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Abstract
Acetyl radical was produced in a molecular beam by pyrolysis of acetone with a ¯ash pyrolysis nozzle and was
cooled by supersonic expansion. A continuous multiphoton ionization (MPI) spectrum of the jet-cooled acetyl radical
at 6.2±7.6 eV was ®rst observed in the experiment. The spectrum from 6.2 eV to ionization threshold has resulted from
2  1 resonance-enhanced MPI (REMPI) through its high-lying electronic states. These states are shown to be dissociative and metastable. The adiabatic ionization potential of the acetyl radical was redetermined to be 7:01  0:02 eV
from the derivative of MPI spectrum near ionization threshold directly. This work demonstrates that MPI technique
can be easily used to monitor the produced acetyl radical in molecular beams. Ó 2001 Published by Elsevier Science
B.V.
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1. Introduction
Acetyl radical (CH3 CO) is one of the important
intermediate species in combustion processes and
in atmospheric reactions [1,2]. Studies on the
electronic states, spectra and the dissociation dynamics of this radical are very helpful for combustion and atmospheric chemistry. The
photoelectron spectra and ESR spectra have determined the structure of the acetyl radical in the
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ground state (X2 A0 ) [3,4]. Theoretical and experimental studies on the ground state demonstrated
that it is easy to dissociate to CH3 and CO with a
low dissociation barrier, 17 kcal/mol [5±10]. Infrared spectra of the acetyl radical were also
studied in matrix at low temperature by Bennett
et al. [11] and by Jacox [12] in the ground state.
For the excited electronic states, theoretical
calculations have been done to determine the energies of the four excited electronic states which
are 60, 113, 154 and 161.4 kcal/mol, respectively
[13,14]. Experimentally, Noda et al. [15] observed
a continuous absorption spectrum of c-irradiated
0.5 mol% CH3 COCl at 77 K from 280 to 700 nm.
They assigned this band as the absorption of the
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acetyl radical. However, after the sample was illuminated with visible light, absorption in the
visible region disappeared. UV absorption spectra
in the range 200±280 nm were also observed at
room temperature with dierent spectroscopic
techniques [16±18]. However, the spectra of high
states lying up 50 000 cm 1 (6.2 eV) of the acetyl
radical have still not been reported. Both the
continuous absorption spectra and the photodissociation experimental studies [19,20] demonstrate
that the acetyl radical is very dissociative in the
UV visible spectral region. The spectrum up 6.2 eV
of the acetyl radical is still blank until this date.
In this work, we prepared the acetyl radical in a
molecular beam with a ¯ash pyrolysis nozzle and
®rst observed a continuous multiphoton ionization
(MPI) spectrum at 6.2±7.6 eV. The mechanism of
producing this spectrum was analyzed.
2. Experiment
The experimental setup for MPI and TOF mass
spectrometer in our laboratory was described in
detail in an earlier publication [21]. Brie¯y, a tunable dye laser (Lambda Physik, Scanmate 2E)
pumped by an Nd:YAG laser (Spectra Physics,
Quanta Ray GCR-190) was operated at 30 Hz with
a pulse duration of 7 ns. The dye laser was frequency-doubled with BBO or KDP crystals. Optogalvanic spectra of Ar were used to calibrate the
fundamental frequency of the dye laser with 2 cm 1
accuracy. The laser beam was focused by a 25 cm
focal length spherical lens and was aligned to intersect the molecular beam. A digital pulse/delay
generator (SRS, DG535) was used to control the
time sequence for the laser and molecular beams.
The cations produced via MPI were repelled in an
electric ®eld with a direction perpendicular to both
molecular and laser beams. The cations ¯ew across a
®eld-free TOF tube (80 cm) and were detected by a
microsphere plate (MSP) (EI-MUI Technologies).
The output signals of MSP were ampli®ed by a
preampli®er (EG&G, VT120) and then were sent to
a 500 MHz digital oscilloscope (LECroy 9344) and a
gated integrator (SRS, SR250) simultaneously. A
personal computer was used to collect and process
the experimental data after A/D conversion.

The acetyl radical was produced by pyrolysis of
acetone at about 1000 °C. The precursor, acetone,
was seeded in 2 atm He with 0.1% concentration and
was sprayed out by a pulsed valve. Before free expansion, it was pyrolyzed to methyl and acetyl
radicals within an 8 mm length and 1 mm inner diameter resistance heated ceramic tube that was
mounted on the nozzle of the pulsed valve. This
¯ash pyrolysis nozzle was described in detail in [22].
The supersonic expanded radicals ¯y to the ionization region passing through a skimmer. The vertical
distance from the nozzle to the ionization region is 9
cm to ensure that the radicals cool enough.

3. Results
3.1. Production and detection of the acetyl radical

In TOF mass spectra, both CH
3 and CH3 CO
came from two channels: the ®rst one, acetone was
photodissociated or pyrolyzed to CH3 and CH3 CO
®rstly and then was ionized by the laser, that is
hv=heat
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In experiment, under the condition of heat on, we
observed a signi®cant CH3 CO signal within the
wavelength range 330±380 nm. However, under
the condition of heat o, the CH3 CO signal disappeared. Fig. 1 shows the TOF mass spectra excited at 340 nm. Comparing the signal of CH3 CO
under the condition of heat on to that under the
condition of heat o, it can be concluded that the
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Fig. 1. Time-of-¯ight mass spectra of the acetyl radical excited
at 340 nm.

acetyl cations are produced from the ®rst channel,
not the second channel. That is to say, in our experiment, the acetyl radical was produced with
pyrolysis of acetone and was detected with the
MPI technique. As analyzed in Section 3.2, the
acetyl radical is ionized via absorbing two photons
simultaneously at this wavelength, not by stepwise
1  1 MPI. This is the ®rst time of detecting an
acetyl radical with nanosecond pulsed laser with
the MPI technique. Before this time, Abou-Zied
and McDonald [23] have already detected the
acetyl radical with picosecond pulsed laser with
MPI technique in the experiment for studying the
unimolecular photodissociation of CH3 CHO.
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beam was slightly defocused. However, no
CH3 CO signal was observed in the experiment
under the condition of heat on. This is in agreement with the dissociative characterization of the
acetyl radical in the UV spectral region.
We use 2  1 REMPI to study the highly excited electronic states of the acetyl radical lying
upon 6.2 eV. In this scheme, the laser beam is
tightly focused with a spherical lens to the ionization region. In the range 325±400 nm (one
photon), the signal of CH3 CO can be observed
under the condition of heat on, while under heat
o, the signal disappears. It is assured that the
observed signal is de®nitely coming from the ionization of the acetyl radical (®rst channel), not
from the decomposing of acetone cations (second
channel). When the laser wavelength is shorter
than 325 nm, the contribution of the second
channel to the observed CH3 CO signal becomes
more and more signi®cant; for this reason, we only
studied the spectrum in the range 325±400 nm in
this paper.
Fig. 2 shows an MPI spectrum recorded with an
SR250 gated integrator when the laser wavelength
was scanned continuously. This is a composite
spectrum with ®ve parts and not normalized with
laser energy, but an intensity scaling based on

3.2. MPI spectrum of the acetyl radical
With the advantage of using dye laser with high
pulse energy and high resolution in comparison
with traditional UV light source, we try to ®nd the
vibronic spectrum of the acetyl radical in the range
200±250 nm (4.96±6.2 eV) by 1  1 resonance-enhanced MPI (REMPI). In this scheme, the laser

Fig. 2. Wavelength continuously scanned MPI spectrum of the
acetyl radical in the range 325±400 nm (one photon). The
spectrum is not normalized with laser power. Arrows point to
the overlap position of every two neighboring dyes.
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common signals in the overlapping region of every
two neighboring dyes was enforced. The spectrum
is continuous and structureless, that is to say,
without any vibronic structure.
In order to obtain an MPI spectrum normalized
with laser energy, we measured the relative ion
yield of the acetyl cations point by point in the
range 325±385 nm. In this experiment, wavelength
step was 1 nm and laser energy on each point was
controlled to be 0.85 mJ. The relative values of ion
yield were obtained by measuring the integrated
intensity of the CH3 CO signal with the LECroy
9344 digital oscilloscope. In order to minimize the
measurement error coming from the laser energy
¯uctuation, each value was the averaged result of
three measurements, and each measurement datum was averaged from 1000 laser shots. Fig. 3
shows this spectrum as obtained point by point.
Power-dependence experiment is helpful for
determining whether the acetyl radical is ionized

via two-photon process. It is well known that, for
MPI

Fig. 3. MPI spectrum of the acetyl radical at
50 000±61 540 cm 1 (6.2±7.6 eV) obtained point by point at the
same laser energy, 0.85 mJ.

Fig. 4. Log±log plot of ion yield vs laser energy excited at 370
and 340 nm. The power coecients are ®tted to be 2.26 and
2.02, respectively.

IS / P n ;
where IS is the ion yield, P is the laser power, and n
is the power coecient. For 2  1 REMPI,
2 6 n 6 3, the reason is optical saturation in the
®nal ionization step. In the case of full saturation
in the ®nal ionization process, n  2. For ionization process via absorbing two photons simultaneously, n  2.
We performed a power-dependence measurement at dierent wavelengths. In the experiment,
quartz plates were used to attenuate laser power.
The power coecients were measured to be in the
range 1.9±2.3 because of measurement errors. Fig.
4 is the log±log plot of ion yield vs laser energy
excited at 370 and 340 nm. At 370 nm, n  2:26,
and at 340 nm n  2:02.
It is not enough to determine if the mechanism
of the observed MPI spectrum in Fig. 2 is either
2  1 REMPI or direct ionization via absorbing
two photons simultaneously only according to the
measured power coecients. It is necessary to refer
to the ionization potential of the acetyl radical.
The ionization potential of the acetyl radical had
been measured with dierent methods. In 1957,
Reed and Brand [24] determined the IP to be
8:08  0:09 eV with electron impact studies. In
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1963, Murad and Inghram [25] determined the
adiabatic ionization potential to be 7.08 eV with
photoionization of aliphatic ketones; no error was
reported in their measurement. On the other hand,
Lias et al. [26] reported that the ionization potential of the acetyl radical was 7.0 eV.
The pattern of the MPI spectra of the acetyl
radical in 50 000±61 540 cm 1 is similar to that of
the MPI spectra of some neutral molecules such as
propyne and vinyl chloride studied in our laboratory in the region of the near ionization threshold
[21,27]. In the case of two-photon energy being
higher than the ionization potential, MPI spectrum becomes continuous. According to this
characteristic and referring to the reported ionization potential of the acetyl radical as well as
power coecients obtained in our experiments, we
draw a conclusion that the acetyl radical is ionized
via 2  1 REMPI at 370 nm and is directly ionized
via absorbing two photons simultaneously at 340
nm. Abou-Zied and McDonald [23] proposed a
2  1 REMPI mechanism excited at 400 nm with
picosecond pulse laser. Our conclusion is in
agreement with theirs, if considering the same excitation wavelength.
3.3. Adiabatic ionization potential of the acetyl
radical
Based on the previous analysis, the continuous
spectral band of 59 000±615 400 cm 1 of the acetyl
radical in Fig. 3 can be assigned to direct ionization via absorbing two photons, and therefore, the
ionization potential of acetyl radical is impossible
to be 8.08 eV (65 173 cm 1 ). Using ®fth-order
polynomial ®t the spectrum between 52 000 and
59 000 cm 1 and doing the ®rst-order derivative to
the ®tted curve, the maximum of the derivative,
56 569 cm 1 (7.01 eV) corresponding to the adiabatic ionization potential of the acetyl radical was
obtained (see Fig. 5). Because the spectrum at
52 000±59 000 cm 1 was obtained point by point,
the measurement error was estimated to be less
than one increasing wavelength step. In our experiment, the wavelength step is Dk  0:5 nm if
considering two-photon processing, and then
DkIP  160 cm 1  0:02 eV. That is to say, the

Fig. 5. Derivative of the MPI spectrum of the acetyl radical
near the ionization threshold. The maximum, 56 569 cm 1 , is
responsible for the adiabatic ionization potential.

ionization potential of the acetyl radical determined by us is IP  7:01  0:02 eV.
Unlike allyl radical [22], no Rydberg series was
observed in the MPI spectrum of the acetyl radical, and therefore the ionization potential cannot
be determined with the Rydberg formula
m  IP

R
n

d

2

;

where m is the term value in cm 1 , R is the
Rydberg constant, and n is the principal quantum number, and d is the corresponding quantum defect. On the other hand, because the
acetyl cation is stable, the zero-kinetic energy
(ZEKE) technique would be the best method to
determine the ionization potential of an acetyl
radical accurately.
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4. Discussion
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The continuous 2  1 REMPI spectrum of the
acetyl radical from 50 000 cm 1 to the ionization
threshold is impossible to have resulted from vibronic congestion of the hot acetyl radical. One
interpretation is that the highly excited electronic
states of the acetyl radical are metastable; it is
dissociative to result in a continuous spectrum.
But the dissociative rate is less than that of lowlying B state. One experimental evidence is that we
try to ®nd out 1  1 REMPI signal in the region of
200±250 nm and 2  1 REMPI signal in the region
200±270 nm (two-photon wavelength) but we
cannot observe any ionization signal of the acetyl
radical under the condition of heat on. According
to the theoretical calculation done by Mao et al.
[14], C and D electronic states of the acetyl radical
lie in the range 6.2 eV-IP, while B state lies in the
range 200±270 nm. According to this, a dynamical
information can be achieved that C and D states
are less dissociative than B state for the acetyl
radical. Generally, the B, C, D states of the acetyl
radical are dissociative, and without any vibronic
spectral structure can be observed in UV absorption or REMPI spectra.
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5. Conclusions
Jet-cooled acetyl radical can be produced by
pyrolysis of acetone in a molecular beam and
can be monitored with the MPI technique. A
continuous MPI spectrum at 6.2±7.6 eV of the
radical was observed in experiment. The spectrum at 6.2 eV-IP has resulted from 2  1 REMPI through C, D and high-lying Rydberg
states; the spectrum at IP-7.6 eV has resulted
from direct two-photon ionization. Highly excited electronic states such as C, D of the acetyl
radical have proved to be dissociative and
metastable. In comparison, the low-lying electronic states of the radical B are very easy to
dissociate. The adiabatic ionization potential of
the acetyl radical is redetermined to be
7:01  0:02 eV from the derivative of the MPI
spectrum near the ionization threshold.
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