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Abstract

We report the observation of the vibrational dependence of dissociative charge transfer (DCT), Na2(X
1Sg

1, v0) 1 Na**( nl )
3 Na2 1 Na 1 Na1, in a single Na/Na2 supersonic beam at low intrabeam collision energies (1.6 meV) using the STIRAP
technique for selective vibrational excitation of Na2 in the electronic ground state and time-of-flight mass analysis of the ions.
The efficiency of this process increases by about an order of magnitude in the range 13# v0 # 22. Some perspectives are
discussed regarding the implementation of a field-free ion-imaging technique for the detection of ions that will allow the direct
determination of the kinetic energy distributions of product negative ions and thus distinguish among different possible
mechanisms of the DCT process. The first results of test experiments on imaging of photodissociation products of Na2(v0)
without an extraction field are presented, confirming the potential of the new detection concept. (Int J Mass Spectrom 205
(2001) 233–242) © 2001 Elsevier Science B.V.
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1. Introduction

Collisions of low-energy electrons with molecules
have long been recognized as important elementary
processes in plasmas [1]. Over decades, electron
scattering experiments have been performed on vari-
ous targets with ever-increasing electron energy res-
olution, recently down to themeV range ([2,3] and
references therein). The use of Rydberg atoms offers
an alternative possibility to study low-energy electron

scattering. In processes involving collisions with Ryd-
berg atoms with high principal quantum numbersn,
the large separation of the electron from the ion core
allows one to treat the Rydberg electron as a nearly
free particle. Detailed studies showed that forl ,, n,
formation of negative ionic fragments by charge
transfer from Rydberg states is very similar to the
process of attachment of free electrons with the mean
kinetic energy equal to a fraction (1/3–1/6) of their
binding energy [4].

Dissociative attachment of free low-energy elec-
trons to Na2 molecules in the electronic ground state
is known to depend not only on the electron energy
but also on the vibrational level of the molecule [5–7].
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This dependence is ascribed to the formation of Na2
2

in the repulsiveA2Sg
1 state with vibrational level–

dependent coupling to the Na2 ground electronic
X1Sg

1 state, followed either by the emission of the
electron or by the fragmentation

Na2~X
1Sg

1, v0! 1 e3 Na2
2~ A2Sg

1!3

HNa2~X
1Sg

1, v*)1e, (1a)

Na2 1 Na, (1b)

with the branching ratio between the channels
strongly dependent on v0. One might also expect
similar dependence on the vibrational level when the
free electrons are replaced by weakly bound Rydberg
electrons of Na**(nl ) atoms. However, additional
energy will be needed to ionize the Rydberg atom and
to remove the negative ion from the ionic core of the
atom.1 Dissociative charge transfer (DCT) processes
involving various molecular and cluster targets have
been studied by several groups ([2,4,8–14] and refer-
ences therein). To the best of our knowledge, no
previous observation of the vibrational dependence of
DCT has been reported in the literature.

The DCT process can proceed via two different
mechanisms:

Na2~X
1Sg

1, v0) 1 Na** ~nl !3

HNa2
2~ A2Sg

1! 1 Na13 Na2 1 Na 1 Na1, (2a)

Na*3*3 Na2 1 Na 1 Na1. (2b)

Mechanism (2a) is the above-mentioned attachment
of the weakly bound Rydberg electron. The electron is
considered to be quasi-free, with the kinetic energy
equal to its classical kinetic energy in the Rydberg
orbit [2,4]. The electron attaches through vibrational
level–dependent coupling to Na2 in the X1Sg

1, v0
state to form a temporary negative Na2

2 ion in the
dissociativeA2Sg

1 state. Formation of such a tempo-

rary negative ion state, also called resonance, in
collisions with electrons is well known and described
in detail in, for example, [21–23]. The newly formed
Na2

2 resonance may decay by electron emission yield-
ing a neutral Na2 molecule in a vibrationally excited
state. If, however, the Na2

2 internuclear distance
increases beyond the crossing point of the neutral and
the resonance curves (see Fig. 1) before the electron is
emitted, the dissociation of the molecular ion into
stable Na2 1 Na products is irreversible. A fraction
of the Na2 kinetic energy is needed to overcome the
Coulomb potential caused by the adjacent Rydberg
core ion. The process may, however, be complicated
by its three-body nature and the transient formation of
a highly excited Na*3* collision complex [mechanism
(2b)]. The relevance of a Na*3* complex in such a
collision process is evidenced by the recent observa-
tions of the vibrational level dependence of the
formation of Na3

1 ions in associative ionization of
excited sodium atoms and dimers [24,25].

In this study, we are concerned with the formation

1 Besides the ionization at the expense of the kinetic energy, the
Rydberg electrons can be removed from the core through rotational
[15–18] or vibrational [19] energy transfer or at the expense of
electron affinity to the target molecules ([2,20] and references
therein). The latter process leads to the formation of negatively
charged atomic or molecular fragments.

Fig. 1. Na2(X
1Sg

1) and Na2
2( A2Sg

1) potential curves in the vicinity
of the crossing point (adopted from [7]). The maximum of the broad
barrier in the A2Sg

1 state is 38.5 meV above the Na2 1 Na
asymptote, and 8.2 meV above the level v0 5 12, J0 5 9 of the
X1Sg

1 state [7]. The vibrational levels of theX1Sg
1 state are

correspondingly marked in the potential.
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of negative ions in Na2(X
1Sg

1, v0) 1 Na**( nl ) col-
lisions, in particular with the effect of vibrational
excitation of Na2 on the efficiency of negative ion
formation. At present we cannot distinguish among
the mechanisms (2a) and (2b). However, we present
relevant data and discuss (in Section 4) the perspec-
tive of a future experiment, which will allow the
determination of the kinetic energy distributions of
the product ions. On the basis of such data we should
be in a position to gain more detailed insight into the
process. We also show results of first test experiments
using that technique for a preliminary study of the
photodissociation of Na2(v0).

2. The experiment

2.1. The supersonic beam setup

The experiment was performed with a single su-
personic beam setup (see Fig. 2). We used a vacuum
system with three differentially pumped chambers
containing a supersonic beam source, a region for
vibrational preparation of the molecules, and a reac-
tion region with a time-of-flight mass analyzer, re-
spectively.

The sodium beam source is operated at a temper-
ature of 900 K. After expansion through a 0.4-mm-
diameter nozzle, the temperature of which is held 50
K above the oven temperature, the beam is collimated

by two skimmers (2 and 1.5 mm in diameter) 2 and 8
cm downstream from the nozzle opening and an
entrance opening of the reaction region (3 mm in
diameter) 18 cm downstream from the nozzle.

Under the present conditions, the densities of
atoms and dimers in the reaction region are 23 1011

cm23 and 23 1010 cm23, respectively. The follow-
ing parameters of the beam were measured using
laser-induced fluorescence and Doppler-shift tech-
niques [26,27]. We found that 99% of the molecules
are in the lowest vibrational level v0 5 0, with a
maximum of the population distribution over rota-
tional levels at J0 5 7. The mean particle velocity in
the beam is 1340 m/s. The half widths at 1/e of the
velocity distribution of atoms and molecules were
determined asaA 5 150 m/s andaM 5 130 m/s,
respectively. This yields the mean molecule-atom
collision energyE# MA 5 1

4
m(aA

2 1 aM
2 ) 5 1.6 meV

[28], wherem denotes the reduced mass.

2.2. Optical preparation of collision partners

Five laser beams cross the particle beam perpen-
dicular to its axis (Fig. 2). The atoms in Rydberg
levelsns, nd are excited in two steps in the reaction
region. In the first step, a single-mode cw dye laser
(CR-699-21, 1 MHz linewidth, Rh6G dye) radiation
drives the 3s1/ 23 3p3/ 2 transition (see Fig. 3a).To
reduce the problem of optical pumping of atoms to the
F0 5 1 level of the electronic ground state, the laser
frequency is tuned to the F0 5 23 F9 5 3 transition.
Excitation and emission thus occur in a (nearly)
closed two-level system, as spontaneous decay on the
F9 5 33 F0 5 1 transition is forbidden. The neigh-
boring hyperfine levels F9 5 1, 2 in the 3p3/ 2 state
are only weakly excited through the wings of their
absorption profiles. Weak optical pumping results
from this excitation. It does not, however, influence
the measured relative ion signal intensities, as the
laser power was kept constant during the experiments.
The second excitation step to Rydberg levels is
achieved by means of the frequency-doubled radiation
of a mode-locked Titanium: Sapphire laser (Coherent
MIRA-900-P, 76 MHz rep. rate, pulse widtht ; 3
ps).

Fig. 2. Schematic arrangement of particle and laser beams. Excita-
tion lasers 1 and 2 excite Rydberg atoms in the reaction region. The
pump and Stokes lasers are used to implement STIRAP for the
vibrational excitation of the dimers. The probe laser detects the
vibrational excitation of the Na2 molecules.
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The 3s3 3p excitation laser is switched on for 1
ms by means of an acousto-optical modulator at a
repetition rate of 100 kHz. After the excitation pulse,
the reaction is allowed to proceed for 0.2ms, after
which a 1-ms-long 100 V/cm electric field pulse is
applied that extracts the ions from the reaction region
into the mass analyzer.

As the purpose of this work is to investigate the
dependence of the efficiency of DCT on the vibra-
tional excitation of the dimers, selective transfer of
dimers to single vibrational levels of the electronic
ground state is crucial. Such excitation is efficiently
achieved by means of the stimulated Raman adiabatic
passage (STIRAP) technique [29,30], which differs
from the method of stimulated emission pumping
[31,32]. In STIRAP a Stokes laser field (CR-899-Ti:
Sa, 1 MHz line width) couples an intermediate (v9,
10) level in theA1Su

1 state with the final (v0f, 9) level
in the electronic ground state before a pump laser field

(CR-699-21, DCM dye, 1 MHz linewidth) couples the
initial (0, 9) with the intermediate state (see Fig. 3b).
The Stokes and pump laser beams cross the molecular
beam at right angles. To ensure the correct sequence
of laser pulses, the Stokes laser beam axis crosses the
particle beam slightly upstream from the pump laser
beam (see Figs. 2, 3b). Both laser frequencies are
detuned off resonance from the respective one-photon
molecular transitions by an equal amount of 100
MHz, maintaining the two-photon resonance for the
transition (v0 5 0, J0 5 93 v9, J9 5 103 v0f, J0f 5
9). The vibrational excitation is monitored by mea-
suring the fluorescence signal induced by a probe
laser on theA1Su

1(v9pr, 10)4 X1Sg
1(v0f, 9) transition

downstream from the reaction region.

3. Results and discussion

Figure 4 shows the experimental Na2 ion signals
due to DCT as a function of the binding energyE(nl )
of the Rydberg electron and for the selectively excited
vibrational levels v0f 5 13, 14 and 22 of Na2. The
Na2 signals are normalized to the photon flux of the
3p 3 nl excitation laser. The 3s 3 3p excitation
was kept constant during the measurements. The
signal in the range27.6 meV# E(nl ) # 0 meV is
not analyzed here because of an ill-defined contribu-
tion caused by electrons ionized out of high Rydberg
states by the extraction pulse. For the given extraction
voltage (100 V/cm), field ionization of Na**(nl ) is
possible for binding energiesuE(nl )u # 7.6 meV
[33]. For levels with a binding energy ofuE(nl )u .
7.6 meV, the vibrational level dependence of DCT is
reliably monitored.

We address one more feature seen in Fig. 4a–c. In
all three figures, a marked peak is observed in the Na2

signal for high Rydberg levels close to the Na
ionization threshold. We relate it to field ionization of
Rydberg atoms by the extraction pulse. The field
ionization of atoms in high-lying Rydberg levels
creates free electrons. These electrons can dissocia-
tively attach to the Na2(v0) for all three vibrational
levels considered here, thus yielding Na2 ions in
addition to those caused by the DCT process. The

Fig. 3. (a) Excitation scheme of Rydberg atoms. Na atoms are
excited from the F0 5 2 hyperfine sublevel of the ground 32s1/ 2

state predominantly to the F9 5 3 sublevel of the 32p3/ 2 state. The
second laser excites atoms from 3p3/ 2 to Rydbergns, nd states. (b)
Schematic presentation of STIRAP technique. A Stokes laser field
(S) couples the intermediate state v9 with the chosen final state v0f
before interaction of the molecules with the pump laser field (P).
The correct sequence of laser pulses is adjusted by a proper shiftD
of the axis of the S and P laser beams. The efficiency of STIRAP
is determined from the fluorescence signal induced by the probe
laser (Probe).
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Na2 signal in the region of positive electron energies
is caused by the process (1b) of dissociative attach-
ment (DA) of free photoelectrons to the dimers, which
is studied in detail in [6,7].

Negative ions were only observed when the atoms
were excited to the Rydberg state and, at the same
time, the molecules excited to v0 $ 13. As vibrational
excitation of the molecules is essential for Na2

formation, we can rule out atomic pair transformation
in Na(3s, 3p, or nl ) 1 Na**( nl ) collisions as a main
source of atomic negative ions. At first glance, this
conclusion seems to contradict the observations by
Ciocca et al. [34], who observed the formation of Na2

for n $ 20 in thermal collisions involving two
Rydberg Na**(nl ) atoms. They concluded that the
negative ions result from the ion pair formation
process Na**1 Na** 3 Na1 1 Na2, which is exo-
thermic by.5 eV. At low n $ 7, a linear dependence
of the Na2 signal on the density of Na**(nl ) was
observed and Na(3s) 1 Na**( ns, nd) collisions
were put forward as a source of negative ions. This
interpretation ought to be reconsidered for the follow-
ing reasons. Various experimental and theoretical
studies of atomic ion pair formation have shown that
this kind of process exhibits a resonant behavior for a
total energy near or below the asymptotic energy of
the ion pair state [35–37]. At large excess energies the
process is not expected to proceed with a notable
efficiency. The strong long-range attraction of the ion
pair state prevents a curve crossing with covalent
states, except possibly for small internuclear distances
near the turning point of the radial motion. This is true
because asymptotically the ion pair state lies.5 eV
below the covalent ones in the case of Na**1 Na**
collisions and.0.25 eV in the case of Na(3s) 1
Na**( nl ). In addition, studies of associative ioniza-
tion in Na(3s) 1 Na**( np) collisions [38,39]
(where, in contrast to [34] no intermediate 3p state
was involved in the excitation of Rydberg levels)
revealed no evidence of Na1 ions at lown. This latter
observation confirms that ion pair formation processes
are unlikely to make a significant contribution. In-
deed, our results suggest a different explanation of the
observations reported in [34]. Their experiment was
performed in sodium vapor; hence, vibrationally ex-
cited sodium dimers were present, with densities of
106–107 cm23 in the levels v0 $ 13. Furthermore,
mutual collisions of Rydberg atoms lead to efficient
Penning ionization with cross sections exceeding the

Fig. 4. Na2 ion signal caused by DCT as a function of binding
energy of the Rydberg electron for three vibrational levels of Na2:
(a) v0 5 13, (b) v0 5 14, and (c) v0 5 22. Positive binding
energies correspond to the attachment of low-energy photoelectrons
to Na2(v0). Eth andEth

compl denote the limiting binding energies of
Rydberg electron for which the DCT is still possible according to
quasi-free electron and Na*3* complex models, respectively (for
v0 5 22, Eth 5 101 meV lies outside the scale of the figure). The
shaded area of widthDF marks the lowering of Na ionization
potential by the extraction field pulse.
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respective geometric ones [40,41]. Associative and
Penning ionization in Na(3s, 3p, or nl ) 1 Na**( nl )
collisions also contribute to the free-electron produc-
tion. The free electrons produced by Penning and
associative ionization can interact efficiently with
vibrationally excited dimers in the vapor, leading to
the formation of Na2 through the DA process (1b). In
addition, the Na2 ions can also be produced directly
in collisions of Rydberg atoms with vibrationally
excited dimers in the DCT process (2a) and (2b).

The large difference in the absolute Na2 signals in
Fig. 4 resulting from DCT on one hand or from the
attachment of free electrons on the other hand does
not reflect a corresponding difference in rate coeffi-
cients. Rather it results from the much higher density
of Rydberg atoms as compared to the density of free
electrons. Photoelectrons leave the beam quickly,
whereas long-lived Rydberg atoms travel in the beam
along with vibrationally excited molecules. They may
react for as long as 1.2ms for the period between the
beginning of the laser excitation and the electric field
extraction pulse.

It is important to note that excitation of Na2 to
v0 5 12 yields very weak Na2 signals as compared to
excitation of v0 5 13, 14, or 22. This can be under-
stood from Fig. 1. The Na2

2 resonanceA2Sg
1 curve

crosses the Na2 X1Sg
1 curve slightly above v0 5 12 at

Rc 5 0.38 nm.Furthermore, a broad maximum in
the A2Sg

1 curve around R' 0.5 nm rises 8.2 meV
above the level v0 5 12, J0 5 9 populated in the
experiment and hinders the dissociation [7]. The
levels v0 $ 13 are above the barrier of theA2Sg

1

curve, so that all molecules are able to dissociate to
Na2 1 Na.

Another important feature is the increase of ion-
ization efficiency for lower Rydberg levels as the
vibrational excitation is increased from v0 5 13 to 22.
The higher the vibrational excitation of the dimer, the
more strongly bound Rydberg levels participate in the
DCT. The shaded band in Fig. 4a and 4b corresponds
to the limiting value of binding energyEth, for which
the DCT is still possible according to the quasi-free
electron model (in Fig. 4c it is equal to 101 meV and
lies outside the range of the figure). For high enough
vibrational excitation, the dissociation of Na2

2 is much

faster than the motion of Na2
2 in the Coulomb

potential of the core ion. The threshold energy can be
estimated from asymptotic energy considerations, as-
suming that energy released during the dissociation of
Na2

2 is transferred equally to the translational energy
of both dissociation products Na2 and Na, whereby
Na2 has to overcome the Coulomb potential of the
Na1 core of the ionized Rydberg atom2

Ekin(Na2) 5
1
2

~E~v0! 2 De 1 EEA! 2 uE~nl !u. (3)

Here,Ekin(Na2) is the kinetic energy of the released
Na2 ions, E(v0) denotes the energy of vibrational
excitation of the sodium dimer,De is the dissociation
energy of theX1Sg

1 state, andEEA is the electron
affinity of the Na atom. Setting in Eq. (3)
Ekin(Na2) 5 0, we obtain for the threshold binding
energy

Eth 5
1
2

~E~v0! 2 De 1 EEA!. (4)

Only Rydberg electrons with a binding energies
uE(nl )u , Eth 1 DF can participate in the DCT. The
uncertaintyDF of Eth caused by lowering of the Na
ionization potential by the 100 V/cm extraction pulse
is 7.6 meV.

The observations are, however, not fully consistent
with the quasi-free electron model. A rapid decrease
in the Na2 signal at binding energiesuE(nl )u # 20
meV for v0 5 13 as compared to plateau seen in the
case of v0 5 14 may be an indication of the three-
body nature of the DCT process. The v0 5 13 level
lies just above the barrier of the Na2

2( A2Sg
1) state.

The dissociation for this level will proceed signifi-
cantly slower than for v0 . 13. The interaction with
the core ion is more likely to be important and may

2 Strictly speaking, one has to account for the influence of the
Na1 core ion on the dissociation process of the Na2

2 ion. The Na2
2

ion can be accelerated or decelerated by the Coulomb potential of
the core ion before and during the dissociation. The neutral Na
product experiences the ionic core only through the much weaker
(short-range) polarization potential. The kinetic energy of the Na2

ion required to escape from the Na1 core depends on the Na2-Na1

distance at the moment of dissociation. An estimate shows that the
related uncertainty of the total required energy does not exceed a
few meV. Therefore, we disregard the Coulomb interaction in Eq.
(3).
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lead to, for example, neutralization of the Na2-Na1

pair and, thus, to a reduced efficiency of the ioniza-
tion.

A Na2 signal is also observed for Rydberg levels
below the threshold energyEth (Fig. 4a, b). Since we
did not observe any noticeable Na2 signal caused by
excitation of Rydberg atoms only, vibrationally ex-
cited molecules are involved in the formation of Na2

also in this case. Equation (4) is not valid for the other
possible mechanism (2b) of the DCT process, which
assumes the formation of a highly excited autoioniz-
ing Na*3* complex. That complex can dissociate into
Na2 1 Na 1 Na1 through nonadiabatic coupling
between the covalent and ionic potential energy sur-
faces correlating with the Na2(X

1Sg
1, v0) 1 Na**( n,

l ) and Na2 1 Na 1 Na1 states, respectively. (Dis-
sociation of the Na*3* complex into Na2

1 1 Na2 is
energetically also possible. However, because of the
large excess energy of 1 eV of this dissociation
channel, similar considerations as those presented
above for the case of the atomic ion pair formation
also apply here, and the channel is expected to be
inefficient.) Instead of condition (4), the asymptotic
threshold energy in the case of the Na*3* complex is
given by

Eth
compl5 E~v0! 2 De 1 EEA. (5)

The relationuE(nl )u # Eth
compl is valid for low enough

nl levels to explain the observations. Unfortunately
there is not sufficient information available on the
potential surfaces of Na*3* correlating with
Na2(X

1Sg
1, v0) 1 Na**( nl ) and Na2 1 Na 1 Na1

to allow unambiguous conclusions about further de-
tails of the process.

In summary, the data of Fig. 4 provide evidence
that Na2 formation in the DCT process does not
exclusively proceed via mechanism (2a), which can
be treated by the quasi-free electron model. We do
observe Na2 formation by DCT also for Rydberg
levels that are sufficiently strongly bound to prohibit
DCT according to Eq. (4a). Unambigious identifica-
tion of the reaction mechanism may be based on the
energy analysis of the Na2 fragments. Such energy
analysis is, however, not possible with the time-of-

flight setup used here. It will be possible with the
scheme, discussed in the next section.

4. Novel field-free detection technique to study
DCT

4.1. The principle and setup

We distinguish among the Na2 ions produced
through process (2a) and (2b). From the above dis-
cussion it is clear that, according to the quasi-free
electron model, the Na2 products will have (except
for small corrections because of Coulomb interaction
in the exit channel) a well-defined kinetic energy,
determined by Eq. (3). In the case of Na*3* complex
formation, the transitions from the covalent to the
ionic surface will take place at smaller internuclear
distances, resulting in stronger Coulomb attractions
compared with the quasi-free electron model. There-
fore one would expect for mechanism (2b) lower
kinetic energies and broader energy distributions of
Na2.

The new detection technique allows kinetic energy
resolution of the ions. In addition, it results in a
simplification of the experiment, as the STIRAP
method for vibrational excitation of dimers can be
replaced by the relatively simple Franck-Condon
pumping (FCP) technique [32,42] that creates a dis-
tribution over vibrational levels in the electronic
ground state. The ion signals caused by different v0
levels could be resolved as the kinetic energies of the
ions will depend on v0. Furthermore, the technique
does not require extraction fields in the collision
region. Therefore, field ionization is avoided.

The idea is to use a modified version of the
ion-imaging technique. The DCT process takes place
at timet0 in a small reaction volume located atzWr on
the beam axis within a field free area (see Fig. 5). The
velocity vW ion of the product ions isvW ion 5 vWbeam1
vWDCT(v0), where vWbeam is the flow velocity of the
particles in the beam andvWDCT(v0) the additional
velocity gained in the DCT process.

The tip of the velocity vectors of the particles form
a sphere (the so-called Newton sphere), the centerxWc
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of which propagates along the particle beam axis
according toxWc 5 zWr 1 vWbeam(t 2 t0), while the ra-
dius RN of the sphere expands asRN 5 uvWDCTu(t 2
t0). As soon as the ions have passed through the mesh
(see Fig. 5) that separates the field-free region from
the acceleration region, they are accelerated toward
the position-sensitive detector (PSD). Usually, the
detector is not gated (as no information on the arrival
times is needed). Therefore, the sphere is projected
onto the surface of the detector and yields two-
dimensional (time-averaged) images of the spatial
distribution of the ions in the vicinity of the mesh.
Provided the distribution has axial symmetry, the
three-dimensional information can be reconstructed
[43,44] from this distribution.

The reaction chamber (not shown in Fig. 5) is
formed by metallic plates with small openings for the
lasers and a collimating 1.5-mm-diameter opening for
the particle beam. The mesh separates the field-free
reaction zone from ion optics that focuses the ions
onto PSD (microchannel plates in Chevron arrange-
ment followed by phosphor screen and CCD camera).
The center of the PSD is displaced from the particle
beamaxis to prevent particles from the beam hitting the
detector. The ions are accordingly displaced by a homo-
geneous electric field of a dodecapole image shifter (see
[45,46] regarding application of multipole deflectors).

As both the vibrationally excited molecules and

Rydberg atoms are in long-lived states, the reaction
region is not restricted to the location where Rydberg
atoms are excited but extends initially several centi-
meters downstream from the excitation site. We limit
the reaction region by a mechanical 3-mm in diameter
beam-blocker 20 mm downstream from the Rydberg
excitation site. The distance between the blocker and
excitation region was chosen to be large enough to
allow the ions with low enough energies (down to 1.2
meV) to separate from the particle beam and pass the
blocker into the ion optics. Such an extended reaction
region results in a lowered energy resolution of the
imaging (worse than the required#10 meV, which is
about a half of vibrational level spacing of Na2) if the
system is operated in the space-mapping mode. The
required resolution can be realized in the so-called
velocity-mapping technique proposed in [47]. Ac-
cording to this technique, the potentials of the elec-
trostatic lenses of ion optics are adjusted in such a
way that ions with the same velocity component
vDCT,' perpendicular to the beam axis are focused to
a point on a ring with radiusr (vDCT,') at the PSD
regardless of the positionszWR where they are born.

4.2. Test using photodissociation of Na2(v0)

Here we report results from first successful test of
the setup using photodissociation of vibrationally

Fig. 5. Experimental setup for ion imaging without an extraction field. Compared to Fig. 2, the probe laser is moved upstream from the reaction
region. Its operation is synchronized with the ion detection so that ions are registered when the probe laser is shut off. The beam blocker stops
the beam and limits mechanically the reaction region before the entrance mesh of the ion optics. The electrostatic dodecapole image shifter
displaces the ions focused by the ion optics onto the PSD.
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excited Na2, a process that also yields atoms with
well-defined kinetic energy. In these experiments, the
pump laser vibrationally excites Na2 to levels v0 $ 10
in the electronic ground state by means of the FCP
technique through theA1Su

1 state. The molecules in
those vibrationally excited states are further photodis-
sociated by the 457.9-nm Ar1 laser line (excitation
laser 1) through theB1Pu state [48]:

Na2~X
1Sg

1, v0! 1 hvAr13Na*2~B
1Pu!3 Na~3p3/2!

1 Na~3s1/2! 1 DE~v0! (6)

TheB1Pu state exhibits at large internuclear distances
a potential barrier of 46 meV relative to the 3p3/ 2 1
3s1/ 2 asymptote [49]. The dissociation yields
Na(3p3/ 2) and Na(3s1/ 2) atoms with well-defined
kinetic energies, dependent on the vibrational level v0
of the molecule. Because of the barrier, we do not
expect kinetic energies of the dissociation products
,23 meV. The Na(3p3/ 2) atoms are photoionized
with the excitation laser 2 and detected with the
ion-imaging detector. The polarity of the voltages has
been changed for the detection of positive (rather than
negative) ions. As the initial molecular population is
distributed over levels v0, a distribution of kinetic
energies is expected.

Figure 6 shows the two-dimensional velocity im-
ages of photodissociated Na(3p3/ 2) products for two
different intermediate levels v9 5 1 (Fig. 6a) and
v9 5 5 (Fig. 6b) in theA1Su

1 state used for FCP.
When v9 5 1 is used, levels up to v0 5 15 are
populated by spontaneous emission, while we have v0
# 21 for v9 5 5. No signal is observed in the central
part (corresponding to small kinetic energies) because
the potential barrier of theB1Pu state limits the
smallest possible kinetic energy. Only a small fraction
of that part is inaccessible to particles because of the
finite size of the beam blocker. The first level that can
be excited with 457.9-nm photons to energies above
the barrier is v0 5 10. For that level the kinetic
energy of the Na(3p3/ 2) products is 30 meV. The
larger size of the image in case of v9 5 5 corresponds
to the larger range of kinetic energies of the dissoci-
ation products. The contribution from individual vi-
brational levels of the dissociating molecules is not

yet resolved. Therefore, we cannot draw further quan-
titative conclusions, as the photodissociation cross
sections for individual v0 levels are not known. The
resolution of the imaging detector depends sensitively
on the adjustment of the voltages applied to ion optics
and any stray electric fields that are present in the
reaction chamber. Simulation studies taking into ac-
count the finite size of the reaction region and
distortions of the electric field close to the surface of
the mesh show that an energy resolution of an order of
few meV can be achieved.

In conclusion, the efficiency of dissociative charge
transfer in collisions of vibrationally excited Na2(v0)
molecules with Na**(nl ) Rydberg atoms depends on
the level v0. Two mechanisms—the quasi-free elec-
tron and three-atomic collision complex models—

Fig. 6. Two-dimensional images of the photoionised Na(3p3/ 2)
products of photodisociation of Na2(v0) as obtained by imaging in
the velocity-mapping mode. Na2(v0) are vibrationally excited by (a)
FCP throughA1Su

1(1, 10) and (b) FCP throughA1Su
1(5, 10). The

corresponding intensity profiles for cuts through the center of both
images are shown in (c).
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need to be invoked to rationalize the observations. A
novel field-free ion imaging setup for the measure-
ment of the kinetic energy distributions of product
ions is described. The first test experiments show that
different kinetic energy distributions of the ions can
indeed be distinguished. Work is in progress to
improve the energy resolution and to calibrate the
setup using photodissociation of vibrationally excited
Na2.
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