging detector. It can be
L showrt*?that the dependence of the experimental signal on
/\/\m projoction the probe beam helicity is maximum for tilt angle,
. S _@7/ onto X axis = /4 and 37/4. The probe helicity dependence vanishes for
= o 0p=0 and#/2, since any augmentatigdepletior) in inten-
e Jane sity originating from the top hemisphere is exactly canceled
z" by a depletion(augmentation originating from the lower

[)'=7r/4

FIG. 2. Experimental geometry for measurement[iﬁ‘(Zl) by 1+1’ hem|5phere' ] )

REMPI with velocity-map ion imaging detection. The molecular beam In order to provide a compact representation of the ex-
propagates in the- 2" direction toward the imaging detector and is perpen- perimental results, we do not show ion images in this Com-
dicularly crossed by laser beams propagating parallel tovthexis. For o, nication, but instead show in Fig. 3 one-dimensional pro-
simplicity, the velocity-map ion optics are not shown, but the symmetry axis, . . , . .

of the ion lens is parallel to th&” axis. The electric vector of the linearly JECtions of the image data onto th€ axis of Fig. 2. The
polarized dissociation lighte, is tilted at an angle & 6, <7 from the Z” one-dimensional projections in Fig. 3 are analogous to
]?X'S' thf;ebl( ’°t|a“|”9 tTe,dVSam'ga'bObJeCt in F'qbt)_l'” thEBc'la_bo_'aiﬁfy REMPI-TOF transitions and contain the essential features
rame. The circularly polarized probe beam propagation vektarjs in the . . . .

+Y" direction. The one-dimensional velocity profiles in Fig. 3 are projec- necess.ary t(? 'r_nmedlately_l(_jentlfy the endedness of thQ.N_O
tions of the intensity of the NOvelocity-map image onto th¥" axis. photodissociation half-collision. A more complete analysis is

deferred for future publicatioff. Figure 3 shows projections

beam. For clockwise rotation, when viewed along th, measured with circularly polarized probing on three selected
direction, theP-branch absorption cross section is larger forfotational transitions of the NO product and at four values of
right-circularly polarized ligf (8=—m/4) and theR-branch ~ the photolysis polarization directiod . For a given probe
absorption cross section is larger for left-circularly polarizedhelicity, the dependence of the shape of the projections on
light (8=+/4). The polarization dependence for a pure fp is @ consequence of ordinary photofragment recoil anisot-
Q-branch transition is nearly insensitive to the sense ofopy and is consistent with the known preference Wiy
rotation?’ angular correlation arising from thd,— 2A, transition of

Figure 2 shows the experimental geometry using the noNO, at 355 nnt® The variation in the velocity width of the
tation from Fig. 1 of Ref. 14. The probe laser propagationprojections is due to simple conservation of energy con-
direction,k,, is always perpendicular to the photodissocia-straints.

Polarization

Geometry
9
Probe B
Transition
. FIG. 3. One-dimensional velocity pro-
L Tq jections of the measured NOrecoil
P11(36.5) velocity-map image intensity onto the
- X" axis in Fig. 2. Projections are
I shown when probing the NO product
P,i(36.5), Q,+R;x33.5), and
//L Ryy(21.5) transitions of thé\«X, v
-1 =0 band. The shape of the profiles de-
Q”__"'Ru pends on the photolysis polarization
(33.5) //\\ //\/\\ angle, fp , the probe helicity, and the
1 branch type, as described in the text.
The probe helicity is specified by the
helicity paramete.?®
-
R21(2l.5)
. ; ; ; ; i . i } f ; t
-1 0 41 -1 0 41 -1 0 41 -1 0 41

vy (km/s)
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Our interest here is in how the velocity projections de- *More quantitatively, angular momentum alignment is related to the quad-
pend on the probe helicity when probir®s or R-branch rupole moment of thg distribution about a quantization axis. Angular
transitions at0D=77/4 or 3m/4. the two polarization geom- momentum orientation is related to the dipole moment. In a quantum

. L. . mechanical description the terms refer to the properties ofthelistri-
etries most sensitive to th!é%(Zl) bipolar moment. In these bution: see Refs. 36 and 37.

instances a projection has either a convex or concave peakg. o. sitz, A. C. Kummel, R. N. Zare, and J. C. Tully, J. Chem. PBSs.
depending on the probe helicity. This results from selective 2572(1988.

. . . . 3 i
detection of the clockwiséor counterclockwisgrotating NO (El-gggsse'b“”k' J. R. Waldeck, and R. N. Zare, Chem. Phg§, 191
,prO(_jUCts concentrated at the .cer(ta!r perlp_h(_ery of the pro- . 4J. F. Black, E. Hasselbrink, J. R. Waldeck, and R. N. Zare, Mol. PHys.
jection at these two geometries. Any helicity dependence is 1143(1999.
exactly opposite for thép = /4 and 37/4 geometries, since  °M. L. Costen, S. W. North, and G. E. Hall, J. Chem. Phys.be pub-
this change in geometry exchanges the locations of thelished. Cand O o 98 (1992

; ; ; ; J. A. Beswick an . Roncero, J. Chem. PIf6§.7514(1 .
cIO(_:kw!se and counterclockwise NO rot_o_rs in the velocny_ 7M. Mons and 1. Dimicoli, Cher. Phyd.30 307 (1989,
projection. As expected, the probe helicity dependence iS\ wions and 1. Dimicoli, J. Chem. Phy80, 4037(1989.
also opposite for the?y; and Ry, branch transitions, and °v. p. Hradil, T. Suzuki, S. A. Hewitt, and P. L. Houston, J. Chem. Phys.
negligible for theQ,,+ Ry, branch transitiori! At the 6, 99 4455(1993. _
=0 and#/2 polarization geometries no probe helicity depen—ng- iag%‘;a(;-n';-HB'ﬂg{élz?dJHbﬁfs's'a ;’m T)hﬁﬁ ‘(3{‘599“613637(1995’-
de_nce is opserved. A preliminary analysis of _the images 0Py \io H. Katayanagi, and T. Suzuki, J. Chem. PhYS0, 2029(1999.
tained probing thé>;(36.5 andR,;(21.5) transitions in Fig.  3conservation of energy restricts the-0 NO X product to rotational lev-
3 gives ,8(2)(21)=0.2, measured by direct fit to imaging elsj<415; see Ref. 9.
theory for polarized 31" REMPI probing?® 3! The positive  **R. Uberna, R. D. Hinchliffe, and J. I. Cline, J. Chem. Phy83 7934

value of 83(21) indicates that the N end of the NO product 15(R19l33i:)ixon 3. Chem. Phy&s, 1866 (1986

receives the recoil impulse. _ _ 16R. J. Gordon and G. E. Hall, Adv. Chem. Phgd, 1 (1996.

Though this result is in accord with the expectations fori7.. p. Barron, Chem. Phys. Letl.23 423 (1988.
a simple, classical impulsive photodissociation mechanisn’A. J. R. Heck and D. W. Chandler, Annu. Rev. Phys. Ch#). 335
for NO,, the actual mechanism is likely much more (1999

11 . . . ... ~P. L. Houston, Acc. Chem. Re&8, 453(1995.

complex.- The Obfserved sense of rOt?'tlon IS consistent WlﬂhoP. Samartzis, |. Sakellariou, T. Gougousi, and T. N. Kitsopoulos, J. Chem.
NO rotation evolving from a decreasing N®ond angle at Phys.107, 43 (1997).
the instant of bond rupture. Opposite senses of rotation mightD. H. Parker and A. T. J. B. Eppink, J. Chem. Phi87, 2357 (1997.
instead be expected for an alternative fragmentation mech Zz-x-jas’vfa'é'e‘igl'(w ;ﬁdpgysﬁ C;‘:r’;‘i?QR(le?lf*Zi(il?r?S%m 24771997
nism in which the N@bond angle increases as a N-O bondzg e, R D, Hinchliffe, and J. I. Cline, J. Chem. Phy@5, 9847
ruptures, in which case the O end of NO would effectively (190g.
receive the recoil impulse. 25]. S. Spasov and J. I. Cline, J. Chem. PHyi0, 9568(1999.

There is an important relationship between the oriented®We quantify the probe helicity using the helicity paramefrdefined by
rotational motion of NO from linearly polarized photodisso- EU™ In Ref. 28. The helicity parametefs=- /4 and 5=+ /4 corre-

L. . . spond to right and left circularly-polarized probe light, respectively, as
ciation of NG, and the oriented electronic angular momen- yefined in Ref. 38.
tum of the CI2P5, atom from the linearly polarized photo- 2’The spectroscopic branch dependence of circularly polarized probing of
dissociation of ICI, recently reported by Rakitzs$ al333 rotational orientation can be understood by examining hfté(j) geo-
The experimental manifestation of the orientation in the two metrical factor that appears in the relevant absorption intensity expression
634 . - . in Eq. (1) of Ref. 14. In the high-limit, h")=1 for P branches, 0 fof
systems is similaf>* but has very different mechanistic ori- _
. . . . branches, and-1 for R branches; see Table | of Ref. 36.

gins. In the ICI experiments, the Cl atom electronic orienta-sx gjym, pensity Matrix Theory and Application@®lenum, New York,
tion arises from quantum mechanical coherence between dis-1981).
sociation channels involving parallel and perpendicular®V. ngfS(t:cI{rov,_R- Hinchliffe, K. T. Lorenz, R. Uberna, D. W. Chandler,

: H ini H an L ine, in preparation.
eX.CIted .Stat.es' Ir.] the NzCEXp?rlm.pfnt the Or.lgm O.f rotational 30y, K. Nestorov ang J.pl. Clingin preparation
onentayon is gwdent in an intuitive classical picture of thes:, image fiting and analysis programs are available at http:/f
photodissociation recoil trajectory. www.chem.unr.edu/faculty/cline/fimage.

We conclude by noting that measurements of this type of*T. P. Rakitzis, S. A. Kandel, and R. N. Zare, J. Chem. Php8 8291
rotational orientation can provide detailed mechanistic infor-,,(1998-

tion f th ¢ hibiti t photodi . 33T, p. Rakitziset al, J. Chem. Physl10, 3351(1999.
mation tor other systems exnibiting prompt pnotodissoCia=aryg ,8%(21) bipolar moment of Ref. 14 is identicakithin a scaling fac-

tion or for bimolecular scattering. ) tor) to the Infal?)(ll, )] term defined by T. P. Rakitzis and R. N. Zare, J.
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