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A novel spectroscopic technique has been developed which makes it possible to record Doppler-free resonance-
enhanced multiphoton ionization (REMPI) spectra with just one laser beam. The approach simply involves
masking the outer side of the phosphor screen under velocity map imaging conditions so that only those
species having no velocity component parallel to the laser beam propagation direction are detected. The
benefits of this method are demonstrated in spectroscopic characterization of highly translationally and
rotationally excited CO fragments resulted from the 230 nm photolysis of OCS and acetone, yielding
substantially improved values of the rotational constants for the B state (V′′ ) 0) of the CO molecule. The
resolving power and the state distribution analysis of reaction products are also demonstrated for room-
temperature H atoms generated by dissociation of background hydrogen molecules and oxygen atom detected
from the 225.6 nm photolysis of ozone.

I. Introduction

Since their first demonstration over 30 years ago, Doppler-
free approaches1-4 have become the methods of choice in
virtually all applications where the very high spectral resolving
power is needed. When combined with resonantly enhanced
multiphoton ionization (REMPI), in addition to high-resolution,
extraordinary sensitivity in detection can also be achieved. The
intrinsic high sensitivity and high signal-to-noise ratio of REMPI
become even more enhanced because all species in the detection
volume are simultaneously in resonance. In a proof-of-principle
experiment, Vrakking et al.5 demonstrated that Doppler-free
REMPI is an ultrasensitive probe (6.8 × 103 molecules/cm3 for
H2) of quantum state distributions of reaction products. In recent
years, Doppler-free or reduced-Doppler approaches have been
applied to ion imaging studies with considerable success, and
a number of variations of these techniques have emerged.6-12

In this paper we demonstrate another promising application
for Doppler-free REMPI in velocity map imaging experiments.
We propose a way to obtain Doppler-free REMPI spectra for
spectroscopic studies and state distribution analysis of reaction
products with just one laser beam. In all the above-mentioned
experiments the Doppler-free spectra are achieved by exposing
the molecules under study to a pair of counterpropagating laser
beams. Taking into account the Doppler shifts caused by the
velocity of the atoms or molecules, the frequencies of the
photons appear symmetrically up-shifted and down-shifted in
the molecule rest frame. When the pair of counterpropagating
photons is absorbed the total two-photon energy becomes
independent of the velocity, and hence the Doppler effect is
canceled. There are a few experimental as well as fundamental
complications in the two-photon Doppler-free scheme. Imperfect
temporal or spatial overlap of two counterpropagating laser
beams causes decrease in the detection efficiency.6 Providing

two laser beams instead of one can be time-consuming and a
substantially more expensive endeavor especially in case of
VUV lasers. On top of that, much higher laser power is needed
to drive two-photon transitions compared to the one-photon ones.
One laser beam signal as well as accidental one-photon
resonances often deteriorate signal-to-noise ratios, but in
principle, these can often be dealt with by changing laser beam
polarizations.7 Not all the transitions can be readily accessed
and analyzed by two-photon methods due to the fundamental
impediments in working out two-photon selection rules.

The approach presented here permits us to overcome all these
complications by employing just one laser beam and restricting
detection to only those species with zero velocity component
along the laser propagation direction.

II. Experimental Section and Results

The schematic of the experimental setup utilized for this study
is shown in Figure 1. The apparatus has been previously
described13 in great detail, except for one simple modification.
A mask with a narrow vertical slit through the middle was placed
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Figure 1. Experimental setup.
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on the outer side of a phosphor screen, in front of a photomulti-
plier tube (PMT). The width of the slit was varied depending
on the UV laser line width and velocity of reaction products
under study and was chosen to be roughly equal the portion of
the Doppler profile corresponding to the laser line width to
maximize sensitivity without sacrificing spectral resolution. For
this purpose, the reaction products of interest were resonantly
ionized by a UV laser at the center of the resonance and the
mask was placed on the outer surface of the phosphor screen,
before the PMT, with the slit size matching the Doppler profile
observed in the middle of the phosphor screen (Figure 1). The
1 + 1′ ionization of H atoms via the [2p1] 2P1/2,3/2 r [1s1] 2S1/2

REMPI transition was chosen to demonstrate the new technique.
The H atoms were produced by a nude-type Bayard-Alpert
gauge from background H2 in the chamber. Tunable UV
radiation with the wavelength around 121.6 nm was generated
by frequency doubling of a dye laser output pumped by the
second harmonic of a seeded Nd:YAG laser with subsequent
tripling inside a VUV cell. Estimated VUV laser line width was
around 0.25 cm-1. Figure 2A shows a comparison between the
1 + 1′ masked REMPI (red spectrum) and unmasked 1 + 1′
REMPI (black spectrum) of H atoms via the H[2p1] 2P1/2,3/2 r
H[1s1] 2S1/2 transition at 82 258.921 cm-1 for J′ ) 1/2 and
82 259.287 cm-1 for J′ ) 3/2. Although the spacing between
the lines is comparable to the VUV laser line width, two lines
are clearly visible in the Doppler-free spectrum with the
expected 1:2 line intensity ratio.

In a second experiment, the approach was demonstrated using
REMPI of atomic oxygen produced by dissociation of ozone at
226 nm. The comparison between the masked 2 + 1 Doppler-
free REMPI (red trace) and conventional 2 + 1 REMPI (black
trace) detection of O atoms via the O[2s22p33p1] 3P1,2 r
O[2s22p4] 3P1 transition at 88 472.322 cm-1 for J′ ) 1 and at
88 472.881 cm-1 for J′ ) 2 is shown in Figure 2B. The 2 + 1

REMPI experiments were performed by sum-frequency mixing
of the third harmonic of the seeded Nd:YAG laser and the
fundamental output of the dye laser pumped by the second
harmonic of the same Nd:YAG laser. Slightly narrower laser
line width (about 0.15 cm-1) and wider spacing between the
lines permitted complete resolution of the O[2s22p33p1] 3P1,2

r O[2s22p4] 3P1 atomic transitions. The O[2s22p33p1] 3P0 r
O[2s22p4] 3P1 transition at 88 473.038 cm-1 is forbidden
according to the two-photon selection rules.14 In the two cases
presented so far, we resolve features in the excited state that
are ordinarily summed over in detection. The ability to resolve
these upper state features can be useful, for example, in detecting
orbital polarization in photoproducts.15

In addition to the state distribution analysis of reaction
products our Doppler-free REMPI technique can be applied in
spectroscopic studies. For this purpose we recorded rotationally
resolved B 1Σ+(V′ ) 0)r X 1Σ+(V′′ ) 0) 2 + 1 REMPI spectra
of CO produced in various degrees of rotational excitation.
Acetone photolysis around 230 nm was utilized as a precursor
for the moderately rotationally excited CO molecules (J′′ e 50).
Rotationally “hot” CO molecules with J′′ ranging from around
35 to 80 were generated by the 230 nm photodissociation of
OCS. Figures 3 and 4 illustrate a clear improvement in resolution
when the masked Doppler-free REMPI is utilized to record
rotationally resolved REMPI spectra of CO fragmented from
acetone and OCS, respectively. The observed spectra were
analyzed by fitting the rotational line positions of the B r X
Q-branch to the following expression:

∆E) T00 + (B′0 -B′′ 0)J(J+ 1)-

(D′0 -D′′ 0)J
2(J+ 1)2 + (H′0 -H′′ 0)J

3(J+ 1)3 (1)

where T00 is the band origin; J is the rotational quantum number;
B′0, D′0, H′0 and B′′ 0, D′′ 0, H′′ 0 are rotational constants for the
B 1Σ+(V′ ) 0) and X 1Σ+(V′′ ) 0) states of CO, respectively.
The X 1Σ+(V′′ ) 0) state of CO has been extensively studied
by microwave and infrared spectroscopy, and its molecular
constants have been determined with exceptional degree of
accuracy over a large data set of the rotational lines.16 Therefore,
very reliable molecular constants for the excited state can be
obtained from the eq 1. Our fitting results along with previous
measurements are illustrated in Table 1. Our data show
noticeable improvement over previous measurements due to
higher spectral resolution and broader data set of rotational
levels. The deviations between the measured and fitted line

Figure 2. (A) Comparison between the masked 1 + 1′ Doppler-free
REMPI (red spectrum) and conventional 1 + 1′ REMPI (black
spectrum) of H atom via the H[2p1] 2P1/2,3/2r H[1s1] 2S1/2 transition at
82 258.921 cm-1 for J′ ) 1/2 and 82 259.287 cm-1 for J′ ) 3/2. The
Doppler-free spectrum was collected with the outer side of the phosphor
screen masked as depicted in Figure 1. The conventional (Doppler-
broadened) spectrum was recorded with the unmasked detector. (B)
Comparison between masked 2 + 1 Doppler-free REMPI (red trace)
and conventional 2 + 1 REMPI (black trace) detection of O atom via
the O[2s22p33p1] 3P1,2 r O[2s22p4] 3P1 transition at 88 472.322 cm-1

for J′ ) 1 and 88 472.881 cm-1 for J′ ) 2.

Figure 3. Portion of the 2 + 1 REMPI spectrum of the B 1Σ+(V′ ) 0)
r X 1Σ+(V′′ ) 0) transition of CO from acetone dissociation at 230
nm. The red trace is the masked Doppler-free spectrum, whereas the
black trace is the conventional Doppler-broadened spectrum.
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positions are shown in Figure 5. These deviations are about 1
order of magnitude smaller than those derived from Doppler-
broadened spectra of CO generated from the OCS photolysis17

(fourth column in Table 1) and roughly 3 times smaller than in
the VUV absorption and emission studies by Eidelsberg et al.18

(third column in Table 1), where the rotational levels only up
to J′ ) 63 were observed.

In some instances translational energy release of the reaction
products varies substantially with the degree of rotational
excitation. For example, high-J CO fragments from acetone
photodissociation at 230 nm have translational energies around
0.3 eV, whereas low-J CO molecules show a clear bimodal
distribution with translational energies of ≈0.05 and 0.3 eV (ref

11). In this case, in order to obtain accurate relative rotational
state distributions, the inhomogeneous sampling of the velocity
distribution by the slit placed on the detector must be taken
into account. This effect leads to a bias in detection toward the
ions with smaller kinetic energy release. To correct for the “slit
effect,” ion images of the entire ion cloud sliced through the
slit were recorded for a wide range of J(CO) using the ion
imaging acquisition software with a real-time ion counting
method employing a center-of-mass calculation of each ion
spot.19 To recreate the full ion cloud signal from the “masked”
signal, the ion counts for each pixel acquired with the masked
detection were plotted as a function of the distance F between
that pixel and the center of the image and multiplied by π/(2
arcsin{W/2F}) if F was more than the half of the width of the
slit, W/2. The images are assumed to be isotropic in this analysis.
In case when acetone is chosen as CO precursor the image is
isotropic irrespective of the laser polarization, but for anisotropic
images the polarization can be adjusted to achieve isotropy. The
ratios between the reconstructed and “masked” ion counts were
obtained for several rotational levels of CO and used to extract
unbiased relative rotational populations. This correction factor
is important only when there are strongly varying populations
of slow versus fast recoiling fragments. For the OCS results
this is not the case, and no correction is necessary.

III. Discussion

Several research groups20-22 have previously explored the idea
of masked detection in imaging experiments. In the photo-
dissociation study of CD3I with 2 + 1 REMPI probe of the
CD3 fragments Janssen et al.20 used a mask with a circular hole
in the center to selectively detect only those methyl fragments
traveling parallel to the photolysis laser polarization direction.
Changing the polarization of the probe laser with respect to the
photolysis laser polarization and monitoring the masked CD3

+

signal then helped to extract the alignment moments A0
(2) and

A0
(4). Mueller et al.21 proposed a new technique, zero kinetic

energy (ZKE) photofragment spectroscopy, where Rydberg-
tagged fragments, after several hundred microsecond long flight
times, were pulsed-field ionized at an imaging detector. Result-
ing fragments with zero kinetic energy were selectively moni-
tored through a mask with a pinhole placed between a PMT
and a phosphor screen. The authors demonstrated that this
approach was especially suitable for the systems undergoing
barrierless dissociation and can be employed in finding precise
values of dissociation thresholds and in examining the transition
state character.21 Recently, Hopkins et al.22 have pushed the
resolution of H (Rydberg) atom photofragment translational
spectroscopy to even higher limits using a slit-shaped mask to
confine the detection only to those ions that have the same flight
length.

Similar to above-mentioned techniques, our Doppler-free
REMPI experiments rely on restricted detection of a particular
group of ions, leading to a trade-off between the magnitude of
signal and resolution. Although the line width of our lasers does
not permit us to reveal this, the ion recoil energy and the velocity
focusing conditions should also be considered as potential limits
in achieving high spectral resolution. If the latter is satisfied
then the fragments with the same velocity ionized at slightly
different points will be focused on the same spot of the detector,
facilitating the masked detection of only those ions with zero
velocity component along the laser direction. We have recently
demonstrated that in our “four-electrode” focusing lens setup,
0.17% limiting velocity resolution can be achieved, based on
the ability to focus a large interaction volume to a single point.19

Figure 4. The 2 + 1 REMPI spectrum of the Q-branch of the B 1Σ+(V′
) 0)r X 1Σ+(V′′ ) 0) transition of CO from OCS dissociation at 230
nm acquired under the masked velocity mapping conditions. The inset
shows comparison between the Doppler-free 2 + 1 REMPI spectrum
shown in red and the conventional 2 + 1 REMPI spectrum shown in
black.

TABLE 1: Comparison of Rotational Constants (in cm-1)
for the B 1Σ+(W′ ) 0) State of CO Obtained in This Study
with the Reference Values

this work ref 18 ref 17
X 1Σ+(V′′ ) 0)
const. (ref 16)

T0 86 916.18a 86 916.18(3) 86 916.18a

B0 1.948 112(6) 1.948 186(72) 1.948 186a 1.922 528 96(8)
D0 × 106 6.6867(30) 6.784(21) 6.6355(12) 6.1203(10)
H0 × 1012 -14.9(4) -21.61(19) 5.48(2)
fwhm ≈0.25 ≈0.6 ≈0.8b ≈5 × 10-3

data set size J′ ) 2-80 J′ ) 0-63 J′ ∼ 35-85 J′′ ∼ 0-94

a Fixed during fitting procedure. b Estimated from our
experiments under analogous conditions as in ref 17.

Figure 5. Difference between measured and fitted rotational line
positions of the B 1Σ+(V′ ) 0) state of CO. In order to obtain a large
data set of the CO line positions two “sources” of the rotationally hot
CO were employed. For the low-J range of CO (J′′ ) 0-50) we used
acetone dissociation, whereas high-J CO (J′′ ) 35-80) was produced
by the OCS photodissociation.
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This means if the resolving power solely depended upon the
focusing conditions then a spectral resolution on the order of 1
× 10-3 cm-1 could be readily achieved in B 1Σ+ r X 1Σ+ 2 +
1 REMPI spectra of CO. However, the ionization step can
further compromise the resolution if the departing electron
carries a substantial amount of energy. This is the case in the
case of chosen REMPI detection scheme of CO, where the
electron departs with the excess energy of more than 2 eV,
resulting in 17 m/s of ion recoil velocity for the CO+ ion. For
the CO generated by the 230 nm photolysis of OCS this leads
to 5 × 10-3 cm-1 spectral line width. Other factors such as
molecular beam conditions and detector resolution will eventu-
ally need to be considered in the quest for the ultimate resolution
with the proposed Doppler-fee approach.

IV. Conclusions

We have demonstrated a simple way to obtain Doppler-free
REMPI spectra with just one laser beam in a velocity map
imaging system. The new approach is particularly suitable for
the spectroscopic studies and state distribution analysis of
reaction products with large translational energies.
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