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The slice-imaging variant of photofragment ion imaging is combined with Rydberg tagging.
The photodissociation of NO2 at 355 nm is used as the test system and the NO fragments are
Rydberg tagged by two-photon two-color excitation via the intermediateA 2S1 state. Images
obtained by this method are compared with ion images obtained in the same apparatus using the
approach of Kitsopoulos and co-workers@Rev. Sci. Instrum.72, 3848 ~2001!#. Comparable
resolution and angular distributions are obtained in the two cases. It is proposed that the method
demonstrated here could provide a complementary approach to existing ion-imaging methods,
especially where resonantly enhanced multiphoton ionization detection of fragments is problematic.
© 2004 American Institute of Physics.@DOI: 10.1063/1.1779621#

I. INTRODUCTION

In this paper we report the experimental demonstration
of the combination of two techniques recently developed for
the study of photodissociation dynamics, namely,~i! molecu-
lar Rydberg tagging and~ii ! the slice-imaging variant of pho-
tofragment ion imaging. Ion-imaging techniques have been
used to great advantage in the measurement of photofrag-
ment kinetic energies and angular distributions for a range of
photodissociation processes,1 and have also been applied to
bimolecular collisional processes.2 The introduction of ve-
locity mapping has greatly enhanced the energy resolution
available.3 In a typical ion-imaging experiment the quantity
measured is the two-dimensional projection of the photofrag-
ment velocity distribution on to the detector; in the majority
of cases the inverse Abel transformation is used to recon-
struct an infinitesimally thin slice through the center of the
three-dimensional distribution from this information. How-
ever, the Abel transform process introduces artificial noise
into the data, particularly along the centerline, and it can
only be used for an experimental geometry with an axis of
cylindrical symmetry parallel to the plane of the imaging
detector. Furthermore, the Abel transform is only a valid re-
construction method if theentire photofragment distribution
is captured on the detector. Other reconstruction techniques
have been devised to overcome these limitations,4–6 but each
has its own drawbacks. As a result several experimental
schemes have been developed which directly measure the
center slice of the photofragment distribution.7–10 One of the
most successful has been ‘‘slice imaging,’’ which was intro-
duced by Kitsopoulos and co-workers in 2001,7 and incorpo-
rates some elements of the velocity-mapping technique.

The fundamental experimental distinction between slice
imaging and conventional velocity mapping is that a delay is
introduced between the ionization of photofragments and
their extraction. In this time the ion cloud is allowed to ex-
pand in a field-free region and the resultant spatial extent of
the fragment sphere at the time of extraction is converted

into a spread of arrival times at the detector of the order of
500 ns. Fast gating of the detector at the required time of
flight yields a slice of the elongated fragment distribution,
and the central slice is equivalent to the Abel inversion of an
image obtained using the velocity-mapping technique.

The main advantage of the slice-imaging technique is
thatonly the center slice of the three-dimensional photofrag-
ment distribution is measured and analyzed. Thus, velocity
distributions may be obtained directly from the raw image
without the use of a reconstruction method. Furthermore, it is
not essential to record the entire image, with the result that
extraction and focusing voltages may be chosen to zoom in
on the slowest fragments and detect them with the highest
possible resolution. Therefore, slice imaging is ideally suited
to the study of fragments with low recoil velocities, such as
those formed in near-threshold photodissociation or those
with a cofragment of light mass, e.g., as demonstrated in
studies of slow Br fragments from the photodissociation of
HBr.11

The exploitation of Rydberg-tagging methods in imaging
studies of photodissociation dynamics is a relatively new
area of research,12–14 and can be considered as a develop-
ment of the H-atom Rydberg tagging employed in transla-
tional energy spectroscopy.15 In the Rydberg-tagging ap-
proach, the nascent photofragments are not immediately
ionized but are excited to high-n Rydberg states, and the
fragment cloud continues to expand as a bunch of neutral
molecules. After a time delay, a delayed extraction pulse is
applied to field ionize the Rydberg states and accelerate the
resultant ions on to an imaging detector. In principle this
method offers several advantages over conventional ion im-
aging based on resonantly enhanced multiphoton ionization
~REMPI! excitation of the nascent fragments: First, in situa-
tions where there is a high density of ions in the excitation
region produced by REMPI, Coulomb explosion may distort
ion images. This effect is particularly pronounced when
probing fragments with low recoil velocities, such as those
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formed in near-threshold photolysis. Coulomb explosion can
be eliminated by tagging the molecules as neutral Rydberg
states. Second, it is anticipated that the resolution of ion
images will eventually be limited by the recoil velocity of
the electron.16,17 This restriction is removed by using field
ionization and extraction of Rydberg-tagged fragments, for
which the electron recoil is effectively zero. Third, many
molecules of interest, such as CH2, C2H, and CO2, have no
suitable intermediate for resonant multiphoton ionization.
However, state-selective detection can be achieved in these
cases by using vacuum ultraviolet sources to excite directly
to high-n Rydberg states, as demonstrated by the one-photon
zero-kinetic-energy~ZEKE! spectrum of CH2 recorded by
Merkt and co-workers.18 Consequently, imaging of Rydberg-
tagged fragments can provide a solution in cases where ion
imaging is impracticable, thus expanding the range of chemi-
cal systems that can be studied. Finally, we recently intro-
duced the concept of utilizing the properties of high-n Ryd-
berg states ininhomogeneouselectric fields to probe selected
regions of the photofragment distribution.13 By discriminat-
ing against energetic fragments this technique can be used to
focus on the threshold region, and so enhance understanding
of near-threshold dynamics. In principle, the implementation
of carefully designed field configurations will enablein situ
probing of any position within the photofragment distribu-
tion.

However, pulsed-field-ionization~PFI! methods appear
to be incompatible with the velocity-mapping technique as it
was originally conceived,3 and this has limited the resolution
obtainable in Rydberg-tagging/ion-imaging experiments. In a
standard pulsed-field-ionization experimental setup,12 excita-
tion to high-n Rydberg states occurs between two fine-mesh
grids and at the time of excitation a small, uniform electric
field is applied in this region to repel ions formed by direct
ionization or autoionization. Once the spatial separation of
ions and Rydberg states has been achieved, an extraction
field is applied which field ionizes the Rydberg states and
accelerates all the ionized fragments towards the detector. In
this scheme, spatial separation before extraction is converted
to separation in time of flight at the detector, which is gated
to detect only Rydberg states.

It can be seen that two essential components of a suc-
cessful PFI experiment are the capacity to apply uniform
discrimination fields at the point of excitation and the facility
to introduce a low-field delay between excitation and extrac-
tion. Velocity-mapping ion optics have open apertures, and
so they do not provide a well-defined uniform field region,
and a delay before extraction would merely serve to reduce
the effectiveness of the mapping, since the effective photo-
fragment source size is increased. However, the slice-
imaging technique naturally includes both the features re-
quired for pulsed-field ionization and therefore provides a
route to obtain high-resolution images of Rydberg-tagged
photofragments.

The aim of the work described in this paper is to dem-
onstrate that slice imaging can be used to record angular and
energy distributions of Rydberg-tagged photodissociation
products, and thus to combine the advantages of this high-
resolution imaging technique with the versatility of Rydberg-

state experiments. The photodissociation of NO2 is chosen as
a test system with which to characterize this technique. This
efficient, extensively studied dissociation process yields NO
fragments which can be excited to stable high-n Rydberg
states with the long lifetimes necessary to survive until de-
tection. Conventional slice images of NO ions, produced by
REMPI excitation of the NO fragments, are recorded using
the same experimental apparatus to provide a direct compari-
son with the performance of the Rydberg-tagging/slice-
imaging technique.

II. EXPERIMENT

The spectroscopic schemes used in this work for photo-
dissociation and Rydberg tagging are broadly similar to those
utilized in Ref. 12. In brief, a pulsed supersonic free-jet ex-
pansion of NO2 is intersected by a photodissociation laser of
wavelength 355 nm. Excitation to theÃ 2B2 state is followed
by fast internal conversion and dissociation to O(3P)1NO
on the ground-state surface. For the Rydberg-tagging experi-
ments~Sec. III B! high-n Rydberg states of the ensuing NO
photofragments are populated using a (1118) probing
scheme via theA 2S1 intermediate state. Prompt ions are
repelled by a small uniform field applied in the excitation
region whereas Rydberg states are field ionized by a delayed
extraction pulse and accelerated towards the detector. For the
REMPI-detection experiments~Sec. III A! the second probe
laser is tuned above the ionization threshold to produce NO1

ions directly.
The experimental apparatus is represented schematically

in Fig. 1. Prior to use, NO2 ~BOC gases, CP grade! is stored
with oxygen @p(NO2):p(O2)51:5# for 12 h to reduce the
concentration of residual NO in the sample. Purified NO2,
seeded in Ar at 5% molar fraction, is expanded into the
vacuum chamber through a pulsed nozzle~General Valve, 1

FIG. 1. ~a! Schematic diagram of the experimental arrangement for the
slice-imaging of Rydberg-tagged NO fragments from NO2 photodissocia-
tion. ~b! Schematic diagram of the electrode arrangement used for the slice-
imaging studies in this work~all dimensions in millimeter!.
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mm orifice, 400ms pulse duration at 10 Hz!, at a backing
pressure of 3 bars. The pressure of the experimental chamber
is maintained at 231026 mbar during data acquisition.

The photodissociation source is provided by the 355 nm
output of a Nd:YAG laser~Spectra Physics GCR-190!, at-
tenuated to;10 mJ per pulse~10 Hz!. The beam diameter is
reduced to;2 mm using a telescope and the polarization
direction of this laser is aligned parallel to the detector face.
For both the (1118) Rydberg tagging and REMPI schemes,
the first wavelength (l1;226 nm, 100mJ per pulse! is pro-
vided by the frequency-tripled output of a Nd:YAG-pumped
dye laser~Spectron Laser Systems, SL8031SL4000G) op-
erating at;678 nm in a 2:1 LDS-698/DCM dye mixture in
methanol. Excitation to either the continuum~REMPI detec-
tion! or a high-n Rydberg state~PFI detection! is achieved
using the frequency-doubled output (l2;327 nm, 2 mJ per
pulse! of a second Nd:YAG-pumped dye laser operating be-
tween 653 and 655 nm in DCM dye in methanol. The fun-
damental output of each dye laser is calibrated using a wave
meter~Burleigh WA5500!. The probe lasers are combined on
a dichroic mirror and are introduced coaxially into the cham-
ber, perpendicular to both the photolysis laser and the detec-
tion axis, and are delayed by'15 ns and 30 ns with respect
to the photolysis laser. The polarizations of both lasers are
vertical and thus perpendicular to the plane of the detector,
and the probe beam diameters at the point of intersection of
the free-jet expansion are 2 mm and 4 mm for lasers 1 and 2,
respectively.

Figure 1~b! shows the configuration of the slice-imaging
ion optics. The free-jet expansion enters the interaction re-
gion through a 2 mmaperture in the repeller plate and is
intersected by the laser beams at a point midway between the
repeller plate and the extractor grid~Buckbee Mears mesh,
90 lines per in.!. After excitation the fragment cloud is al-
lowed to expand in either a field-free region~ion detection!
or a small uniform field~Rydberg-state detection! for 4–5
ms, after which time a high-voltage switch~Behlke, 10 ns
rise time! is used to apply an extraction voltage of order
1000 V to the repeller electrode. The resulting field serves to
field ionize the Rydberg states and accelerates the ion cloud
towards the detector. As a result of the spatial distribution of
the cloud at the time of extraction, the ions that are back
scattered with respect to the molecular beam direction re-
main in the high-field region for longer than the correspond-
ing forward-scattered ions, and experience a greater accelera-
tion. Therefore, as the ion cloud moves towards the detector
its spatial extent along the time-of-flight axis,Dx, decreases
to zero and then becomes greater again, as the backscattered
ions overtake the portion of the ion cloud which was origi-
nally forward scattered.VR is chosen such that the spread in
arrival times at the detector is of the order of several micro-
seconds. A dual microchannel plate~MCP! and phosphor-
screen detection system is used. Narrow time-of-flight slices
~200–400 ns! of the elongated photofragment distribution
are obtained by using a fast high-voltage switch~Behlke, 10
ns rise time! to gate the front MCP. Images are recorded
using a free-running charge-coupled device camera~Prox-
itronic HR0, 7683576 pixels, 50 Hz repetition rate! and sent
to a frame grabber. The output is averaged over a cycle of 20

frames, and each image presented is the summation of'300
acquisition cycles.

Velocity mapping is provided by an Einzel lens mounted
beyond the extractor grid. Satisfactory mapping is obtained
for VEinzel greater than a minimum voltage, the magnitude of
which is determined byVR, but otherwise the lens voltage is
not critically linked to the magnitude ofVR. As an example,
for VR51000 V, a lens voltage ofVEinzel.150 V is required
for proper velocity mapping. This property of the Einzel lens
enables it to be used as a magnifying lens with which to
enlarge the image. A lens voltage ofVEinzel5218 V is chosen
to provide a suitable degree of magnification.

The main differences between the present setup and the
slice-imaging method described by Kitsopoulos and
co-workers7 are as follows: First, a small discrimination field
~3.2 V/cm! is applied at the time of excitation in order to
separate prompt ions from the Rydberg states, whereas in the
ion-slicing experiments the excitation and subsequent delay
before applying the pulsed extraction field are under field-
free conditions. Second, it is necessary to use a longer delay
~4–5ms! before pulsed-field extraction, compared to the 100
ns to 2ms employed by Kitsopoulos, to allow sufficient time
for the separation of prompt ions and Rydbergs to occur.
Although the use of a larger discrimination field would de-
crease the time required for this separation it would also
destroy the population of long-lived high-n Rydberg states.
The position of laser excitation is moved further back from
the extraction grid in order to avoid the fragments leaving
the extraction region in this delay time. It should also be
noted that the kinetic-energy release for the system studied
here is lower than in the systems studied by Kitsopoulos and
co-workers, so that even for a conventional ion-slicing ex-
periment, longer delays would be required to achieve equiva-
lent fragment-cloud expansion. Finally, the longer delays
used in the present experiments spread out the time-of-flight
distribution somewhat more than in the experiments of Kit-
sopoulos so that the time gate used for slicing can be some-
what wider than used previously.

III. RESULTS

In this section we compare the images obtained using the
conventional slice-imaging approach, with those obtained by
the Rydberg-tagging/slice-imaging method. In order to make
a fair comparison we use approximately the same extraction
delays and applied voltages for both types of experiment,
with the exception of the small discrimination field applied
for the Rydberg tagging. The first probe laser was positioned
on theQ11/P21(25/2) transition during acquisition of all the
images presented here. This transition was chosen to mini-
mize the contribution to the signal from rotationally cold NO
impurities in the NO2 sample. Conservation of energy dic-
tates that NO fragments, which are predominantly formed by
the process

NO21hn→NO~v950,J9525/2!1O~3P2!,

will have a velocity of 880 m s21 for a photodissociation
wavelength of 355 nm.
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A. Conventional slice imaging of fragments ionized
by REMPI

Figure 2 shows the result of performing the conventional
slice-imaging experiment on the nascent NO fragments,
which are ionized by (1118) REMPI immediately after for-
mation. Images were accumulated over 5000 laser shots, and
correspond to;104 ions detected. For an extraction delay
t50 the time-of-flight spectrum consists of a single NO
peak of full width at half maximum;1 ms, but ast is in-
creased to 5ms the peak broadens to a width of 3.5ms. Slices
~200 ns! of the elongated photofragment time-of-flight distri-
bution @see Fig. 3~c!# were obtained by application of a fast
2400 V pulse to the front MCP. The fastest section of the
ion cloud, corresponding to those ions which are initially
backscattered relative to the molecular beam direction, is
shown in imageA of Fig. 2. The subsequent images are
recorded at progressively later arrival times. The images
shown in Fig. 2 have been artificially symmetrized about the
vertical axis in order to illustrate more clearly the changes in
radial distribution across the series of images. The radius of
the images reaches a maximum in imageD, which corre-
sponds to the slice through the center of the distribution. At
later arrival times, the contribution from forward-scattered
ions is recorded and the image radius becomes progressively
smaller. Figure 2 demonstrates that despite the minor modi-
fications to our setup in comparison to that of Kitsopoulos
and co-workers,7 effective slicing can still be obtained. The
fact that clean slicing is not observed for backscattered ions
is possibly a result of inhomogeneities in the field in the
vicinity of the 2 mm aperture in the repeller plate.

The feature in the center of imagesD and E is due to
nonresonant ionization of rotationally cold NO impurities in
the beam. This contribution is most significant in the central

slices since it does not arise from a photolysis product and
therefore does not spread significantly in the time-of-flight
dimension. It is shown below that this ‘‘noise’’ is eliminated
when Rydberg-tagging is utilized.

The center slice of the photofragment distribution~im-
ageD of Fig. 2! is shown as a raw unsymmetrized image in
Fig. 3~a!, together with the time-of-flight profile@Fig. 3~c!#,
which indicates the width of this slice in comparison to that
of the unsliced photofragment distribution. The slight asym-
metry of the image can be attributed to the supersonic ex-
pansion not passing through the exact center of the Einzel
lens. The speed distribution@Fig. 3~b!# can be determined
from the center slice by applying the appropriate weighting
to each pixel and integrating overu, as described in Ref. 7.
~This procedure is identical to that which would be applied
to a conventional Abel-inverted image.!

It is immediately evident that the ‘‘low-velocity’’ tail
which would arise from the projection of the entire photo-
fragment sphere on to the detector is absent. This, coupled
with the fact that an identical velocity distribution is obtained
when the time slice is reduced to 100 ns, is an indication that
efficient slicing of the photofragment distribution has been
achieved. However, individual contributions from the three
channels corresponding to the spin-orbit states of the oxygen
atom, all of which are energetically accessible at a photodis-
sociation wavelength of 355 nm, are not resolved.

The angular distribution for a given product channel is
determined by

I ~u!5(
r 1

r 2

N~r ,u!, ~1!

FIG. 2. ~Color! NO1 ion images obtained by gating different slices of the time-of-flight distribution which resulted from the photodissociation of NO2 at 355
nm. The nascent NO fragments were ionized state selectively using a (1118) REMPI scheme. ImageD corresponds to the central slice of the distribution.
The time at which the voltage pulse was applied to the detector is indicated in each panel. The images shown have been artificially symmetrized about the
vertical axis.
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whereN(r ,u) is the intensity of the slice image as a function
of polar coordinates andu is the angle between the photoly-
sis laser polarization and the fragment recoil direction.r 1

andr 2 are radii chosen to encompass all the signal resulting
from the channel of interest. To obtain a value for the anisot-
ropy parameter, the angular distribution is fitted to the famil-
iar expression for the spatial distribution of unpolarized
photofragments,19,20

I ~u!5
s

4p
@11bP2~cosu!#, ~2!

whereb is the anisotropy parameter,s is the total photofrag-
ment flux, andP2(cosu) is the second Legendre polynomial.
Figure 3~d! shows the experimental angular distribution de-
termined from the center slice and averaged over all four
quadrants, together with a simulation corresponding tob
51.4460.04. This value for the anisotropy parameter must
be treated with caution since it is a summation of contribu-
tions from all three spin–orbit channels. However, it is in
excellent agreement with the findings of Houston and
co-workers21,22 who determinedb parameters for the domi-
nant NO1O(3P2) channel following the 355 nm photodis-
sociation of NO2. Values in the rangeb51.2– 1.6 were ob-
tained for various rotational states of NO(v950). This
agreement provides confirmation that quantitative angular in-
formation can be simply extracted from slice images.

B. Combining fragment Rydberg tagging
and slice imaging

Figure 4~a! shows a MATI ~mass-analyzed-threshold-
ionization! spectrum recorded via theA←X ~0,0! band of
NO. The spectrum is obtained by fixing the first probe laser
on the Q11/P21(25/2) transition and scanning the second
probe laser through the series of accessible ionization thresh-
olds. Each peak corresponds to high-n Rydberg states con-
verging to an ionization threshold characterized byN1, the
ion core rotational quantum number. The spectrum was re-
corded using a 3.2 V/cm discrimination field to reject prompt
ions, and a pulsed extraction field ofFext5333 V/cm. The
diabatic field ionization efficiency due to the extraction field
is expected to drop from 1 atE/cm21;I 23.1AFext to 0 at
E/cm21;I 24.6AFext, where I is the relevant ionization
threshold ~in cm21) and Fext is the field ~in V cm21).14

Therefore for Fext5333 V/cm Rydberg states down to
;80 cm21 below threshold should be ionized. In practice,
however, rapid sub-microseconds predissociation of low-n
Rydberg states restricts the range ofn that is observable
and peak widths of order;20 cm21 are observed. The
high-n Rydberg states are stabilized byl - and ml-mixing
processes,14,23 and therefore lifetimes of the order of micro-
seconds are observed.12 It is these stable high-n Rydberg
states which are crucial to the success of Rydberg-tagging
experiments.

FIG. 3. ~Color! ~a! Central slice of the
REMPI-detected ion images.~b! Ra-
dial distribution obtained from the im-
age shown in~a!; the width of the peak
~43 pixels! corresponds to 200 m s21

in true velocity space.~c! The overall
time-of-flight profile~upper trace!, and
the gated signal~lower trace! corre-
sponding to the image in~a!. ~d! The
angular distribution extracted from the
central slice~dotted line! and a fit of
these data to Eq.~2! ~solid line!.
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As was discussed in Ref. 12, transitions withN85N1

are favored and consequently the spectrum is dominated by
the peak associated with theN1512 threshold. For the ac-
quisition of the sliced images, the second probe laser was
positioned atn'120 of the pseudocontinuum below this
threshold. Despite the relative intensity of theN1512
threshold in the MATI spectrum, signal levels obtained on
this feature correspond to only;1/5 of the (1118) REMPI
signal just above threshold due to decay by Rydberg-state
predissociation or autoionization.

The images obtained by the Rydberg-tagging technique
are illustrated in Fig. 5~again these have been artificially
symmetrized about the vertical axis, as in Fig. 2, in order to
show the general trend more clearly!. Prompt ions are re-
pelled by a 3.2 V/cm discrimination field in the excitation
region, and after a delay of 4ms Rydberg-tagged fragments
are field ionized and accelerated towards the detector by a
333 V/cm field applied across the same region. A mapping
voltage ofVEinzel5218 V is used. Slices~400 ns! through the
Rydberg-tagged photofragment distribution are shown, and
these correspond to 5000 laser shots and'5000 ions. For
this series of images, wider slices were recorded~400 ns!
than in the REMPI slice-imaging experiments described
above, to ensure that sufficient signal levels were obtained at
the extremes of the fragment cloud. Analogously to the
REMPI slices, the images recorded at shorter arrival times
correspond to the fragments that were originally backscat-

tered with respect to the molecular beam direction. In the
first image a contamination of the signal is observed due to
the slight temporal overlap of the Rydberg-state and prompt-
ion photofragment distributions at the detector. The appear-
ance of the Rydberg-tagged slice images is, as would be
expected, very similar to that of the corresponding REMPI
slice images, with the important exception that the central
noise arising from nonresonant ionization of NO is absent.
The radii of the images increase with increasing time of
flight until the central section of the photofragment distribu-
tion is reached~imageD), and beyond this point the images
decrease in size once more. The similarities between the ion
and Rydberg-state results indicate that slice imaging is
equally applicable to both REMPI and Rydberg-tagging de-
tection schemes.

A 200 ns wide center slice of the Rydberg-tagged pho-
tofragment distribution is displayed~unsymmetrized! in Fig.
4~b!, together with the corresponding radial distribution
shown below. Once again, the intensity profile along the
positive axis consists of a single unresolved peak. Signifi-
cantly, the width of this feature is equal to that derived from
the ion distribution of Fig. 3, demonstrating that the instru-
mental resolution is not reduced by the incorporation of PFI
detection. The angular distribution derived from the center
slice is well modeled assuming an anisotropy parameter of
b51.460.2, as shown in Fig. 4~c!. This is consistent with
both the figures obtained from the REMPI-detected ion im-

FIG. 4. ~Color! ~a! Mass-analyzed-
threshold-ionization~MATI ! spectrum
of NO recorded by (1118) excitation
through the N8512 levels of the
A 2S1(v50) intermediate state;
Eprobe is the total two-photon excita-
tion energy. ~b! Radial distribution
~lower part of figure! obtained from
the central slice of the Rydberg-tagged
ion images~upper part!; the width of
the peak ~42 pixels! corresponds to
190 m s21 in true velocity space.~c!
The angular distribution extracted
from the central slice~dotted lines!
and a fit to Eq.~2! ~solid line!.
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age and the literature value, and is further proof of the com-
patibility of slice imaging and Rydberg-tagging techniques.

The breadth of the radial distribution peaks in Figs. 3
and 4 seems to imply that efficient velocity mapping has not
been achieved in either the REMPI or the Rydberg-state ex-
periments. The intention of using velocity mapping for pho-
tofragment trajectories is to reduce the blurring associated
with the finite size of the laser interaction region. However,
in the present case, it is unlikely that the velocity mapping
provided by the Einzel lens will completely compensate for
the large interaction region employed in these experiments.
Thus, the use of crossed unfocused laser beams intersecting a
free-jet expansion may be a limiting factor in terms of the
achievable resolution. The image resolution ofDE/E
;20% is comparable to that obtained when detectingun-
mappedRydberg-tagged fragments resulting from the inter-
action of focused lasers with a skimmed molecular beam
~see, for example, the images shown in Fig. 4 of Ref. 12!.
This demonstrates that velocity mapping has at least partially
compensated for the size of the interaction region and sug-
gests that future experiments employing a skimmed expan-
sion will yield a significant improvement in the resolution. In
addition, in a slice-imaging experiment the quality of the
velocity mapping is dependent on the dimensions of the pho-
tofragment cloud as it passes through the Einzel lens. There-
fore, if the experimental conditions are chosen so as to yield
a smaller cloud in this region then the photofragments will
be more efficiently mapped, although this will be achieved at
the expense of reduced resolution in the time-of-flight di-
mension. A reduction in the delay timet will yield a smaller
fragment distribution at the Einzel lens but achieving clean
separation of Rydberg-tagged fragments and prompt ions be-
comes correspondingly more difficult. Alternatively, the slic-

ing technique could be applied to threshold photodissociation
studies, in which the rate of expansion of the fragment cloud
is significantly reduced. As discussed earlier, the advantages
of Rydberg-tagging methods are most evident in the near-
threshold region, making this a promising area of study.

A potential limitation of all slicing techniques is that the
center slice is only equivalent to an Abel-inverted image in
the limit of infinitesimally thin slicing; for slices of finite
width the solid angle probed is dependent on the velocity of
the fragments, and consequently slower fragments are de-
tected with higher efficiency but lower velocity resolution.1

However, for the experiments presented here a limiting upper
slice width can be found, below which the radial distribution
of the image is independent of slice width. This is an indi-
cation that the variation of the solid angle probed with frag-
ment velocity is so small as to have a negligible effect on the
results.

Finally, it should be noted that despite the relatively low
resolution currently obtained, the quality of the images is
visibly superior to the images of Rydberg-tagged fragments
previously recorded using other electrode configurations,12,13

and distortions due to grids are all but eliminated.

IV. CONCLUSIONS

The results presented in this paper demonstrate that the
incorporation of PFI detection into the slice-imaging meth-
odology requires only minor modifications to the experimen-
tal procedure of Kitsopoulos and co-workers.7 Slice imaging
of Rydberg states provides equivalent angular and velocity
distributions to its ion-imaging counterpart, and will be ap-
plicable to most dissociation processes for which a MATI
detection scheme can be used for one photofragment. In

FIG. 5. ~Color! NO1 ion images obtained in the Rydberg-tagging/slicing experiments following photodissociation of NO2 at 355 nm. These images were
recorded by gating different slices of the time-of-flight distribution after delayed pulsed-field ionization of the Rydberg-tagged fragments produced by (1
118) two-photon excitation. ImageD corresponds to the central slice of the distribution. The time at which the voltage pulse was applied to the detector is
indicated in each panel. The images shown have been artificially symmetrized about the vertical axis.
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common with all Rydberg-tagging experiments, the lifetime
of the Rydberg states limits the signal levels obtainable and
this is an issue that needs to be considered. Improved MATI
signals are commonly achieved using carefully designed
field configurations to trap a high proportion of the Rydberg-
state population in stable high-l and -ml states.24 However,
stabilization schemes need not be complicated; for example,
it has been observed that the use of a pulsed discrimination
field rather than a dc field can lead to an enhancement of the
MATI signal.25–27

The work described here offers a methodology which
will provide a complementary approach to current ion-
imaging techniques, and expand the number of chemical sys-
tems that are accessible for study. Although the velocity reso-
lution in the present setup is limited by the size of the laser
interaction volume and the dimension of the fragment cloud
as it passes through the Einzel lens, we have demonstrated
that the method is viable and produces valid results. We an-
ticipate that, with some further optimization, the slice-
imaging procedure will become the method of choice in cir-
cumstances where Rydberg tagging is the appropriate state-
selective detection scheme for photofragment imaging. This
will particularly be the case where REMPI spectroscopy of
the photofragment is either unknown/poorly characterized
~e.g., NH2, C2H5 , singlet-CH2) or where intense focusing of
UV lasers would be required to drive 211 or 311 REMPI
processes via short lived intermediate states. Recent ZEKE
~zero-kinetic-energy! photoelectron studies of free radicals
using vacuum ultraviolet radiation18,28,29have paved the way
for the application of Rydberg tagging to a wide range of
radical species.
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