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Abstract Pulsed laser desorption of non-volatile organic
dye molecules paraterphenyl and tetra-t-butyl-p-quinque-
phenyl (QUI) was studied using gas phase ultraviolet laser
induced fluorescence, following heating of a steel substrate
by a pulsed 1.06-um Nd: YAG laser. The fluorescence signal
intensity is linear in concentration up to at least 30 mono-
layers and shows infrared power threshold behavior, as ex-
pected for evaporation, at ~0.2 J/cm?. Similar signal levels
were also observed in air, with 532-nm heating, and using
other metallic or dark black surfaces.

PACS 68.43.Vx - 79.20.Ds - 44.35.+c

1 Introduction

Detection and analysis of large molecules by many mass
spectrometric and laser spectroscopic methods requires
sample preparation technologies to ultimately deliver these
non-volatile species into the gas phase. This is particu-
larly apparent for the problem of remote standoff detec-
tion of explosive devices. Residues of nitro compounds
are likely present on surfaces, but have very low vapor
pressures. A sensitive laser method is available to detect
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these substances, based on a sequential three-ultraviolet-
photon process in the gas phase: photodissociation of the
R-NO;> compound, photodissociation of the NO, product,
and laser-induced fluorescence (LIF) detection of the vibra-
tionally excited NO that is produced [1-3]. This method
requires first irradiating or heating the sample to release
the surface-absorbed nitro compounds. Therefore, one must
consider what laser wavelength and power are best suited
to this purpose from a distance, and how any laser desorp-
tion process would vary with surface properties. The am-
bient vapor pressure of the common explosive molecule
RDX (cyclotrimethylenetrinitramine) is only 103 torr [4],
but a monolayer if vaporized can generate concentrations of
3 x 10" /cm3. This is a readily detectable amount of vapor
[3], and a reasonable amount of residue to expect [5]. The
volatilization process needs to be designed to effectively de-
liver such yields under various conditions, without resulting
in premature (ablative) formation of non-photolytic NO de-
composition products. Therefore, we have conducted some
preliminary experiments to examine laser evaporation rates,
mainly with respect to laser power and surface coverage. We
also investigated variations with laser wavelength, pressure,
surface material, and adsorbate. This initial work substitutes
large organic molecules that fluoresce directly for actual
organonitro compounds, in order to avoid the complexity
of the NO LIF detection scheme and to focus on the laser
desorption process. For most of the experiments, we use
1.06-um pulsed Nd:YAG laser radiation to heat a stainless
steel surface coated with paraterphenyl, C1gHj4, an organic
laser dye containing three connected benzene rings. This
compound absorbs 266-nm frequency-quadrupled Nd:YAG
radiation from another laser, and then fluoresces at 320—
370 nm. We performed some runs under ambient condi-
tions, but concentrated on low-pressure experiments to avoid
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gas interaction effects and to focus on the laser evaporation
process.

There are some previous investigations in the litera-
ture of laser desorption, as one might expect, ranging
from basic physical studies of simple molecules on clean
surfaces [6-8], detailed theories of underlying processes
[7, 9-11], desorption of organic molecules [12—14], and use
of laser preparation to detect explosive molecules [10, 15—
18]. These provide a useful context for our parameterized
study. Theoretical interpretations and models of results for
metallic (conducting) substrates describe the process as ab-
sorption of most of the pulsed laser light in the uppermost
few layers, induced by the effect of the intense laser electric
field on the electrons. During and after the heating, compet-
ing processes of heat loss by conduction into the bulk solid,
heat transfer to the adsorbate, and its evaporation kinetics
occur. When many monolayers of material are deposited
on the surface, one must also consider the possible forma-
tion of a near-surface gas bubble that will propel material
outward. This theory of competing physical processes sug-
gests that the predominant controlling parameters are laser
power, laser pulse length and shape, substrate thermal con-
ductivity, adsorbate vaporization enthalpy (and kinetic pre-
exponential factor), and depth of coverage. The theory can
also consider the effect of distributing the laser absorption
through a thicker layer of the substrate. Such a scenario
might approximate the behavior of a non-conducting ma-
terial that is still strongly absorbing at the laser wavelength.

Past studies of laser desorption of large molecules tend
toward parameterizations of the specific analysis method
being developed. There are reports of direct vaporization
of polycyclic aromatics by 355-nm ultraviolet (UV) pulsed
laser light [13] or by 3.3-um pulsed infrared (IR) radiation
resonant with CH absorptions [12]. Sometimes the same UV
or IR laser is used for both desorption and ionization, as in
a study of solvated organics on etched silicon surfaces [14].
Some work has also been performed on nitro compounds
and actual explosives. Desorption at Nd:YAG 266-nm and
532-nm wavelengths was used to vaporize samples for ion-
ization in mass spectrometric detection development efforts
[15, 18]. Other studies applied high-power 248-nm excimer
lasers or near-IR lasers to accomplish both desorption and
fragmentation of explosives, prior to NO detection by either
resonant multiphoton ionization (REMPI) or IR absorption
[16, 17]. One brief experimental and modeling study did ex-
amine vaporization of RDX on silica using pulsed Nd: YAG
(1.06 um) and CO; (10.6 pm) lasers and mass spectrom-
eter (MS) sampling, with mixed results [10]. Our SRI col-
leagues have recently evaporated RDX off metal substrates
in vacuum using 355-nm, 532-nm, and 1064-nm Nd:YAG
laser pulses, followed by femtosecond multiphoton ioniza-
tion and time-of-flight mass spectrometric detection [19].
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2 Experimental

Experiments were conducted inside a cell with optical ac-
cess, continuously evacuated by a mechanical pump to pres-
sures of approximately 30—-60 mtorr (measured by a capac-
itance manometer). A rotating target (1.16 Hz) was heated
using lasers pulsed at 10 Hz. A 0.3-cm-diameter 1.06-pm
(or 532-nm) Nd:YAG laser beam (~8-ns duration) irradi-
ated the target at right angles 1 cm off-axis. We can model
the exposure of the surface to repeated laser shots with re-
spect to fresh unexposed material in two ways. Assuming
that the location on the rotating target exposed on succes-
sive laser shots is random, because the sample rotation is not
synchronized with the laser, half of the available target area
is irradiated in 13.3 s (13 laser shots). This half-life is shown
by the arrows in Fig. 3. A second more detailed model uses
the approximate geometries and target rotation rate to sim-
ulate the exposure pattern. It suggests that, during the first
two rotations, i.e. 18 laser shots, new material is exposed
each time. For the next rotation of nine shots, about half of
the irradiated area has been previously exposed. After that,
most of the area is being subject to repeated heating.

The evaporation laser power was varied by adjusting the
flashlamp energy on the amplifier stage of the Quanta Ray
GCR-4 laser used. Laser power was measured separately
using a Molectron EPM-1000 power meter inserted after
the last aperture before the cell. Because only the central
3-mm region of the >8-mm-diameter Gaussian laser beam
was used, far from its source, the assumption of a fairly
uniform spatial distribution should be reasonable. After a
6-50 ps delay, which can be varied up to 240 ps using our
external trigger timing circuitry, the Quanta Ray GCR-11
detection laser was fired. The quadrupled (266 nm) or tripled
(355 nm) Nd:YAG radiation was filtered by a dichroic mir-
ror and directed parallel to the target roughly 2 mm above
the heated spot. Overlap of the two lasers was visually con-
firmed. The fluorescence signal perpendicular to both laser
beams was focused onto a 1P28 photomultiplier tube detec-
tor, through interference and long-pass filters (340 +20 nm),
and processed by boxcar integrator and computer data acqui-
sition systems. The prompt boxcar gate was set 0.1-us wide,
and each computerized data point averaged four laser shots.
Figure 1 shows a schematic of the apparatus.

Targets were mounted on the end of a rotating feed-
through driven by a speed-controlled drive motor. The or-
ganic dye was applied by spraying the target from a set dis-
tance using a drug store cologne atomizer filled with a dilute
solution. Solutions were prepared from measured weights
and volumes of hexane or methanol solvents. Typical
amounts delivered per spray were weighed, and the nominal
area coverage was estimated from the spray pattern (roughly
45°) and distance. From this information and the solid den-
sity of the organic dye, the mass deposited on the target and
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Fig. 1 Schematic of the apparatus chamber for the laser evaporation
experiments
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Fig. 2 Chemical structures of the dye molecules used: paraterphenyl,
QUI, and diphenylstilbene

the number of monolayers coverage that a uniform layer
would represent were determined. In addition to parater-
phenyl, C¢HsCgH4CeHs, experiments were conducted with
a heavier dye expected to have even lower vapor pres-
sure and a higher heat of vaporization, QUI, tetra-t-butyl-
p-quinquephenyl, (C4Hg),CcH3CgH4CcH4CgH4CoHj3
(C4Hy)», and also briefly with diphenylstilbene, CeHsCgHy4
CH=CHCgH4CgHj5. Organic structures are given in Fig. 2.
These molecules can be excited by the third Nd:YAG laser
harmonic at 355 nm, lase in solution near 400 nm, and fluo-
resce out to the 440-nm detection wavelength chosen. Blank
runs with no UV laser or with dye-free solvent coating the
target showed no signal. Blocking the IR laser during a run
(with pumping) also resulted in fast signal disappearance,
which signifies that the evaporate did not linger beyond a
few laser repetitions.

We have not independently determined whether a smooth
layer of the organic dye results from the evaporative deposi-
tion. Examination by an electron microscope did show iso-
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Fig. 3 Laser induced fluorescence signal from paraterphenyl follow-
ing laser desorption by 1.06-pum radiation. Each tick and data channel
point is 0.4 s, four laser shots averaged. The line with arrows denotes
time for half of the available surface area to be exposed to the evapora-
tion laser. Time dependence shows depletion from the steel surface of
the rotating target. The LIF probe occurs 10 us after ~0.32 J/cm? IR
irradiation at 1.06 um, with initial surface coverage of four monolayers

lated needle-shaped crystals of paraterphenyl with diameters
below 1 pm. This represents a thickness of a few hundred
molecules. The fraction of deposited material in this form
was not determined. For our experimental and likely ana-
lytical situations a non-homogeneous distribution consisting
of microcrystals may be more likely. In the presentation of
results and discussion, we have parameterized the dye de-
position amounts in terms of uniform surface coverage, but
it should be kept in mind that this may not properly de-
scribe the initial physical situation. To the extent that melt-
ing of microcrystals and flow occur rapidly before evapora-
tion, the homogeneous description may still apply. Parater-
phenyl melts at 493 K [20].

3 Results

Figure 3 shows a typical time trace at low surface cover-
age (~four layers) and modest IR laser evaporation power
(0.32 J/cm?). Each point is a sum of four successive laser
shots. Higher powers give a sharper initial spike and longer
late tail to the signal. As the experiment progresses, more
points on the rotating target disk have been irradiated, and
an increasing number become exposed a second (or third,
etc.) time. The horizontal arrow indicates when half of the
rotating target material has been exposed to the laser, ac-
cording to random exposure of the unsynchronized rotating
target. Its rough correspondence with the width of the sig-
nal maximum shows that a significant fraction of the heated
material is being evaporated upon a single exposure at this
power level. The peak is prompt and not wider than the
single-exposure ‘time’.
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Fig. 4 Dependence of the maximum paraterphenyl laser desorp-
tion/laser induced fluorescence signal on the initial surface concentra-
tion. IR power ~0.34 J/cm?

However, some declining signal does persist for several
repeated exposures. (Recall that the models of the experi-
ment indicate that after ~28 shots, i.e. seven data points,
most of the surface has been exposed.) Part of this is ma-
terial unevaporated by its first exposure. This may also rep-
resent evaporation from outer regions of the exposed ring,
where overlap with the circular laser beam covers a smaller
region, the intensity at the laser beam edge may be less,
and more rapid diffusive cooling of the surface at the edge
of the heated area may happen. One may also interpret the
decaying, longer-time signal as partly due to thermally in-
duced diffusion of paraterphenyl from edge areas into target
areas recently cleansed by vaporization, whereby a second
larger area is also sampled. Some larger microcrystals could
also require two or more heating episodes to vaporize com-
pletely. In some runs at high laser power, intermittent sig-
nal spikes will also appear at even longer exposure times.
What is apparent from this behavior is that the total signal
from a laser-evaporated sample can be increased by apply-
ing repeated laser shots, but any advantage gained by multi-
ple heating rapidly diminishes. Most of the thin sample can
be vaporized in a single pulse.

If this mostly complete laser evaporation takes place, and
thus if the method is to offer a potential for quantitative sam-
ple preparation, linearity of the signal with the amount of de-
posited organic dye needs to be demonstrated. Figure 4 plots
the LIF signal as a function of the amount of paraterphenyl
sprayed onto the steel washer surface, with laser heating
pulse energies of 0.34 J/cm?. The behavior plotted is for the
maximum signal summed over five channels (20 laser shots,
65% net surface area irradiation). The demonstrated linear-
ity is shown by the dashed line, and also holds for the total
integrated signal which includes the later declining portion.
Another set of runs indicated that the linear concentration
response continues up to an average coverage of 35 mono-
layers. It may seem that at some point one would expect
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Fig. 5 Dependence of the QUI laser desorption/laser induced fluores-
cence signal on the infrared laser desorption power. Both initial signal
level (squares) and integrated total signal (triangles) are shown

a change in behavior, at the transition from surface heat-
ing and evaporation to heating of bulk paraterphenyl, espe-
cially if crystalline material begins to form at higher con-
centrations and larger sizes. Some theoretical work suggests
boiling at the surface below the outer layers of absorbate
at high coverages, leading to a violent bursting and droplet
formation [11]. These issues need further experimentation,
although no sign of such complexities is apparent in the
present data.

An important parameter to determine is the evaporation
signal response to IR laser power. Sufficient power is desired
to evaporate most of the surface molecules, without decom-
posing the molecules or otherwise ablating surfaces. We per-
formed such a study, for about 17-monolayer nominal cover-
age, looking at both the peak signal and the summed signal
from multiple laser shots. The peak or single-shot signal has
a clear power threshold, near 0.16 J/cm? for paraterphenyl.
Below this point there is little signal and significantly higher
power levels do not increase the intensity. One would ex-
pect such behavior from evaporative phenomena. The total
signal does show some continued increase at higher powers,
perhaps from the outward bleeding of the effective area from
various causes, as described previously. This increase is as-
sociated with the longer-time signal tail. Results are shown
for a similar power dependence with the dye QUI in Fig. 5.
The same behavior is seen, although the threshold for evap-
oration is at a higher power level. The laser energies for the
data points are approximate values for laser amplifier flash-
lamp energy settings of 0, 15, 20, 30, 40, 50, and 60 J/pulse.
This data was taken at a 10-us delay and approximately two
monolayers (average) of QUI deposited on the steel target.
(Uncertainty is difficult to estimate for such parametric stud-
ies as Figs. 4 and 5. While we followed a consistent proto-
col in each series, run-to-run differences in IR and UV laser
power and in surface spray coverage of 10% might be ex-
pected. This predicts a 20% uncertainty, in line with our ex-
perience for repeated experiments.)
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Experiments were also conducted for other target sub-
strate materials, typically with 17-monolayer coverage of
paraterphenyl and a 50-ps delay. We used 0.34 J/cm? IR
laser power, and increased it to 0.56 J/cm? if no signal
appeared. Signals were observed from aluminum, copper,
black painted, and black cloth surfaces. The copper sig-
nal was weaker and the aluminum noisier than from the
steel surface. At higher laser powers, ablation of the painted
surface occurred and resulted in an additional background
signal. A range of power levels is capable of evaporating
the absorbate for detection without disrupting the surface.
No signal was seen for paraterphenyl coated onto anodized
aluminum (undetermined thickness), clear plastic, tan card-
board, white ceramic, or teflon.

Effects of varying other parameters were checked un-
der similar conditions. Signal levels did not seem to change
much when the detection laser delay was varied between
10 and 240 ps. A few runs were also performed using
532-nm light from frequency doubling the evaporation Nd:
YAG laser, at energy densities of approximately 0.2 J/cm?.
Good signal levels were seen for aluminum, steel, and cop-
per substrates. Mass spectrometric experiments in vacuum
have indicated that 532-nm evaporation is more efficient
than the 1.06-um fundamental for vaporizing RDX [19].

Ambient explosive detection methods, and any role laser
evaporation can play in sample preparation, require opera-
tion in air not a vacuum. The above experiments were con-
ducted with low-vacuum pumping in about 0.03 torr resid-
ual air. Laser vaporization of 10 monolayers extending into
a plume 1 cm above the surface would correspond to a local
pressure of 0.1 torr at 300 K. It is important to know how the
signal and laser evaporation process might change at higher
pressures of added air, closer to the ambient values. In a se-
ries of runs with up to 30 torr air, the magnitude of the peak
signal did not vary compared to low pressure. Similar signal
levels were also seen in later runs at 75, 200, and 760 torr.
At pressures of 30 torr and above, after the initial signal
died out (about 30 s or less), a new signal appeared, grew
in intensity, and then declined. This did not depend on the
continued irradiation by the IR laser, and may be attribut-
able to UV photochemistry between the evaporated dye and
oxygen to form new fluorescing molecules. At atmospheric
pressure the transition between signal types was not resolv-
able in time. These experiments did not have rapid pumping
to remove material between laser shots.

4 Discussion and conclusions

These initial experiments suggest that pulsed near-IR laser
powers of 0.2 J/cm? are sufficient to quantitatively vapor-
ize non-volatile organic molecules into the gas phase for
analysis by LIF or MS techniques. The method appears to

work in air as well as vacuum. Although some dependence
on molecular size/vapor pressure may occur, the laser pow-
ers needed appear to be below molecular decomposition or
substrate damage/ablation thresholds. However, not all sur-
faces are effective for laser evaporation at 1.06 pm; while
metallic and opaque black absorbers were observed to be
similarly efficient, white or transparent substrates and an-
odized aluminum failed to generate any signal from evapo-
ration. While there is evidence in the time dependence of the
signal that repeated heatings spread and exhaust the evapo-
ration region, the initial heating appears to remove a sub-
stantial fraction of irradiated material and responds linearly
to the deposited concentration. We can speculate that some
melting occurs at the edge of the heated area, with migration
into the depleted area and evaporation by a subsequent laser
pulse, to explain the smaller signals at later times.

Pulsed laser evaporation from a metal surface occurs by
efficient absorption in the near-surface layers from interac-
tion of the intense oscillating electric field of the laser light
with the metal’s electrons, followed by energy transfer to
lattice vibrations. More absorption and less reflection oc-
cur than in the normal low power situation. Theory of this
process is well developed [7, 9-11], and the observed behav-
ior of metal surfaces is as expected—except for the anodized
aluminum. This surface is a thin doped oxide layer electro-
chemically applied and dark in color, and it is surprising
that its transparency and thickness are sufficient to prevent
evaporation. At high laser powers, we can ablate this surface
layer and produce an LIF signal of longer fluorescence life-
time that we attribute to AIO or AlO,. The dark substrates,
like the metals, are similarly well heated to evaporative tem-
peratures, indicating efficient absorption in the near IR in the
near-surface layers. Heat loss into the interior is slower than
for conducting metals, so a longer heated duration, lower re-
quired peak temperature, and weaker absorption to greater
depth may apply. The mechanism will be different from that
of the conducting metals, with a more conventional absorp-
tion process. Insufficient heating by absorption at 1.06 pm
is apparent for the non-black, non-metallic materials. Other
experiments using silica surfaces show ineffective 1.06-pum
heating but successful vaporization of RDX at 10.6 um with
a pulsed CO; laser [10]. Direct heating of various nitro-
explosives on silica with a 248-nm excimer laser has also
been demonstrated [17]. So, other wavelengths may work
for a wider range of surface materials.

Some questions do remain for further investigation, in
preparation for application of laser vaporization to remote
detection of explosive trace residues. Of particular concern
is the inefficacy of certain surfaces, suggesting one pos-
sibility to explore—that operation at longer IR (or UV)
wavelengths where most materials absorb will remedy this
substrate selectivity. Spot size and laser pulse length are
among the remaining variables to investigate. We would
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also like to estimate the surface temperatures needed for
evaporation, because avoiding molecular decomposition is
also a consideration. Certain microscopic details also merit
examination—the roughness of the surfaces is unknown and
uncontrolled, the evenness or localized crystallization of the
organic dye (or explosive) is uncertain and may vary, and
the effects of large amounts of additional surface conta-
minants must be explored. Thick deposits of a variety of
materials may more likely represent real environments. At
some point when heating of the entire surface coverage
reaches a notable fraction of the deposited laser power, in-
sufficient energy will be available to volatilize all the ma-
terial and sensitivity will drop. The NIST Chemistry Web-
Book [20] gives E = 28 kcal/mole as the heat of subli-
mation for paraterphenyl (estimated room temperature va-
por pressure 1075 torr), and adopting this value for dye
evaporation energy requirements produces a requirement
of 6 x 107> J/monolayer/cm?. Vaporizing 33 monolayers
would then use 1% of the applied laser power (at 0.2 J/cm?).
Continuing this example and assuming an evaporation A
factor of 10'4/s and an 8-ns hot time from the laser pulse
width (¢), a temperature of 7 = 1020 K would be needed to
produce 50% evaporation per laser pulse. Equation (13) of
[7] gives an approximate determination of this fraction f:

—In(1 — f) = Are™ VO2E/RT (1)

where E is the sublimation energy. Thermal desorption
studies of modest-size straight-chain alkanes from various
crystal surfaces suggest much higher A factors [21, 22].
A pre-exponential factor of 10'9/s would imply a peak
temperature of only 765 K to vaporize half of the parater-
phenyl. A lower volatility compound would require higher
power and temperature. Since bond scission enthalpies sig-
nificantly exceed those for evaporation, little complication
is expected from decomposition even over longer reaction
times. For example, a C—C bond scission of 90 kcal/mole
(and similar A factor) has only a 10~3 probability in 10 us
at 1000 K.

The simple theoretical model of pulsed laser heating for
metal substrates [7] provides a simple formula (7) for an
effective temperature rise from a triangular pulse:

AT = (4/3)(P/K)(xt /)%, 2)

where P is the laser power (0.2 J/cmz/t =8 ns), K is the
thermal conductivity of the substrate (0.8 W/cm/K for iron at
300 K), and « is the thermal diffusivity (0.2 cm? /s at 300 K).
The computed peak surface temperature for these conditions
is 1240 K, slightly above the kinetic requirement computed
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in the previous paragraph. Considering the various approx-
imations and assumptions, this is good agreement and vali-
dation of the physical process model for the experiments.

One may also consider other analytical applications
for such a better-characterized laser desorption process,
involving various non-volatile surface adsorbates. Exam-
ples include soil contaminated by herbicides and pesti-
cides (dinitro-o-cresol and parathion contain detectable NO»
groups (like explosives)) and soot or atmospheric aerosols
coated with carcinogenic fluorescing polynuclear aromatic
hydrocarbons (PAHs).
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