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Photostimulated desorption of CO from geologic calcite following 193-nm irradiation

Kenneth M. Beck, David P. Taylor, and Wayne P. Hess*
Environmental Molecular Sciences Laboratory, Pacific Northwest National Laboratory, Richland, Washington 99352

~Received 4 November 1996!

We report the results of a photostimulated desorption study of neutral CO product from geologic calcite
using very low fluence 193-nm excimer laser radiation. Detailed product state distributions are obtained using
(211) resonance enhanced multiphoton ionization. The CO translational energy can be characterized by a
temperature (T5110615 K) significantly lower than that of the substrate (T5295 K). The CO rotational state
distribution is non-Boltzmann and there is step structure every four or five rotational states. The evolution of
CO emission as a function of laser exposure shows no incubation period or enhanced CO photodesorption over
time. The CO yield is linear with laser power and displays no detectable threshold. The low kinetic energy of
the desorbed CO and the nonthermal CO distributions implicate the decay of a surface species or state.
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INTRODUCTION

Calcium carbonate (CaCO3) is an environmentally sig-
nificant mineral that exists in several forms including orth
rhombic aragonite, rhombohedral dolomite, and rhombo
dral calcite. The carbonates, as a group, make up more
10% of the Earth’s sedimentary mass,1 and calcite itself is
present in the soil to the extent that it influences subsurf
transport of heavy metals through interactions with grou
water. The origins of calcite vary from geologically pro
duced crystals, through biologically produced coral, to f
sils such as Jurassic red tide. Many organisms secrete
cium carbonate to form exoskeletal structures. Calci
carbonate is also a component in the protective caliche la
below the waste storage tanks at the Hanford nuclear re
vation. Our immediate interest in calcium carbonate, a
molecular ionic compounds in general, arises from the n
to perform microsample chemical analysis of mix
(radionuclides1chemical) hazardous wastes. Laser ablat
mass spectrometry~LAMS! is an analytical technique bein
developed for this purpose. The LAMS technique has b
successfully applied to complex solid and doped gl
samples for quantitative elemental analysis.2 But for a
LAMS analysis to be effective here, desorption properties
these molecular ionic components must be understood.3

The mechanisms by which laser radiation interacts w
solid samples during laser ablation are intensity depend
These include linear absorption, thermal and optical r
away, and electron-neutral and electron-ion inve
bremsstrahlung.4 Under conditions of high power density th
final products may be heavily influenced by the chemi
processes occurring in the laser-induced ablation plasm
or near the surface. After vaporization, subsequent chem
involving electrons, ions, and neutral molecules can alter
composition of the analyte plume. These secondary react
may be controlled and the nascent product state distribu
accurately analyzed if the number density of desorbed s
cies is sufficiently low. This is most readily accomplished
operating in a regime of low laser intensity and ultrahi
vacuum~UHV!.

A detailed description of the photochemistry is less c
550163-1829/97/55~19!/13253~10!/$10.00
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cial when LAMS is used solely as a tool for elemental ana
sis. However, it is critically important to understand th
chemistry of the ablation process if LAMS is to be used a
diagnostic tool for determining the chemical~molecular!
composition and structure of the original material. In t
present work, we restrict ourselves to a ‘‘very low’’ fluenc
regime using irradiances,33105 W/cm2. Experiments us-
ing extremely low fluences are possible due to the efficie
of UV photostimulated desorption~PSD! and the sensitivity
of laser ionization detection techniques under UHV con
tions. At these low fluences the emitted particle number d
sity is sufficiently low for the molecules to disperse witho
collisions allowing for the determination of nascent produ
state distributions of the desorbed molecules.

PSD of many simple ionic crystals has been reported
several groups, with alkyl halides receiving particul
attention.5–7There has been much discussion of the nature
the excitation and desorption mechanisms.8–11Laser ablation
studies of alkaline-earth ionic crystals have probed the e
tation mechanism and the dynamics of neutral and io
product formation.12–14There has also been extensive stu
of alkyl halide sputtering by the related technique of electr
stimulated desorption.6,7,15–21 Recent work3,22–24 has been
conducted on molecular ionic crystals: these materials
interesting because they exhibit strong ‘‘molecular’’ a
charge-transfer absorptions in the UV region.

Calcite is a wide-band-gap, insulating material that p
sesses a strong characteristic optical absorption at w
lengths ,214 nm. Recent reflection electron-energy-lo
spectroscopy measurements have associated this abso
with the onset of the band gap (Eg56.060.35 eV) and as-
sociate a small loss feature just above 5 eV with a surf
state.25 High-resolution x-ray photoelectron spectrosco
valence-band spectra of single-crystal calcite have recor
four prominent features. Comparison with initialab initio
density of states calculations showed good agreement
seems to indicate that the highest occupied valence orb
are dominated by O 2p character~72%! with some mixing
from Ca 4p ~2%!.26 However, very recent work indicate
that the conduction band may be seen as the site of sub
13 253 © 1997 The American Physical Society
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tial ‘‘mixing’’ between O 2p and C 2p with Ca 4s atomic
orbitals.27

Crystalline calcium carbonate is isostructural with sodiu
nitrate and the corresponding molecular ions are isoe
tronic. However, calcite is a much more stable crystal th
sodium nitrate; the melting point of sodium nitrate is on
308 °C while calcium carbonate melts at 1339 °C, with t
first structural phase transition from aragonite to calcite
curring near 520 °C. In addition, natural calcite conta
small and varying amounts of ionic impurities~e.g.,
Mn21, Pb21, Mg21! which tend to replace Ca21, or lie
within vacant interstitial positions, within the crysta
lattice.28 The concentrations of impurities depend both up
the chemical~biogenic or geologic! and the geographical ori
gins of the crystal. Pure, synthetic crystals have not b
produced with a diameter greater than 10mm. The dynamics
of crystal growth are not well understood, but it is believ
that the crystalline plane may be stabilized by impur
ions.28

In this paper we focus on laser desorption following
6.42-eV~193-nm! excitation of calcite, analogous to simila
studies conducted in this laboratory on NaNO3.

3 There, both
213- and 266-nm radiation were used to excite resona
and nonresonantly, respectively, the nitrate ion (p*←p2)
transition leading to the molecular desorption of NO fro
the surface. We examine laser/solid interactions follow
the excitation of single-crystal calcium carbonate by meas
ing the translational, rotational, and vibrational energy dis
butions of desorbed CO.

EXPERIMENT

The experimental procedure for obtaining state distri
tions from a laser desorbed species has been desc
previously.3 Briefly, the experimental apparatus consists o
liquid-nitrogen-trapped diffusion pumped UHV chamb
~base pressure 3310210 torr! equipped with a laser tier with
laser access ports, and quadrupole~QMS’s! and time-of-
flight ~TOF! mass spectrometers. Desorbed neutral spe
may be ionized by a second laser, for TOF detection, or
electron impact~70 eV! for QMS detection. The sampl
holder is mounted vertically on anx, y, z micrometer stage
to access the electron spectrometers and the laser tier.
sample manipulator also has the capability to rotate
sample about thez axis and may be cooled to near liquid
nitrogen temperatures~90 K! and includes a button heate
and thermocouples pressure mounted to the crystal sa
for heating and monitoring.

Geologic samples of calcium carbonate~calcite form! are
described by a hexagonal lattice~space group 167,R3̄c! with
a rhombohedral primitive cell; the symmetry of the carbo
ate anion isD3d . Large crystals of optical grade Iceland Sp
used for these experiments are of Mexican and Chinese
logic origin which typically show an Mn21 impurity abun-
dance of;0.0008%. These crystals are cleaved in air alo
the 101̄4 crystal plane of the hexagonal lattice, structura
placing one oxygen, per carbonate group, out of plane.
resulting calcite chips are immediately mounted on
sample manipulator and introduced to UHV. Atomic for
microscopy of cleaved calcite samples display wide flat cr
tal planes interrupted by single layer pits or steps separ
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by a few micrometers. Deeper pits, of several layers in de
occur less frequently with a minimum surface density
103 cm22.29 Prior to irradiation, the calcite sample is heat
in vacuoto 450 °C for 12 h to reduce surface contaminatio
It should also be noted that while most data are recorde
room temperature after cooling, a CO spectrum is obser
for each new sample at 450 °C, where there should be m
mal water vapor and hydrocarbon contamination. CO its
does not adsorb to insulators and insulating oxides at t
perature above 100 K.30

The CaCO3 crystals are irradiated with 5-ns pulses
193-nm excimer laser emission (100mJ/cm2) incident on the
sample at 50° normal to the crystal face. The single cry
emits an orange luminescence at the point of irradiation
we use to orient and center the sample within the excita
beam. For the detection of CO we have chosen a sens
method utilized by numerous researchers; (211) resonance
enhanced multiphoton ionization~REMPI!.31–35 The (2
11) process involves two-photon excitation of th
B1S←←X1S transition followed by one-photon ionizatio
from theB state to the ion ground electronic state. This
done with a second, tunable laser. The (211) spectrum is
characterized by a strongQ band obtained over a narrow
frequency range;20 cm21. The subsequent analysis of th
Q branch then affords insight into the rotational product st
distribution.36

The probe-laser system consists of a Nd:YAG-pump
dye laser~YAG represents yttrium aluminum garnet! whose
output is frequency doubled using ab-BBO crystal to pro-
duce tunable output that covers the 230-nm spectral reg
necessary for the (211) REMPI detection ofv51 and 0
states of neutral CO. The doubled dye laser beam su
quently passes through a 1-mm aperature near the cha
and is focused (f520 cm) to an estimated beam waist
;15mm and a waist length of;2.9 mm. The nominal fre-
quency bandwidth of the dye laser fundamental
0.06 cm21. By translating the crystal towards the probe-las
beam the exact position and orientation of the probe w
respect to the sample face is determined and adjusted
observing the microablation caused by the focused pr
beam as it grazes the crystal edge. The crystal sample is
moved away so that the probe laser lies 2.5 mm above
crystal surface. The alignment of both the desorption a
probe lasers and the optics is checked using HeNe la
(l5632.8 nm) aligned colinearly with each beam. T
probe laser is then optimally delayed by 7–20ms from the
excitation pulse depending on sample temperature.
REMPI probe-laser and 193-nm pump-laser intensities w
continuously monitored by photodiodes.

The positive ions produced in the REMPI process are
tected using a Wiley-McClaren-type TOF mass spectrom
with a resolution ofDm/m5150 atm/z528. The relative
ion yields are measured using a boxcar integrator. TOF
signals are captured on a digital scope and stored on a
sonal computer. We measure state population distributi
using probe-laser powers of,35mJ/pulse, or an estimate
irradiance,23105 W/cm2. We correct the measured rota
tional spectra for fluctuations in the laser power.36 Velocity
measurements of neutral CO are taken with laser de
stepped in 100–200-ns increments and averaged ove
shots. To test the suitability of our (211) REMPI technique
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FIG. 1. QMS ion signals of neutral products desorbed from 193-nm irradiation of geologic calcite: CO~-••-!, O ~---!, O2 ~•••!, CO2 ~—!,
CaO ~-•-!. Ions of the neutral products are formed following 70-eV electron bombardment. Corrections to the recorded signals ha
made for the CO fragmentation pattern~CO, 100%; O, 6.1%; C, 10%!.
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for determining products state distributions, we obtained
analyzed REMPI spectra from gas-phase samples of ro
temperature CO under similar chamber and probe-laser
ditions used for desorption studies of CaCO3. The CO
samples were admitted through a pulsed valve configure
provide a small leak at a CO sample pressure of;3
31028 torr. Well-resolved spectra of CO are obtain
which can be well fit to a simulated Boltzmann distributio
(T5295610 K).

RESULTS

At very low excitation laser fluences, the principal neut
desorption product from calcite is CO. Figure 1 displays
QMS signal of neutral species desorbed from calcite w
irradiated with;100mJ/cm2 of 193-nm radiation. CO domi-
nates other constituents by an order of magnitude. Yet, e
after accounting for ‘‘cracking’’ within the electron-impac
ionizer, distinct signals for CaO, O, CO2, and O2 are appar-
ent. At these low pump-laser fluences, the TOF-MS dete
no CO cation or other ion signal. It is interesting that a
CaO is desorbed at such low fluences; however the sign
m/z556 is well separated from other products, making
quite distinguishable in the QMS.

We conducted power dependence studies of the des
tion process at fluences up to;0.6 mJ/cm2. CO was de-
tected following electron-impact ionization using the qua
rupole mass spectrometer. Figure 2 shows a dou
logarithmic plot of the QMS signal versus pump-las
fluence. The slope of this line is 0.9560.1 and no observable
d
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t
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threshold is detected. Additionally, shot-to-shot variations
pump-laser intensity are mimicked with proportional rises
the CO1 signal. Together, these facts strongly suggest th
single-photon absorption process leads to molecular des
tion of CO from calcite.

Initially, CO emission as a function of laser exposure
relatively large, but irreversibly decreases to a lower, stea
state value after days of exposure to 193-nm radiation.
dramatic growth in CO desorption products occurs after
peated irradiation, unlike nonresonant excitation of sodi
nitrate at 248~Ref. 37! and 266 nm.3 An increase in desorp
tion yield following an incubation period is often regarded
indicating that photostimulated desorption depends on
build up of additional surface defect sites. Its absence m
be taken to infer that defect-driven desorption mechanis
from photoproduced defect sites, do not play a domin
role.38

Figure 3 displays a low-resolution (211) REMPI spec-
trum of desorbed CO which is showing both the(0-0) and
(1-1) transitions. Approximately 6% of the desorbed C
contains a single quantum of vibrational ener
(2140 cm21). Investigation of higher vibrational levels of
B1S state CO is hampered by the fact that their rate of p
dissociation is larger than for ionization. A study of CO ph
todesorbed from calcite using 213-nm excitation also fou
.4% of CO in v51. A two-point Boltzmann distribution
with a 6%v51 vibrational population yields a temperatu
of 1100 K. In contrast, we find the CO velocity distributio
to be quite slow and well characterized by a temperature w
below that of the substrate.
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FIG. 2. Single-photon power dependence of CO neutral signal. A ln-ln plot of the QMS CO1 ion signal versus the 193-nm laser fluen
is displayed. Fluence ranges from 60 to 600mJ/cm2. A linear least-squares fit yields a slope50.9560.1. In addition, shot-to-shot variation
in pump-laser power are observed to mimic the CO1 signal.
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Figure 4 represents the velocity distributions of desorb
CO for Q(J)55 at a substrate temperature of 295 K forv
50 and 1. The TOF spectra are fit to a half-range Maxw
Boltzmann velocity distribution function,39 P(t),

P~ t !5axt24 expF2b2~x2mt !2

t2 G ,
wherex is the distance from the sample to the probe bea
t is the time difference between the two laser pulses,a is a
proportionality constant, and the fitted parametersm andb2

are the flow velocity andm/2kT, respectively. The TOF
spectra forv50 can be fit with a translational temperatur
Ttrans5110615 K. Those for v51 can be fit for Ttrans
5125615 K. These differences are within statistical err
~one standard deviation! and show that there is little vibra
tional dependence to the velocity distributions of desorb
CO. In Fig. 4~c!, the velocity distribution forQ(J)55 in v
50 is displayed for a substrate temperature of 90 K. T
fitted temperature of CO products isTtrans520610 K.

In fitting the data, the flow velocity parameter is allowe
to vary and is found to relax always to zero. A flow veloci
of zero indicates a low probability of collisions in the d
sorption plume and places an upper bound on the desorp
yield of ,0.1 ML/laser pulse.40 An approximate material re
moval rate may be estimated through comparison of the T
signal intensities obtained from CO desorbed from calc
and those obtained from the gas sample (331028 torr).
With the assumptions of a calcite surface density of;6
31014 molecules/cm2 (scalcite52.71 g/cm3) and a plume
d

l-

,

,

r
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F
e

volume of 0.014 cm3 ~at the instant the plume is probed!, we
estimate that less than 0.01% of a monolayer is removed
laser pulse. This corresponds to a desorption probability~av-
erage number of molecules desorbed per photon absorbe! of
,631024.

Figure 5 displays the resolvedQ branch for the CO
(0,0) B1S←←X1S and (1,1) B1S←←X1S transitions
obtained following PSD from room-temperature CaCO3. The
appearance ofQ-band structure is not unexpected since t
difference between theX state~v50, B51.931 cm21! ~Ref.
41! andB state~v50, B51.948 cm21! ~Ref. 42! rotational
constants causes a splitting ofQ-branch transitions that in
creases withJ. This splitting is greater than the combine
Doppler and laser bandwidths forQ(J).7 and approaches
1.0 cm21 for Q(J)520. Superimposed upon these scans
spectra simulating a thermal distribution at 295 K for C
rotational states up to theQ(J)523.36

The rotational spectra of CO products—in contrast to
translational energy—appears similar to a thermal simula
done at the substrate temperature of 295 K. However, a n
thermal component is also revealed in the rotational spec
Specifically, the spectrum forv50 @Fig. 5~a!# even appears
‘‘structurally’’ nonthermal. A stepwise effect may be see
with population variations every 4–5 rotational levels; belo
thermal at lowQ(J), above thermal at midQ(J), and again
below thermal at higherQ(J). These effects inv50 are
repeatable for each calcite sample, and between sample
different origin. Similar effects inv51 are difficult to ob-
serve in Doppler-limited spectra, because the entireQ branch
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FIG. 3. Low-resolution vibrational energy distribution spectrum of CO products. Probed levels include only the~0,0! B1S←←X1S and
~1,1! B1S←←X1S transitions. Vibrational levels abovev851 in theB-state predissociate on a time scale faster than the ionization ra
pseudo ‘‘two-point fit’’ of the integrated line strengths gives a temperature,Tvib51100 K; however, data are insufficient to assume a
statistics. Only 6% of desorbing CO contains one quanta of vibrational energy.
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encompasses only 7.5–10 cm21 due to the similar rotationa
constants for thev951 andv851 states.

We find that for the (211) REMPI detection scheme, th
presence or lack ofQ-branch structure is quite sensitive
probe-laser fluence and hence we have explicitly include
Lorentzian term in our simulation and fitting program to a
count for this intensity-dependent lifetime broadening.36 We
fit the measured rotational linewidths without constraini
the Voigt profiles generated from the known laser ba
width. Thus, the Doppler components within the rotation
linewidths becomes a fitted parameter.

In addition, we independently make a cursory investig
tion of the angular distribution of desorbing CO at 295 K
rotating our sample with respect to the TOF detector a
monitoring theQ(J)55 rotational feature ofv55. The CO
angular distribution indicates that the majority of CO deso
tion of anisotropic and is emitted within 20° of normal. U
ing this angular distribution of620° and the fitted Dopple
width of our rotational spectra, the most probable velocity
CO desorption normal to the crystal surface can be ca
lated and a temperature obtained. From the most prob
velocity, a translational temperature ofTtrans590620 K is
assigned. This corresponds well to the measured translat
temperature in our TOF spectra and constitutes a secon
dependent measurement of the desorbed CO velocity.

The parameters used to simulate the spectra of Fig. 5
a temperature ofT5295 K, a two-photon bandwidth (WB)
of 0.084 cm21, and a Doppler width (WD) of 0.106 cm21.
A total Gaussian width (WG) is given by
a
-

-
l

-

d

-

f
u-
le

nal
in-

re

WG5AWD
2 1WB

2.

From this it follows thatWG50.135 cm21, which is effec-
tively Doppler limited. The Lorentzian width,WL
50.02 cm21, is consistent with the known lifetime of th
B state although it is negligible relative to the precision
these calculations.

DISCUSSION

Experimental determination of the state resolved distri
tion of CO desorbed from calcite provides a detailed view
the product energy available in the photostimulated deso
tion process. It is usual for the products observed in m
photostimulated desorption experiments to be emitted ei
thermalized or with a high translational energy, but in th
work the photodesorbed CO is translationally cold. Subth
mal desorption distributions are rare,43 and we know of no
reported case where the translational energy of desor
molecules is as low as13 of the surface temperature. It seem
unlikely that an equilibrium thermal desorption proce
could account for this phenomena. For example, one a
ment for ‘‘cold’’ thermal desorption would be that if energ
equilibrium of an adsorbate with the surface occurs throu
small energy increments (!kT) the final small increment
would then put the energy above the vacuum level, resul
in low translational motion. This implies a very steeply fa
ing sticking probability with increasing temperature.44 How-
ever, in our experiments this phenomenon appears



d

e,

-
d
e

F

13 258 55KENNETH M. BECK, DAVID P. TAYLOR, AND WAYNE P. HESS
FIG. 4. Velocity dependence of CO desorbe
from CaCO3 monitored via (211) REMPI of a
Q(5) transition at progressive laser delays. In~a!
v950 can be fit to a translational temperatur
Ttrans5110615 K, while in ~b! v951 can be fit
for Ttrans5125615 K using a half-range
Maxwell-Boltzmann velocity distribution func-
tion ~see text!. These differences are within sta
tistical error. In~c! the TOF spectra are displaye
for v950 at a substrate temperature of 90 K. Th
fitted temperature of CO products,Ttrans520
610 K. At t.60ms, the effective pumping rate
of the chamber is considered in weighting TO
data.
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FIG. 5. Rotationally resolved
Q-band spectra of desorbed CO
The (211) REMPI scheme con-
tains the entireQ band within a
narrow frequency range o
,20 cm21. ~a! displays the spec-
trum for the CO ~0,0!
B1S←←X1S transition. ~b! dis-
plays the spectrum for the~1,1!
B1S←←X1S transition. Note
here that predissociative trans
tions Q(J)516–18 are observ-
able indicating that for this scan
the rate of ionization is greate
than for the predissociation o
these states. In all spectra, wav
number incrementation runs pro
gressively with the frequency
scale shifted such that theQ(J)
50 transition is located at the
band origin. The solid and dashe
lines, again, represent the re
corded spectra, and the simulate
fits, respectively. The simulated fi
is for a temperature of 295 K~see
text!.
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nounced atT5295 K.45,46 Similar arguments have bee
made by Higashi in a discussion of subthermal methyl ra
cals produced in 193-nm excimer laser desorption exp
ments on chemisorbed trimethyl aluminum.43

The intermediate species formed during the PSD of c
cite are not known, and for now, the dynamics of CO form
tion are shrouded in the complexity of the surface disso
tion. It is likely however, that the CO, once formed, does n
i-
i-

l-
-
-
t

stay near the surface long enough to exchange much en
with the surface. The low translational energy would th
reflect the energetics of the CO formation. The nontherm
product distributions that we observe provide evidence t
the product did not remain on the surface long enough
equilibrate. This likely indicates that a surface species
state is involved in the desorption process. The possible
istence of a surface state in calcite, above 5 eV, has b
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noted by Baer and Blanchard25 and would suggest that exc
tations involving surface electronic states are involved. T
processes that are clearly involved in the PSD of CO fr
calcite are photoexcitation and product desorption.

Photoexcitation

The photon energy relative to the material band gap is
paramount importance with regard to lifetime, mobility, a
localization of the excitation. Due to uncertainties in the
cation of the calcite band gap~the estimated valueEg56.0
60.35 eV places the band gap at the high end of the e
range for a 6.42-eV photon! either sub-band-gap or band-to
band excitation is feasible.10,47 In fact, there is a high prob
ability for direct absorption at the surface. Excitation cou
lead to the creation and mirgation of electron-ho
pairs within the bulk, or at the surface, and could invol
direct nonexciton mediated processes. The nature of bulk
surface excitons in calcite is unclear. Studies of th
moluminescence,48–50 radioluminescence,51,52 photolumines-
cence,53,54UV absorption,54 and electron paramagnetic res
nance~EPR! ~Refs. 55 and 56! have been conducted ofg-ray
and x-ray irradiated samples of natural carbonates which
tempt to probe the nature of exciton formation and recom
nation. EPR studies found paramagnetic centers formed f
self-trapped holes or electrons, such as CO2

2,57 CO3
2,56 and

CO3
32 .56

It is tempting to speculate that the electron-hole p
within calcite might then be described as an exciton ass
ated with the electronic excited state CO3

22* . However, the
most recent theoretical work27 showing enhanced ‘‘mixing’’
of orbitals in the conduction-band region seems to indica
more significant role for both Ca21 and CO3

22 in defining
exciton character. The possibility exists that either excito
migrating from the bulk or that surface excitons created
direct absorption then dissociatively decay. These proble
are related to our lack of information about the dissociat
chemistry of this system, since CO3

22 does not exist in the
gas phase.

Product dissociation

In photostimulated desorption, it is expected that
translational motion is the degree of freedom most ea
thermalized. Yet, the key feature of our results is the s
thermal CO translational motion. This is inconsistent w
the high translational energy associated with desorption f
a dissociative surface excited state based on the conce
picture in the Menzel-Gomer-Redhead~MGR! model.58,59

The MGR model supposes that photoexcitation leads to
mation of a ‘‘molecular’’ excited state significantly pe
turbed from its equilibrium position~analogous to an excite
dissociative state of a gas phase molecule!. The resulting
lattice distortion then couples a significant fraction of t
photon energy into nuclear motion and eventually into
translation of the atomic or molecular desorbate. Any su
model that proposes the channeling of excess electronic
ergy into product translation necessarily predicts veloci
much higher than we measure here. The model of Kno
and Feibelman60,61 ~KF! is widely invoked to explain the
desorption of ionic species from insulating solids. Th
model proposes that like charge centers are formed in c
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proximity following an Auger electronic decay process. T
Coulomb repulsion experienced by the nearby charged
cies then leads to the ejection of ionic centers at a high tra
lational energy. While the concomitant ejection of neut
species, at somewhat lower velocities, is possible, we m
reject the KF model, in the present case, on the grounds
the 6.4-eV photon is insufficient to induce any core exci
tion by a single-photon process.

Therefore, the qualitative dynamical picture that arises
one of a gentle reactive scattering; viewed as thelast halfof
a full molecule/surface collision. Indeed, similar nontherm
rotational distributions—including rotational rainbows—
have been observed in the full collision scattering of
atomic molecules off of metal surfaces@e.g., HD/P~111!,62,63

NO/Ag~111! ~Refs. 64 and 65!#. It was observed that line
strengths varied from one transition to another and und
went a nonlinear decline as the substrate temperature
increased~Debye-Waller effect!. Noting that inelastic pho-
non energy transfer can account for 10–30 % of the co
sional energy in diatom/surface interactions, Schinke a
Gerber66 elucidated this phenomena through a ‘‘sudden’’ a
proximation theory for thermal attenuation. Rapid scatter
on a time scale faster than the nuclear motion of
molecule—coupled with an ‘‘active’’ surface involving pho
non and diffraction effects—gives rise to finalJ levels which
depend strongly on the phase~and eigenvalues! of the sur-
face wave function and moderately on the incident scatte
angle or orientation. On the other hand, the rotational dis
bution is perturbed from the surface temperature and se
to cut off at Q(J)524 (1180 cm21), which is within the
dispersion range of the totally symmetric phonon mode
calcite centered at 1086 cm21.67

It is always necessary to consider the role of defect-driv
processes in PSD and defect-driven molecular desorptio
neutrals from calcium carbonate during ion bombardm
and thermal decomposition under UHV conditions have b
reported.68,69 Baer and Blanchard observed neutral oxyg
and carbon atoms as well as a 70% increase in CO2 and a
40% increase in CO over background following electro
beam irradiation at 200 eV. In these studies, changes in
valence-band structure were observed and associated
the creation of surface defect sites.25 Even the cleavage o
calcite crystal results in the release of CO2 and other species
often milliseconds after surface fracture by a defect-driv
mechanism.70 While a desorption pathway involving surfac
defects,

CaCO3~s!→CaO1CO2~g! ~1!

can explain ion bombardment,68,69 high-intensity CO2 laser
ablation,71 and ESD~Ref. 69! results, it can not explain the
present low fluence PSD results.

The delayed desorption of carbon dioxide followin
cleavage of calcite crystals is significant in that it is una
biguously related to massive lattice disordering at the surf
and defect creation.70 Since it is an extremely slow proces
this delayed desorption will likely exhibit a final produc
state thermalized to the substrate temperature. We have
to model such an occurrence for our CO desorption produ
from calcite, given their extremely low translational energ
No ‘‘delayed’’ thermal distribution at 295 K can be fit to ou
TOF data taken at room temperature, nor a thermal distr
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tion of 90 K for our TOF data taken at that substrate te
perature. We must conclude that the CO final products su
no delay in their release from the surface and that the ve
ity distribution we measure in our experiments accurat
reflects their translational energy.

It appears that a defect-driven desorption process f
calcite includes~1! a predominant desorption product in th
form of carbon dioxide,~2! desorbed products that often e
perience delayed release from the surface, and~3! an incu-
bation period after which the desorption efficiency increa
with time. While impurities and other sorts of defects a
extant in geologic calcite, the nature of the product,
prompt release of CO, and the failure to observe either
incubation period or enhanced emission over time force u
reject the usual kinetic rate model for a surface defect-dri
desorption process in this experiment.

CONCLUSIONS

The vibrational, rotational, and translational energy dis
bution of neutral CO formed following 193-nm laser excit
tion from air-cleaved calcite have been determined and
find low translational energy, non-Boltzmann rotational d
tributions, and a 6% population of the first vibrationally e
cited state. These product distributions are associated wit
,
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-
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energy localization in the photodesorption process. We
serve no incubation period followed by enhanced desorp
in calcite, indicating that the usual model of surface defe
driven desorption is not the dominant process at work.
stead, we believe that the low kinetic energy and nonther
internal motion of CO are associated with the prompt de
of a surface species or state. The photostimulated desor
of CO from calcite has prompted several projects. Theor
cal calculations are underway to help elucidate the electr
structure of calcite. We are extending the present experim
tal study to different substrate temperatures, shorter wa
lengths, and other desorption products.
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