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We describe a two-dimensionéD) imaging technique for recording state-specific photofragment
angle-velocity @,v) distributions. In these experiments the photofragment images are recorded as
2D sections of the 3D angular distributions using state-specific ionization in a time-of-flight mass
spectrometer. We compare this method to previous methods that record 2D projections of the 3D
distribution. The 2D sections represent cartesian flux-velocity maps in the center of mass and are
related to angle-velocity differential cross sections by a simple geometric factor. Two studies are
highlighted. In the first, new results are presented for Ahstate photodissociation of GHto

CHz+1. (8,v) images are presented for | atom in tHe,, and P, spin—orbit states following
photodissociation at 266 and 304 nm. The principal result is detection of the weak perpendicular
transitions to théQl state(at 304 nm and the'Q state(at 266 nm that underlie the strong parallel
transition to the®Q, state. We also report the ratio of cross sectiongo;, the anisotropy and
branching ratio for (°P5,) and K*P,,,), and the’Q,—'Q surface crossing probability. In a second
study the photodissociation of;Qo Oz(v)+O(3Pj:2’1’a was measured. A bimodal anisotropic
velocity distribution was measured for¥®) corresponding to maximum in the,@) vibrational
distribution ofv =15 and 27, in general agreement with a previous measurement. The anisotropies
of the high- and low-velocity components were measured tg3d.1 and 0.4, respectively.
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I. INTRODUCTION photodissociation laser and the product angle-velocity distri-

butions are measured in the laboratory frame using a rotating

The field of experimental chemical dynamics is based oy 555 spectrometer. Alternatively, the photolysis laser polar-
measuring dgtalled properties of reactants and prpducts froMation can be rotated and product detected using a fixed
which potential energy surfaces can be determined. Many, s spectrometer. Photofragment translational energy spec-
strategies have been Qeveloped to acquire th_|s mformgﬂoqroscopy offers superior angle and velocity resolution; how-
Recent ultrafast experiments that probe reactions on t'me%'ver, data collection is time consuming, products are not

_cales_ Iess_than thg collision and_ dissociation tim&eéare IOro\/idﬁietected in specific rovibrational energy states, and a trans-
ing direct information on potential energy surfacéskeso- formation is required to convert from lab frame to center of

nance Raman or emission spectroscopy of dissociating states ; . : . .
. . : ; : o mass frame differential cross sections. Variants of this tech-
provides detailed information on the dissociative surface.

These methods use optical transitions to directly probe redue for obtaining product state-specificity involve reso-

gions of the dissociative potential energy surface. In effecf'2NCe lonization of product in the photolysis reg}f_band
they probe the difference potential between the two surface ore recently_the power_ful te_chmqqe of resonant fgRy-
involved in the transition. An alternative approach to probing berg excitation and field ionization at the dete&ﬂolr_z.
reactive surfaces is to measure state-specific angle-velocigowever’ care must b,e taken'to prevent Doppler se!ectpn Ipy
distributions of the final product® Though considered an e'probe laser from influencing the detected velocity distri-
indirect method, it has proven capable of revealing importanPution: _ 3
details of potential energy surfaces and has the advantage of A Popular method for measuring state-specific angle-
probing regions that might be optically inaccessfbleThis velocity distributions is by polarized pump excn_atlon fol-
paper is concerned with the latter approach. Many techniqué§Wed by Doppler measurements of product recoil using po-
have been developed over the years. Here we describe l@ized laser induced fluorescence detectivif. These
method that records complete mappings of state-resolved diff€asurements provide vital information on vector correla-
ferential cross sections with respect to angle and velocity. I#ions involving the velocity vectors, transition moment vec-
this paper we present results for photodissociation reaction$ors and fragment angular momentum vectors. However, the
however, the technique is also applicable to bimolecular revelocity resolution is limited, particularly for heavy photof-
active scattering in the gas phase, in photo-initiated van dgiagments. Also accurate measurements of the anisotropy are
Waals aligned complexes, and on surfaces. difficult because the Doppler excitation spectra are typically
The traditional method for measuring photofragmentrecorded as 1D projections of the 3D distributions. To obtain
angle-velocity distributions is by translational energy specimore accurate angular information, Wittig and co-workers
troscopy introduced by Wilson and co-workeend refined used delayed laser excitation to record a 1D core of the 3D
by Lee and co-workerS A molecular beam is crossed by a distribution in a method called velocity-aligned Doppler
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FIG. 1. Diagram illustrating 2D velocity measurements for detection in- FIG. 2. Schematic diagram of the experiment. The molecular b@aB)

plane(section vs out-of-plane(projection. and laser(L) of polarization(Pol) cross perpendicularly in the acceleration
region (VO—V2) of a TOF mass spectrometer. Deflector pléfsfl) center
the ion packet across the apert@e placed in front of the detectdDet).

spectroscopy(VADS).2® A related method for measuring
state-specific angle-velocity distributions in a molecular
beam is based on resonant ionization in a time-of-flight masSuzuki ionized a 2D photofragment slice by allowing the
spectrometefTOFMS).1628 Photofragment velocity is mea- Photofragment packet to expand and then ionizing with a
sured by the spread in the ion arrival time distribution. An-sheet of laser light” This interesting technique has the con-
gular specificity is obtained by recording a 1D core of the 3Dstraint that the size of the expanded photofragment packet is
distribution using an aperture at the detecfoRecently, the limited by the intensity of light needed to achieve multipho-
Zare group has reported on the use of core extraction foion ionization and by the requirement of a very homoge-
measuring state-to-state differential cross sections of bimgleous intensity profile across the sheet. Finally, we mention
lecular reactiond? In another-development, Zewail and co- two different proposals for achieving state-specific angle-
workers are conducting femtosecond measurements usirkglocity measurements of photodissociation using LIF
TOFMS fragment velocity measuremefs. imaging?®*’

2D photofragment imaging was pioneered by Chandler  In this paper, we describe a two-dimensional imaging
and Houston. This powerful technique has been demontechnique for recording state-specific photofragment angle-
strated for isolated molecule photofragmentatidias well ~ velocity (6,v) distributions?®?° In these experiments the
as for bimolecular reactive scatterifit2D images of the 3D  photofragment images are recorded as 2D sections of the 3D
ang|e-ve|ocity distribution are recorded on an intensifiedangl]'ar distributions using State-specific ionization in a time-
Charge-coup|ed dewc&CD) camera system p|aced at the Of-ﬂlght mass spectrometer. The teChnique is demonstrated
end of a TOFMS. In this method all ions are collected; inusing as examples new results for two molecular systets;
effect the 3D distribution is flattened onto the plane of thetheA state photodissociation of GHo CHy+1(°Pyy, 1) and
detector in what is termed a 2D projection. Fragments having2) the photodissociation of {10 O(v) +O(°P;_,, 9. Vari-
velocity vectors that are not parallel to the plane of the deants of the present technique have also been used to measure
tector project onto the detector with velocity componentsstate-specific angle-velocity distributions for photoproducts
less than their vectorial velocities. The true velocity or speec®scaping van der Waals dimers and clustior photoini-
distribution is obtained by inverting the 2D projection by an tiated dimer reactions, one obtains state-resolved differential
Abel transformation. Image reconstruction is a well- Cross sections for bimolecular reactive scattering.
established mathematic algorithm. Still, it is sometimes de-
sirable to have a technique that measures angle-velocity dist EXPERIMENTAL METHOD
tributions directly. This can be achieved by recording a 2D .
image as a planar section of the 3D distribution. The concep’%‘ Instrumentation
is to collect only fragments that recoil nearly in a single The experimental method of recording 2D sectional or
plane as illustrated in Fig. 1. By avoiding the velocity pro- planar images is illustrated in Fig. 2. Photodissociation is
jection of fragments that lie out of the detection plane, theinitiated and products are ionized in a molecular beam TOF
true velocity distribution is measured directly. The only mass spectrometer. The ionized photofragment distribution is
transformation required is a simple linear Jacobian functionnjected into a drift tube where it travels field-free toward a
that relates solid angle of detection to velocity. Adaptationamicrochannel plate detectofMCP). The expanding ion
to achieve 2D sections by the Chandler and Houston methoplacket represents the 3D photofragment velocity distribution.
have been proposed. Kinugawa and Arikawa used Dopplein aperture is placed in front of the detector to limit detec-
selection to ionize only photofragments that recoil in thetion of the 3D ion distribution to a narrow cylinder of ions.
plane of the detectioff However, this method imposes con- The resultant measurement is a 1D “core-sampled” TOF
straints on the position of the laser relative to the drift tubespectra. The concept of “core-samplinglsometimes re-
axis. Also Doppler selection is limited by the bandwidth of ferred to as core extractipis to record a TOF spectrum in
the laser and by the velocity spread of the photofragmentsyhich the velocity distribution along the drift-tube axis is
which can be very small for heavy fragments. Tonokura andneasured while limiting the velocities along the orthogonal
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directions to a very small range. The aperture functions in
that capacity. This concept is explored in more detail shortly
(Sec. IV B.

A 2D planar velocity distribution is obtained by rastering
the ion packet across the detection aperture using deflector
plates and recording a 1D core TOF spectra at each position.
Velocity is measured along theaxis by the TOF distribu-
tion and along the-or y axis by spatial deflection of the ion
packet. The relations are given by

qF(t—to)
V= (1)
| KV,
nyy—g— T (2)

Equation(1) represents two-stage acceleration under space
focusing conditions, wher& is the extraction fieldq is FIG. 3 Ge_ometry for product rec_oil and det_ectior) cylinder. Parameters are
. . . . . described in the text. Also shown is the relationship between the space-fixed
chargem is mass, and—t, is the arrival time relative to the vy, laboratory frame and the body-fixedw polarization frame.
center of the distribution. In Eq2), K is a constant relating
the deflection voltagé&/, , to the spatial deflectioh at the
detector. Space focusing conditidhsire obtained by first detectors; however, in reality the ionizing laser must be
calculating the proper ratio of extraction to acceleration volt-scanned over the entire Doppler width of the product transi-
ageR=(V2-V1)/V1-V0), and then moving the position of tion in order to build up a 2D projection that represents all
the ionization volume along the axis and monitoring the ion velocities and angles. Our 2D sections technique, how-
change in the ion TOR is adjusted by varyinyy1 until the  ever, lends itself to recording single-shot images. A natural
ion TOF is insensitive to initial position. The optimized extension of our technique is to incorporate a MCP detector
value ofR is within 10% of the calculated value. with a segmented anode array. Then the complete set of 1D
Our TOFMS consists of an ion optics assembly of threeT OF spectra that comprise a 2D image can be recorded si-
grids separated by 1 gra 1 mdrift tube, aml a 5 mmdiam  multaneously. A slitin front of the detector would restrict the
aperture mounted in front of an 18 mm diam MCP. To im-detected photofragments to a single plane. We are consider-
prove velocity resolution at the detector, extraction and acing a 32-channel anode array coupled to a 32-channel pipe-
celeration fields are minimized in order to maximize the timeline time-to-digital converter processing 8 hits per channel
available for the ion packet to expand. For a low velocityper pulse(e.g., LeCroy 3377, Sec. 7.1Improving data col-
fragment, such as | in C}Hi photodissociation, we typically lection efficiency by over an order of magnitude opens up
used extraction and acceleration fields of 15 and 230 V/cmthe potential to record high sensitivity images of bimolecular
respectively, giving an ion drift time of,=72 us and a chemical dynamics, scattering off of surfaces, and product
maximumt—t, of about 1.2us2® For more energetic frag- recoil from clusters. Although signal averaging will still be
ments, such as O atoms from Photodissociation, we used necessary, a single-shot imaging method is preferred because
extraction and acceleration fields of 20—30 V/cm and 3004t has better immunity to fluctuations and drifts in operating
500 V/cm, which give drift times ranging from about conditions than does a scanning method for recording im-
to=14-19 us and a maximum 2(t,) of about 0.5-1.0 ages.
us® lon TOF spectra were collected by digitizing the MCP  Details on sample preparation for the two case studies,
anode current using a LeCroy 9450 digital storage scop&Hsl and O; photodissociation, can be found elsewh@&re?
(CHgl results or by ion counting using a Stanford Research
Systems SR 430 multichannel scalar/avera@@y results. B. Angle-velocity resolution

The latter device is preferred because we usually operate at hao getection geometry for measuring angle-resolved

low count rates in order to avoid space charge repulsion. time-of-flight (TOF) spectra is illustrated in Fig. 3. The

We generally record about 10—20 one-dimensional TOFsphere in Fig. 3 represents a surface of ions of spedthe
spectra to construct a 2D photofragment image.

_ It is Onlyyetection aperture limits the field of view to a cylinder of
necessary to record one-half of an image because of axigl. < ot maximum radial velocitys, =r/t, wherer is the

symmetry, in which case about 10 one-dimensional Spectigsociive aperture radius, arig is the ion packet drift time.
suffice. A 1D TOF spectra takes about 1-2 min to coIIect-I-he angular and velocity resolutions are dependent on

(e.g., signal averaging over 2000 pulses at 20. !G:nmplete photofragment speed and are given by
2D images can be obtained in well under 30 min. The neces-

sity of rastering the ion packet across the detector aperture A#6,=arcsir(s;/v) (angular resolution €)
and recording a series of 1D TOF spectra means that single-
shot images are not obtained. In principal, single-shot images
can be obtained by the 2D projection method that uses CCD (velocity resolution. 4

Aviv=1—(vmn/v)=1—CcosA¥,
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The detection cylinder limits the angular range of fragmenfTABLE I. Relationship of velocity planes in the space-fixed laboratory
of velocity v, thereby limiting the width of the, projection. ~ frame and the molecular body-fixed polarization frame.

This defines the velocity resolutidkw. As &, decreases rela-
tive to v, the detected, distribution becomes a good mea-

Polarization frame

sure of the speed distributian. These concepts are devel- Lahoratory frame €dlz €l Z
oped mathematically in Sec. IV. In practice, the effective x defl 0,0, uw w
value of §, may be larger due to molecular beam velocity y defl vy, oW wo

dispersion and to deflection of ions by small field periodici-
ties at the gridg¢see Sec. VIl The actual instrument resolu-

tion is measured in the same manner as for photofragment " .
L ) mental conditions are needed to measure these properties.
velocity distributions, except that a parent molec(ile., no

; o . : L We now relate the present TOF method to alignments

recoil velocity is used. The radial velocity resolution is dis- .
cussed in the context of specific photodissociation system%nd correlations observed by Doppler spectroscopy. The
w alignment is the same in both methods. The TOF de-

below. The size of the excitation volume has inconsequenti o~ o ;
) i o ection axisz is analogous to the probe laser propagation
effect on resolution since it is significantly smaller than the . .
| . : vector (usually designate#i,,) in Doppler spectroscopy. The
detector aperture size and the size of the ion packet that 2 p :
robe laser polarizatiow, can be rotated in both Doppler

reache_s the detegtor. The ion packet is aIIowgd to expan_d t<E§)1)nd TOF measurements; however, the Doppler method is
many times the size of the detector aperture in order to im-

prove the core-sampling condition. This is in contract to 2DConflned toepl kp whereas the TOF method allows both

S S ) . . €,L Z ande,llz alignments. The latter capability is important
projection imaging in which the ion packet size must not F . )
exceed the size of the detector face for measuring) — J correlations. One final comment compar-

ing the merits of Doppler and TOF methods. The velocity
resolution in the former method is limited by the laser band-
IIl. VECTOR CORRELATIONS AND ALIGNMENT width, therefore, the technique is most suited for low-mass
) . fragments of relatively high velocity. This limitation does
We define a space-fixed laboratory frame and a molecus oy yist for TOF spectra. Doppler and TOF spectra are often
Iarl body-fixed polgnzgnon frame for velocity. Th(_a relation- o-orded as 1D projectior(se., velocity-resolved along one
ships are shown in F|g. 3. The_ laboratory yelocny COMPO-54is and summed over the orthogonal componente
nentsuv, vy v, are defined relative to the drift tuteaxis. 1o 1p projection requires exciting over the entire Doppler
The moIecu!ar ve_lo_cny componen_msu W are _defmed rela-  igth so that all velocity groups are sampled. This limitation
tive to the dissociation-laser polarlzatl(Jeiectrlc'ﬁeld VeC-  requires narrow Doppler widths or a laser that is scanned
tor €. The ¢4 vector can rotate along the axis through o er the Doppler line shape while accumulating a TOF spec-
anglea relative to the laboratory axis. Both the laboratory  y,m More detailed angle-velocity information is obtained
and molecular velocity components are in center-of-masgy cqre samplingi.e., velocity resolved for one component
frames for dissociation. The c.m. polarization frame is usefut]. some well-defined velocity components along the or-
because molecules align with by the transition moment y,,44na| directions This can be achieved for the Doppler
vector u (g—u correlation. If dissociation is prompt then  nethog using the VADS technique and for the TOF method
the correlatlon of the c.m. velocity vector W't,h m (w-p using the core sampling techniqysee Introduction The
correlation p_mk?es th? alignment of thﬁf relat_|ve tq the TOF 1D-core sampling method views only a narrow velocity
molecular principal axis and bond breaking axis. This infor-cqnhonent range orthogonal to the drift-tube axis. This is a
mation can be valuable to assigning symmetries of exciteqlayra| way to remove the narrow Doppler width limitation
electronic states. ) on the probe laser. In fact, if the probe laser propagates per-
_ Two sets of deflector plates along tkeandy axis per-  yangicylar to the drift-tube axis, as is typically the case, then
mit images to be recorded in either thg or yz laboratory  ayow-hand excitation can potentially improve core-
plgnes. The d|SSOC|at|or!-Iaser polarization axiscan be sampling resolution by further narrowing the range of or-
aligned along the ory axis (denotede;liz ande;L 2 respec-  yhqqonal velocity components that are detected in the TOF

tively) and serves to rotate the molecular frame. The Combl'spectrum. Similarly, Doppler selected ionization can enhance

nation of two laboratory planes of detection and two Iaserthe resolution of the 2D planar section perpendicular to the

polarizgtion alignments enables c.m. velocity measurememﬁrobe laser propagation axis, namely, ytedaboratory plane
in four image planegthree orthogonal and one redundat  (apje ). For this reason, we prefer recording 2D images in

be recorded. These combinations are tabulated in Table I. TfP1eyz rather than thecy plane. However, the latter plane is
illustrate the utility of measuring velocities in the body-fixed ' '

_ ¢ ; required if a photofragment image of a perpendicular angular
velocity planes, we consider GKHwhich has a strong paral-

. W . distribution is needed, as discussed in Sec. V.
lel and weak perpendicular transition moments relative to the

principal C-I axis. To detect the parallel transition, one
would probe for product recoil along thve direction (either
theuw or vw plane, which are axially symmetjicTo detect
the perpendicular transition, one would probe for product  The intent of this section is to show the relation between
recoil in theuv plane. Table | explains what set of experi- the experimental photofragment maps and the angle-velocity

IV. MODEL FOR CARTESIAN FLUX MAPS AND
DIFFERENTIAL CROSS SECTIONS
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differential cross section. We also consider instrument resoH(v,) =1(t)dv,/dt is a constant. This is not the case for
lution and discuss limits where the simple relations betweemphotofragment translational energy spectroscopy where
the measurables and the differential cross sections breandt are inversely proportional, in which case a Jacobian
down. must be applied in transforming fromto v. In the present
case, a Jacobian appears in the relation betwéey) and
the c.m. velocity distributiod?(v) as shown below. The ob-

A. General equations served TOF spectrurh(v,) is obtained by integrating over
The flux of ions along the axis per unit time with radial the area of the detection aperture. Ideally, the detection effi-
velocity v, is given by ciency n(v,) as a function of the radial velocity, , is de-

scribed by a step function. However, the ion packet that is

d’N _ d’o ﬂ % d_v imaged onto the detection aperture can potentially have some
dt dv, 40 dv dv, dt dov, blurring due to field distortions at the grids in the accelera-
2o [—2m7 aF tion region(see Sec. VII A. In this general case, the TOF
LI e i (5)  spectrum is described by
dQdv| v muo N
The evaluation ofiQ)/dv, follows from Fig. 3 anddv ,/dt is I(vz)=f Jido n(v,)dv,
obtained under space focusing as described edHigr(1)]. 0 Ur
Under nonspace focusing conditiordy ,/dt is a compli- v 1 d?c
cated function. Thec term encompasses a set of constants :Kfo 230 do 7(vy)v; doy. (7)

that includes laser intensity, molecular beam density, ioniza-

tion efficiency, detection sensitivity, etc. If we assume a step function detection efficiency such that
The differential cross section for single-photon photodis-7(v,)=1 or 0 forv,, respectively, less than or greater than

sociation with respect to fragment speedand recoil solid the aperture radiug, (in velocity units, Sec. Il B then Eq.

angle() is given by (7) simplifies to
d?o o | (1 d’c ' dy? g
40 do ~ 2. L1 B@)P,(cos0)]P(v) (v)=« o o2andp Ur (8)

o It is sometimes convenient to integrate oveby the change
= 2 [1TB)Pa(cosa)Py(cos6)]P(v).  (6)  of variablesy, dv,=v dv to give

It is convenient to express the differential cross section in I ):Kf”maXE d*o do 9)
terms of a velocity-dependent angular distribution and an z v dQ dv
angle-averaged speed distributio®(v). A velocity-
dependent anisotropy paramep) may arise in collision-
less photodissociation for nonimpulsive dissociation where
range of dissociation lifetimes can lead to a time—dependen?
velocity distribution. It can also occur for competing disso-B. Core sampling
ciation pathways that give products with differedtvalues
(e.g., the Qresults in Sec. VJlL A velocity-dependent anisot-
ropy is also expected for collisional processes, such as ph
todissociation in van der Waals complexes. The separation
the angular and velocity parts is not necessary for the follow- 5r2 d?o
ing analysis, but is done for convenience. In the second line a(v2) =« 2,2 {m
of Eq. (6), we have transformed to the laboratory drift tube z
axis where dQ=sin 6, d6, dg,=2m7sin@,dd, is the The producw?l (v,) is directly proportional to the differen-
laboratory-frame solid angle. The andglés the recoil angle tial cross section for the molecular scattering angtea.
relative to the electric field axigy and « is the angle ofe;  When §,<<v is not satisfied, such as whenis small, v,
relative to thez axis. Hence the photofragment recoil angle ceases to be a good measurevofThen the integral in Eq.
relative to thez axis is 6,= 6+ «a. The second Legendre poly- (8) or (9) must be carried out explicitly and determinations
nomial is defined a®,(x)=(3x?—1)/2 andg is the anisot-  of differential cross sections frof{(v,) measurements must
ropy factor for the angular distribution. The maximum be obtained by a fitting or inversion routife.g., the appen-
anisotropies for parallel and perpendicular transitions are 2ix).
and —1, respectively, and a value of O corresponds to an  Calculated TOF spectra for various casesoénd &, ,
isotropic angular distribution. ranging from core sampling to 1D projections are presented
We denote the observed TOF spectrUft) in velocity in Fig. 4. Forv/5,<1, a pure 1D projection is observed.
units I (v,) for convenience. Because of the linear relation-Interestingly,u/ 8, does not have to be very large to give an
ship betweent and v, for space-focusing conditionssee  accurate measurement B{v) by core sampling. The case
dv,/dt term in Eqg. (5], the Jacobian transform foruv/8,=4 in Fig. 4 corresponds to&w/v of 0.03[Eq.(4)].

Umin
where v ,i,=v, and v,=(v2+ 562)¥2 These limits repre-
gent the range af values that can project to a specific value
fu,.

For core sampling conditions, whef<<v one has the
6t_elationvz~v. If the velocity distribution is slowly varying
Sver dv, then Eq.(9) simplifies to

(10

a
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5 FIG. 5. Observed 1D TOF spectra as a function of acceleration voltages.
v/, The sequence of spectra show the transition from 1D projection to core

) S sampling conditions. All spectra were recorded under space focussing con-
FIG. 4. Calculated TOF spectra for delta function velocity distributions as agjtion.

function of radial resolutiors, .

Becaqseb‘r s inygrsely proport?onal to thg drift timgy, core which is the generalized form of Eq10) for TOF spectra
sampling conditions are obtained experimentally by Choospisplaced along the radial coordinatsitherx or y). The set

ing suitable extraction and repeller voltages. The effect oL 1D core TOF spectra forms a 2D Cartesian flux map de-
increasingt, by decreasing the acceleration of the ions intonoted asP(v,,v,) and defined as
the drift tube is presented in Fig. 5 for detection of | atom in 2t

CHsl photodissociation. 5
d“o

vi4+v?) dQ dv (13

P(UZ’Ur): Uvr{lur(vz)}oC

C. Photofragment imagin . .
g ging where U, denotes the union or set of TOF spectra for in-

. . . - r
2D sectional images are obtained from a series of 10yements o, . P(v,,v,) is directly related to the differen-
core TOF spectra, each of which is displaced from the symgja| ¢ross section weighted by velocity according to Ed).
metry axis centerline by radial velocity. [equal tov, Orvy  The integrity of Eq.(13) depends on the, andv, instru-
depending on plane of detection due to relationment resolutions. An illustration is given in Fig. 6. In Fig.

— (2 2\1/ i
vr=(vituy) ?]. The expressions that we have thus far de-g(a) are calculated,, (v,) plots by Eq.(13) using theP(v)
rived forl ,(v) are for TOF measurements through the cen-ystribution measured previously fo#Ps,).32%3 These plots

ter of the 3D velocity distribution, corres.ponding tq a nomi- gre convolved with the known instrument temporal and ra-
nal value ofv, =0. Eq.(8) may be generalized to arbitrany g resolution functions in Fig.(6). The measured 2D sec-
offsets by redefining the integration limits a§— 6, and  {jonal image is given in Fig. @) and compares well to the
v, + 6. It follows thatl, (v,) is given by calculated image in Fig.(B). The instrument functions were
necessary in the analysis of Fig. 6 because of the low veloc-
" dy! ity of the | atom. The detection of a heavy mass in a heavy—
v, do;, (11 i ! o . .
ight photodissociation represents a challenging application.
The fidelity of Eqg.(10) and (13) depends on how well
where the leading term is the ratio of the area of the detectiogore sampling conditions are satisfied. This condition breaks
aperture to that of the annulus defined by the integratiotlown asv —0. Another way to view this is that the angular
limits. In the core sampling limit, Eq11) reduces to resolution deteriorates in this limit, a condition that affects
virtually all techniques that measure velocity distributions. If
an accurate determination of the low velocity part of a dis-
; (12)  tribution is needed, then a fitting routine is required. Fitting
vy algorithms are described in the appendix.

| _ 5r JUrJr‘sr 1 d20'
W)= g K, a0 de

d?c
dQ dv

I 53
v (V)= 2(v3+v?)
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FIG. 6. Comparison of calculated and observed 2D Cartesian Réagsv,) of 1(2P,) from CH,l photodissociation at 266 nm. 1D projections were obtained
by summingP(v,,v,) over the appropriate axiga) Calculated using previously reporté®{v) and B. (b) Calculated map convolved with instrument
functions shown on 1D plotgc) Observed image. The dotted lines on the 1D plotébinare the instrument velocity resolutions.

D. Differential cross sections ing, and photodissociation in van der Waals complexes.
Equation (6) is generally a sufficient description of one-

photon dissociation in isolated molecules, in which case
P(v) can be determined from selected 1D TOF spectra under
core sampling conditions. Some useful methods that follow

In the following we summarize some important relations
and introduce terminology familiar to bimolecular reactive
scattering experiments.

1. Solid-angle differential cross sections from Egs.(6) and(10) are
O P (00) = (02 +02)P(0,000), ag  POvdsdv), e
P do | do| Plo0) P(v)<vi[lo(vy) +2lgv )], (18D
- dE |~ v2lo(v
dQ dE; dQ dv|dE v P(0)er 1;;((;2)). (180

=(i+v)¥P(v,,0,), (15
whereE,=muv?%2 is fragment kinetic energy?(6,v) is de- Equgtion (189 cor.responds to detectiop O.f product qt the
fined as the molecular c.m. flux-velocity distribution and rep-mag'c angle relative to the laser pol_anzatlon 2Rgv) IS

fdlrectly measured because the velocity and angular distribu-

resents the ion flux distribution for a constant solid angle Ot' q le at th . le. B h lar di
detection in the c.m. frame. The Cartesian flux distribution- "> ¢e€COUPI€ at In€ magic angie. because the anguar dis-
P(v,,v,) is based on a solid angle of detection that is contribution is usually of interest, it is useful to record 1D TOF
zvr . °
stant in the laboratory frame and, therefore, igsanple spectrs at t_he recoil andgltt)asl(z) angb90 (th f;terrﬁ:ij(‘@) ar_ld
function of fragment velocity. Based on the above deriva/2()- P(v) is expressed by Eq&l80) and (180 and/(v) is

tions and visualization in Fig. 3, the conversion is simplyg'Ven by

v 2. Because the laboratory and molecular frames share the lo(v,) = log(v5)
.. . . z 9 z
same c.m. origin and the observed 2D sectional images mea- B(v)=7 : (19
sure P(v,,v,), rather than projections, no transformations = lo(vy) +lgo(vy)
are needed to determine the differential cross sections, as 2
long as core-sampling conditions are valid. Equation(19) can be derived from Eqg6) and (10) under
core-sampling conditions.
2. Angle-averaged velocity and translational energy If anisotropy is independent of velocife.g., 8(v) =8],
distributions then a single TOF spectruig(v,) is sufficient to determine
2 P(v) according to Eq.(189. For an isotropic Maxwell—-
do deo
d_:f a0 do oncf f P(6,v)sin 6 dd de Boltzmann distribution, P(v)xly(v,)/v2 regardless of
v v whether core-sampling conditions hdkke the appendixin
=P(v), (16)  all cases abov®(E,)xP(v)/v [Eq. (17)]. Finally, the c.m.
translational energy is computed from
do do | dv P(v) P(E,) 17
—_—=— | — | —— X .
dEt dv dEt v t Et om= Et M , (20)
Cm M—m

The above procedure is required when the angular distribu-
tion cannot be described by a simple expression such as Egherem is the detected fragment mass avids the molecu-
(6). Such would be the case for bimolecular reactive scattertar precursor mass.
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4 FIG. 8. Representation of the photofragment angular probability distribution

for parallel and perpendicular transitions of gHrhe image planeaw and

uv cut through different sections of the angular probabilities. helane,

0F X 7 by lying in the node of the parallel distribution, discriminates effectively

against parallel photofragment recaoil, thereby enabling sensitive detection of

I T L L fragment recoil from perpendicular transitions. The detection plane is varied

1 2 3 4 5 6 7 by rotating the laser polarization axis. The calculated curves along the edges
C-I Distance (’&) are t‘he_lD‘projeCtions of the 2D intensity profile for a delta function veloc-

ity distribution.

FIG. 7. Potential energy curves for the ground electronic statnd the
optically active dissociativé states. Symbols are calculated values from

Tadjeddineet al. (Ref. 36. measurements of\ state emission, Butler and co-workers

observed that the emission polarization evolved from a pure
parallel component to a mixture of parallel and perpendicular
V. PERPENDICULAR A« X TRANSITIONS IN CHjl components, supporting the surface branching picttre.
_ _ The questions we attempt to answer here étgwhat
In this section we present new results on t?e angleyre the cross sections for direct excitation of the apparently
velocity distributions for photofragment€'Py) and (°P1)  \eak perpendicular state®) what is the crossing probabil-
(henceforth 1 and™) resulting from theA-state photodisso- ity between the3Q,—'Q surfaces,(3) what is the I
ciation of CH;l at 266 and BQ4 nm. Preliminary results have branching ratio, and4) how do these properties vary with
been presented befoféThe intent here is to also focus on excitation wavelength, an@) how well are these properties

the instrumental conditions and constraints to recordingredicted by the latest calculations of the potential energy
photofragment images by the present technique. surfaces?

A. Background

A potential energy curve for the optically active—x = Results

transitions is plotted along the C—I coordinate in Fig. 7. In  To directly probe photofragmention that occurs specifi-
the Franck—Condon region, the order of these states by ircally from either parallel or perpendicular transitions re-
creasing energy i¥Q,, °Q,, and'Q (or 2E, 2A, and E in quires a technique that specifically detects photofragments
C;, Mulliken notation.3* These transitions are due to that recoil parallel vs perpendicular to the excitation polar-
5pn—d*, of which there are a total of five final electronic ization axis ¢;. The method of detecting sectional 2D
states(two are electric-dipole forbidden from{). The®Q,  photofragment images offers this capability. The principal
state is reached by a transition moment parallel to the C—thallenge is to detect the weak perpendicular photofragment
principal and bond-breaking axis, and @, and'Q state yield while discriminating against the strong parallel compo-
are reached by a perpendicular transition moment. The panent.
allel transition correlates to the GH I dissociative limit and Two photofragment planes of detection are needed to
the perpendicular transitions to the GH* limit.34*’Asur-  selectively detect perpendicular and parallel photodissocia-
face crossing is evident in Fig. 7 along tf@, and’Q po- tion. In the body-fixed polarization frame in Table | and Fig.
tential curves. 3, one finds thativ plane probes dissociation perpendicular
Based on the excited-state correlations in the diabatito ; and theuw (alsovw) plane probes parallel tg,. These
picture of theA states(i.e., allowed crossingsone would two planes correspond to the laboratery plane where the
expect angular distributions for the | antl fragments that laser polarization is aligned either perpendicular or parallel
peak perpendiculakf=—1) and parallel(8=2), respec- to the drift tube axisz, respectively(cf. Table | and Figs. 2
tively, to the laser polarization axis. Instead, previous anisotand 3. The diagram in Fig. 8 illustrates the angular distribu-
ropy measurements show that | arffdboth display parallel- tions of product that are detected by the anduv planes.
like dissociationg®32:3338-40 This observation can be Theuw plane detects both parallel and perpendicular product
explained by a strondQ, transition that branches at the recoil, but is optimized for the former. Thev plane, how-
surface crossing to give both | antl product. Potential en- ever, selectively detects just perpendicular product recoil.
ergy calculations indicate that the surface crossing isThe importance of a sectional image in this case is that it
avoided, thus supporting the experimental findiffgs! In  offers high discrimination against detecting parallel recoil by
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FIG. 9. 2D sectional image of3P,,,) from CH;l photodissociation at 266 nm presented as surface and contour(glatglz, (b) e4L z. The velocity planes

are represented in the body-fixed coordinate system.

virtue of lying in the node of the parallel angular distribution. respectively*? Because we are concerned with detecting di-
The extent of discrimination depends on how thin the planarect excitation of the perpendicular transitions, which corre-

section is, an issue that we address shortly.

late with |, we present images for thémP5,) fragment only.

Photodissociation was measured at 266 and 304 nnkEhotofragment images in thev anduv planes are presented

which is at the peak and the red edge of hband, respec-
tively. Excitation of | and T is achieved by 21 resonance-
enhanced multiphoton ionizatiofREMPI) at 304.7 nm
(6P2DY,, intermediate stajeand 304.0 nnm{6P*DY,, stats,

in Figs. 9-11 for 266 and 304 nm photolysis. A strong
forward—backward peaked angular distribution is observed
for the uw plane, corresponding to product that recoils par-
allel to e; due to the strong parallel transition to tf@,
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FIG. 10. Same as Fig. 9, except 304 nm photodissociation.
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observed planar images. For instance, Wlbeimage, which
purports to discriminate against parallel recoil, can be con-
taminated from parallel excitation by product that recoils at
large angles. The extent of discrimination depends on how
thin the planar section is, which in turn depends on the de-
tection aperture size and other instrument broadening effects.
— In fact such contamination is present in the images in
Figs. 9 and 10. Rather than observing a purely symmetric
“donut-shape” distribution due to perpendicular product re-
i coil, a forward—backward-velocity component appears su-
perimposed along the=0 centerline. This is due to “leak-
- age” of high angle product recoil from the stron"ggo
parallel transition. The predicted signal as a function of an
instrument resolution function is presented in Fig. 11. The
instrument resolution in Fig. 14) is represented by a Gauss-
08 | los L ) ian function of varying width and includes broadening due to
. . . aperture size, blurring of the image by the ion optics, and
R (?{%/s) 04 08 slight misalignment of the laser polarization axis from pure
‘ a=0° and 90° relative to the drift tubeaxis. The calculated

FIG. 11, The effect of radial inst . ut TOF et angle-velocity distribution from parallel transitigfrom Fig.

. 11. The effect of radial instrument resolution on spectra for . A

perpendicular detectiogyl z in the presence of strong parallel product re- G(a)] IS given |n_F|g. 11b). The r_eSUIta_nt TOF spectrum that

coil. (@) Varying Gaussian radial resolution functiori) Assumed angle- Would appear in the perpendicular imageg., along the

velocity distribution[see Fig. G_a)]. (c) Calculated TOF spectrumg(v,) u=0 centerline in Figs. 9 and 1@ given in Fig. 11c). The

resulting from acceptance of high recoil-angle photofragments from paralle}ag|ts observed here are consistent with an instrument reso-

itation. . . .

excriation lution represented by a Gaussian width of 0.15 km/s, and

corresponds to an angular resolution for the centerline 1D

state. As mentioned above, perpendicular product recoil willl OF Spectrum of-7% for the highest velocity fragments.

also appear in this plane perpendicular to the parallel axis(.Th_e estimated instrument broadening is cqnsustent v(\>/|th a
There is some evidence of perpendicular product recoil in th&€"€S ?f 1D TOF spectra recorded for recoil anglesd

uw image for 304 nm excitation; however, the signal is weakdnd 90° and is also_ consistent with the results in FipT@e .
and not very convincing because of the presence of a stron‘g;eteCtor aperture diameter IS 5 mm. Based on an | atom dr_|ft
parallel signal. However, in thev image plane, which lies time of 72 us in these experiments, the above analysis indi-
in the node of the parallel distribution, the I atom signal dueCates an effective aperture resolution of about 10 mm. Other
to perpendicular recoil, though weak, is in clear evidence if"Strument tests are in agreement with this analysis. Some
Figs. 9 and 11. The characteristic “donut” shaped image inimprovement in resolution has been made subsequent to this

theuw plane occurs because the angular distribution peaks {Ork: and further potential improvements are enumerated in

an anglef#=90° relative toey, but is invariant about the Sec. VII. ) . . . .
azimuthal angle abou, . The kinematics of a particular photodissociation can

have a large bearing on the measured angle-velocity resolu-
tion. Detection of very slow fragments such as when moni-
toring a heavy fragment in a heavy-light dissociation are
The maximum | atom velocity is about 0.8 km/s, which difficult for almost any technique that measures translational
corresponds to a Doppler shift along the laser propagation €nergy. The present method is favored by fragments that
direction of about+0.09 cmi' L. The bandwidth of the laser carry high recoil velocity as this leads to greater spreading of
used to record the images in the laboratory planes is the ion packet upon reaching the detector. In this regard the
=0.30 cm ! indicating that all ions are ionized with nearly detection of | atom in the photodissociation of {Hepre-
equal probability in the 2D images. Were this not the caseSents a very unfavorable case. It follows from E2{) that
then only theyz laboratory frame would give undistorted 2D the | atom velocity is given by = (E,/m;)(Mcy,/Mcy).-
sections. In Sec. VI, we present images inyizeplane for O  The | atom fragment has a very low velocity because of its
atom from Q photodissociation, where the fragment veloci- heavy mass and because it recoils off a light mass.
ties, and hence, Doppler shifts are about an order of magni-
tude greater than for | atom from GHphotodissociation.
The ion TOF method is much better suited than Dopple
spectroscopy for slow velocity fragments. Thgresolution
of about 0.03 km/s obtained here for | atom corresponds to a 2D sectional images are useful for visualizing angle-
Doppler shift resolution of about 0.003 ¢t velocity distributions and for searching for properties that
We now turn our attention to the instrument factors thatdeviate from the second moment of the Legendre polynomial
can limit angle-velocity resolution and how they affect thedependence described by E¢b). However, for simple

08

0.0

vy (km/s)

04

C. Instrument effects

P. Anisotropies, relative cross sections, branching
ratios, and surface-crossing probabilities
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TABLE_ 1. Mgasurements of anisotrppy, reIatiye_ cross sectiong, spin—orpit fl* — ptri(lQ) +(1— p)O'”(ng). (21b
branching ratios, and surface crossing probabilities as a function of excita-
tion wavelength. Our experiment currently does not distinguish(!Q) and

o, (3Q,); however, because these transitions are well sepa-
rated in energy>*3we can make the reasonable assumption
266 1801 1901 005004 03% 025005 thato, (1Q)>c, (3Q,) at 266 nm andr, (1Q)<a, (°Q,) at
304 1501 1901 020:005 1102 0.43-0.08 304 nm. This renders Eq&1) solvable. The branching ratio
*References 44 and 45, f\/f» is measurable from the ratio of ion signal for | arfd |
To calibrate the detection efficiency, we use ratios at 266 nm
measured previously df/f«=0.374%°The change in ratio
single-photon photodissociation, the anisotrgpgnd veloc-  of the measured ion signal for | and kt 304 vs 266 nm
ity distribution P(v) can be measured from 1D core sam-provides the information needed to obtain the value
pling TOF spectra recorded at recoil angtes0°® and 90° as  f/f;x=1.1 at 304 nm? A photoacoustic measurement gave
outlined in Sec. IV D. In this regard, we have augmented oug value of about 2.6% The resultant surface crossing prob-
2D images data set with high resolution measurements dbilities are reported in Table II.
lo(v,) andlgy(v,). Similarly, it can be shown that the ratio The ability to calculate interactions between potential
of cross sections for perpendicular and parallel transitions ienergy surfaces is an important test of computational theory.
given by o, /o;=2l44/l5. A data set ofly(v,) andlgv,)  Shapiro calculatedQ—°Q, crossing probabilities of about
traces have been recorded for 266 and 304 nm pump excit&32 and 0.50 for 266 and 304 nm excitation, respectively.
tion and | and T probe detection. These results are in reasonable agreement with the measured
Measured values o8 and o, /oy are compiled in Table values in Table II. It is important to note that both the mea-
Il. Gedanken and Rowe recorded absorption and magnetgured and calculatepl values increase with decreasing exci-
circular dichroism(MCD) spectra of CHI, from which they tation energy. This trend may be explained by a Landau—
determined théQ,, °Q,, and'Q component contributions to Zener type argument wherein the surface crossing
the A absorption ban&® The peak component absorption probability or adiabaticity of staying on the lower surface
wavelengths(and percentage total absorption strenpties ~ increases with decreasing velocity through the crossing re-
ported are 3001%), 261(78%), and 240 nn(21%), respec-  gion.
tively. The MCD results show a minimum ia, /oy at 260
nm, which is consistent with our results. TAeband inten- v|. HARTLEY BAND EXCITATION: O 3_,0(3Pj)+02(X, v)
sity is down considerably at 304 nm relative to its peak. .
Hence it is difficult to estimate the, /o; ratio for the®Q, In a previous study we reported on the photofragment
and °Q, transitions at this wavelength from the MCD spec- @n9le-velocity distributions of the €Pj_o., states for
tra. However, based on the peak wavelengths for these corfZon€ photolysis at 226 nm by+2% REMPI in a time-of-
ponents, one expects a raio/o; that is greater at 304 nm flight mass spectrometéf OFMS).“* Photofragment images

than at 266 nm, in accord with the results in Table II. Thes®"d 1D TOF spectra were recorded from which velocity de-
results also conform with calculations of tAestate potential Pe“de”t anisotropy(v) ar}d translational energy d'sm,b u-
energy surface® tions were measured. This work was compared to similar

The differents values measured for | and bre attrib- ~measurements by Milleet al,*" which included photofrag-

uted to different admixtures of parallel and perpendicularMent images by the Houston group. The objective of these

absorption components. Anisotropy is also dependent OﬁtUdlez was to teflt for a possible 1ewly ldhentlfled SouLce (])cf
photodissociation lifetime. However, we believe this is un-O3 Production in the upper stratosphere. The O atom photof-

likely to explain the measurements here beca(iSethis r_agment i_mages lead to fragment tra_nslqtion energy distribu-
would require that | and*l have different formation life- {ONS, which in turn enable a determination of the \@bra-

times, which is unexpected, ari@) considering that lifetime t|onaI|<:]|str|bhut|ons. dditional data. f i
does not significantly reduce anisotropy in studies using ef- Atzgoug , We present additional data from our eariier
fusive (warm) CHsl expansion$233¥it is unlikely that for report;” our primary objective here is to discuss instrumental

supersonic expansions that the rate of molecular rotatiofionditions and operational constraints in recording photof-

would compete with photodissociation. Therefore, we conf@9Ment images as sections.

clude that theg value is due primarily to the ratio, /oy . A. Background

An important measurement in this work is the surface
crossing probabilityp due to the'Q—3Q, intersection. The
property can be determined from measurements, 6§, and
the branching ratid /f,+. If we assume that the lower energy
surface’Q, does not participate in a crossing wil@, in the
Franck—Condon region of excitation and dissociati@s O,(v=26) + 0,—05+0. (22)
predicted in Fig. , then the relative yield of | and'Ican be
expressed by

N (nm) B B+ alo filfx p

Wodtke and co-workefé*°recently proposed, based on
experimental evidence, a source of @oduction involving
the reaction of highly vibrationally excited, Qvith ambient
0O, as follows

This reaction is of current interest because it could possible
explain a discrepancy that is believed to exist between cal-
fi=(1—p)o, (*Q)+pa(3Qp) + o, (3Qy), (219 culated and observed ozone levels in the upper
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FIG. 12. 2D photofragment image for(%Pj) angle-velocity distribution at 226 nm. The laser polarization vector is aligned with the drift-tubeek® .
Results are presented for tk@® j=2 and(b) j =1 spin—orbit states. Intensity scales(a and(b) are unrelated.

stratospher@? The importance of reactiof22) toward ex-  tion 3p 3P, »—2p 3P, » 2D sections of the 3D velocity
plaining the ozone discrepancy problem depends on the yieldistributions are presented in Fig. 12 for the fragment
of O,(v=26) formed by photolysis of ozone. Ozone photoly- O(3Pj) for j=2 and 1. Theey vector is aligned along the
sis occurs primarily by singlet state absorption and leads tdrift-tube z axis. The laboratory plane of detection yg,

the spin-allowed dissociation channels which is obtained by scanning thedeflector plategTable
O;+hv—0ya 1Ag)+O(1D) 23) ). Because.of axial symmetry abayta xz image in princi-

pal would give the same result. However, because the Dop-

—0,(X 32g)+O(3P). (24)  pler width of the O atom is greater than the laser bandwidth,

The branching ratio of GD)/O(P) is about 0.90/0.10 for the plane that is orthogonal to the laser direction of propaga-

wavelengths short of 310 nM.The level of vibrational ex- tion is much preferred. Doppler selection enhances the pla-

citation needed for reactiof22) to occur can only result by Narity of theyzimage. In contrast, because teplane lies
ground electronic state @P) production and has a photo- along the laser propagation axis, the laser frequency would

chemical threshold for production of 243 nm. The Houston@ve to be scanned over the Doppler width to record an
and Woditke groups used photofragment imaging to measutddistorted photofragment imager optimized to the Dop-
the qsp ) translational energy spectrum and observed a pibler shift for the particular 1D TOF spectrum in the overall
modal distribution for 226 nm photolysis, corresponding to/Mage-

O,(v) distributions peaking av=14 and v=27%" Our There are three clear observables in the images in Fig.
photofragment imaging work, published elsewR&rand 12: (1) a bimodal velocity distribution is evident?) the
here support these results. bimodal distributions are highly peaked and anisotropic, and

There have been several previous reports of ozone phc53) the relative intensity of the lower-velocity component
todissociation studies by some form of photofragment transdécreases witfy. The higher-velocity signal corresponds to
lational energy spectroscopy or Doppler spectros@f.  the known Q—O("P;)+0,(X"%4) dissociation channel. It
Whereas there is reasonable consistency in the reported fraf§-formed in a relative yield of about 5:4:2 for=2,1,0, re-
ment velocity distributions, the measured anisotropies showPectively. The high and low-velocity distributions are simi-

47
significant variations, only part of which can be attributed tolar to that observed by Milleet al*" Results of our work are
different excitation conditions. summarized in Table lll. We note that the total yield of

0,(v=26) for the Q°P) channel is 0.080.02, which is an
increase from our originally reported valé®&The previous
work did not recognize the importance of includigu) in

In the results presented here, the pump and probe excileterminingP(v), according to Eq(180).
tation are from the same 5 ns laser pulse at 226 nm. One of the purposes of this work was to test the premise
O(P, 1) were ionized by 21 resonance-enhanced multi- by Miller et al*’ that the production of @v=26) may ex-
photon ionization(REMPI) through the two-photon transi- plain the ozone deficit problem. In that regard, we have veri-

B. Results

J. Chem. Phys., Vol. 105, No. 3, 15 July 1996
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TABLE lll. Branching ratio, vibrational probability, and anisotropy for

O(3Pj) dissociation as a function of spin orbit state o(3p2) . % (@)
Ba .‘s’éq"- : .%: ° :J."’:%
¥ A ® S%08 5 - n°
i f, P(v=26) high low < A N
— @ ®
2 0.45-0.1 0.110-0.03 1.30.1 0.4-0.2 = p— D ]
1 0.36£0.1 0.05%:0.02 1.2-0.1 0.5:0.2 .,
0 0.18-0.1 0.046-0.02 1.0:0.1 0.4:0.2 P o =90°
JM E‘ZP’ 'ﬁmﬂh
&/alues are reported for high and low velocity components. — 1 e
2 T T T
fied the presence of the slow(¥®) component observed by 1L .&’-‘;f.% ,;a:;-";a -
Miller et al. and have measured the relative yield of slow vs z ey 3 A
fast O atoms. The peak in the vibrational distributions for O N .
226 nm photolysis occurs at=15 andv =27, in good agree- 'l’ |
. . -1 |
ment with Miller et al. 10 5 o 5 10

C. Instrumental effects v, (km/s)
It was noted earlier that the velocity resolution along theriG. 13. Angle-resolved GP,) photofragment velocity distributiorls,(v,)
TOF axisz is much better than along the spatial or radialand velocity dependent anisotropv) for O; excitation at 226 nm where

axesx andv. This is borne out by the instrument functions ¢ is the alignment ok, relative toz. The figure shows how the validity of
Y y using Eq.(19) to determineB breaks down under noncore-sampling condi-

plotted in Fig. &b). A combination of the detector aperture ions. The timescale for the TOF spectrags-15.14s and 2t —to| =550 ns
diameter and blurring of the ion image due to the deflectiorfor the outer peak onsets.

by the grid fields currently limits our spatial resolutignto

about 0.5 km/s, corresponding to an effective aperture radiu - .
of about 8 mm. The time resolution was measured by recordaown toward the map origin where fragment velocities ap-
roach the radial resolutiof} . A fitting routine described in

ing the TOF for thermal O atoms created in the nozzle. Thid dix A | ] del thi . tel
weak signal could be enhanced relative to photodissociate'a‘p.pen IX A IS hecessary 1o model this region accurately re-
O atoms by synchronizing the laser pulse to the extrem@u'red_',lf angular information is less mpprtant than relative
beginning of the gas pulse where the lighter thermal O atomitensites, for example when determinii(v), a useful

are enriched relative toOThe width of the ion peak was 18 approxi_mation Is to modify the® term to reflect_ the fact that
ns, corresponding to a velocity width of about 0.2 kmm/s. the solid angle of detection reaches a maximum value for

An important consequence of the limitations on radialvgér since f"‘" ions are collecteddD projection. One may
velocity resolution is that the core-sampling condition canthen approximate Eq(14) asP(6,v)=f(v)P(v,.v,) where

— 2 ;
break down for low velocity fragments. This is the case inf(v)_(v +a) .lTheVe\I/term Zauseslthggg?loiﬂéokrolle off to
Fig. 12, where the low-velocity lobe, which peaks at about® cl:or}stanhg ue. e use F? V?Xe (1.0 km/3 to
0.9 km/s has significant yield of product with velocities ap- calculate theP(6,v) map in Fig. 14.
proaching the resolution figure &=0.5 km/s. This part of
the image no longer satisfies the core sampling conditiorY”' PROSPECTS AND OUTLOOK
where Eq.(12) holds. To analyze the anisotrogfand ve-  A. Potential performance enhancements
:sCI(?(/ag(I:Sritgggt:znip)(sgr:gi:(hE rzgg:gsggzagr;;g :Jg?adits?n% As discussed earlier, the velocity resolution in the spatial
: . ‘ . . imensions X,y) is inferior to that in the time dimensiorz
the simple core sampling expressions lead to obviously su X.y) X

e - Pecause of blurring that results from deflection of ion trajec-
pect results. An example is given in Fig. 13 for the determi-

. ) tories at theV1 extraction grid(Fig. 2). (The detection ap-
natlotn Of[_?_(ﬁ) usm% th‘(lg) Otf"o(”rz]) and|90(v(zj)d1D LOF o &lure was reduced in size until no further improvement in
spectr_a. T’B(U)f eiroménz '3” ?hqws a ﬁu ben rOpthoresolution occurred.The deflection of ion trajectories is due
negative values 1o0,=U.c Km/s. This Tesulls because e, penetration of th&0—-V1 field through the/1 grid mesh,
loo(v,) signal increases markedly at low,. The reason is

I .~ . which creates a periodic field that exerts radial forces on the
that the 1D TOF becomes more characteristic of a projection Bergmantet al. formulated the problem of field distor-

than a core sampling at lower vgloqltles. The effect is IIIus'tions near wires for the case of parallel wiPdgzor crossed
trated in the calculated spectra in Fig. 4. wire mesh, they gave an approximate expression for the
change in radial velocity due to field distortions as
. . . qE a

The relationship between the experimentally measured Avrzﬁ [y— >
2D Cartesian velocity map(v,,v,) and the angle-velocity U1
differential cross section is given by Eq4). The simplev>  whereq is charge,m is mass,E is the difference in the
relationship holds in the core-sampling limit, but breakselectric fields on either side of thél grid, v, is the ion

D. Differential cross sections

: (25
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ing the ion packet across the detection aperture and recording
individual 1D TOF spectra. A possible system would be to
use a microchannel plate with a 32-channel segmented anode
array to capture the entire widtfor halfwidth) of the ion
packet. This configuration is similar in concept to the
position-sensitive time-of-flight detection reported by Pollard
et al,>® which is a mass-selected 1D projection method that
records the spatial distribution of the ions on the detector
array to measur®(v). In the present case, data acquisition
could be achieved using a commercially available 32-
channel 8-hit time-to-amplitude convert@AC). Such a de-
PO.Y) 90° vice would allow a maximum of 256 ion counts per pulse;
however half that count rate is a practical limit to maintain
valid counting statistics. Bin widths may be varied to as
small as a few nanosecond time frame in a total collection
+ time of microseconds. The ability to record single-shot im-
ages (with signal averaging to improve signal-to-noise
would improve immunity to instrument temporal variations.
o° 180° Likewise, multiplexed data collection would reduce data col-
4 8 lection time proportionately. We estimate that 2D images of
v (km/s) the quality reported here could be obtained in a few minutes

. . . _ of signal averaging.
FIG. 14. Hemispheric representation of the experimentally observed carte- 9 ging

sian flux mapP(v,,v,) for O(®P,) photofragment from @photodissocia-
tion at 226 nm. The solid angle differential cross section represented by the
c.m. flux-velocity contour mapB(6,v) is obtained by Eq(14).

P(v,v,) 90°

B. Other applications

The 2D imaging by sections method for recording c.m.
velocity at gridV1 due to the extraction field is the grid  Cartesian flux-velocity maps was demonstrated for unimo-
spacing, ang is the separation between ion and grid wire atlecular photodissociation. However, it is applicable to essen-
closest approacfthe trajectory is assumed to be perpendicu-tially all manner of scattering, such as due to bimolecular
lar to the grid plang Using the nomenclature of Wiley and reactive and unreactive collisions, surface scattering, cluster
McLarer?* and assuming an average deflection velocityphotodissociation, etc. An advantage of recording direct 2D

(Av,) corresponding ty=a/4, leads to the expression Cartesian images rather than projections is that one can de-
aq(Ey—Ey) vise “action-type” probes whereby an experimental param-
(Av,)= 4(2mEs )512 (26) eter such as wavelength for spectroscopic scans, or time for
0

pump—probe dynamics measurements, can be varied while

whereE; and E, are the extraction and acceleration fieldsdetecting a fragment or product with state, angle, and veloc-
between the grid pair¥2-V1 andV1-VO0, respectively, ity specificity. A potential application is to detect quasibound
andsy is the distance from the ionization volume to ti&  resonances in a dissociative coordinate. If resonances lead to
grid, which is 0.5 cm. Typical values &g andE4 are 15 increased lifetimes, then the angular distributions will be
and 230 V/cm for the CH work and 25 and 400 V/cm for markedly changed compared to direct dissociation. Reso-
the O, work. We currently use electroformed grids having 80nances could be detected by recording an excitation spec-
wires/in. and 90% transmission, which corresponds tdrum while probing a specific product in a region 6p
a=0.030 cm. These conditions lead to calculated deflectioispace that is reached primarily by long-lived stag., de-
velocities(Av, ) for the CHl and O, studies of 0.20 km/s for tecting at 90° for parallel excitationsSuch effects may arise
| atom detection and 0.75 km/s for O atom detection. Thoughrom photoexcitation in molecules above a dissociative limit.
these values exceed the respective radial resolutions of 0.0 milarly, bimolecular scattering resonances may be probed
and 0.50 km/s estimated experimentally, the approximationby photodissociation in aligned van der Waals complexes.
leading to Eq(26) are sufficiently good to provide guidance Resonances may be observed by scanning the photolysis en-
on how to improve the radial resolution. The two most ob-ergy as a way to tune the collision enerjy°
vious suggestions arét) install a finer grid mesh a1 (180 Almost all cases of photodissociation and bimolecular
wire/in., 80% transmission are availaplend (2) increase scattering are axisymmetric, in which case only one or two
the grid spacing betweevi0 andV1 (currently 1 cm in our 2D images are needed to define the 3D velocity distributions.
caseg, in order to decrease thg, field while maintaining the However, there may be circumstances where an axis of sym-
same final ion energy. These changes should lead to neanyetry does not existe.g., when stereospecificity, chirality,
an order of magnitude improvement in the radial resolutionor surface alignment holJdThen the advantage of recording

A natural extension of the imaging technique is to usethree orthogonal planar sections becomes indispensible to
multichannel TOF detection to replace the process of rastemeasuring 3D velocity distributions. The present technique
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