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Imaging of Oriented Molecules
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Hexapole state selection and orientation of parent molecules is combined with two-dimensional ion imaging
of photofragments to study the direct photolysis of deuterated methyl iodide moleculgly &£R66 nm.

The combination of these two techniques allows us to create an essentially single quantum state-selected
beam of oriented molecules, which are subsequently photodissociated, and to measure the final state-, velocity-,
and angle-resolved recoil distribution of the photofragments. Extensive measurements have been done on
the variation of the recoil distribution with the orientation field strength applied. These measurements allow

a quantitative comparison of the orientation distribution of state-selected methyl iodide molecules with
theoretical Stark effect calculations. For the prompt dissociation ofl @D266 nm the angular recoil
distribution of the 1Py photofragment reflects predominantly the initial spatial orientation of the state-
selected parent. A comparison is presented between the fragment recoil distributions when different initial
oriented parent states are selected.

1. Introduction reagent was a prerequisie. The hexapole method was used
almost exclusively to obtain oriented molecules untill the
advance of the brute-force metHéd? several years ago. In

the middle 1980'$14 it was demonstrated that the hexapole

The study of photodissociation dynamics has been of great
importance in elucidating the role of intramolecular (anisotropic)
forces and in determining the shape of the potential surfaces .
which are involved in the photodynamics. One of the experi- method was able to produce beams of almost pure single-state-

mental observables in photodissociation processes is the spatia?e:eczeg Symmetr;c topbmolecules. %Ismtg 'E[hetse. s&nglilstzattr]e-
angular recoil distribution of the photofragments. The angular selected beams, it now became possible to test (indirectly) the

recoil distribution of the photofragments provides information obtameq onentatlongl d|s_tr|bu_t|on more quantitatively. B_y
about the nature of the photoabsorption process and themeasurmge.g.the orientation field dgpendence OT the steric
subsequent dynamics on the excited state surface. In the casgffed O.f th(ihgherqlrl]ugwtlne‘(sc?fnt treacltlvle tprodug:tt y%é!@.a?d d
of randomly oriented parent molecules the departure of the recoll ﬁomparllr;gh IS wi ark eriec Cg culations, 1 ;/lvas interre
distribution from spherical symmetry is described by the so- NOW Well the reactant was oriented experimentally.

called B-parametet. As has been discussed beférd, the Of course, one would like to measure these distributions more
anisotropy paramete$ is the product of two Legendre mo- directly. Bernstein and co-workéfs8used the photodissocia-
ments: one moment reflects the symmetry of the absorption 10N of or|er_1ted methyl iodide with t|me-of-fllgh_t (TOF) arrival
process; the other moment gives information about the recoil time detection of RPy;) photofragments to obtain the forward
distribution in the molecular frame. However, in the case of Packward degree of orientation of the parent molecules. In the
an oriented parent molecule one can, in principle, seperate thes@nalysis of this data it was found that a rigorous quantitative
two contributions. Choi and Bernst&imnd Zaré showed comparison of the experimental data with calculated distributions
mathematically how the angular recoil distribution for a prompt Suffered from background problems, inherent to the detection
axial recoil reflects the prepared orientational distribution of Method used. The experiments on photodissociation of hexapole
the parent molecule. Taatjes al” generalized this treatment state-selected and oriented methyl iodide with TOF detection
for arbitrary recoil dynamics and showed how using oriented Nave been extended recently by the group of Baugh to extract
parent molecules one can, in principle, obtain more details of fransition dipole matrix elements from the TOF détaUsing
the molecular frame recoil distribution and go beyond the mere the same techniques, they also studied the photofragmentation
extraction of the prepared wave function of the oriented parent. of ND3.?° Kasai and co-workef$ reported a beam-intensity-
Recently, Seidemdndiscussed, using a quantum mechanical depletion method to determine the direction of the transition
time-independent method, the information content of magnetic- dipole moment in the photolysis of oriented &H Recently,
state-selected photodissociation and shéwealv the exact Bowering and co-workef8 reported electron diffraction experi-
quantum mechanical expressions for the angular distribution in Ments on state-selected and oriented methyl halides. Because
the limit of a rapid dissociation reduce to the more phenom- Of & relatively warm molecular beam without single state

enologically derived expressions of refs 5 and 6. selection and the presence of an electron beam, they cannot
Since the start of experiments employing oriented molecules, @PPIY large enough voltages to fully orient their sample, which
it was evident that, in order to interpret the resulteaf. steric makes quantitative comparison of the results somewhat complex.

effects in bimolecular reactive scattering correctly, a good EMPloying the so-called brute-force method, Miller and co-

knowledge about the orientational distribution of the oriented Workers studied the photofragment angular distributions of dc
oriented “pendular” states of van der Waals clusters like-N
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T Dedicated to the late Prof. R. B. Bernstein who initiated the attempts In this paper we present results employing a more advanced
of measuring the orientation of molecules via a prompt photodissociation . . . .
along the molecular axis. photofragment technique, the so-called ion imaging tech-

® Abstract published irAdvance ACS Abstract§eptember 1, 1997. nique2*25to study the orientation distribution of oriented methyl
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Figure 1. Schematic view of the imaging machine. Note that the different parts are not drawn to scale: (a) pulsed nozzle, (b) skimmer, (c)
hexapole, (d) guiding field electrodes, (e) orientation field electrodes, (f) REMPI laser (probe laser), (g) dissociation laser, (h) microchannel plate,
(i) phosphor screen with vacuum fibered window, (j) camera lens to image fluorescence, and (k) cooled CCD camera (or photomultiplier).

iodide. By combining hexapole state selection with ion imaging 2. Experimental Section
detection methods, we can image state-specific angular distribu-
tions of photofragments from oriented molecules. First results
for the simple photodissociation of oriented methyl iodide

The experiments described here use a newly constructed
apparatus which allows final state-, velocity-, and angle-resolved
detection of fragments from the photodissociation of oriented
(CDsl) at 2,66 nm have been rgporté@hovyever, these results. molecules prepa?red in a single qugntum state. A schematic view
were obtained for rather low orientation field strength. EXperi- g given in Figure 1. In this section we will first describe and
mental improvements have opened the possibilities of applying giscuss the state selection of the parent molecules (section 2.1).
much stronger orientation fields. In section 2.2 we will describe the way the state-selected

With the combination of state selection and photofragment molecules are oriented and the photofragments are imaged onto
imaging, it is possible to study in complete detail the photolysis the two-dimensional detector. Note that the parts in Figure 1
of a single quantum state. Imaging of half and full collision are not drawn to scale;g.the length of the hexapole (part c in
processes is rapidly developing as an extremely powerful Figure 1) is 1 m, and the distance between the two main
technique for elucidating the detailed dynamics of inelastic and orientation plates (part e in figure 1) is 2.6 cm only.
reactive collisiong> Using the technique of electric hexapole 2.1. State-Selection. A cold pulsed molecular beam is
state selection, it is possible to create essentially single-statecreated by expansion of typically a 5% mixture of £l Kr
beams of symmetric top molecules which can be oriented in with a pulsed nozzle (General Valve; orifice diameter, 0.3 mm).
space. With these hexapole state-selected parent beams on&he source chamber is pumped by a diffusion pump (pumping
can also study details of the dissociation dynamics as reflectedspeed, 11.000 L/s) backed by a roots pump and a motor pump.
in the rotational state distribution of fragments and the effect The beam is skimmed about 5 cm downstream (skimmer
of the initially selected quantum state of the parent mole®dfie. ~ diameter, 1.5 mm) and enters a second chamber, the buffer

The experiments described here extend the measurementgéﬂgmgg:’avr\l’h;%r:“{isorﬁ);ng%z(:nbghg sr;ratl:latr:Jrkl;): rﬁngnF;é dl?otglli?: e
reported befor® and give a detailed analysis of the dependence PPer |
N . . out part of the gas pulse. In the experiments reported here the
of the observed recoil distribution as a function of the electric

field st th d to orient th t molecul Ad ot chopper was taken out of the beam. The buffer chamber is
eld strength used to orient Ine parent molecules. escription seperated from the third chamber by a fixed diaphragm

of the apparatus is given in section 2. In section 3 we present (diameter, about 15 mm). The third chamber corgtanl m

the recoil distributiqn of_the #o112) fragmen_t channel (I*) long hexafoole. The diameter of the rods is 4 mm. The hexapole
obtained from the dissociation of methyl iodide, &fat 266 can be positioned and aligned from outside in order to optimize
nm. Methyl iodide is an obvious choice for demonstrating the he focusing of the state-selected molecules onto a small hole
capabilities of the oriented molecule imaging method, since the (3p0yt 1.5 mm diameter) in the orientation/repellor fields (see
photolysis has been extensively studied by other methods.Figyre 1). The distance from the nozzle to the entrance of the
Bernstein and co-workers used the time-of-flight arrival spec- hexapole is 30 cm. The distance from the exit of the hexapole
trum of I* photofragments from dissociation of state-selected to the center of the imaging chamber where the pulsed beam is
and oriented CHl to obtain the forwaretbackward degree of  crossed with the lasers is 21 cm.

orientation of the parent moleculés’® We will analyze the For a description of the charateristics of hexapole state
orientation field strength dependence of the measured recoil selectors, we refer to the extensive literature on this é&sge
distribution and discuss the effect of the hyperfine interaction ref 28 and references cited therein). In short, symmetric top
on the prepared orientation distribution of the parent molecule. like molecules traveling through the inhomogeneous electric
In section 4 we will discuss our results, and we will summarize field of the hexapole follow sinusoidal trajectories and focus at
our conclusions in section 5. a certain point, depending on their rotational quantum numbers
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Figure 2. Experimental (asterisks) and simulated hexapole transmission
curves. For the simulated curve rotational temperaturés of 3.3 K
andTx = 5.8 K were used, the average beam velocity was 425 m/s,

and the speed ratics(was 12. The total light yield from the phosphor

screen was collected by replacing the CCD camera with a photomul- T

tiplier. &

(JKM) and the voltages on the hexapole rods. Heie the T=10 s : CCD or PMT
total rotational angular momentum of the moleclfejs the Y v

projection of the angular momentum on the figure axis of the
molecule, andV is the projection of the angular momentum on Figure 3. Schematic of the experimental time sequence. The oriented

the direction of the externally applied (dc) electric field. molecules are photodissociated by a first laser pulse atTime0;
In a cold molecular beam there will be only one or two then the electric fields are switched from the vertical orientation

. direction to the horizontal extraction direction. At tifie= 20 ns the
rotational states populated that have the sam&J(J + 1) fragments are ionized with a probe second laser pulse. The ions are
value. By selecting a proper hexapole voltage molecules in a accelerated and enter a time-of-flight tube, at the end of which they
chosen JKM) rotational state will be focused on the entrance encounter the MCP. The front plate of the MCP is gated when the
to the interaction region with the lasers. When the voltage on ions of appropriate mass arrive.

the hexapole is scanned and the total beam intensity is measured,

we obtain the so-called focusing spectrum (see Figure 2). In 0.83. This means that the experimental field strength used to
Figure 2 the yield of RPy;) atoms from the dissociation of GD orient the parent molecules was calculated as 0.83(V-or)/2.6
is shown as a function of the voltage on the hexapole. The V/cm, where V-or is the sum of the applied positive and negative
total ion yield was measured by replacing the two-dimensional voltages on the two main orientation plates.

detector by a photomultiplier tube (see section 2.2). Several Because we need to extract the fragment ions in a direction
peaks can be observed in the focusing spectrum, and they carperpendicular to the orientation direction, we have to change
be identified with certain rotational state3M) as indicated the field direction. In order to do this we use several fast high-
near the peaks. The solid curve in Figure 2 is a simulation of voltage transistor switches (Behlke, Germany) to change in
the hexapole focusing curve of GDusing the first-order Stark  several tens of nanoseconds the voltage applied on the various
effect only. The rotational temperature of our beam is found orientation and extraction fields. To damp the overshoot and
to be about 3 K. For our seeding and focusing conditions the the ringing of the voltage on the various plates when they are
typical increase of the intensity of the state-selected beam rapidly switched, a small resistor was put in series, compromis-
relative to the direct beam (hexapole voltage off) is about a ing somewhat on the speed of the switching. Typically,
factor of 4-5 for (JKM) = (111). switching times of about 2630 ns are obtained.

2.2. Orientation and Imaging. In order to preserve thil After the electric field is switched from orientation field to
selection of the state-selected beam from the exit of the hexapoleion extraction field, the probe laser is fired to ionize one of the
to the interaction region with the photolysis laser, an electric photolysis fragments. The ionization process does not effect
field can be applied to guide molecules from the hexapole to the recoil velocity of the photofragment because of the small
the photodissociation region. This is the so-called guiding field mass of the ejected electron. The ions are accelerated into a
(indicated by part d in Figure 1) and consists of two capacitor- short time-of-flight tube (17 cm length). When the ion of
like plates spaced 10 mm apart. In the interaction region a interest arrives at the microchannel plate (MCP, Galileo dual
strong vertically directed electric field can be applied to orient Chevron type with 42 mm effective diameter), the front plate
the parent molecules (see the upper panel atTirFe) in Figure is switched fron O V up to—1000 V. This turns on the gain
3). The ion-repeller plate is also split in two so that a vertical onthe MCP. The second plate of the MCP always has a voltage
field is preserved for the molecules going from the guiding field applied. In this way, the detector can be used to measure only
zone to the laser interaction zone. We have simulated our the position of the ions of interest and the detection of unwanted
electrode geometry to study how strong and homogeneous thebackground can be suppressed. The electrons at the back of
field is at the dissociation region. Because we have an ion the MCP are accelerated onto a fast phosphor screen (P47,
extraction grid present (the gridded structure in Figure 3), the lifetime about 80 ns) and the fluorescence is imaged with a
actual field strength is somewhat less than is expected from ahigh-quality camera lens (Nikofi= 35 mm, 1.4) onto a charge-
simple capacitor field. When the orientation field is present, coupled-device (CCD) camera. The CCD camera (Princeton
this extraction grid is maintained at O V. The simulation Instruments) is equiped with a 512 512 pixels, back-
(SIMION software) shows that the field is weaker by a factor illuminated Tektronix chip in multipin-phasing (MPP) mode and
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thermoelectrically cooled to about50 °C. The quantum
efficiency of this back-illuminated chip is about 60% at 400
nm, which is the peak wavelength of the P47 phosphorescence.
The CCD camera is operated in the so-called slow-scan mode,
which means that the shutter is opened for a set time to integrate
on chip the light from the phosphor screen. The typical dark
charge is less than 1 electron/(pikg)l The readout noise of
the A/D converter (14 bits) is about 5 electrons, which is set to
one count. After this integration period (typically up to 5 min),
the shutter is closed, the camera is read-out, and the image is
stored on a PC (486/33). When the total ion signal is wanted,
the CCD camera is replaced by a photomultiplier tube.

The dissociation laser used in these experiments is the fourth
harmonic of a YAG laser (repetition rate, 10 Hz), and the typical
photolysis energy used is about3 mJ/pulse. The probe laser
is the doubled output from a YAG pumped dye laser (Spectra
Physics PDL3), and probe pulse energies of about 1.5 mJ were
used. The photolysis laser was typically focused with=al15
cm lens; for the probe laser we used & 20 cm lens. The
polarization of the photolysis laser was parallel to the vertical
direction of the orientation field, and in most cases the
polarization of the probe laser was also set vertically unless
stated otherwise.

3. Results

3.1. Imaging of Photofragments. In this section we report
on the imaging of KPy,,) photofragments from the dissociation
of CDsl at 266 nm. The RPy/,) fragments were detected by (2
+ 1) resonance-enhanced multiphoton ionization (REMPI)
around 305 nm. The images reported here were all taken with
an exposure time of 5 min, resulting in an accumulation of 3000 0 255 0 255
laser shots. After measurement of a state-selected and orienteg_

. - . igure 4. Two-dimensional images of the recoil distribution of I*
image a background image was taken with the same exposur ragments from the photodissociation at 266 nm of state-selected and

time. The background image was taken under exactly the sameyjented gkM) = (111) CDJl parent molecules. The orientation field

experimental conditions as the oriented image but with zero was directed along the vertical direction (parallel to the linear
voltage on the hexapole rods. In this way we obtain the polarization of the dissociation laser; see Figure 3) with the parent
contribution of nonoriented molecules to the state-selected molecule oriented with the | end of the molecule in the upward
images. The intensity of the direct beam image is typically direction. In image a no orientation field was present, in image b the

0 ; ; _ — orientation field was 96 V/cm, and in image c it is 1600 V/cm. Images
Iiii than 20_/0 of tTe Inr:enfsny O.f the statefs::e_lecthd;/() d—f are the Abel-inverted images of the two-dimensional data of images
(111) image; see also the focusing curve of Figure 2. a—c, respectively. Note that the Abel-inverted images are a cut trough
In Figure 4 three images {&) are shown, which were the cylindrically symmetric three-dimensional distribution and can be
obtained by subtraction of the background image from the state-rotated around the vertical axis. Therefore the right half of the Abel-
selected image. The images shown are 226 pixels long inverted image is shown in black. The grey scale bar at the bottom
vertically and 200 pixels wide horizontally. The raw back- Corresponds to a linear intensity scale with blaek0 and white=
ground subtracted images were convolved with a Gaussian mask™"

of 5 x 5 pixels, and each line of data was lefight averaged

because the Abel inversion (see below) needs a symmetric line2"9ular intensity is represented by a grey scale indicated by
the bar below, where minimum intensity corresponds with black

of data. ) . . ) . . .
The images were taken at three different orientation field gnd maximum intensity corresponds with white. The intensity

strengths: (aE = 0V/cm, (b)E = 96 V/cm, and (CE = 1.6 in each image is scaled to the maximum intensity which is set
kVv/icm. The direction of the polarization of the photolysis laser to 255. o _ _ o
was parallel to the vertical direction of the orientation field. ~ The zero field image (Figure 4a) was obtained by maintaining
Because the JKM) state-selected parent molecules have a @ constant ion acceleration field and having no guiding or
positive Stark energy, the negative end of the methyl iodide orientation field present. The recoil distribution shows two
molecules (I end) is directed toward the negatively charged Projected polar caps along the direction of the polarization of
orientation electrode. This was the upper electrode for the the photolysis laser, which is very characteristic of a parallel
oriented images shown in Figure 4. The actual field strength type of transition. When we apply an orientation field (panels
was calculated from simulations of the field geometry in our b and c) in the photolysis region, the state-selectegl @arent
setup (see section 2.2). The hexapole voltage was set at thenolecules become (partially) oriented with the iodine, pointing
value corresponding with the focusing voltage for ta&N1) predominantly in the upward vertical direction. The images
= (111) state. The images of Figure 4 represent the two- clearly show the asymmetry in the recoil distribution. At 266
dimensional projection of the angular recoil distribution of I* nm the absorption is a parallel transition, and the dissociation
fragments onto the two-dimensional detector plane. This planeis prompt (<100 fs) and axial. This means that the I* fragments
is parallel to the direction of the DC electric field that orients are ejected in the direction of the figure axis of the parent
the parent molecule GDin (JKM) = (111). The photofragment  molecule at the moment of the photoabsorption.
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Figure 5. Two-dimensional images of the recoil distribution of I* from
dissociation of state-selected @Dnolecules in (a) KM) = (212)

and (b) KM) = (111). The orientation field strength was 1600 V/cm.
Panels ¢ and d are the Abel-inverted images. See also the caption of
Figure 4.

The three-dimensional recoil distribution of fragments is , . ,
cylindrically symmetric around the direction of the polarization 59700 59800 50900 60000
of the dissociation laser and is projected onto the two- Two-photon frequency (cm™)
dimensional plane of the MCP detector. This projection is
p_erpen(_tllcular_ to_ the_ Symmetry axis of th_e original three- dissociation of JK) = (11)-selected CB parents. The very strong
dlmenS|ona}I d'St”_bUt'on_Wh_'Ch makes it p(_);S|bIe 10 reconstruct o pranch was clipped in the figure. Panel b shows a simulation using
the three-dimensional distribution of recoiling fragments via @ the populations of Figure 7. The simulation was done on a line-by-line
mathematical process called Abel inverst8nThe resulting analysis as described before in ref 30. The effect of predissociation on
Abel-inverted images are shown in panelsfdof Figure 4 the Lorentzian line shape was accounted for using a homogeneous line
corresponding to the two-dimensional data of paneis,a wid}P of 1.0 cnt! and a heterogeneous line width parameter of 0.0095
respectively. From the three-dimensional inverted image we ™M
can obtain the recoil intensity as a function of the anflle  ionization process. The hexapole voltage was set to selegt CD
between the space-fixed direction of the dc orientation field and parent molecules inJK) = (11). We did not apply an
the recoil direction. Because the dissociation is very fast and orientation field in this experiment, so we have randomly
axial, the recoil distribution of photofragments reflects the initial oriented parents. The measured spectrum, with the polarization
orientational distribution of the parent molecule. This will be of the probe laser at the magic angle {pwith respect to the
discussed in more detail and more quantitatively in section 4. dissociation laser, is shown in panel a of Figure 6. A simulation

To illustrate this further, we measured the recoil distribution of the spectrum, using a line-by-line analysis, similar to the
of (JKM) = (212) state-selected and oriented molecules. The procedure reported befofejs shown in panel b of Figure 6. A
hexapole was set at a voltage of about 2.5 kV, selecting mainly comparison of the experimental spectrum of the state-selected
parent molecules withJKM) = (212); see Figure 2. The parent with the cold but non-state-selected parent (see Figure 2
resulting image (with similar background subtraction, convolu- of ref 30) immediately reveals the absence of the alternation of
tion, and averaging leftright) is shown in Figure 5, panel a, the peak intensity on the O and S branches with exatd
and compared with the image of thékM) = (111) state in rotational quantum numbéd. These branches probe tke=
panel b. The orientation field strength used was in both casesQ levels in the CRfragment, and they have a strong alternation
the same, 1.6 kV/cm. As can be clearly observed in Figure 5, of the nuclear statistical weight with evenddN. In Figure 7
the recoil distribution of panel a is wider than the distribution we show the populations used for our simulation (panel a), and
of panel b. The wider distribution and the shift of the maximum we compare them with the populations obtained for the non-
intensity away from the vertical axis reflects the initially state-selected parent of refs 30 and 31. Itis found that rotational
prepared orientational distribution of th&#M) = (212) parent levels (N,K) with K = 1 are populated most dominantly. If we
molecule, as will be discussed in more detail in section 4. In sum the populations over the rotational levlat fixedK, we
panels c and d the corresponding Abel-inverted images of the observe from our simulation that about 11% iKir= 0, 68%
images of panels a and b are shown. isinK =1, 16% is inK = 2, and 5% inK = 3. This means

3.2. The Rotational Product State Distribution. We have that overall the averagk in the CD; fragment is about 1.15
measured the rotational product state distribution of the CD and the predominant propensity is for conservation of the helicity
fragment from photolysis at 266 nm using the 3pX 08 two- quantum numbeK from the excited parent GDto the CDy
photon resonant transition as the intermediate in the- (2) fragment. From our simulations it appears that we do get some

Figure 6. REMPI spectrum of the 3p— X 08 band of CI3 from
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Figure 7. Comparison of the extracted populations from the simulation of the REMPI spectra of state-selected parent (this work) and non-state-
selected parerif:3!

minor population inK = 2 andK = 3 states. Baugh and co- refer to the extensive list of references on the A-band photo-
workerg” have also reported rotational product state distributions dissociation in methyl iodide in the paper by Amatagsial 3
in CD;3 from photolysis of JK) = (11) state-selected GDparent It is generally observed that the dissociation is very fast and
molecules. In their setup th€ = 1 purity of state selection  the dissociation channel?R;;) + methyl CD; produces little
was estimated to be about 94%, which is somewhat better thanrotational excitation. This all indicates a rather isotropic surface
in our experiment. We have a much shorter hexapole (1 m which is confirmed byab initio calculations by Morokuma and
versus 3.8 m), and from our focusing spectrum we find that the co-workers®® For excitation at 266 nm the important potential
intensity of the direct beam (containing #listates) is about a  surfaces involved are the ;1A(Qo) and E {Q,) states in
factor of 4-5 smaller than theJKM) = (111) selected beam.  symmetricCs, symmetry which give rise to ‘Aand A + A"
Therefore, in our spectral simulation we did include= 0 surfaces at a bent geometry. These calculations show that, at
population, contrary to the analysis of ref 27. It was argued in the crossing of théQ, surface to which the excitation takes
ref 27 that the observedK = 3 transitions were due to  place and théQ; surface, the Asurface which correlates with
nonadiabatic coupling in the region of the conical intersection the I* channel has only a small energy difference between the
of the 3Qy and 'Q; surfaces. So far, the most extensive linear geometry and the energy minimum, which is at a bent
theoretical calculations of the rotational product state dis- angle of about 44 Beyond the crossing point of the surfaces,
tribution®2-34 reported do not give quantitative numbers for the the upper A surface has a minimum at linear geometry and is
total amount of rotational excitation parallel to tBg axis, but stronger curved than the lower’ ASurface. Therefore, any
merely state that this is exceedingly snfdll.In all of the bending away from linear geometry induced at the curve
calculations it is assumed that the parent starts in the rotationlesscrossing will be forced back toward linear geometry, and the
stateJ = 0. In the state-selected experiments the initial state I* fragment is expected to be ejected along the initial direction
is (JK) = (11), and this may affect somewhat the product state of the molecular symmetry axis of the parent.
distribution. At this point we can only conclude that the overall In order to compare our observed recoil distributions of parent
rotational distribution is in agreement with the measurements molecules in JKM) = (111) states, as presented for three
of Baugh and co-workers and theoretical calculations. A more different orientation voltages in Figure 8, we calculated the
quantitative comparison with thAK = 0 transitions awaits  expected recoil distribution. The laboratory-frame axis prob-
further theoretical calculations. ability density distribution of the state-selected parent molecule,
laxis, can be described by (seeg.refs 5 and 10)
4. Discussion

In this section we want to examine more quantitatively the !axC0S6) = CoPy(cos0) + ¢,P,(cosh) + c,P,(coso) (1)

information which can be obtainend from the recoil distribution

of the images presented in section 3. As was discussed beforavhere Pi(cos 6) are the Legendre polynominals argd the

by Taatjeset al,” in general more information about the weighting coefficients. In case of an isotropic distributign
dissociation dynamics can be obtained when oriented parent= 1/, andc; = ¢, = 0; in case of a fully orientedJKM) =
molecules are used. The dissociation of methyl iodide at 266 (111) statecy = Y/, ¢; = 3/4, andc, = Y4. In the case of methyl
nm has been studied very extensively, both theoretically and iodide strong hyperfine interactions cause a reduction of the
experimentally. For a recent overview of references we like to maximum obtainable axis orientation at low to moderate
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Figure 8. Recoil distributions of I* fragments from dissociation of
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Figure 9. Extracted expansion coefficients/ag (i = 1—4) of the
different Legendre contributions to the recoil distribution of I* from

orientation field strengths. The distributions were obtained from the the Abel-inverted images. The solid curves are the theoretically expected

Abel-inverted images-df of Figure 4. The solid lines are the expected
theoretical curves for a prompt axial recoil in the molecular frame with
p = 1.8 (see text).

orientation fields. Extensive calculations have been done by

Bulthuis et al36:37 on the Stark effect in CH. We have used
their distribution coefficients to calculate the axis distribution
for CDsl. We do not expect that the deuterated methyl iodide
will have much different weigthing coeffcients because the main
contribution to the hyperfine interaction is due to the | atom.
The solid curves in Figure 8 represent the recoil distribution of
photofragmentd,ecoi(C0SH), in the limit of a prompt and axial
recoil and were calculated as

lrecoiCOSO) = Ii(C0SO)(1 + Py(cosh))  (2)

Overall we get a good agreement with the experimental results

when we usef = 1.8. In the past several experiments have
been reported on th¢ parameter of the I* channel of
photodissociation of methyl iodide at 266 nm, and they range
between 1.8 and 23:4041:42

Another more quantitative comparison can be made by
extracting the Legendre moments of the experimental recoil
distribution lyecoii It is

n

| recoi(€OSH) = ) aP;(cost)

®)

As can be seen from eq 2, we can extract moments up-to
4 because the axis distributidgiscos0) for a GKM) = (111)

state is specified by a Legendre expansion up 0 2. We

can write explicitly

a/aozLZ/S‘%l (4)

! o+ M5Bc,

+ Bey + 7
az/aozw (5)

C, + /gfc,

S/Sﬁcl

ajfay=——1r"— 6
48y &+ Uofo, (6)

T et e

In Figure 9 we compare the extracted experimental moments

ai/ap with the theoretically calculated moments, using the field-

values obtained from Stark effect calculations (see text).

dependent coefficients/cy, c)/co from the Stark effect calcula-

tions3637 Again we use@3 = 1.8 to calculate the theoretical

moments using eqs—4/. The experimental moments follow
quite well the field dependence of the calculated moments,
indicating that the extracted angular distribution of photofrag-
ments can be used in principle to obtain quantitative information
beyond thep-parameter only. Baugh and co-workér®
described how from measurement of the differential cross-
section ofm-state-specific photofragments from the dissociation
of oriented or aligned parent molecules information about the
phases and magnitudes of the transition dipole matrix can be
obtained. Assuming a parallel excitation and zero angular
momentum for the nondetected co-fragment, they discuss the
relation between the measured moments of the product density
matrix describing the photodissociation and the transition dipole
matrix. A first attempt to extract quantitative transition dipole
matrix elements assuming these conditions was reported for the
dissociation of oriented Cip°

A few years ago Bernstein and co-workrseported an
experimental study on the orientation field dependence of the
molecular orientation in CHl using a TOF detection method.
From their TOF data they extracted their so-caklgghrameter.
This « parameter describes the ratio of the intensity of I*
photofragments measured in the lower hemisphezenith cos
6 < 0) to that in the upper hemisphere (s> 0). A more
guantitative analysis of the extractedvalues and their field
dependenc® showed that there was a discrepancy with the
theoretically expected.. It was noted® that experimental
difficulties in properly discriminating the intensities in the upper
and lower hemisphere out of the TOF data was the main source
for a quantitative comparison of the molecular orientation at
high field strength. In ref 36 a somewhat arbitrary background
correction was done to bring these correctedvalues in
agreement with the theoretically calculated values.

From our Abel-inverted three-dimensional intensity distribu-
tion we can also integrate the intensity of the lower and upper
hemisphere and compare these values with the result of the TOF
method and the theoretical values. This is shown in Figure 10.
As is seen from the comparison thevalues obtained from the
imaging data follow very closely the theoretically expected field
strength dependence and are in much better agreement than the
values from the TOF experiments. Only at very high voltage
there appears to be a small difference, but it should be noted
that for these high voltages the intensity in the lower hemisphere
is very low. The noise generated by the Abel inversion may
introduce here some artificial intensity.

In Figure 5 we showed two images for glparents starting
in different initial states, JKM) = (111) versus (212). The
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Figure 10. Comparison of the measured lowarpper hemisphere
intensity ratiox from the recoil distribution of the measured images as
a function of the orientation field strength, with (a) the experimental
time-of-flight data of Bernstein and co-worké&r$or CHzl and the (b)
theoretically expected values for GlHs calculated by Bulthuist al3”

1.5
2z
2
£ 1.0
T
2
:3
S 0.5
[
a
0.0+ + }
-1.0 -0.5 0.0 0.5 1.0
cos (0)

I* Recoil Intensity (arb. units)

Figure 11. In pané 1 a comparison of the axis density distribution of
oriented CR)I at an orientation field of 1600 V/cm for two different
initial states (a) JKM) = (111) and (b) JKM) = (212). In panel 2 the
measured fragment recoil distribution of I* fragments from dissociation
of state-selected and oriented €parents in two different quantum
states, JKM) = (111) and JKM) = (212). The solid curves are the
theoretically expected curves for a prompt axial recoil vtk 1.8
and the axis distributions of panel 1.

difference in the observed recoil distribution of I* fragments
can be ascribed to the different axis-probability density of these
oriented states. In Figure 11, panel 1, we compare the two
densities which are calculated from the Stark effect calculadfions
at an orientation field strength of 1600 V/cm. ThiKW) =
(212) state at this voltage has not yet fully developed to the
maximum obtainable orientation for a (212) state which should
have zero probability density for cés= 0. Furthermore, the
(212) density is larger for angles > 90° than the JKM) =
(111) density.

To compare the recoil distributions more quantitatively, we
show in Figure 11, panel 2, the two measured distributions and
the theoretically expected distributions fr= 1.8 using the

Janssen et al.

axis distributions of panel 1 and eq 2. We observe a quite
satisfactory agreement, although for dds= 0 the measured
intensity is somewhat larger. Maybe one reason for this is that
when we set our hexapole voltage at the peak corresponding to
the (212) peak, we still focus (although with much less intensity)
some parent molecules id{M) = (111). These will contribute

in the recoil distribution mostly at cas= 0, causing deviations
with the distribution from a (212) parent only. Another reason
may be some experimental smearing effects caused by an
extended source of photofragments due to the finite width of
the molecular beam.

Overall we observe a direct reflection of the spatial orientation
distribution of the parent molecule in the spatial recoil distribu-
tion of the 1@Pyy) photofragments for this rapid and axial
dissociation of methyl iodide at 266 nm.

5. Conclusions

In this paper we have reported on the two-dimensional
imaging of the recoil distribution of I* photofragments from
the dissociation at 266 nm aJKM) state-selected and oriented
parent molecules. The images reflect the spatial degree of
orientation of the parent state. At high orientation fields the
extracted orientation distribution for dissociation of £In
(JKM) = (111) agrees very well with a fully orientedkM) =
(111) distribution. The imaging method allows one to obtain
the full three-dimensional recoil distribution of photofragments
from which more details can be obtained compared to the TOF
experiments reported before. Methyl iodide has proven to be
a good benchmark molecule for assessing the quantitative degree
of information about the orientation distribution of the parent
state which can be obtained from imaging photofragments from
hexapole-oriented parent molecules. In the future we will report
on photodissociation studies of molecules likgd\and CHBr
in which the dynamics is more complicated due to interacting
excited state surfaces and stronger anisotropic forces. This will
result in a deviation of the recoil of fragments from the initial
orientation of the bond axis. Imaging of fragments from state-
selected and oriented molecules in these systems is expected to
provide more intimate information about the dissociation
dynamics.
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