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Abstract

We demonstrate for the first time that stimulated Raman pumping (SRP) can be used to vibrationally excite gas-phase
negative ions. Results are presented for CJ, in which stimulated Raman pumping excites a rotationally resolved transition
between the ¢ = 0 and v = | levels of the ground ZEE* state; this excitation is monitored by resonant two-photon detachment
through the excited B 22: state. At least 35% conversion to the ¢ = | level was achieved in this study. It is expected that
this method is quite generally applicable and will provide an excellent tool for the study of the vibrational spectroscopy of

negative ions.

1. Introduction

The vibrational spectroscopy of gas phase anions
remains largely unexplored. In most experimental
environments, the anion density is quite low, so one
requires an extremely sensilive spectroscopic tech-
nique to study these species. Velocity-modulated
infrared absorption spectroscopy [1], which has
proved so useful in studying positive ions, has been
applied successfully to only a handful of negative
ions [2-5]. A very different method, vibrational au-
todetachment spectroscopy, was used to obtain high
resolution infrared spectra of mass-selected ion beams
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of NH™ [6] and HNO™ [7]. This technique can
detect much lower ion densities than velocity-mod-
ulated absorption, and it has the advantage of mass-
selectivity, but it relies on excitation to a vibra-
tionally excited state above the detachment threshold
and is therefore only applicable to a very limited
number of systems. Vibrational frequencies of nega-
tive ions can also be obtained through hot-band and
sequence-band transitions in various electronic spec-
troscopy experiments, such as electronic autodetach-
ment spectroscopy [8], anion zero electron Kinetic
energy spectroscopy [9,10], and, at considerably
lower resolution, anion photoelectron spectroscopy
[11]. However, one is usually limited to the observa-
tion of a few low-frequency modes in these studies.
It is clearly of interest to develop an experimental
method which combines generality with high sensi-
tivity, good resolution, and mass selectivity. Stimu-
lated Raman pumping combined with photodetach-
ment offers considerable promise as such a tech-
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nique. In this Letter, we present the first application
of stimulated Raman pumping (SRP) to the vibra-
tional spectroscopy of negative ions.

In a SRP experiment, vibrational excitation of a
molecular species is achieved through interaction
with two laser beams at frequencies w, and w,,
where w, — w, is equal to a vibrational transition of
the molecule [12]. Esherick and co-workers [13,14]
were the first to demonstrate that SRP, when com-
bined with resonantly enhanced multiphoton ioniza-
tion (REMPI), was sufficiently sensitive to generate
and detect vibrational excitation of neutral molecules
in a molecular beam. More recently, Felker and
co-workers [15] have used this combination of meth-
ods with considerable success in studying the vibra-
tional spectroscopy of van der Waals clusters in a
beam.

These experiments suggest the possibility of com-
bining SRP with photodetachment as a means of
studying negative ions. However, negative ions are
usually found in very low concentrations, typically
10*~10° cm™* in a pulsed, mass-selected ion beam.
This is several orders of magnitude less than the
concentration of van der Waals clusters usually
achieved in a molecular beam, raising the question of
whether or not sufficient population transfer can be
induced in a negative ion beam by SRP to be observ-
able. Recently, Kristensen et al. [16] have used pho-
todetachment to detect stimulated Raman pumping
of an electronic transition in the Te™ anion, suggest-
ing that the analogous vibrational excitation experi-
ment might indeed be feasible.

In this Letter, SRP of the C; anion is demon-
strated. The SRP process is monitored by resonant
two-photon detachment (R2PD), the negative ion
analog of REMPI. Fig. | schematically shows the
energy levels and laser pulses involved in the pump
and probe process. Stimulated Raman pumping is
achieved by a pair of laser pulses overlapping in
time and space, indicated by w, (pump pulse) and
w, (Stokes pulse). The ions are then selectively
photodetached via R2PD by the probe pulse, w;.
The experiment can be carried out in either a deple-
tion or gain mode. The electron depletion experiment
is illustrated in Fig. 1. Here, the R2PD probe laser is
tuned to a transition from the ¢ =0 level of the
anion. A depletion of v = 0 population, and hence
electron signal, will be observed when the energy
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Fig. 1. Energy level diagram illustrating the excitation and detec-
tion scheme used in the present experiments. The pump w, and
Stokes w, pulses drive the stimulated Raman transition. The
probe pulse w, monitors the population in v =0 via resonantly
enhanced two photon detachment (R2PD).

difference between the pump and Stokes beam is
resonant with the v =0 - v =1 transition. In the
analogous gain experiment (not shown), the probe
laser is tuned to a transition originating from the
v =1 level of the anion, monitoring an increase in
detachment from this level as the energy difference
in pump and Stokes beam becomes resonant. As our
ions are initially in their vibrational ground state, the
gain experiment is a background-free technique.

We have selected C; as a test system for various
reasons. In the first place, C; has a large Raman
cross section. We have performed ab initio calcula-
tions using the GAUSSIAN 92 package which indi-
cate that the C; Raman cross section is more than
one order of magnitude more intense than that of the
3074 cm™' mode of benzene; the latter is a strong
Raman transition [17] which was exploited by Felker
et al. {15] in their cluster studies. Moreover, C; has
an electronically excited state, the B 27 state, be-
low the detachment threshold which can be optically
excited from the ground X 22; state. This allows us
to use R2PD as a probe of the population, directly
analogous to the REMPI detected SRP technique
which has been so successful for neutral species. The
C; B?S; « X’3} band system was first ob-
served by Herzberg and Lagerqvist [18], and their
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assignment was later confirmed by Lineberger and
Patterson [19] in a R2PD study of C;. Thanks to
these studies, the vibrational and rotational constants
of C; are sufficiently well-characterized so that the
wavelengths necessary for SRP and R2PD are accu-
rately known.

2. Experimental

The experimental set up has been described else-
where [20], with the exception of the laser system
used for the SRP process. The apparatus was orgi-
nally designed for anion zero electron kinetic energy
spectroscopy, but it can also be used to measure total
photodetachment cross sections. The apparatus is
used in this latter mode for the work described here.

Briefly, a cold beam of C; ions is generated by
expanding a pulsed supersonic expansion of a gas
mixture (5% C,H,, 3% CO,, 92% He) through a
pulsed electrical discharge [21]. The negative ions
are accelerated to 1 keV and mass selected in a
time-of-flight mass spectrometer. The mass-selected
ion packet has a diameter of = | mm and is tempo-
rally focused to a pulse duration of =40 ns fwhm
at the point where it is crossed by the laser beams.
The resulting photoelectrons are extracted by a weak
(10 V/cm) field perpendicular to the ion beam
direction and are collected by a 40 mm diameter dual
microchannel plate detector. Gated detection insures
that only those electrons produced within a specific
35 ns wide time interval are accumulated.

The pump and Stokes beams for the SRP process
are provided by an injection-seeded YAG-pumped
dye laser system (Continuum Powerlite 9020, and
Continuum ND6000). The output of the YAG laser
is frequency doubled to 532 nm (7 ns pulse duration,
up to 900 mJ/pulse at 532 nm). A beam splitter
inside the dye laser splits off a fraction (= 20%) of
the 532 nm light, which is used as the pump beam in
the SRP experiment. The dye laser, operated using
rhodamine 610 dye, provides the tunable Stokes
beam (7 ns pulse duration, up to 300 mJ/pulse,
bandwidth 0.07 cm™'). As the pump and Stokes
beam originate from the same YAG pulse, temporal
overlap is achieved as long as the path lengths of the
two beams are equal. The beams are spatially over-
lapped by using a dichroic mirror and are loosely

focused inside the vacuum chamber to a beam waist
of =1 mm. The probe beam is provided by an
excimer pumped pulsed dye laser system (Lambda
Physik, 25 ns pulse duration, 1-25 mJ /pulse, band-
width =0.1 cm™'), which is counterpropagating
along the direction of the SRP beams. This dye laser
is operated using coumarin 540A. The wavelength of
both dye lasers was calibrated using an I, absorption
cell. Once this is done, the wavelength of the fre-
quency doubled output of the YAG laser is deter-
mined by coherent anti-Stokes Raman Scattering
(CARS) on atmospheric O, and N, [22].

Two types of experiment were performed. Firstly,
the R2PD resonances were located in one- and two-
color scans, in which the probe laser, w;, is scanned.
In the two-color scans either the pump or Stokes
beam was temporally overlapped with the probe
laser to enhance the electron signal. Secondly, we
performed SRP experiments, in which vibrational
excitation of the ions was monitored by R2PD. In
these experiments the spatially and temporally over-
lapped pump and Stokes pulses intersect the ion
packet. After a variable time delay (= 0-50 ns), the
negative ions are selectively photodetached by the
probe laser which is tuned to a resonance of interest.
The SRP spectrum is obtained by tuning the Stokes
laser and monitoring either gain or depletion of the
electron signal (see Fig. 1).

Temporal separation of the pump and probe laser
pulses serves to eliminate unwanted multiphoton
processes. As our ion packet is moving at 1 keV, the
temporal separation of the laser pulses implies that
the pulses have to be appropriately separated spa-
tially in order for the laser pulses to intersect the
same ion packet. The SRP signal was optimized by
carefully adjusting the firing times and spatial sepa-
ration of the pump and probe pulses.

3. Results and discussion

Fig. 2 shows the rotationally resolved two-color
R2PD spectrum for the B 3/(v=0)«X’3}
(v = 0) transition, This was obtained by scanning the
probe laser w, (1 mJ/pulse) which was temporally
overlapped with the pump beam at 532 nm
(60 mJ /pulse) while the Stokes beam was blocked.
In this spectrum, the B « X bound—bound transition
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is excited by w;, while both the weak pump pulse
and the more intense pump pulse detach the electron-
ically excited anions through a considerably weak-
er bound — free transition. The width of the lines
(=1 cm™" fwhm) exceeds that of the probe laser
bandwidth (= 0.1 cm™') due to a slight power
broadening of the B *S* *—XZE; transition. A
one-color R2PD spectrum can be obtained simply by
blocking the pump beam. This results in a substantial
drop in signal since the photodetachment transition is
not being pumped nearly as hard.

The assignment to the rotational transitions is
indicated in Fig. 2. Only P (AN= —1) and R
(AN = + 1) branches are observed, as expected for a
% -3 transition. Only even rotational levels are ob-
served due to nuclear spin statistics. The rotational
distribution is non-Boltzmann, as often is observed
in supersonic expansions. The best fit is obtained for
a temperature of = 80 K. No transitions originating
from vibrationally excited ions are observed, indicat-
ing that the ions are vibrationally cold.

Figs. 3a and 3b show stimulated Raman spectra in
the depletion and gain mode, respectively. In both
spectra, the probe pulse w, (1.8 m]/pulse) is de-
layed 40 ns with respect to the pump and Stokes
pulse pair, w, (60 mJ/pulse) and w, (40 mJ/pulse)
In Fig. 3a, the probe laser is tuned to the B 2 (v=
0)« X E (v=0) R(2) transition while w, is
scanned When w, — w, equals the energy of the
X~ 2 (v=1)« (¢ =0) Q2) Raman transition, the
v —0 N =2 population is depleted, leading to a
decrease in photodetachment via the probe pulse.
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Fig. 2. Resonant two photon detachment (R2PD) scan of the
C; X ZE; (v=0)—> B?3} (¢ = 0) transition. Assignment of the
rotational transitions is indicated in the figure.
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Fig. 3. (a) Electron depletion stimulated Raman spectrum of C5 .
The pump and probe pulses are separated by 40 ns. The x-axis
energy scale is obtained by subtracting the photon energy of the
Stokes laser from that of the pump laser. The probe laser is tuned
to the B S} (v —O)~— X 2 (v =0) R(2) transition. The dip
corresponds to the X E (v=1)« (v =0) Q2) Raman transi-
tion. (b) Electron gain stlmulated Raman spectrum of C; . The
pump and probe pulses are separated by 40 ns. The probe laser is
tuned to the B3} (v =1)« X 22;@ = 1) R(2) transition. The
peak corresponds to the same Raman transition in (a). (c) Electron
gain stimulated Raman spectrum of C; for temporally overlap-
ping pump and probe pulses. The probe laser is tuned to the
B’L) (v=1«X2E} (¢ =1) RQ) wansition. The peak corre-
sponds to the same Raman transition in (a).

The width of the resulting peak is 0.7 cm™' fwhm,
and the magnitude of the depletion is 35%. With this
degree of depletion, saturation effects leading to line
broadening might be expected. This is consistent
with the observed linewidth, which is significantly
wider than the convoluted linewidth of the SRP
pulses (= 0.1 cm™"),

In Fig. 3b, the grobe laser is fixed on the
B Si(v=1eX 2 (v =1 R(2) transition,
monitoring a gain in populauon ofthe v=1 N=2
level as w, is scanned. There is essenua]ly no signal
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unless @, — w, matches the ¢ =0 — 1 Q(2) Raman
transition in the X ZE;’ state, resulting in a sharp
peak on top of little background. Although the back-
ground-free aspect of the gain experiment is appeal-
ing, it is less generally useful than the depletion
experiment because one must know the vibrational
frequencies of the upper and lower electronic states
prior to the experiment in order to determine where
to set the probe laser for R2PD.

An alternative mode of performing the SRP ex-
periment is to fire all lasers simultaneously. The
advantage of this is that detachment can now occur
through two-color R2PD with the second photon
coming from the intense pump or Stokes pulse, so it
is more efficient than in the case of temporally
scparated pulses where only one-color R2PD can
occur. Fig. 3c shows the gain experiment for tempo-
rally overlapped laser pulses. The pump and Stokes
lasers are operating at 33 and 21 mJ/pulse, respec-
tively. The probe laser, tuned to the same resonance
as for the scan presented in Fig. 3b, is now operated
at 0.8 mJ/pulse. The signal-to-noise is noticeably
better than in Figs. 3a or 3b, even though all three
laser pulse energies are lower. The reduction of the
pump and Stokes pulse energies yields a narrower
peak, as well: 0.35 cm™' at fwhm.

For C;, the depletion experiment did not work
under conditions of temporally overlapped pulses.
The failure of the depletion experiment can be ratio-
nalized by assuming that the R2PD cross section is
greater than the SRP cross section, which is quite
reasonable since the R2PD process consists of two
sequential one-photon steps, while SRP is a true
two-photon process. In the depletion experiment, the
probe laser is tuned to a resonance originating from
X 22;(1} = 0), so R2PD quickly depletes the ground
state popuiation. With pump and probe pulses over-
lapping, the fast R2PD process will dominate and
little population is transferred to ¢ =1 by SRP, so
no electron depletion is observed. By temporally
delaying the probe laser, the SRP process can occur
without competing with the R2PD process. In the
gain experiment, the probe laser is tuned to a reso-
nance originating in X 22;(0 =1), a level which
has no initial population. In this case no detachment
occurs unless the SRP process takes place first.
Therefore, the SRP process can take place irrespec-
tive of the presence of the probe pulse.

In all modes of operation, only the Q-branch
(AN =0) Raman transition was observed experi-
ments. O (AN= —2) and S-branch (AN = +2)
transitions are also allowed, but the Q-branch transi-
tion is generally much more intense. The position of
the dip and peak (1757.8 + 0.3 cm ') are in excel-
lent agreement with the known vibrational and rota-
tional level spacing in the X ZEQ state {18,19].

4. Prospects for future work

Having demonstrated that vibrational SRP spec-
troscopy on a negative ion is feasible, we now
consider how general it might be. C; was particu-
larly attractive because of its large Raman cross
section and its optically accessible electronic state
below the detachment threshold, enabling us to probe
the SRP process via rotationally resolved R2PD. The
Raman cross-section is further enhanced by the fact
that the ‘virtual-state’ at 532 nm accessed in the
Raman process lies close to the optically allowed B
state (origin at 540 nm).

Unfortunately, most negative ions do not optically
accessible excited states below their detachment
threshold. However, there are certainly a number of
molecular and cluster anions with excited valence or
dipole-bound states which could be studied by the
method described in this Letter [8,23,24]. The larger
carbon cluster anions are of particular interest, since
very recent experiments in our group and by Maier
and co-workers {25] have shown that C;, C; and
C; have optically allowed electronic states below
the detachment threshold. On the other hand, the
large Raman cross section calculated for C; appears
to be a more general property of negative ions. We
have performed ab initio calculations using GAUSS-
IAN 92 which indicate that quite a few anions,
including the above mentioned carbon clusters, have
Raman cross sections of the same order of magni-
tude as C, .

One way to apply SRP to a larger number of
anions is to use a one-photon detachment rather than
R2PD as a probe of vibrational excitation. In this
detection scheme, the population in v =1 is moni-
tored by tuning the probe laser just short of the
detachment threshold, detecting only population in
vibrationally excited levels of the anion. This is
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analogous to the scheme used in the Raman-type
experiment on the Te anion [16]. As all ions are
initially in their vibrational ground state, this is a
background free technique. Such a scheme is ener-
getically feasible for most negative ions, since elec-
tron affinities are generally smaller than 5 eV. This
method of detection does require that the Franck-
Condon factor for the (¢ = 1) anion to (v = 0) neu-
tral transition is appreciable and that the detachment
cross section near threshold is reasonably large. The
latter requirement is met for s-wave photodetach-
ment [26]. These requirements are satisfied for a fair
number of anions, and we hope to implement this
detection scheme shortly.

The results presented in this paper show that SRP
can be used to vibrationally excite a large fractions
of population in a given vibration—rotation level. For
heavier molecules than C;, the rotational constant
will be smaller, leading to a closely spaced Q-branch,
allowing us to pump a sizable fraction of the total
anion population to a vibrationally excited state. This
provides us with the exciting prospect of studying
photoelectron spectroscopy of anions prepared in a
particular vibrationally excited state, with the ulti-
mate goal of extending our efforts to characterize the
transition state of neutral reactions. We have demon-
strated that a neutral transition state can be investi-
gated by photoelectron spectroscopy of a suitable
precursor anion [27]. Up until now, we have been
limited to studying the region of the potential energy
surface which has good Franck—Condon overlap with
the ground vibrational state of the anion. We can
explore a much larger region of the neutral potential
energy surface by vibrationally exciting the anions
prior to photodetachment. By exciting specific vibra-
tional modes of the anion we can probe different
regions of the potential energy surface in a system-
atic way. The experiments presented in this Letter
form an important step towards this goal.

5. Conclusions

We have demonstrated that one can study the
vibration—rotation spectroscopy of a negative ion,
C;. by exciting the ion with stimulated Raman
pumping and probing the excitation with resonant
two-photon detachment. The stimulated Raman

pumping was shown to be very efficient even with
relatively loosely focused pump and Stokes laser
pulses. This is presumably because of the large
Raman cross section for C;, a property common to
many other negative ions. We expect that stimulated
Raman pumping combined with various photode-
tachment schemes will be applicable to a large num-
ber of anions, thereby providing a novel tool for the
study of the vibrational spectroscopy of negative
ions and negative ion clusters.
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