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Double optical resonance mass selective detection of
aromatic molecules in a supersonic molecular beam

Jack A. Syage and John E. Wessel

Optical excitation followed by ion mass detection in a supersonic molecular beam can offer unusually high
levels of selectivity for detection of trace concentrations of material in the atmosphere. We describe recent
work involving two-color excitation of aromatic molecules in a supersonic molecular beam, time-of-flight mass
spectrometer. It is shown how double resonance excitation in cold molecules can provide two very selective
stages of optical selectivity, further augmented by single mass detection. Three applications are described:
(1) Two-color excitation to higher excited electronic states is illustrated for final states above and below the
ionization potential. (2) Stimulated emission pumping is shown to allow selective identification using ion dip
detection. (3) Resonance ion dissociation is demonstrated as a means for obtaining double optical and double

mass selectivity.

. Introduction

Double resonance excitation in supersonic molecu-
lar beams!-" has proved to be a very powerful means for
studying excited states not accessible by conventional
one-photon excitation. The highly selective nature of
the excitation process suggests important applications
to chemical analysis and trace detection. Very sensi-
tive and selective detection capabilities (part-per-bil-
lion detection limits) have recently been demonstrated
using single-color resonance ionization in a molecular
beam mass spectrometer.8? However, what can ulti-
mately limit the effective sensitivity of any detection
device is the selectivity of the method against other
molecules in much higher abundance (i.e., the dis-
crimination ratio). The combined optical/mass selec-
tivity involving cold molecules can account for a high
level of selectivity.®

Fundamental to these studies are the benefits of
molecular cooling that occur in a supersonic expan-
sion.’ The very narrow distribution of initial states is
responsible not only for near quantitative excitation
with single wavelengths of light but excitation to single

The authors are with Aerospace Corporation, P.O. Box 92957, Los
Angeles, California 90009.

Received 27 February 1987.

0003-6935/87/173573-06$02.00/0.

© 1987 Optical Society of America.

discrete levels. This makes possible single vibronic
level excitation in excited electronic states as well as
formation of rovibrationally cold ions.

The work described demonstrates spectrally selec-
tive excitation and fragmentation processes in aromat-
ic hydrocarbons using double resonance excitation/
ionization mass spectroscopy. A variety of so-called
triply dispersive (two optical and one mass) detection
schemes are considered involving final resonance
states both above and below the ionization potential.
In the latter case, we employ the technique of ion dip
detection®-61! to monitor the molecule of interest. In
this technique, two-photon resonance ionization
(R2PI) through an intermediate state |1) generates an

-ion mass signal; this signal in turn experiences a de-

crease when a third photon competes with ionization
by resonance excitation from the intermediate state
I1) to another state [n). In this manner, we have
studied higher excited electronic states reached by the
resonant third photon as well as ground vibrational
states by stimulated emission pumping. Final reso-
nance states above the ionization potential are also
discussed involving discrete vibrational autoionization
from Rydberg states. Finally, a method is illustrated
for obtaining four stages of selectivity (two optical and
two mass). This is achieved by resonance ionization
(involving the first laser) and parent ion detection
followed by selective resonance ion dissociation (sec-
ond laser) and fragment ion detection.

ll. Experimental

A supersonic molecular beam time-of-flight (TOF)
mass spectrometer, depicted in Fig. 1, was used for the
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Fig. 1. Schematic of the experimental apparatus. A home-bulit
grazing incidence dye laser is used to generate w; (UV) and a com-
mercial scanning dye laser to produce ws (UV and VIS): BS, beam
splitter; M, mirror; SHG, single harmonic generation;
PD, photodiode.

experiments reported here.® The vacuum system con-
sists of differentially pumped source and excitation
chambers. A third stage of differential pumping was
provided at the detector end of the TOF drift tube. A
temperature controlled magnetic solenoid pulsed noz-
zle in the source chamber was used for the supersonic
expansion which entered the ionization chamber
through a 1-mm skimmer. Ions were accelerated into
a zero field drift region of 1-m length, where they were
detected by a Johnston multiplier. Space focusing
conditions were met by applying extraction and accel-
eration fields of 200 and 1800 V, respectively, across 1-
cm grid spacings. For field sensitive experiments, the
extraction field was reduced to 50 V/cm.

Excitation sources consisted of a home-built grazing
incidence dye laser which served as the ionizing source
w; and a commercial dye laser as the second resonance
source wy. Pulse durations of both beams are ~5 ns.
The amplified fundamental pulse from the grazing
incidence laser was 1 mJ or less in energy, the UV beam
from this laser was ~20 ud, and the fundamental from
the commercial dye laser had energies typically rang-
ing from 1to 10 mJ/pulse. The commercial laser beam

was either used directly or frequency doubled (25-200

ud/pulse) and recollimated for UV scans. For visible
scans, the pulse energy was controlled by changing the
Nd:YAG pump intensity incident on the dye laser with
a rotatable halfwave plate. Intensity was monitored
with a spectrally flat photodiode or a thermopile based
detector. Ultraviolet scans reported in this paper

were performed without active control of laser intensi-

ty. The w; and wy pulses were focused into the ioniza-
tion region of the molecular beam by a 30-cm focal
lengthlens. A sphericallens was used for high intensi-
ty investigations, and a cylindrical lens was used for
routine measurements where minimum power broad-
ening was desired.
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Fig.2. Double resonance excitation scheme for higher excited elec-
tronic state and Rydberg detection: (a) excitation to final states
below the ionization potential IPy using ion dip detection; (b) excita-
tion to final states above IP, that undergo autoionization.

Mass spectra were recorded using a 200-MHz tran-
sient digitizer. Excitation spectra involving laser
wavelength scans were recorded using gated TOF mass
detection. Two-photon ionization signals involving
the scanning w, laser only were suppressed when neces-
sary by operating a shutter that blocked the w; pulse on
alternate triggers and subtracting the wy only signal
from the w; + wy signal.

Ill. Multiresonant Excitation, lonization, and Dissociation

A. Excitation of Higher Electronic and Rydberg States

Discrete higher excited electronic states can offer
very specific conditions for molecular detection by
double resonance excitation. This is particularly true
of Rydberg states which tend to have narrow excitation
linewidths. We consider excitation to final resonant
states below and above the first ionization threshold.
The excitation schemes, which involve ion dip and
autoionization detection, respectively, are portrayed
in Fig. 2.

1. Below Threshold Excitation—Ion Dip Detection
Detection of a higher excited state S, in aniline and
aniline-ds is illustrated in Fig. 3 for the excitation
scheme found in Fig. 2(a). The aniline S, spectra were
recorded by generating an ion signal by R2P]I via the
S1(A1By) < So(X'A)0] transition w;, while a second
dye laser ws, overlapped and synchronous in time, was
tuned through the S,(v) < S1(0) resonances.? These
absorptions compete with ionization, thereby creating
the ion dip signals. The excitation spectra were mass-
selected by gating the aniline parent ion signal M*.
Spectroscopically, the two-color ion dip technique is
important for detecting higher excited electronic
states that are too short-lived to be detected by con-
ventional ionization or fluorescence detection meth-
ods. In fact, the lifetime of the final state determines
in part the strength of the ion dip signal and hence the
sensitivity for that particular excitation. For exam-
ple, saturation of a long-lived state would give a maxi-
mum ion dip signal of ~50%. However, if the upper
state decays at arate greater than the wy pumping rate,
the lower state can be quantitatively depleted, leading
to ion dip signals >50% and hence the potential for
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Fig. 3. Ton dip spectrum for the S,(v) — S1(v = 0) absorption of
aniline and aniline-ds. Ton dip intensities are plotted relative to the
ion signal level in the absence of the wy beam.

very sensitive detection. Ion dip signals exceeding:

50% were observed for nearly all S,(v) ~ S1(0) transi-
tions in aniline and aniline-d; by decreasing the w; and
increasing the w; intensity. Apparently, the S, state
undergoes rapid decay,>!? either by dissociation or
radiationless decay to a set of states that are not ion-
ized by w; or w.

It is interesting to note that the spectral linewidths
for aniline-ds are significantly narrower than for the
protiated molecule. This observation may be attrib-
uted to the reduction in vibrational frequencies that
occurs on deuteration which leads to a weaker coupling
between initial and final states due to the larger differ-
ence in quantum number. This Franck-Condon effect
outweighs the effects of an increased density of
states.!3 We have recently obtained evidence for nar-
rower electronic transitions at higher energy which
may prove promising from a detection standpoint.

2. Above Threshold Excitation—Autoionization

Vibrationally excited Rydberg series converge to the
same vibration of the ion and, therefore, account for
discrete states above the adiabatic ionization thresh-
old IPy [Fig. 2(b)]. These states undergo vibrational
autoionization due to their interaction with the ioniza-
tion continua associated with the zero-point vibration-
al level or other low energy vibrational ionization
thresholds. The interactions are often sufficiently
weak that transitions to these states can be rather
sharp. An example of excitation to discrete states
above IP is given in Fig. 4 for naphthalene and naph-
thalene-ds. The w; laser excites a specific vibrational
level in S;; the w; laser then excites a Rydberg state
with the same vibration via an efficient vi-type excita-
tion. Often many members of an autoionizing Ryd-
berg series can be identified” providing additional pos-
sibilities for selective detection. The linewidths for
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Fig. 4. Autoionization spectra of vibrational Rydberg states for (a)

naphthalene-dg and (b) naphthalene-hg. Excitation was via the

intermediate state S;(v7) (i.e., 71) in both cases. The ionization step
at 65,665 cm~!in (b) is due to IP,.
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Fig. 5. Stimulated emission pumping ion dip spectrum of aniline.

The delayed ws ionizing pulse produces downward transitions when

tuned into resonance, thereby generating an ion dip. The SEP

transitions are tentatively assigned to the Sy vibrational levels, 8,
and 12,6a;, at 1420 and 1432 cm™1, respectively.

the autoionizing transitions are significantly narrower
on deuteration of naphthalene, a trend also observed
for aniline above.

B.  Stimulated Emission Pumping

Stimulated emission pumping (SEP) is particularly
suitable for selective detection since the final reso-
hance state, usually a vibration in the ground electron-
ic state, is typically a narrow transition and spectro-
scopically well characterized. A SEP spectrum is
illustrated for aniline along with the excitation scheme
in Fig. 5. Since w, is primarily responsible for ioniza-
tion and down-pumping, the conditions for spatial and
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Fig. 6. Calculated relative populations of the initially excited Sy(v
= 0) state |1), the down-pumped Sy(v) state lvy, and the ion state
lion) as a function of laser power and pulse duration: (a) strong
pumping, € = 2 X 10%s7L, and (b) weak pumping, @ = 2 X 107 s~L,

temporal beam alignment are somewhat less stringent
than for other excitation conditions described in this
paper.

SEP using ion dip detection was previously observed
by Murakami et al.4 for aniline. Using a 3-cm™! band-
width dye laser, they observed ion dip signals that
could be modeled using an incoherent kinetic model
for laser pump energy dependence. In our studies,
using 0.5- and 0.05-cm~! bandwidth down-pumping
excitation, we observed SEP ion dip intensities that
deviated significantly from the predictions of a simple
kinetic model and in fact observed on occasions the
disappearance of the SEP signals at higher powers.
The narrower bandwidth excitation employed in our
work contributed to a higher effective peak power.
Consequently, the different behavior we observed,
compared to the work of Murakami et al., simply re-
flects the low power and high power limits of coherent
excitation.

We examine the effect of coherent excitation by
intense laser pulses using a simple density matrix mod-
el. The model assumes coherent pumping of a two-
level system where one of the levels may also be
pumped to an irreversible third state (i.e., the ion) by
the same excitation source (Fig. 5). The equations of
motion! are given by

1. P11
n=4+ 'é' LQ(P12 = ﬂzl) = Rs= RPn’ (1)
T
; 1. P11
Pog = — E lQ(Pm - P21) +—> (2)
i
P33 = Rpyyy (3)
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where A is the detuning frequency,  the Rabi frequen-
cy of the [1) — |2) transition, 1/7 the spontaneous
emission rate, R the ionization rate, and 1/7; the de-
phasing rate of the coherent pumping. We have not
considered laser pulse inhomogeneities or off-reso-
nance excitation due to Doppler widths or rotational
contours. Here we assign [2) to the Sy(v) down-
pumped state which we label [v) and [3) to the ion
which is formed irreversibly. Figure 6 illustrates the
evolution of population for weak vs strong pumping as
a function of pulse duration. At high power, a coher- -
ent oscillation in the populations of [1) and |[v) occurs
(i.e., Rabi nutation), which results in an oscillation in
the ratio [v)/lion) and, therefore, the ion dip signal as
well [Fig. 4(a)]. For weak excitation, one finds that
v)/ion) is essentially constant over the duration of the
driving field [Fig. 4(b)] and is, therefore, describable
by kinetic equations of the type derived by Murakami
et al.4 For maximum detection efficiency, one should
seek the combination of power and pulse duration that
gives the maximum down-pumping (so called 7 pulse).
Additional power in these conditions acts to decrease
the SEP ion dip signal, although some oscillatory be-
havior may persist. The oscillations should actually
be more damped when account is taken of laser pulse
inhomogeneities and temporal profile as well as the
rotational contour of the transition.

C. Resonance lon Dissociation in Naphthalene lons

We have been investigating the potential for obtain-
ing double mass selectivity along with the usual double
optical selectivity made possible by two-color excita-
tion. The method involves resonance ion dissociation
(RID); the excitation sequence is illustrated in Fig. 7.
In this scheme, the first laser populates a single vibra-
tional level of the ion by R2PI, and the second laser
dissociates the ion by resonance enhanced multipho-
ton dissociation. The dissociation process is evident
by observing a decrease in the parent ion M™* signal
(i.e., ion dip) and a corresponding increase in the frag-
ment ion [M — m]* signal. Detection of both the
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Fig. 8. Mass spectra of 2-methylnaphthalene showing resonance
iondissociation: (a) R2PIby w; only at 308.3 nm; (b) R2PI by w; and
RID by w; at 662 nm revealing an efficient and specific H atom
dissociation.

parent ion and the characteristic fragment ion, there-
fore, may hold promise as a very selective detection
method.

Singly charged cations of aromatics have been stud-
ied in a variety of low temperature matrices.l® The
vibrationally resolved ion spectra are distinctive,
showing strong red absorption bands corresponding to
transitions between normally filled molecular orbitals
in the neutral. Low pressure vapor phase studies of
the spectroscopy of ions formed by electron impact in
an ICR spectrometer'® and by MPI in a mass spec-
trometer,!” however, failed to reveal the vibrational
structure that was evident in the low temperature ma-
trix spectra.’> This may be attributed to the thermal
energy content of the precursor neutral molecules. By
cooling the precursor molecules by supersonic expan-
sion, one may expect to form cold ions by R2PL.

We observed vibrationally resolved resonances in
naphthalene and 2-methylnaphthalene (2-MeN) by
recording RID spectra following selective vibronic
preparation of the molecular cation.® These studies
focused on the low energy H atom photodissociation
channel of naphthalene and 2-MeN cations as a probe
of resonant absorption by the molecular ion (Fig. 7).
For the 2-MeN cation, the vibrational structure was
observed for a visible and a UV state; for naphthalene,
only a UV state was observed. UV +0 transition
wavelengths for the cations occur at 804.7 nm (naph-
thalene) and 308.9 nm (2-MeN). Mass spectra for 2-
MeN are given in Fig. 8 for resonance ion excitation at
662nm. The Hatom dissociation at this wavelength is
very distinctive and specific. Only a small yield of the
next lowest energy dissociation channel, loss of CoH,, is
also evident. Ion dip spectra for naphthalene and 2-
MeN cations, formed by w,, were recorded by scanning
ws for vibrationless and vibrationally excited cation.®
The corresponding ion formation spectrum for the
fragment ion [M — 1]* is illustrated in Fig. 9 for naph-
thalene cations prepared in the 0, level.

The linewidths in the RID spectra of the cations are
rather broad for both the visible (~200 cm~1 Fig. 5)
and the UV resonances (~150 cm~1, Figs. 6), although
they are comparable to the matrix absorption spec-
tra.!> However, a pronounced power broadening was
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Fig.9. RID fragment ion formation spectra from vibrationless *0,
cations formed by w; R2PI excitation at 302.98 nm. H atom loss

channel is monitored by the ratio [M — 1]*/M+.

evident in which the visible transitions of the cooled 2-
MeN ions were saturated, even relatively far from reso-
nance. This behavior can be explained® by the pres-
ence of a strong continuum background absorption to
longer wavelengths, which is believed to be associated
with a lower excited electronic state.

For selective detection, the broadness of the ion
transitions is somewhat discouraging. However, the
decreased optical selectivity in the ws excitation step is
compensated by the increased mass selectivity result-
ing from parent/fragment detection. Furthermore,
the visible absorptions in the aromatic ions are very
selective in that there is no overlapping absorption by
neutral molecules. Finally, the dissociation process is
very efficient (Fig. 8); consequently the detection effi-
ciency is favorable by this scheme.

IV.  Summary and Conclusions

Two-color multiresonant laser excitation using
mass-resolved ion detection has been demonstrated to
be an effective method for detecting higher excited
electronic states of molecules and ions. The prepara-
tion of cold molecules in a supersonic molecular beam
allows discrete vibronic resonances to be observed.
These considerations account for very high detection
selectivity, a condition of utmost importance to trace
monitoring applications. Three excitation/detection
methods have been reported. The double resonant
ion dip excitation spectrum of a higher excited elec-
tronic state of aniline revealed extensive vibrational
structure. Discrete absorptions were also observed
above the ionization potential for naphthalene, which
are attributable to autoionizing Rydberglike states.
In both cases, the absorption processes are efficient
and, therefore, satisfactory for trace detection pur-
poses. Aniline was also the subject of detection by
stimulated emission pumping. The detection sensi-
tivity was examined using a density matrix model to
identify the behavior of the ion dip signal in the weak
and strong pulse energy limits. Finally, resonance ion
dissociation was studied as a possible means of obtain-
ing quadruply dispersive selectivity (two optical and
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two mass stages). Discrete resonances in the ion were
detected by monitoring the decrease of the parent M+
signal and the corresponding increase of the fragment
[M — m]* signal.

We are indebted to Larry Pruitt for valuable assis-
tance in recording the spectra presented here. This
work was supported by the Department of Energy
under contract DE-FG03-ER6039.
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