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We report on C; desorption from graphite by pulsed laser light at 532 nm wavelength. The threshold fluence for iaser desorp-
tion of C5 is 10 wJ/mm?2, For the first time, rotational analysis of a laser-desorbed negative molecular ion is performed. A rota-
tional temperature of 1500 K is obtained by using two-photon resonance-enhanced detachment via the Herzberg-Lagerqvist band
of C5 . This is in good agreement with our theoretical calculations for the surface heating during laser irradiation of graphite.
Thermal desorption is identified as the responsible mechanism for particle removal at the low laser fluences probed in this study.

PRETIPL ot

Laser desorpiion of posiiive and negative ions from
surfaces of various materials (electronic, organic,
biomolecular, polymers, etc.) has become a widely
accepted analytical tool for sensitive molecular char-
acterization of surfaces and for identification of ad-
sorbate species [1-3]. Therefore, a good under-
standing of the physical processes involved in the
desorption of positive and negaiive ions is very
desirable.

Desorption of particles by laser radiation of sur-

faces is observed at laser fluences above a certain
threshold. Negative ions form more easily than their
positive counterparts for carbon ions [4], a result re-
produced recently [5]. We also found different
thresholds for positive and negative ions, as well as
for neutral molecules for the fullerenes [6]. From our

work with organic materials, we conclude that a pref-
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erence for the formation of negative ions over posi-
tive ions exists for many materials. For medium and
high laser fluences, it is generally thought that the ir-
radiating laser produces a plasma in front of the sur-

face that is responsibie for removai and ionization of

sample material [4,5,7]. Thermal desorption pro-
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cesses have been considered for lower laser fluences,
close to threshold fluence [6,8-10]. The graphite
system is ideal for basic studies of laser desorption. It
facilitates a well-defined and easily reproduced sur-
face, and many of the molecules in the desorption
spectra are well known from studies in the gas phase.
A recent, comprehensive review on carbon molecules
and their ions is given in ref. [11]). Some investiga-
tions of laser desorption from graphite samples have
already been published for positive and negative ions
[4,7] and for neutral molecules [9].

Our objective in this paper is to study the laser de-
sorption of negative ions from graphite; apart from
mass spectra [4,5], little else has been published thus
far. Since C5 is one of the few negative ions that has
a bound valence state below the continuum onset
given by the electron affinity of 3.269¢V [12],itisa
logical candidate for gaining further insight into the
desorption process for negative ions. The spectros-
copy of C5 is well known [13,14]. We use the elec-
tronic transition, B2X} «XZ2X}, discovered by
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of the rotational temperature. Later, Lineberger and
Patterson proved that this transition was indeed
caused by two-photon detachment from C5 [15]. We
utilize this two-photon detachment to study the in-
ternal energy distribution for iaser-desorbed negative

ions. The v'=0+«0v"=0 vibrational transition is se-
larntad far 1oh ‘: r\nl{ Candnan factar nf n 718
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[14].
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2. Experimental

Tha A far 1
The instrument used for these e CXper riments is a laser

desorption/laser ionization mass spectrometer. Most
of the instrumental setup is identical to the one used
previously [3,16]. Therefore, we discuss in detail only
the present additions to the previous instrument that
were necessary to accomplish these measurements. A
schematic diagram of the current setup of the instru-
meni is shown in fig. 1. The mass spectrometer is a
linear time-of-flight (TOF) instrument of 120 cm
length capable of recording desorbed negative and
positive ions as well as neutral particles by means of
an additional ionization laser. The graphite sample
was sliced from a 1/2 inch rod (Bay Carbon) and
polished. The top layers were then removed with an
adhesive tape to obtain a clean surface before intro-
duction into the vacuum chamber via the rapid sam-
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The output of a pulsed (5 ns) frequency-doubied
Q-switched Nd: YAG laser (532 nm) is split into two
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attenuator and desorbs particles from the graphlte
sample (2% 10~3 cm? spot size). The other part of
the laser beam pumps a dye laser and is delayed ap-
propriately to serve as the detachment laser pulse for
the desorbed C; molecule. The single-mode dye laser
consists of an oscillator of the Littman type [17,18]
and is alupuuvu in four stages. We used fluorescein
548 aslaser dye [19], which had a tuning range from
~ 538 to ~ 560 nm. A linewidth of less than 500 MHz
is achieved with this system. Both laser beams enter
the vacuum chamber through a LiF window. Before
entering the vacuum system, the dye laser beam is fo-
cused with a cylindrical lens (FL 25 cm) to a line
perpendicuiar to the ion path for higher detachment
efficiency. The desorbed negative ions are acceler-
ated up to ~4 keV kinetic energy i
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Fig. 1. Experimental setup of the time-of-flight instrument for the photodetachment measurements. The delay for the dye laser is set so
that the C; ion packet meets the dye laser pulse at 2 mm after the acceleration grid on the field-free drift path. Thus, ions and neutrals
travel along at the same velocity until the ions are deflected to a separate ion detector by the reflector grids.
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mm length before they enter the field-free TOF path.
After 2 mm field-free flight, the ion beam is inter-
sected by the detachment laser beam, which arrives
~ 60 ns after the desorption laser beam. This is the
calculated time it takes a C5 ion to travel from the
desorption spot to the laser detachment region. A
fraction of the ions become neutralized but still travel
along with the ions to the end of the field-free path,
since they have the same kinetic energy. The ions are
separated from the neutral photodetached molecules
by a set of two parallel grids. These grids have 92%
geometrical transmission each. A total transmission
of 42% is obtained at 45° incidence for the neutral as
well as the ion channel. The negative ions are re-
flected at 90° off axis to the ion detector. The neutral
molecules are undeflected and go straight through the
grids to the neutral detector. Both detectors are dual
microchannel plate assemblies in chevron configura-
tion. The detector signal is acquired by a transient
digitizer to obtain a mass spectrum and further pro-
cessed electronically on a PC-based computer sys-
tem. For the acquisition of the desorption threshold
or detachment spectra, each of the detector signals is
fed into a gated integrator with the gate (50 ns width)
set at the C, and C5 peaks, respectively, and aver-
aged for 30 times. The C5 signal is monitored to as-
sure stable desorption signal conditions. Further-

more, the output power of the dye laser is recorded
for the entire wavelength scan for calibration.

3. Results

Desorption of negative ions by laser irradiation of
graphite is an efficient process. Fig. 2 shows a mass
spectrum of the negative ions desorbed from graphite
by 532 nm laser light. The lowest observed mass in
the spectrum is the C; molecular ion, and the spec-
trum extends to carbon cluster ions with sizes up to
Ciz. Every cluster size in between is observed, with
C; being the most abundant ion in the spectrum. The
measured abundances are in good agreement with re-
sults obtained from laser desorption of carbon foils
[4]. This is not surprising because the applied laser
fluences are comparable: 30 uJ/mm? in our experi-
ment and 52 uJ/mm? in their experiment. Since we
have a linear TOF instrument with a short accelera-
tion path, the carbon ions need to survive between 42
ns (for C~) and 147 ns (for Ci;) to be correctly
identified. This is of particular interest for negative
ions because they can lose an electron due to internal
excitation [20], thus reducing detection efficiency or
impairing mass identification.

The desorbed ion flux is, of course, strongly depen-
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Fig. 2. Mass spectrum of the desorbed negative ions from graphite by 532 nm laser irradiation using a fluence of ~ 30 uJ/mm?. The ion
detector was used for this measurement. The spectrum starts with C5 , and carbon molecules up to C5; can be identified.
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Fig. 3. Dependence of the C5 desorption signal on the irradia-
tion power for 532 nm laser light. The apparent desorption
threshold is at ~ 10 pJ/mm?2.

dent upon the fluence of the desorption laser. This
dependence is shown in fig. 3 for the C5 ion. The
apparent threshold fluence for desorption of C5 is
~ 10 uJ/mm?. Above the threshold fluence, the sig-
nal rises sharply with increasing laser fluence. The
observed structure above the threshold is of no sig-
nificance because laser desorption is strongly depen-
dent on the surface condition. We started with an
unexposed graphite surface for the measurement
shown in fig. 3. The laser fluence was increased con-
tinuously by the variable attenuator. After the
threshold fluence is surpassed and desorption sets in,
alteration and damage of the surface occur simulta-
neously [21]. This in turn changes the absorptivity
of the surface and consequently the desorption flux,
giving rise to the observed fluctuations in signal.
Usually, the laser beam is rastered over the surface to
avoid these signal fluctuations and to obtain a steady
desorption signal. The irradiated area recovers after
a few seconds and can be used for desorption again

[6]. In the case of graphite, prolonged exposure of
the irradiation site to the laser beam also provides
stable desorption conditions. Therefore, we do not
need to raster over the graphite surface. The laser flu-
ence for these measurements was set to approxi-
mately three times the desorption threshold. The de-
sorbed flux was monitored in real time by recording
the C; signal simultaneously. The ion channel al-
ways had much more signal than the neutral channel.

We used a (1+1) photon scheme with only one
color for photodetachment of C5 . The first photon is
resonant with the B2X} level and a second photon of
the same color detaches the electron from the molec-
ular ion. In fig. 4, we show the measured photode-
tachment spectrum for C; for the B2L} « X2}
transition followed by nonresonant detachment. Un-
fortunately, the detection of the R branch is hindered
by the declining efficiency of the laser dye towards
shorter wavelengths. The displayed spectrum is a
compromise between good signal/noise ratio and
good resolution. The resolution is limited by power
broadening since only one color was used for both
bound-bound and bound-free transitions. The
bound-free transition (detachment) has a much
smaller cross section (by orders of magnitude) than
the bound-bound transition. An improvement in
resolution is expected for a two-color scheme, with a
low fluence excitation laser for the resonant step and
a high fluence ionization laser for the detachment of
the electron. The laser for the resonant transition can
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Fig. 4. Measured photodetachment spectrum for C5 for the (0,
0) band of the B2Z} « X 2T transition.
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Fig. 5. Theoretical fit using a resolution of 1.2 cm~' and temper-
atures of 300, 1500 and 4000 K. The efficiency of the dye laser,
which decreases by ~ 50% towards shorter wavelengths, has been
folded into the calculation.

be of lower power and, therefore, enable measure-
ments with higher resolution. Fig. 5 shows calculated
spectra for temperatures of 300, 1500 and 4000 K.
The various molecular constants that are used for the
calculation are listed in table 1. The efficiency of the
dye laser, which decreases by =~ 50% towards shorter
wavelengths, has been folded into the calculation.
Good agreement with the measured data is achieved

Table 1
List of the molecular constants used for the calculation of the
rotational spectrum of C; , taken from refs. [14,22]

vibrational transition: v’ =0«v*=0
Franck-Condon factor: 0.718
Honl-London factors: S§=J', S =J'+1

X 2%} state: B2Z} state:

B.=1.7468 T,=18390.88 cm~!
«,=0.0167 B.=1.8774
Pe=0. @,=0.017

Y= —0.00037

for 1500 K, considering the signal instabilities inher-
ent in laser desorption.

4. Discussion

The rotational energy distribution for the laser-de-
sorbed C5 ions yields a thermal distribution. This
strongly suggests that the production of negative ions
is due to a thermal desorption mechanism. Velocity
distributions for large carbon molecules that were
taken at very similar desorption conditions in this in-
strument aiso favor a thermal mechanism for desorp-
tion [6]. Of course, if we increase the fluence of the
desorption laser substantially, the formation of a
plasma plume in front of the surface is observed, as
evidenced by enormous broadening of the peaks in
the mass spectrum. This observation is in agreement
with a recent report where, at higher laser fluences, a
plasma that formed in front of the surface was found
to be responsible for the generation of positive car-
bon ions [7].

The heating of a surface by a laser pulse can be cal-
culated by evaluating the following equation [23]:

H

o | TRG-0 A TO), (1)
0

()=
with x the thermal conductivity, ¢ the heat capacity,
and e the optical absorptivity of the surface. R(?) is
the laser pulse where we assumed a Gaussian tem-
poral laser profile.

_ eF
~ no(2xc)'/?

( ft—t—1,\
xj‘t‘”zexp[— E(LIG__O) Jdt+T(0) , (2)

0

(1)

with #, the time where the laser pulse peaks,
2(2In2)'/2 g= 5 ns the fwhm of the laser pulse, and
F the laser fluence. With the substitution
ou=t+1,—1, we get

eF

and
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I(t/o)

= j (u+t/o—a)~"?exp[—(1/2)u?]du,
a—t/o

(4)

where a=1,/0. For a=6 most of the Gaussian pulse
is included in the integral. In eqgs. (3) and (4), all the
experimental parameters are in the preintegral factor
and /(t/o) is of a general form. The calculation is
done numerically and the result is depicted in fig. 6.
For the determination of the peak temperature, we
calculate the maximum of 7(¢/o) by setting d/d¢I(t’/
o) =0, the integral peaks at t'=1,+0, with I(t'/o=
(3)2 Thus, the maximum temperature can be calcu-
lated by

& (3)+T(0), (5)

Tnax = n(20xc)

which gives approximately 2000 K in our case. The
peak temperature scales linearly with the laser flu-
ence and inversely with the square root of the pulse
width. The calculated temperature fits well with our
experimental observations considering that the mea-
sured temperature has contributions from the entire
temperature profile. The tail of the temperature pro-
file decays slowly to the initial temperature of the

surface (~ 100 ps), thus annealing the irradiated part
of the surface.

For the investigated laser fluences, the number of
hard-sphere collisions per particle is small enough that
the rotational and vibrational distribution of the de-
sorbed particles should not be altered noticeably.
Thus, the internal temperatures approximately re-
flect the surface temperature during desorption. A
Knudson layer, where the desorbed particles undergo
numerous collisions in front of the surface, forms only
at higher desorption rates and mainly affects the ob-
served velocity distribution of the desorbed particles
[24]. For graphite, the laser fluences where colli-
sions start to influence the measured velocity distri-
butions of C, were found to be above 6 mJ/mm?;
however, the internal energy distributions of C, re-
mained largely unaffected [9]. Another process that
could affect the rotational temperature of the nega-
tive cluster ions is dissociative electron attachment
[25]. Due to the nature of dissociation, a consider-
able change in angular momentum can result. How-
ever, the high dissociation barrier to products of these
small carbon clusters of ~5-8 eV [26] and the short
observation times in our experiment (on the order of
100 ns) will make it very unlikely to observe any in-
fluence from dissociative electron attachment.

The formation of negative ions is caused by elec-
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Fig. 6. Calculated surface temperature for heating graphite with a laser pulse of 30 uJ/mm?. For the graphite surface, we used x=8.2 W
m~! K~! for the thermal conductivity, c=0.45 cal kg~! K~ for the heat capacity, and ¢=0.95 for the optical absorptivity. The dashed

line shows the temporal profile of the laser pulse.
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tron attachment to neutral molecules evaporated from
the surface during the laser pulse. For the most part,
the electrons are released from the surface by therm-
ionic electron emission. Multiphoton effects, as sug-
gested by Cronberg et al. [7], are negligible at our
laser fluences. Strong experimental support for mul-
tiphoton effects has been reported recently [27], for
laser powers orders of magnitude higher than used in
our measurements. An extensive theoretical discus-
sion of electron emission of laser heated surfaces is
given by Lin and George [28], where ¢lectron emis-
sion is described by the generalized Richardson
equation. For low laser powers, the generalized
Richardson equation simplifies to the well-known
Richardson-Dushman equation [29] for thermionic
electron emission,

J(T)=ACT?exp(— WF/kyT) , (6)

where J(T) is the current, C is the “universal con-
stant™, 4 the electron emitting area, kg the Boltzmann
constant, and 7 the absolute temperature. For graph-
ite, the thermionic work function WF=4.62 eV and
the universal constant C= 60 A cm~2K~2 [30,31].
At 2000 K, this gives an electron emission rate of
3.38x10'* cm~2 s~!. The observed negative ion mass
spectrum is a convolution of evaporation of neutral
molecules from the sample surface with the probabil-
ity of fonization by electron attachment. Combining

Table 2

the thermionic electron emission with the electron
attachment cross-section yields the probability p ~ for
formation of negative ions with an electron affinity
of E,

p-=kexp[(EA—WF)/kgT] . (7)

With the factor k=w(X~)/w(X), the ratio of statis-
tical weights for the negative ion and neutral mole-
cule, eq. 7 is the well-known Saha-Langmuir equa-
tion for negative ion formation from hot surfaces
[32]. For C,, we obtain about 70 negative ions per
laser shot, which is in good agreement with our ex-
periment, taking into account the transmission of the
instrument and the detection efficiency of the micro-
channel plates. A detailed derivation and discussion
will be given in a forthcoming publication. The elec-
tron affinities for C~ to Cy; are listed in table 2. The
correlation between electron affinity and negative ion
yield is easily seen from fig. 2. An additional influ-
ence to the observed negative ion abundances may
arise from photodetachment by the desorption laser.
At a wavelength of 532 nm, which corresponds to 2.33
eV, the signals for C~, C5, and Cj; will be somewhat
reduced.

The different electron affinities and ionization po-
tentials for different molecules (see table 2) explain
the relative abundances of negative and positive car-
bon molecular ions in the mass spectra [4,5]. Fur-

Electron affinities {11,12,33,34], ionization potentials [35], partial pressures [36,37], and enthalpy of formation for the observed

carbon molecules [36]

Cluster Electron Ionization Heat of Partial Particle flux
size C, affinity potential sublimation pressure at (ecm~2%s-1)
(eV) (eV) (eV) 2000K
(Torr)
theory exp.
1 1.27 11.0 11.27 7.35 3.35%x 10 7.74x10'2
2 3.269 12.1 12.15 8.54 2.53%10~? 4.14x 10"
3 1.95 11.2 12.6 8.64 3.95x10-¢ 5.27x10"?
4 3.70 10.5 9.30 4.92x10712 5.69x 108
5 2.80 10.7 10.7 3.8 x10-12 3.93x 108
6 4.10 9.8 9.6 13.0 8.95x 101 8.44x10*
7 3.10 10.0 8.09 13.8 1.64x10-1¢ 1.43x10*
8 442 9.2 8.76
9 3.70 9.4 8.76
10 2.30 9.08
11 4.00 7.45
12 2.55 8.50
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thermore, this also explains the different experimen-
tal thresholds for negative and positive ions and
neutral molecules [6 ] Because the ions start out as
neutral molecules, additional energy has to be ex-
pended for their formation. (Actually, negative ions
lie lower than neutral atoms, so no extra energy is re-
quired. However, extra electrons are needed and this
is the bottleneck for negative ion formation.) The
threshold for the desorption of neutral molecules is
the lowest because only the heat of sublimation has
to be expended.

In thermal desorption, the desorbed flux depends
exponentially on the surface temperature [38]. In
addition, thermionic electron emission also depends
exponentially on the surface temperature. Hence, a
strong dependence on the temperature, and thus on
the laser power, is obtained which establishes a laser
desorption threshold by the sensitivity of the em-
ployed instrument. The desorption threshold we find
for C5 in this study is much lower than was reported
previously for desorption of C5 ions by Cronberg et
al. [7] and can be attributed to a much lower detec-
tion efficiency of their quadrupole mass spectrome-
ter-based instrument.

5. Conclusions

In this experiment, we have demonstrated that a
mass spectrometer with sufficient sensitivity allows
photodetachment spectroscopy of negative ions in the
thermal desorption regime, close to desorption
threshold. Bv using a resonant two-nhoton scheme for
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photodetachment, information on the process of laser
desorption of negative ions is obtained. It has been
possible to measure the internal energy of a laser-de-
sorbed negative molecular ion for the first time. From
our measurements, as weil as from theory, we find
strong support for a thermal desorption mechanism.

Future work will expnlore other vibrational transi-

iUl i1 CApPIVIV UUiVi ViUlGuiUlias uvGiios

tions so that not only the rotational but also the vi-
brational temperature of the desorbed C; molecule
can be identified as has been done for the desorption
of neutral C, molecules [9].
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