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Abstract 

The non-resonant ionization and dissociation of D, by intense 532-nm laser light is studied by a variation of the “Ion 
Imaging” technique called “Velocity Mapping”. Images of the both the photoelectrons and D+ photofragments are obtained 
and analysed at two different laser intensities. Results are compared to previous studies and several differences are discussed. 
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1. Introduction 

The study of H, and D, molecules in intense laser fields has been central to understanding the interaction of intense laser light 
with molecules. Several excellent reviews have been published on the subject 1-3. Of particular interest has been the use of 
second harmonic light from either a NdYAG laser (532-nm) or a Nd:YLF laser (527-nm). Typically laser intensities between 
1 x 10” wattdcm’ and 1 x 1014 watts/cm2 were available for the ionization and subsequent photodissociation processes 
studied. We describe here preliminary results from our study of this process using Nd:YAG laser sources. These high 
intensities lead to many non-linear and perturbative effects in the molecule that produce unique photochemistry; these include 
above threshold ionization, above threshold dissociation, ponderomotive forces and AC stark shifting of energy levels. 

\ 

It requires seven 532-nm photons (16.31 eV) to ionize D, molecules (15.467 eV ionization potential). Seven photons 
contain enough energy to produce D,+ in v = 0, 1 ,2 ,3  or 4. At lower laser intensities we observe electrons from the seven- 
photon production of v = 0, 1 , 2  and 3 but very little of v = 4. Eight 532-nm photons (18.64 eV) contain enough energy to 
dissociatively ionize D, into D+ (deuteron), a ground electronic state D atom plus an electron (18.358 eV threshold). Some 
of the processes observed in our images are above threshold ionization (All), ponderomotive shift of energy levels, excitation 
of Rydberg states of the neutral molecule and dissociation of D,+. 

The first systematic study of the photoionization of H, using 532-nm light was performed by Verschuur et al., in 1989 4. 
They recorded time-of-flight photoelectron spectra using a magnetic bottle mass spectrometer apparatus. They measured 
photoelectron spectra of H, at laser intensities approaching 5 ~ 1 0 ’ ~  watts/cm2 obtained from a regeneratively amplified 
Nd:YAG laser with 35 picosecond long pulses. In 1990 a group from Bell Labs 5 9  reported their studies of the 
photoelectron &d photofragment translational energy spectra of this process using lasers similar to those Verschuur et al. had 
used. The photoelectron spectra were recorded using a traditional time-of-flight spectrometer. This was also a low pressure, 
room-temperature sample experiment. In 1991 Yang et al. reported vibrational-state resolved photoelectron spectra of H, 
using Nd:YAG (532 nm) and Nd:YLF (527 nm) lasers in a similar experimental arrangement (bulb like experiment). The 
photoelectron spectra reported by Yang et al. are fairly consistent with the spectra reported by Bucksbaum and Zavriyev (both 
of whom are authors on the paper7), but with higher resolution. 

We present photoelectron images from the 532-nm ionization of D, as well as photofragment images of D+ recorded from this 
process. We compare our photoelectron images to these previous studies of the H, photoelectron spectra paying particular 
attention to the intensity dependence of the vibrational distributions observed at the seven-, eight- and nine- photon ionization 
levels, the shape of the photoelectron peaks, the relative amount of ATI versus threshold ionization and the angular 
distribution of the photoelectrons formed after 532-nm irradiation. The vibrational spacing of D,+ is smaller than H,+ but the 
trends in the photoelectron spectra are expected to be the same for the two systems. Images of the D+ fragment give insight 
into the mechanism of photodissociation of the D,+ ion and highlights the advantages of the Velocity Mapping technique for 
studying such processes. We also present photofragment images of the D+ products using the same apparatus. These images 
show multiphoton dissociation and are vibrationally resolved. We compare the angular distributions of fragments observed 
using the “Velocity Mapping” technique with previous observations. The improved resolution will allow us to obtain 
vibrational levels resolution in both the photoelectron and photofragment images. 
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2. Experimental 

We use an apparatus similar to the one recently described by Parker and Eppink which is a variant of the “Photofragment 
Imaging” apparatus developed by Chandler and HoustonlO. The difference is that the flat screens, through which the ions or 
electrons are projected are replaced by a series of concentric electrodes. These form an electrostatic lens that, when the 
appropriate voltages are applied, will focus the charged particles at the plane of the detector. When set up in this manner 
charged particles of a particular velocity will all be focused to the same point on the imaging detector, independent of the 
position at which they originated. In this way the interaction volume blurring, that typically limits the resolution of ion 
imaging experiments, is eliminated from the image and greater velocity resolution is obtained, but at the cost of absolute 
velocity calibration. Lenses tend to magnify the image on the order of 10% so a “standard must be used to determine the 
exact magnification of the lens system. A very similar electrostatic lens imaging technique has also been called “Momentum 
Focusing” and utilized in the atomic physics communityll- 12. 

The same apparatus is capable of imaging either electrons or cations by simply changing the polarity on the repeller plate and 
the electrostatic lens system. The same magnitude of voltage on each optic is used. Because of this it is possible to quickly 
(less than a minute) change between taking a photoelectron image and taking an image of the D’ photofragments under the 
same laser and molecular beam conditions. When imaging electrons, magnets (external to the apparatus) are used to steer the 
electron image onto the center of the imaging detector. Care is taken that these guiding magnets do not distort the image 
shape. This is easily checked by using Kr gas in the molecular beam and checking for roundness of the image. No magnetic 
shielding is used to shield the time-of-flight tube. 

A schematic of the apparatus is shown in Fig. 1. A skimmed molecular beam of neat D, or D, diluted in He is crossed by a 
beam of 532-nm laser light. Although we did not record a rotationally resolved spectrum of the D,, a rotational temperature of 
about 40K was readily obtained from similar expansions in this laboratory. The gas is delivered through a pulsed valve with 
a 200-microsecond pulse width (General Valve) and skimmed by a l-mm diameter skimmer (Beam Dynamics Corp.). Two 
different lasers were used to perform these experiments. Either a single mode (Coherent “Infinity”) laser system having 2.5 
nanosecond long pulse length or a 100-picosecond pulse-length regeneratively amplified, mode locked, NdYAG laser from 
(Positive Light) are used. Both lasers operate by amplifying a single-mode seed laser. The laser beams are focused with a 
150 mm fused silica lens onto the molecular beam. Electrons are projected onto a position sensitive detector using an 
electrostatic lens set-up designed to focus them at the plane of the microchannel plate detector. We use two calibration 
standards. The 532-nm non-resonant photoelectron image of Kr and the 2+1 resonant enhanced multiphoton ionization 
(REMPI) image of H,. 
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Fig. 1, Schematic of apparatus used for recording of photoelectron and photofragment images. 
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The low laser intensity images of Fig. 2 A and 2 C are obtained using the 2.5 nanosecond pulse length Infinity laser produced 
by Coherent. 80 millijoules if 532-nm light in a 6 mm diameter beam focused by a 15 cm focal length lens to a spot size of 
approximately 17 microns diameter gives an approximate maximum laser intensity of 1.5 x lOI3  wattskm’. The image 
shown in Fig. 2 B and 2 D are taken using a regeneratively amplified Nd:YAG laser producing 16 millijoules of 532-nm light 
in a 100-picosecond long pulse length. The beam is approximately 5 mm in diameter and focused by the same 15 cm focal 
length lens. This corresponds to spot size of approximately 20 microns and an intensity of approximately 5 x lOI3 
wattskrn’. The depth of focus of the beam (defined as the distance between where the area of the beam is twice the size as at 
the focus) is approximately Imm for both beams. It is important to note that the molecular beam diameter is nominally 1 
mm as well. In calculating these intensities we assume a Gaussian beam shape. The focal radius (86% of the intensity 
within this radius) is then given by (h*F)l(n*r), where h is the frequency of the laser, F the focal length of the lens, and r the 
laser beam radius input to the lens. These intensity calculations represent a lower limit to the actual peak intensity because 
the power is averaged over the laser pulse length and the entire focal volume. 

3. Results 

3.1 Photoelectron images of D, 

In Fig. 2 we show two photoelectron images taken at different laser intensities. The intensity profile taken down the middle 
of the image, along the laser polarization axis, is shown next to each image. The signals were taken with varying amounts 
of D, seeded in He in order to minimize space charge distortions. Space charge distortion is easily observed as the image 
changing size from shot-to-shot. The ratio of D, to He mixture is adjusted in order to keep the signal levels low enough to 
minimize space charge distortion of the images. Photoelectrons with no translational energy from the photoionization 
process are found at the center of the image. On average the more energy the electron receives from the photoionization event 
the faster it is moving and further away from the center of the detector it will strike. Because the electrons travel 
predominantly along the polarization axis of the laser an intensity profile down the center of the image is indicative of the ion 
yield resulting from the ejection of the electrons at various energies. If all the electrons were truly ejected only along the laser 
polarization axis then this intensity stripe would be equivalent to the photoelectron spectrum. We compare this intensity 
stripe to the photoelectron spectra reported in previous studies. Their time-of-flight spectra for H, are not directly comparable 
to this intensity stripe down the center of our image for D, however, comparison is appropriate for the discussion of trends in 
the data. We point out that to the extent that electrons associated with different channels of the photoionization have different 
angular distributions, as they clearly do from Fig. 2, traditional time-of-flight photoelectron spectra do not reflect the true 
intensity for the various channels. Trends associated with vibrational distributions of the photoions can be observed and 
compared between the intensity stripe and the time-of-flight spectrum. 

At the intensity of 1.5 x 1013 wattskrn’ , Fig. 2 A, we see several key features in the image. Near the center of the image are 
photoelectrons originating from the seven-photon ionization of D,. Seven 532-nm photons have sufficient energy to produce 
D,+ in v= 0, 1 , 2 , 3  and 4. Having the lowest available energy, electrons from the formation of D,+ (v=4) would be closest to 
the center of the image. We do not observe electrons formed from this channel even in images taken at lower laser intensity. 
At larger radii electrons from v =3,2, 1, and 0 are observed These photoelectron peaks are successively sharper. This is not 
an artifact of the Velocity Mapping technique but reflects the true photoelectron ejection at this laser intensity. Note that 
smearing of intensity occurs only to the low energy side of the peak. The electron distribution from v=3 extends all the way 
to zero kinetic energy (center of the image). Images taken at lower laser intensity show sharper peak structure for v=3. 

At larger radii, two- photon and a small amount of three-photon above threshold ionization (ATI) are observed. These signals 
are very weak and the intensity is distributed over many vibrational levels. Within the first above threshold ionization signal 
(corresponding to eight-photon ionization) one vibrational level, v=9, is seen to be very enhanced and dominates the ATI 
spectrum. D: (v=13) is also slightly enhanced. This has been explained by intermediate v=9 or v=13 Rydberg states of the 
neutral D, AC stark shifting into resonance at the five-, six- or seven- photon energy. The resonance in the intermediate 
virtual state contributes strong vibrational character to the final ionization step. Because the Rydberg potentials mirror the 
ion potentials a vertical Franck-Condon factor (Av=O selection rule) is expected to influence transitions to the ion. This is 
reflected in the photoelectron images and has been previously observed. One example of a study where this phenomena is 
very evident in the 6-photon ionization of H, via a 4-photon resonance of various vibrational levels of the E, F electronic 
state studied by Normand et al. 1 3 .  As the laser intensity increases production of successively lower vibrational levels is 
enhanced. 

The image in Fig. 2 B was taken with a laser intensity of approximately 5 x lOI3 watts / cm’. Using this laser intensity the 
electrons associated with the seven-photon ionization of D, have become totally blurred to lower energy and no level structure 
can be discerned. However, at this laser intensity the first AT1 signal, associated with eight-photon ionization, still shows 



some vibrational structure. If one focuses on the macrostructure of the AT1 peaks one observes that they are becoming more 
peaked as the laser intensity increases while the seven-photon ionization peak is becoming blurred and disappears. We present 
a model to account for this selective blurring below. The first and second ATI peaks of Fig. 2 B have shifted to an energy 
that is consistent with production of a vibrational distribution of D,+ peaked at v=3 with a secondary peak near v=6. The first 
two AT1 peaks have identical shape and are separated by the energy of a single 532-nm photon. This observation is 
consistent with the vibrational levels produced by ATI being independent of the order of the ATI. Photoelectrons from ATI of 
higher order than three are at too large a radius to land on the detector. Additionally, at these intensities the photoelectrons 
have become more directed along the polarization axis of the laser. 

Figure 2) A) Photoelectron image of D, taken using 532-nm laser light with an intensity of 1 . 5 ~ 1 0 ' ~  wattskm'. B) 
Photoelectron image of D, taken using 532-nm laser light with an intensity of 5 ~ 1 0 ' ~  wattskm'. C) Photofragment image 
of D' from D, taken using 532-nm laser light with an intensity of 1 . 5 ~ 1 0 ' ~  wattskm'. D) Photofragment image of D' from 
D, taken using 532-nm laser light with an intensity of 5 ~ 1 0 ' ~  wattskm'. 

Several other observations about the data can be made from Fig. 2. At the high intensity the images have a wave like 
intensity pattern in the angular dimension. The intensity of the AT1 peaks does not smoothly drop at angles away from the 
polarization axis but appears to have a secondary peak at about 35v from the top and bottom of the image. This is observed 
on both the first and second AT1 peaks. Similar nodal patterns in the angular distribution of electrons have been observed for 
high intensity photoelectron angular distributions of Xe ionization l4 and are reminiscent of the patterns we observe for non- 
resonant ionization of Kr 15. 



3.2 Photofragment images of D' 

In Fig. 2 C and 2 D are photofragment images of D' from the 532-nm photoexcitation of D2 taken under the same conditions 
as the photoelectrons images of Fig. 2 A and 2 B respectively. The D,+ can absorb 532-nm photons to the 2pau repulsive 
state and dissociate. One- two- and three photon dissociation of D,' is observed in the image of Fig 2 C. The image shows 
sharp structure and relatively broad angular distributions of the ejected D'. The one-photon dissociation shows two very 
prominent peaks assigned to v=7 and v=8 (possibly v=8 and 9 due to uncertainty in magnification ratio of the lens). The two- 
photon dissociation peaks at v=7 or 8 as well. However, the three-photon dissociation peaks at higher vibrational levels. 
Although we do not resolve individual vibrational levels we estimate the peak to be near v=15. 

Fig. 2 D is an image of D' from the 532-nm photoexcitation of D, taken at a nominal intensity of 5 x 1013 watts/cm2. Two 
one-photon dissociation peaks are observed as in the lower intensity image but are assigned to v=7(outer) and v=6 (inner). 
Lower intensity images taken with the 100 picosecond laser system peak at higher vibrational levels. The angular 
distribution of the D' shown in Fig. 2D is more sharply peaked along the polarization axis of the laser than is the peak 
associated with dissociation using the lower intensity laser beam, Fig 2 C. The two-photon dissociation peaks around v=6 as 
well. No three-photon dissociation is observed despite the higher laser intensity! 

4. Discussion of Photoelectron Images 

4.1 Seven 532-nm photon threshold ionization 

The threshold ionization, low energy photoelectrons of Fig. 2 A can be generally understood as absorption of seven 532-nm 
photons followed by electron ejection leaving D,' in excited vibrational levels. Relative Franck-Condon factors obtained from 
single-photon ionization using He I radiation by Berkowitz and Spohr l 6  for D, v=O to D,+ in v=O, 1, 2, 3 and 4 are 0.23, 
0.538, 0.812, 0.950, and 1.0 respectively. These factors are normalized to the signal observed for v=4 because it has the 
largest intensity in the photoelectron spectrum. The low intensity image of Fig. 2 A clearly does not reflect these 
monotonically increasing Franck-Condon factors (the signal for production of v=O is as large as that for v=l) indicating the 
presence of near resonant intermediate states influencing the photoelectron spectrum. 

In Fig 2 A there is substantial blurring of the slowest electrons associated with production of D,' in the v=2 and v=3 
vibrational states. This blurring effect has been noted by Helm et al.17 for both H, and Xe photoelectron spectra and is hinted 
at in the H, photoelectron time-of-flight spectrum of Yang et al. 7. The blurring is asymmetric extending toward low energy. 
As the laser intensity is increased the blurring effects successively higher energy electrons associated with excitation of lower 
vibrational levels of D,+. At this same intensity the ATI photoelectrons are not blurred. No detailed explanation has been 
forthcoming of this phenomenon. Helm et al. l7 did speculate on several possible phenomena that might be associated with 
this effect: non-resonant ionization, tunneling ionization and double ionization. From observing the subtle difference in this 
blurring as a function of laser intensity we propose a mechanism of neutral Rydberg state excitation followed by either field 
ionization or autoionization producing 'zero kinetic energy' or low kinetic energy electrons, respectively, that are subsequently 
accelerated by the laser beam's ponderomotive potential. 

A free electron oscillating in an AC electric field has a time averaged kinetic energy. Tthis kinetic energy (sometimes referred 
to as the quiver energy) can be described by a potential. The AC electric field of the laser beam produces this ponderomotive 
potential and with the spatial distribution of the intensity pattern of the focused laser beam. In these experiments electrons 
are preferentially born on top of this potential because the non-linear nature of the ionization process dictates that the charged 
particles are overwhelmingly generated by the laser field at the peak intensity. The shift of the ionization potential of the 
neutral D, is equal to the ponderomotive potential 2. With long pulse lasers (pulses lengths long enough for the electrons to 
move out of the beam waist before they turn off) the electrons recover kinetic energy equal to the ponderomotive potential and 
therefore are observed to appear at an energy associated with the energy levels of the unperturbed molecule. 

To underwstand the blurring of the velocities of low kinetic energy electrons we refer to Fig. 3, showing a schematic of the 
involved energy levels of D, and D,'. At low laser intensity the energy levels of the D, and D,' are unshifted from their 
expected energy and a photoelectron spectra is a series of sharp lines indicative of the Franck-Condon overlap between the 
ground and intermediate states of the neutral and the ion. This limit is very difficult to obtain experimentally because in order 
to produce D,+ ions the laser intensity must be sufficiently high to induce a seven-photon excitation where the first four 
photons are very far from any resonance. As the laser intensity is increased the photoelectron signal increases and the energy 
levels of the ion are shifted from their original position to higher energy by an amount equal to the ponderomotive potential 
energy. Even when this AC-Stark shifting happens, if excitation were only to the shifted ro-vibrational states of the ion then 



same sharp stick spectrum is expected. This is because the laser pulse is 100 picoseconds long and the electrons will escape 
the laser focus before the laser is turned off so that any loss of energy the electron experiences due to the shifting electronic 
states in the ion would be balanced by the energy gained as the electron rolled down the ponderomotive potential of the laser 
beam. This is the so-called "long pulse" limit. 
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Figure 3. 
intermediate and high intensity laser fields. 

Schematic energy level diagram of D, showing the shift of the energy levels under the influence of low, 

As the laser intensity is increased and the vibrational energy levels of the ion are AC Stark shifted to higher energy they bring 
with them the Rydberg states of the neutral D,. As the laser intensity moves a particular vibrational level of the D,+ into and 
through resonance with the laser light at the seven-photon energy, the large density of neutral Rydberg states associated with 
that vibrational level become transiently resonant. The first set of Rydberg states with significant population that experiences 
this transient resonance is associated with the v=3 vibrational level of D,+. The character of these Rydberg states of the 
neutral D, is to have a v=3 vibrationally excited ionic core. When shifted into resonance these states have a large probability 



for photon absorption and become populated. Different Rydberg states will be excited at particular laser intensities that 
correspond to different positions in the laser beam and different times during the laser pulse. These high Rydberg states of the 
neutral are then ionized. This can happen by several mechanisms. If the excited Rydberg state is close to their series limit 
they can be field ionized by the external electric field associated with the imaging apparatus and possibly the electric field 
associated with ions created in near proximity to the Rydberg excited neutrals 18. This field ionization process creates 
electrons with little or no kinetic energy and an ion in the associated asymptotic vibrational state. This field ionization of 
high Rydberg states to produce zero kinetic energy electrons is the mechanism responsible for so-called ZEKE spectroscopy 
199 2o and MAT1 spectroscopy 14. If the excited Rydberg states are far from the series limit they can still autoionize some 
time later by exchanging energy with the ionic core. In an intense laser field this process may be greatly enhanced because 
the electron in the excited Rydberg state is distorted and driven along the polarization axis of the oscillating field of the laser 
beam. This distorts the Rydberg orbit of the electron enhancing interaction with the core which can lead to autoionization. 
These electrons will possess a small amount of kinetic energy associated with either rotational or vibrational autoionization. 

As the laser intensity increases this process occurs successively for the v=2, v=l and finally for the v=O (Ionization Potential) 
level. Vibrational autoionization is not possible for the v=O Rydberg states and as v=O is shifted beyond the seven-photon 
energy the threshold ionization channel closes. At the intensity of approximately 5 x l O I 3  watts/cm2 the ponderomotive 
potential is approximately 1.3 eV. A shift of about 0.9 eV is necessary to shut off the seven-photon ionization channel. 

The low kinetic energy electrons that are produced by this method proceed to roll down the ponderomotive potential being 
helped by the external fields used to extract the electrons from the laser focus. As the electrons roll down the ponderomotive 
potential they gain the amount of kinetic energy associated with the local environment in which they were formed. Because 
Rydberg states can be formed at many different intensities and the ionization process liberating the low energy electrons may 
occur at some time after excitation at yet a different laser intensity, this mechanism produces electrons with all energies equal 
to or lower than the maximum ponderomotive potential. 

A small amount of energy greater than the maximum ponderomotive energy may be possible depending upon the 
autoionization process that is responsible for the electron ejection. This is exactly what is observed. This explanation 
accounts for several other observations as well. The electrons with the lowest energy, associated with the higher vibrational 
states, are the first to experience blurring. Furthermore the ATI electrons do not suffer this blurring at the same laser 
intensities because the neutral Rydberg states have not been shifted into resonance at the eight-photon level by the 
ponderomotive potential. This mechanism is expected to be universal to all molecules and is expected to contribute a 
continuum of low energy electrons to photoelectron spectra obtained with high intensity laser light. 

At sufficiently high laser intensity the electrons from the seven-photon ionization seem to almost completely disappear. The 
ionization potential has been shifted above the energy of seven 532-nm photons. This is termed "channel closing", see 
Bucksbaum2. There are several observations we can make about this process. The shifting of the vibrational levels of the 
ion (and with them the Rydberg states of the neutral) into and out of resonance must not be dominated by the temporal 
changing of laser intensity as it turns on and off but is a consequence of the spatial inhomogeneity of the laser beam through 
the focus. If temporal changes in the laser intensity were most important, then the process would not shut off so completely 
as the laser intensity was increased. This leads to the conclusion that the photoionization process is dominated by what 
happens at the peak of the laser intensity. This is a consequence of the high degree of non-linearity of the process. 

In addition, the observation of complete channel closing at intensities near 5 x l O I 3  watts/cm2 is in contrast with the studies 
of Yang et al. on H2. At a similar laser intensity (3 x 1013 watts/cm*) they report that they still observe v=O at the seven- 
photon level to be the most intense photoelectron peak. In the study of Zavriyev et al. the seven-photon photoelectrons are 
greatly diminished at a reported laser intensity of 1 x lOI4  watts/cm2, but are still quite evident. In the study of Verschuur et 
al. channel closure is complete at a light intensity of 5 x 1013 watts/cm2. These seemingly conflicting results can be explained 
by changes in the laser's pulse-to-pulse stability, spatial mode quality of the lasers, and differing experimental geometry and 
design (bulb experiment versus molecular beam experiment). This points out the difficulty of measuring absolute laser 
intensity and of producing uniform and consistent laser intensity in the laboratory. 

4.2 Eight- and nine-photon above threshold ionization 

Above threshold ionization (ATI) is observed at both laser intensities shown in Fig. 2. Several observations about the ATI 
can be readily made from inspection of Fig. 2. The ATI peak changes shape as a function of laser intensity. The AT1 peak 
has dramatic enhancement for particular vibrational levels at certain laser intensities. At high laser intensity the ATI peaks 
shift to higher energy, as lower vibrational level of D: are populated, and they become more narrowly peaked. The ATI 
photoelectron spectrum contains higher vibrational resolution at low intensity than at high intensity. Finally, the shape of 



the second AT1 peak (nine photon) is very similar to that of the first ATI peak (eight photon) at the higher intensity, Fig. 2 
B. 

Fig. 2 shows dramatic structure in the ATI photoelectron spectra. This behavior has been observed before in H, 49  and 
attributed to AC-Stark shifting of states of the neutral molecule into resonance at the six- or seven- photon energy. Because 
Rydberg states have potential energy surfaces that mimic the ion potential one expects vertical Franck-Condon factors to 
dominate when a Rydberg level is shifted into resonance at an intermediate photon energy. In Fig 2 A the ATI peak is seen 
to have a smooth distribution peaking near v=7 with v=9 being exceptional and very pronounced. In Fig. 2 B two broad 
peaks are observed, one peaking at v= 3 and the other peaking near v=6. The second ATI peak (nine-photon excitation) has the 
same shape and peaks at the same vibrational levels as the first ATI peak. This is in contrast to the finding of Verschuur et a1 

but consistent with the later studies. As the laser intensity increases the ponderomotive shift of the energy levels 
increasingly shifts the levels to higher energy thereby bringing, on average, lower vibrational levels into resonance at the six- 
and seven- photon levels. This may be partially the causes of the ATI photoelectron spectrum’s shift to higher energy with 
increased laser intensity reflecting production of population in lower vibrational levels of the D,+ at the higher laser 
intensities. At the highest intensity we have obtained (not shown) a single vibrational distribution is observedl5 that peaks 
at about v=3 or 4 and extends to approximately v=12. This is very similar to the shape of the vibrational envelope observed 
by Berkowitz and Spohr l6 for the one-photon V W  photoelectron spectrum of D,. 

There is another cause of broadening of the photoelectron peaks associated with different vibrational levels of the ATI 
spectrum. At high laser field intensities the ground state of the D,+ (lsog) and the first excited (dissociative) state (2pou) of 
the ion become coupled by the laser field and mixed. This mixing has been called “bond softening“ 1, and when viewed in a 
dressed state picture it can be seen that one of the effects of the mixing is to broaden the ground state potential energy surface 
of the ion, thereby weakening or softening the bond, causing the energy levels of the D,+ to shift to lower energy. As the 
vibrational levels shift to lower energy the energy of the ejected electron populating these levels shifts to correspondingly 
higher energy. This intensity dependent shift causes a blurring of the photoelectron spectrum toward higher energy. This 
blurring mechanism may be partly the cause for the loss of resolution observed in the ATI spectrum in Fig.2 B. The amount 
of lowering of the energy to the vibrational levels increases for larger v and for this intensity level is calculated to be on the 
order of a vibrational spacing for v=4 6. 

4.3 Distortion of image shape 

It is interesting to note that the higher intensity images appear oval. This is another signature of the ponderomotive potential 
2p 21. In order to understand how the ponderomotive force distorts the image it helps to visualize the potential surface. It is 
the shape of the focused laser beam and the height of the potential is proportional to the intensity of the laser at each point in 
the beam. It appears as a long ridge that is narrower at the center than at the edges. Electrons moving along the laser beam are 
effected by this potential differently than electrons moving perpendicular to the laser beam. Imagine a ball rolling along this 
potential. If it initially starts out moving perpendicular to the laser beam it will roll straight and when it reaches the bottom 
of the potential it will have converted all of its potential energy into kinetic energy. A ball rolling at 45 degrees to the slope 
of the hill will reach the appropriate speed but will be deflected in its path. A ball initially rolling along the direction of the 
laser beam along the crest of the potential will typically take much longer to roll off of the hill but will roll straight. Only 
electrons with velocities exactly along the laser beam will avoid being deflected off toward the perpendicular direction. A line 
of electrons is seen along the laser beam in the image of Fig. 2B. The electrons behave as the balls with the added 
complication that they are deflected off of the ponderomotive potential by the external electric field that we apply in order to 
extract them into the time-of-flight spectrometer. It can be seen that the ponderomotive potential effects electrons moving in 
different direction differently. The interaction of the electrons with this ponderomotive potential distorts the image from the 
round image that is expected by diminishing the number of electrons moving along the laser beam, deflecting them toward the 
perpendicular. 

4.4 Photofragment images of D’ 

Fig. 2 C and D are of photofragment images of D+ following irradiation of D, with 532-nm light. All of the features can be 
assigned to dissociation of different vibrational levels of D,+ by nominally either one, two or three photon absorption. What 
appears as “two-photon’’ dissociation energetically is proposed to be three-photon absorption followed by one-photon 
emission as the molecule dissociates 5. In the dressed state picture of the potentials there is a series of crossings near 4 Bohr 
radii where the repulsive state of D; shifted by the energy of a photon crosses the bound state. It is at this crossing that 
photon emission must occur so that the system can curve cross onto the “two photon” state and dissociate. Direct two-photon 



absorption is forbidden by parity conservation. This explanation of the dynamics of the dissociation helps explain why the 
low intensity image has much more “three” photon dissociation than the high intensity image. This at first seems 
inconsistent. However, the “two-photon” signal is actually produced by a higher order process (3 minus 1). Furthermore, as 
the laser intensity increases the curves become more mixed and the curve crossings more difficult as the adiabatic curves repel 
each other. This will enhance the “two-photon” signal to the detriment of the “three photon” signal. 

Another clue to why this branching ratio changes in this counterintuitive way with laser intensity is to note that the three 
photon signal is peaked near v=15 while the “two-photon” signal is peaked near v=7. This implies that high vibrational 
excitation of the ion enhances the curve crossing necessary to produce the “two-photon’’ signal. This is exactly the trend 
observed in the Landau-Zener formula calculations performed by Zavriyev et al. The probability of crossing (by photon 
emission) onto the two photon dissociation surface and not remaining on the three photon dissociation surface increases with 
vibrational level and decreases with laser intensity. In their calculations on H2 the probability to cross the curve is five orders 
of magnitude more likely for v=7 than v=4 at a laser intensity of 3 . 2 ~ 1 0 ’ ~  wattskm’. Inspection of the corresponding 
photoelectron signals (Fig. 2A and B) shows that much less vibrationally excited D, is formed at the higher laser intensity. 
Therefore to the extent that vibrational excitation enhances the curve crossing at higher laser intensity this enhancement is 
lost because little highly vibrationally excited D,+ are formed. 

From comparison of Fig. 2 C and 2 D we see that as the laser intensity is increased the angular distribution of D+ fragments 
becomes more strongly peaked along the laser beam polarization axis. This is in contrast to the observation of Zavriyev et 
al. who reported just the opposite. The cause for this discrepancy is not readily apparent. Our observation of the angular 
distribution becoming more peaked is consistent with the intense laser fields aligning the D, in the field before dissociation. 
Additionally, we note that the vibrational levels of D; that dissociate at these laser intensities (v= 6, 7 and 8 mainly) are 
higher than those that are typically produced at these laser intensities. Fig. 2 A and B show us that low vibrational levels are 
predominantly formed in the ionization process. Seven photon ionization producing v=0,1,2,3 is dominant at the low 
intensity and 8 photon ionization producing a distribution of vibrational levels centered around v=3 is dominant at the higher 
intensity. The obvious conclusion of this is that only a small fraction of the D,+ are being dissociated by the 532-nm light. 
Previous studies6 on H, have observed the same discrepancy between the produced vibrational levels, as seen by analysis of 
the photoelectron spectrum, and the dissociated vibrational levels, as seen by analysis of the photofragment time-of-flight 
spectrum, yet the authors have claimed that dissociation is almost complete. 

5. Conclusion 

We have used Velocity Mapping to record high resolution images of photoelectrons and photofragments from the non- 
resonant ionization of D2 with intense 532-nm laser light followed by dissociation of the D,+. These images show a number 
of interesting behaviors as a function of laser intensity. The influence of neutral states of D, is seen in the vibrational 
distributions of the ions produced by resonance enhancement at intermediate energies and the blumng of the photoelectron 
spectrum by autoionization and field ionization of Rydberg states. The influence of the ponderomotive potential is seen in 
the closing of channels and the shape of the images. The influence of laser intensity on the ratio of “two-photon’’ 
dissociation to three-photon dissociation is seen to follow Landau-Zener curve crossing dynamics. We find several trends that 
contrast with earlier work. At an intensity of 5 ~ 1 0 ’ ~  wattskm’ we find that the fraction of dissociated molecules must be 
small in order to reconcile the different vibrational distributions obtained from the photoelectron image and the photofragment 
image. The sharpening of the angular distributions of the D’ as the intensity increases indicates that the D, is aligned in the 
laser field before dissociation. Finally, we have shown that the technique of Velocity Mapping is an excellent method for 
obtaining high resolution angularly resolved photoelectron and photofragment distributions. 
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