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Communication: Vacuum ultraviolet laser photodissociation studies
of small molecules by the vacuum ultraviolet laser photoionization
time-sliced velocity-mapped ion imaging method
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We demonstrate that the vacuum ultraviolet (VUV) photodissociation dynamics of N2 and CO2 can
be studied using VUV photoionization with time-sliced velocity-mapped ion imaging (VUV-PI-
VMI) detection. The VUV laser light is produced by resonant sum frequency mixing in Kr. N2 is
used to show that when the photon energy of the VUV laser is above the ionization energy of an
allowed transition of one of the product atoms it can be detected and characterized as the wavelength
is varied. In this case a β parameter = 0.57 for the N(2D◦) was measured after exciting N2(o1"u,
v′ = 2, J′ = 2) ← N2(X1#g

+, v′′ = 0, J′′ = 1). Studies with CO2 show that when there is no al-
lowed transition, an autoionization resonance can be used for the detection of a product atom. In
this case it is shown for the first time that the O(1D) atom is produced with CO(1#+) at 92.21 nm.
These results indicate that the VUV laser photodissociation combined with the VUV-PI-VMI de-
tection is a viable method for studying the one-photon photodissociation from the ground state of
simple molecules in the extreme ultraviolet and VUV spectral regions. © 2011 American Institute
of Physics. [doi:10.1063/1.3626867]

I. INTRODUCTION

The ion-imaging technique is one of the most important
advances in the study of state-selected photodissociation. It
was first introduced in 1987 by Chandler and Houston, and
then modified as ion velocity imaging in 1997 by Eppink and
Parker.1, 2 The power of this method is that the mass, total ki-
netic energy release (KER), and angular distributions of the
scattered fragment can be obtained from a single image and
with the slice variation of the method an energy resolution of
the order of 2% can be attained.3, 4 The method also directly
determines the 3D distribution so the signal-to-noise ratio is
not degraded by inverting the 2D distribution. In addition the
products are detected by ionizing them when their densities
are highest before they have had a chance to leave the inter-
action region. The strong fields that are present then collect
them with a very high efficiency. Many of the previous studies
on photodissociation of simple molecules using velocity ion
imaging employed resonant-enhanced multiphoton ionization
(REMPI) to detect the fragments.3, 5, 6 This method uses fo-
cused lasers in the interaction region often causing difficulties
with interpretation because of multiphoton processes. Ioniza-
tion of fragments can also be realized with a VUV laser pro-
duced by tripling the laser in a Xenon or Krypton cell.4, 7, 8

Resonant enhanced sum or difference-frequency is a better
way to produce extreme ultraviolet and VUV radiation be-
cause the output intensity is one or two orders of magnitude
higher than simply tripling in the rare gases.9 Rydberg tag-
ging of the product atoms can also be used but the sensitivity
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is much less because the atoms are neutral and a much smaller
percentage of the solid angle can be measured.

When one laser at ω1 is tuned to the two-photon reso-
nance of Kr 4s24p5(2P3/2) 5p′[1/2] (J = 0) ← 4s24p6(1S0) at
212.556 nm (47 046.2 cm−1) is mixed with another visible
laser (ω2) it will produce resonant sum (2ω1 + ω2) and dif-
ference (2ω1 − ω2) frequencies by four-wave mixing. Vary-
ing ω2, 600-900 nm, 16 666.7 to 11 111.1 cm−1, results in a
tuning range of the energies for the sum and difference gen-
eration of 13.0–13.7 and 9.6–10.3 eV, respectively. In pho-
todissociation dynamics studies one uses one laser for disso-
ciation and another for probing the products. With resonant
enhanced four-wave mixing it is conceivable that one or both
wavelengths could be used for dissociation of the molecule
and the other for detecting the atomic fragment. For H, O, and
N atoms with their higher ionization energies, the sum fre-
quency laser is ideal for the single-photon ionization of these
atoms from their ground or excited states. Coupling this with
time-sliced ion velocity imaging technique will provide a new
way to study simple diatomic and triatomic molecules made
up of first row atoms.

Preliminary studies of the photodissociation dynamics of
N2 and CO2 were chosen because of their importance to un-
derstanding the chemistry of planetary atmospheres, comets,
and the interstellar medium, as well as fundamental photo-
chemical processes.10

II. EXPERIMENTAL METHODS

The time-sliced ion velocity-mapped imaging appara-
tus has been described previously in detail.6 A beam of the
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sample gas was produced by supersonic expansion through
an Evan-Lavie, EL-5-2004 pulsed valve with a 0.2 mm noz-
zle diameter operated at 30 Hz and a stagnation pressure of
30-50 psi. A pulse width of 20 µs was used in all of the exper-
iments. The collimated molecular beam and the laser beams
all cross at 90◦ in the interaction region 15 cm from the orig-
inal nozzle. The ions that are produced were accelerated by
fields that change from 140 to 225 V/cm in the velocity map-
ping ion optics into a 74.7 cm long TOF mass analyzer and
projected onto a detector consisting of a 75 mm (Burle Indus-
tries, Inc. model ADP 3075FM) dual microchannel plate with
a P47 phosphor screen. Sliced images are formed with a 40 ns
pulse on the first plate of the MCP detector and are recorded
by a CCD camera controlled by the DAVIS 7.2, LaVision
software. Gating the nascent ion signals with a SRS SR 245
boxcar and tuning the laser frequency generates photofrag-
ment spectra.

The two frequencies ω1 (λ1 = 212.556) and ω2 (visi-
ble) are generated by two Lambda Physik, FL3002 dye lasers
pumped by the second harmonic of a Spectra Physics, Inc.,
Quanta-Ray PRO-290 Nd-YAG laser operated at 30 Hz. One
dye laser produces 637.668 nm that is doubled with a β-
barium borate (BBO) crystal and summed with 637.668 nm
in a second BBO crystal to generate the ω1. The ω1 is then
separated from the fundamental and second harmonic with a
Pellin-Broca prism, and merged with the ω2 laser before be-
ing focused into the T-shape channel of the four-wave mixing
chamber. A pulsed General Valve operating at 30 Hz fills this
channel with Kr gas. Typical pulse energies for ω1 and ω2

lasers are 0.9 and 5.0 mJ, respectively. According to Hilber
et al., the conversion efficiency for resonant sum and differ-
ence generation is 10−5 and 10−3 to 10−4, respectively.9 Our
conversion efficiency should be higher because the non-linear
susceptibility of Kr is higher at 212.556 nm than it is at the
216.6 nm that they used.9 The intensities of the ω1 and ω2

laser beams are much higher than the intensities of the 2ω1

+ ω2, 2ω1 − ω2, and 3ω1 beams, but their frequencies are
not in the one-photon absorption region of ground states of
N2, CO2, O, and N. Knowing the laser frequencies and us-
ing the time-sliced ion velocity-mapped imaging method pro-
vides ample tools for deciphering the processes occurring in
the interaction region.

III. RESULTS AND DISCUSSION

A. Photodissociation of N2

The spectrum of the N2 molecule below 100 nm is com-
plex and many different experimental methods have been used
to study its photodissociation in this wavelength region.11–13

In our energy regime it is generally agreed that photodissocia-
tion occurs via predissociation between the singlet and triplet
repulsive states. The photodissociation of N2 is a good target
for our apparatus, because the sum frequency from four-wave
mixing reaches the lower energy ranges of the states that lie
just below 100 nm that have not been directly studied in the
past.

Figure 1 shows the photofragment (PHOFEX) spectra of
N+ obtained when the sum frequency wavelength in the VUV

FIG. 1. Photofragment spectrum of N+ produced from VUV photoionization
of N (2D◦) after predissociation of N2 from 109 530 cm−1 to 109 580 cm−1.
Pure N2 was used to produce the supersonic molecular beam. The vertical
drop lines identify the J′′ levels of the N2 (X1#g

+, v′′ = 0) state.

is scanned between 109 530 and 109 580 cm−1. This signal
can only be observed in the TOF mass spectrum when Kr is
present in the T-shaped channel, indicating it comes from the
contributions of 2ω1 + ω2, 2ω1 − ω2, or 3ω1. No significant
evidence was found for the occurrence of REMPI process.
This spectrum is used to identify the electronic, vibrational,
and rotational state of N2 that is associated with the produc-
tion of the N+ signal. The lines that are observed in the spec-
trum originate from rotational transitions in the b′1#u

+ ←
X1#g

+(8,0) and o1"u ← X1#g
+(2,0) systems.14 Figure 2(a)

shows the velocity-mapped sliced image of the N2(o1"u, v′ =
2, J′ = 2) ← N2(X1#g

+, v′′ = 0, J′′ = 1) transition. The total
KER spectrum is then obtained from the image, as shown in
Fig. 2(b). Only one sharp peak at a kinetic energy of 1.43 eV
is present and it is assigned to N(2D˚) + N(4S˚) products.

A plot of angular distribution of this image fitted with
curve corresponding to a β = 0.57, is shown in Fig. 2(c). The
polarizations of the dissociation and ionization lasers all lie
parallel to the plane of the detector and along the vertical axis
of images in Fig. 2(a). Buijsse and van de Zande have stud-
ied the predissociation mechanisms of the b′1#u

+ and e1"u

states of N2.15 They photodissociated metastable N2(a1#g
+)

molecules in a fast beam, and then used a visible laser to
excite these molecules to higher vibrational levels of these
states. There results showed a strong dependence of the values
of the anisotropy parameter β on the character of transition.
Using the theory that they developed we have calculated the
expected β value for dissociation through a 3"u state Hund’s

FIG. 2. Sliced raw image, total kinetic energy release spectrum and the angu-
lar distribution for predissociation channel N(4S◦) + N(2D◦) produced after
VUV excitation of N2(o1"u, v′ = 2, J′ = 2) ← N2(X1#g

+, v′′ = 0, J′′ = 1):
(a) sliced raw image; (b) total kinetic energy release spectrum; (c) experimen-
tal angular distribution (solid dots) and fitted curve (solid line) corresponding
to a β of 0.57. A neat supersonic beam of N2 gas at room temperature is used.
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case a coupling gives a value of 0.5. This is in reasonable
agreement with the observation. To really test the various the-
oretical approaches we are currently measuring the variation
of β with J as a function of the initial excitation of the ro-
vibronic excited state. The N2 study shows that an unfocused
tunable VUV laser can be used to both photodissociate the
molecule and detect the metastable product when the photon
energy of the VUV laser is above the threshold for ionization
of the metastable N(2D˚) and N(2P˚) product atoms via an al-
lowed transition.

B. Photodissociation of CO2

The photochemistry of CO2 in the deep VUV region
is important to understanding the atmosphere of Mars.16

Lawrence has shown that 50% of the quantum yield is O(3P)
+ CO (a3π ) and other triplet states of CO at ∼920 nm but
no direct determination of the other channels O(1D) or O(1S)
+ CO (X1#) have been reported.17 There is enough energy
at the 2ω1 + ω2, sum frequency in this region to ionize the
O(1D) and O(1S) atoms to the O+(4S3/2) state but it is spin for-
bidden. A further complication to a study of CO2 molecules is
that it absorbs at both the difference and the sum frequencies
of the resonant four wave mixing wavelengths. We estimate
that the relative probabilities of dissociation at (2ω1 − ω2):
(2ω1 + ω2):3ω1 is 0.02-0.2:1.00:0.04 based upon the prod-
uct of the absorption coefficients and the laser energies so the
sum frequency should dominate the dissociation.

Figure 3(a) shows an image of the O(1D) atom obtained
in the photodissociation of CO2 at 92.207 nm, which is at the
autoionization line of O(1D2) → 2s22p3(2D◦

2/3)3d1D2.
The P(ET) derived from this slice image is shown in Fig. 3(b).
The probe laser had to be scanned over the line when taking
the image to take into account the Doppler profile of the line.
No signal was observed when the laser was off resonance. The
image is characterized by many concentric anisotropic rings,
corresponding to the vibrational states of the dissociative CO
product that is similar to the results obtained earlier in the
photodissociation of CO2 at 157 nm.17, 18 The observed total
KER extends to 5.5 eV. If photodissociation is occurring at
2ω1 − ω2 of 79 734.2 cm−1, the maximum KER should be
∼2.4 eV for the O(1D) + CO(1#+) channel but this would
imply that dissociation at the higher energies have a lower
probability than one expects. To obtain the higher available
energies, the resonant sum or tripling frequencies at 108 451.5
and 141 139.3 cm−1 must be involved with the maximum
KER of 6.1 and 10.2 eV, respectively. The maximum observed
KER is 5.5 eV and the expected dissociation probabilities of
(2ω1 + ω2):3ω1 is 1.00:0.04, it is more likely that the resonant
sum frequency is responsible for the observed dissociation.

In summary, we have shown that unfocused VUV laser
formed by resonance enhanced four-wave mixing can be used
to study photodissociation of small molecules in this region.
In the N2 studies the products are detected because the en-
ergy of the VUV laser is above the energy needed for direct
ionization of the metastable atoms via an allowed transition.
But in the case of CO2 the product atoms are ionized using an
autoionization resonance. The success of the method depends

FIG. 3. Photodissociation of CO2 at 108 451.5 cm−1. Oxygen atoms in the
O(1D2) state are detected via the autoionization transition 2s22p3(2D◦

3/2)3d
1D2 ← O(1D2). (a) The sliced image and (b) the P(ET) derived from the
image. The structure is reproducible but complicated.

on the use of the slice imaging method to provide the sensi-
tivity and selectivity to determine the identity and the angular
and velocity distribution of the products.

Future studies are planned that will introduce a second
VUV laser that can be used to exploit these observations by
being able to independently vary the wavelength of the de-
tection and photolysis lasers. This will allow us to systemat-
ically study this very high-energy region where many of the
excited states are directly connected to metastable atoms and
molecules in the final states.
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