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ABSTRACT 

The technique of photofragment imaging, widely used in the study of neutral photochemistry, has 
been adapted to use on a VUV undulator beamline at the Advanced Light Source, affording a new 
approach to the study of dissociative ionization processes. The technique allows direct inversion of 
the raw data to yield angular and translational energy distributions for the product ions. The 
method is here applied to study the dissociative ionization of SF6 at photon energies from 15 to 28 
e V. The experiment allows for detailed characterization of the angular and translational energy 
distributions of the fragments, providing insight into the decay mechanisms of these excited ionic 
states. 
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· 1. Introduction 
The oscillator strength distribution of most molecules reaches a maximum in the vacuum 

ultraviolet (VUV)l, and dissociative ionization is the principle decay mechanism following 

excitation of molecules in the VUV. Dissociative ionization is thus one of the most important 

photochemical processes. Dissociative ionization processes can illuminate features of ion-molecule 

reactions just as neutral photodissociation has been used to characterize some reactions in so-called 

"half-collision" experiments. Sophisticated approaches have been employed in recent years using 

coincidence methods2•3, for example, to study dissociative ionization from energy selected ions. In 

general, these methods rely on analysis of the ion time-of-flight peak shape to characterize the 

kinetic energy released as well as the angular distributions for the process. These approaches 

achieve a precise definition of the initial state of the ion, but generally do not yield the full kinetic 

energy or angular distributions for the proc;ess of interest. We have recently adapted the ion 

imaging technique4 for use on the Chemical Dynamics Bearnline, an undulator bearnline at the 

Advanced Light SourceS. 

Ion imaging is a method that has recently seen wide application in neutral photochemistry, 

crossed-beam collision dynamics and reactive scattering6. The technique has the advantage that 

complete energy and angular distributions are recorded simultaneously, and the data analysis may 

be accomplished by direct inversion of the raw dat£!. A closely related technique has been used by 

Eland and coworkers in a coincidence mode to look at three-body fragmentation processes in 

double ionization7,8. In this first application of the ion imaging technique in conjunction with 

synchrotron radiation, the 'white beam' from the undulator is used with its inherent 2% bandwidth. 

Studies of SF6 dissociative ionization include early photoionization mass spectrometry 

measurements of partial ionization cross sections using both a helium continuum source9 and 

synchrotron radiationlO as well as electric dipole (e,e+ion) spectroscopyll. In addition, an early 

photoelectron-photoion coincidence (PEPICO) study reported kinetic energy release for SF6 

- -
through the X and A states12. More recent studies have included negative ion mass 

spectrometry13, and both low-resolution14 and high-resolution15 PEPICO studies using synchrotron 

radiation. In the PEPICO study of Creasey et al., detailed dynamical information was inferred from 

average kinetic energy release measurements for SF5 + , SF4 + and SF3 + as well as onsets for the 

specific decay channels. Evans et al.rs, .using a supersonic molecular beam of SF6 with a 6.65 m 

Eagle monochromator, measured high-resolution PEPICO TOF spectra for fragment ions from SF6 
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dissociative ionization, with particular interest in the thermochemistry. Recently, Yencha et al. 

reported a high-resolution threshold photoelectron spectroscopy study for SF6 to 28 eV16. In this 

paper, we present preliminary results obtained on an imaging endstation on the Chemical Dynamics 

Beamline, characterizing the dissociative photoionization dynamics of SF6 in a molecular beam, 

excited at energies from 15 to 28 e V. 

2. Experimental 

The experiments were performed in a new endstation recently added to the Chemical 

Dynamics Beamline. The apparatus is schematically illustrated in the inset to Fig. 1. Briefly, it 

features a molecular beam source pumped by a 2000 Lis magnetic bearing turbomolecular pump. 

The molecular beam is skimmed once before entering the ionization chamber, pumped by two 400 

Lis magnetic bearing turbomolecular pumps. Product ions are accelerated by repeller and 

acceleration fields into a 0.5 meter _flight tube perpendicular to the plane of the beams. They then 

strike a position-sensitive detector, which is a 40-mm diameter dual microchannel plate coupled to 

a phosphor screen (Galileo 3040FM). Photionization yield (PlY) spectra were obtained by 

integrating the ion TOF peaks as a function of photon energy. Mass-selected images were obtained 

by pulsing the microchannel plate, typically pulsing from a DC value of -1100 to -1900 V, with 

300 nanosecond duration. The detector is viewed by an integrating fast-scan video camera system 

employing thresholding in conjunction with a linear video look-up table. Typical accumulation 

times were 10 minutes for each image. 

The molecular beam was produced by passing neat SF6 through a piezoelectric pulsed valve 

operating at 90 Hz with 100 microsecond pulses. Time-of-flight mass spectra were recorded by 

placing a photomultiplier tube to view the detector. The polarization of the undulator radiation is 

purely linear, and parallel to the plane of the detector. The images recorded are 2-dimensional 

projections of the 3-dimensional recoiling product ion sphere. The translational energy, speed and 

angular distributions were reconstructed from the projection using standard techniques6. 

Images of SF5+, SF/ and SF3+ were recorded (when observed) at various photon energies 

from to 16.0 to 24 eV. These are not coincidence experiments, and the dissociation processes are 

not presented for energy selected ions. However, to estimate contributions from particular 

electronic states, difference images were created during analysis. This involved collecting two 

images one below and one above the rise of a feature in the PlY curve and then subtracting them. 
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This approach is intended to provide an overview of the dynamics in a given region, but clearly 

does not yield truly energy-selected measurements. Analysis of the images was performed using 

the conventional inverse Abel transform to reconstruct the product-flux contour maps from the 

images, which are 2-dimensional projections of the 3-dimensional fragment distributions. These 

were then integrated radially and about the polar angle to yield the velocity and angular 

distributions, respectively. 

J. Results 

PlY Spectra 

The PlY spectra for the various product ions are shown in Fig. 1. Arrows in the figure 

indicate photon energies at which images were recorded to obtain translational energy and angular 

distributions. The onset for SF5+ is found near 15.5 eV, consistent with previous reports (see ref. 17 

and references) It shows additional onsets at 17 eV, 20 eV, some decrease beginning near 19 eV, 

and a very prominent resonant feature at 23 eV. SF/ shows an onset around 18.5 eV, again 

consistent with previous reports, and shows only modest changes up to 30 eV. SF3+ appears at 20 

e V, and exhibits the same resonant feature seen in SF5 + near 23 .e V. 

SFs+ 

Images for SFs+ at 16, 16.8, 17.6, and 23.2 eV are shown in Fig. 2a-d. From these images, 

we obtain the translational energy distributions shown in Fig. 3. These energy distributions show 

surprisingly little change with the changing excitation energy throughout this region. As mentioned 

above, these results are not obtained for energy-selected ions. Instead, we derive the translational 

energy distributions from difference images taken in an effort to isolate the contribution for a given 

region of onset. At 16 eV the average translational energy release is 0.62 eV, and extends. to a 

maximum of 1.8 eV. At 16.8 and 17.6 eV the average release is -0.55 eV with a maximum energy 

of 1.4 eV, while at 23.2 eV the average energy release is 0.66 eV with a maximum release of -1.7 

eV. 

The angular distributions are shown· for SF5 +for the four representative photon energies in 

Fig. 4. These were fitted to the familiar expression: 1(8) ex: 1 + ~ P2(cos(8)) to obtain the ~ 

parametersl8. The~ values obtained are:·0.94 at 16 eV, 1.23 at 16.8 eV, 1.24 at 17.6 eV, and reach 

a maximum of 1.31 at 23.2 eV. 
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SF4 + and SF3 + 

Images recorded for SF/ at 19.5 and 21.3 eV and SF3+ at 21.3 and 23.2 eV are shown in 

Fig. 2e-h. The thresholds for SF/ and SF3+ production are around 18.5 eV and 19 eV respectively, 

consistent with previous reports. Since the co-fragments are not necessarily known, we present 

recoil speed distributions rather than total translational energy distributions. These are shown in 

Fig. 5, along with that obtained for SF/ at 16 eV for comparison. The corresponding angular 

distributions (not shown) are nearly isotropic for both SF4 + and SF3 + as can be seen in the data 

Images. 

4. Discussion 

Previous studies of the PIY spectra for SF6 were mainly conducted up to the He(D line at 

21.2 eV9, and our results are largely consistent with that previous work. More recently, Mitsuke et 

al.13, reported PlY measurements for SF5 + and SF3 + up to 31 e V in the course of studies of ion-pair 

formation. The dominant feature that appears in the energy range from 21 to 30 e V is the broad 

resonance evident in both the SFt and SF3+. This feature is not seen as prominently in the SF/ 

ion. It is believed that this feature represents a shape resonance arising from excitation to 

quasibound levels of the electron that are briefly trapped by a barrier formed from the electron 

density around the electronegative fluorine atoms19. Mitsuke et al. argue that this resonance is 

associated with a 5a 1g~6t1 u transition, which correlates to a 3s~3p transition on the central sulfur 

atom. The translational energy distributions for SF5 + at this photon energy imply that much of the 

additional energy is taken away by the electron in the process of autoionization (otherwise the 

energy would exceed that permitting bound SFs+.) Studying relying on coincidence with threshold 

electrons show no evidence of this feature16·20, supporting the inference that it is associated with 

autoioniza~ion to lower lying ionic states. 

The detailed kinetic energy distributions shown in Fig. 3 are the first obtained for 

dissociative photoionization of SF6 , and noteworthy in the level of detail achieved. The average of 

the distributions agree reasonably well with the low resolution measurements previously 

reportedl7,21. These distributions are remarkably independent of ionization energy, possibly 

suggesting a late barrier to decomposition of SF6 + to SF5 + + F. Consideration of the geometry 

changes involved provides a plausible picture of the dissociation pathway. Stretching of one of the 

S-F bonds in SF6+ yields an SF5+ ion initially in a square pyramidal geometry12. However, recent 
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ab initio calculations22,23 confirm that the structure of SF5 + is clearly trigonal bipyramidal (D3h), so 

that extensive rearrangement must occur during the dissociation process. The kinetic energy 

release likely reflects fairly efficient conversion of the energy of this barrier into product repulsion. 

The fact that the kinetic energy distributions are similar for several excited states of the SF6 + ion 

may suggests that internal conversion to the ground state of the ion precedes dissociation. This is 

also consistent with the similarities in the angular distributions. 

The angular distributions in the figures represent the first at this level of detail for a 

dissociative ionization event, although Powis and coworkers24,25 have investigated these and 

related phenomena through examination of Ion time-of-flight peak shapes. Our observed 

anisotropic SF5 + angular distributions augment the picture of the dynamics sketched above. All of 

the SF5 + distributions show considerable anisotropy consistent with a parallel dissociation~ that is, 

the fragments show a strong tendency to dissociate on an axis parallel to the polarization of the 

VUV radiation. This may seem surprising for such a highly symmetrical molecule (point group 

Oh.) Ionization through the X , A and B states of SFt are (ltlg-1}) and [(St1u-1 })+(lt2u-1)] 

ionizations respectively17. These all represent removal of 2p lone pair electrons from the fluorine 

atoms9, so it is perhaps not so surprising that a more local view of the ionization and subsequent 

dissociation is appropriate. The angular distributions further show that the autoionizatl.on via the 

shape resonance must be very rapid. Photoelectron spectra at these photon energies would be 

useful to identify the SF6+ state(s) formed in the ionization step. All of these angular distributions 

show that the SF6 + dissociation is very rapid, occurring on a timescale short compared to its 

rotational period 

The threshold for SF/ production appears near the onset of the C state of SFt at 18 eV. It 

has long been concluded, based on this coincidence and the absence of any apparent influence of 

the onset of this state on the SF5 + yield, that the SF4 + originates as the exclusive product the SF6 + C 
state dissociation9,17~ since this is nominally below the threshold for formation of SF/+ F + F, it 

has been argued that C state dissociation exclusively yields SF4 + + F2. Recent calculations show 

that this appearance energy is actually above the threshold for SF4 + + F + f23. In fact, the 

remarkable similarities in the SF4 + recoil speed distribution to that of SF5 + at lower energy (see Fig. 

5) suggest a picture in which the primary product is SF5 + + F throughout this region, including the 

C state. This is supported by the relative insensitivity of the SF5 + translational energy distributions 
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to the· photon energy, implying that the bulk of the excess energy remains in the SF5+ when the 

photon energy is increased. If it is assumed that the initial step produces SF5 + with an average of 

0.7 eV translational energy, then secondary decomposition of the SF5+ to SF/ + F will become 

dominant (replacing the SF5+ production) at about 18.8 eV. Any residual long-lived SF5+ in this 

region will be found only for the relatively small contribution from the fastest (lowest internal 

energy) SF5 + product. This is precisely what is seen in the PlY curves in Fig. 1. 

The angular distributions for SF4 + are, within experimental error, isotropic; however, this is 

difficult to compare directly to SF5 + because there is so little SF5 + production at the photon energies 

where SF/ appears. The absence of anisotropy may simply reflect the difference in the orientation 

of the electronic transition moment with respect to the bond axis, or it may be a consequence of the 

lifetime of the SFs + prior to decomposition, or perhaps both. For SF4 + at the higher photon energies 

-
accessing the E state, however, much of the additional photon energy is coupled effectively into 

translational energy of the SF/ product.. At these higher energies accessing the D and E states, we 

may be seeing a shift to nonstatistical energy partitioning, or we may have internal conversion to 

the A ,B states giving a distinct translational energy distribution for the SF/ product there. 

The SF3 + begins to appear around 19 e V, consistent with previous reports. Again for the 

SF3 +however, we see a velocity distribution remarkably similar, at least in the location of the peak, 

to the SF5 + at energies where it is a principal product. The SF3 + angular distributions are isotropic, 

and the velocity distributions change only modestly with photon energy in this region. Fig. 5 shows 

the SF3+ velocity distribution compared to that of SF/ at the same energy. Again, there is an 

increase as the photon energy is increased, but perhaps the most striking feature of all of these 

distributions is their similarity. This is consistent with the picture outlined above in which the 

translational energy release in the primary step, yielding SF5 + +F, is the principle feature in all of 

these distributions, and subsequent fluorine atoms are lost sequentially as the energy is available. 

Future studies will exploit the imaging technique in conjunction with energy-selected electrons to 

define the initial state of the ion. 
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Figure Captions 

1. Photoion yield spectra for SF6. Inset shows a schematic view of the imaging endstation. 

2. A-D: SF5+ data images at the indicated photon energy: A) 16 eV B) 16.8-16 eV C) 17.6-

16.8 eV D) 23.2-2(3 eV. E-H: data images for the following product ion and photon 

energy: E) SF/ 19.5eV; F) SF/ 21.3 eV G) SF3+ 21.3 eV; H) SF3+ 23.2 eV. 

3. Total translational energy distributions for the images shown in Fig. 3 A-D. 

4. Angular distributions obtained from the images in Fig. 3A-D. 

5. Recoil speed distributions for the following fragments and photon energies A) solid line, 

SF/ 19.5 eV; dashed line, SF/ 21.3 eV; dot-dash line, SF5+ 16 eV. B) solid line, SF3+ 21.3 

e V; dashed line, SF3 + 23.2 e V. 
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