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Abstract. We report about effective ionization of iodine atoms and CF3I molecules under the action of
intense XeCl laser radiation (308 nm). The only ion fragment resulting from the irradiation of the CF3I
molecules is the I+ ion. We have studied the influence of the intensity, spectral composition, and polarization
of the laser radiation used on the intensity of the ion signal and the shape of its time-of-flight peak. Based
on the analysis of the results obtained, we have suggested the mechanism of this effect. The conclusion
drawn is that the ionization of the iodine atoms by the ordinary XeCl laser with a nonselective cavity results
from a three- (2 + 1)-photon REMPI process. This process is in turn due to the presence of accidental
two-photon resonances between various spectral components of the laser radiation and the corresponding
intermediate excited states of the iodine atom. The probability of ionization of the atoms from their ground
state I(2P3/2) by the radiation of the ordinary XeCl laser is more than two orders of magnitude higher
than the probability of their ionization from the metastable state I∗(2P1/2). The ionization of the CF3I
molecules by the XeCl laser radiation occurs as a result of a four-photon process involving the preliminary
one-photon dissociation of these molecules and the subsequent (2 + 1)-photon REMPI of the resultant
neutral iodine atoms.

PACS. 32.80.Rm Multiphoton ionization and excitation to highly excited states – 33.80.Rv Multiphoton
ionization and excitation to highly excited states – 42.55.Lt Gas lasers including excimer and metal-vapor
lasers

1 Introduction

The multiphoton ionization (MPI) of atoms, molecules,
and radicals, their resonance-enhanced multiphoton ion-
ization (REMPI) included, is being widely used to detect
these particles and to study their highly excited states and
also chemical reactions involving them (see, e.g. [1,2], as
well as the reviews [3,4]). Based on this technique, the
spectral properties of the CF3I molecule and the photoin-
duced reactions occurring during the course of excitation
of its various states have been investigated in fairly great
detail. For example, using the REMPI method to detect
iodine atoms, the authors of [5,6] have studied the uni-
molecular decay of CF3I as a result of its IR multiphoton
excitation within the limits of the ground electronic term
(see Fig. 1). The decay products in that case are the CF3

radical and the iodine atom in the ground state 2P3/2. The
above authors used the (3 + 1)-photon REMPI of atomic
iodine by radiation in the visible region of the spectrum.
It should be noted that the (2 + 1)-photon REMPI of
iodine by radiation in the ultraviolet region [7,8] proved
more convenient and sensitive. The first excited electronic
state of the CF3I molecule (A band, begins at approxi-
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mately 32 000 cm−1) is a decaying one and has a fairly
complex structure. It is formed by three potential sur-
faces, 3Q1, 3Q0, and 1Q1, two of them (3Q0 and 1Q1)
intersecting (see Fig. 1). This in turn makes the picture
of decay from this state rather involved. The dissociation
of the molecule subsequent upon excitation of its A← X
transition is accompanied by the prompt fission of the C–I
bond (according to the data of [9], the lifetime amounts
to 150–350 fs), two reaction channels being active to pro-
duce iodine atoms in the ground, I(2P3/2), and the excited,
I*(2P1/2), state:

CF3I + hν → CF3 + I(2P3/2), (1)

CF3I + hν → CF3 + I∗(2P1/2). (2)

Reactions (1) and (2) and the effect of the crossing be-
tween the 3Q0 and 1Q1 states on them have been stud-
ied in a series of works (see, e.g., [10,11] and references
cited therein). Specifically, the (2 + 1) REMPI detection
of atomic iodine was used, in conjunction with the veloc-
ity map imaging technique [11], too, to determine the I*/I
branching ratio and the photofragmentation anisotropy
parameters β for reactions (1) and (2) and also the de-
pendence of these parameters on the radiation wavelength
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Fig. 1. Left: energy level diagram of the CF3I molecule and
CF3I

+ ion. Right and bottom: the A and X states of the CF3I
molecule and schematic diagrams of its UV and IR MP excita-
tion, along with the schematic diagram of the (2 + 1) REMPI
of atomic iodine.

and the vibrational excitation extent of CF3. Note that
the I*/I branching ratio also depends on the temperature
(vibrational) of the CF3I molecules themselves, and when
the latter are excited at λ = 308 nm, it increases with the
temperature [12].

The REMPI technique was also used to study high-
lying electronic states of both the CF3I molecule itself and
the molecular ion CF3I+. To illustrate, the (2+1) REMPI
by laser radiation tunable within the range 300–306 nm
was used in [13] to investigate the 6s Rydberg manifold
(C state, Fig. 1). Observed in the mass spectrum of the
ionization products were the CF3I+, CF+

3 and I+ ions.
The photofragmentation of the CF3I+ ion produced by
way of the (2+1) REMPI process in the range 300–306 nm
was also studied in [14]. In that case, as distinct from [13],
there also occurred an intermediate resonance with the de-
caying A term of the CF3I molecule. Nevertheless, the ion
contents of the products observed were the same. The au-
thors of [13,14] concluded that the CF3I+ ion resulted
from the (2 + 1)-photon resonant ionization of CF3I. The
emergence of the other two ions, as well as the relation be-
tween the CF3I+, CF+

3 , and I+ ion peaks, largely depends
on the possibility of absorption of a fourth photon by the
CF3I+ ion, followed by its dissociation into CF+

3 + I or

CF3 + I+. Besides, some CF+
3 ions may be produced via

the statistical dissociation of the source CF3I+. This con-
clusion about the formation mechanism of the ion prod-
ucts was supported by the results of the later work [15].
What is more, the conclusion was drawn in this work that
the direct four-photon excitation of the parent molecule
prior to its ionization was unlikely with nanosecond lasers.
It should be noted that high-lying states in CF3I+ were
also studied using the one-photon ionization of CF3I by
VUV radiation (see, e.g., [16]). The results obtained cor-
relate well with those obtained by the REMPI method.

The advent of femtosecond lasers has allowed the dy-
namics of photoinduced reactions to be studied directly.
In particular, such investigations into the dynamics of
the multiphoton dissociation and ionization of CF3I were
carried out in [17,18]. By varying the delay between the
pump and probe pulses made it possible to reveal, among
other things, the sequence and emergence time of the ion
fragments. This time proved to differ between different
fragments, which is explained by the competition between
different ion production pathways. Thus, the above brief
overview demonstrates that sufficiently detailed informa-
tion have been obtained to date about the structure of
the electronic states in CF3I and CF3I+, as well as on the
channels and energies of photoinduced reactions in these
particles. It was these data, presented in [5–18], that were
used in preparing Figure 1.

In all of the above-cited works, to ionize the CF3I
molecule, use is made of intermediate resonance states, as
a rule, from the 6s or the 7s Rydberg manifold. As a re-
sult, the ionization spectrum features a distinct structure
determined mainly by the vibronic states of the interme-
diate resonances. When the ionizing radiation is detuned
off resonance with these states, the ion signal vanishes. In
our experiments with the CF3I molecule we have found
that the ionization of the CF3I molecule under the ef-
fect of XeCl laser radiation (308 nm) occurs at a radia-
tion intensity over some 1.6×108 W/cm2. But in contrast
to the above-mentioned experiments, the resultant mass
spectrum in our experiments contained only one ion prod-
uct, namely, the iodine ion, I+. No other products, be it
CF3I+ or CF+

3 , have been found. What is more, XeCl
laser radiation has been found to be even more effective
in ionizing atomic iodine, predominantly from its ground
state 2P3/2. To reveal the mechanism governing the ion-
ization of iodine atoms and CF3I molecules by the XeCl
laser radiation, we have conducted special investigations.
The results of this work are presented in this paper.

2 Experimental

We performed our experiments using the setup whose de-
tailed description can be found in [19,20]. This experi-
mental setup allows one to take measurements with both
molecular beams and low-pressure (10−7–10−8 Pa) gases
at room temperature (298 K). It was precisely this, second
regime that was used in our experiments with CF3I, whose
results are presented in this paper. The atomic iodine
needed for the experiments was produced by way of the IR
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multiphoton dissociation (IR MPD) of CF3I by a pulsed
CO2 laser radiation (duration 150 ns, line 9R12) resonant
with the ν1 mode of this molecule. The energy fluence of
the CO2 laser radiation used amounted to 8 J/cm2, which
ensures almost 100% dissociation of CF3I to yield iodine
atoms in the ground state 2P3/2 state (see, e.g., [21]). The
CF3I gas was irradiated directly within the chamber of
a home-built time-of-flight mass spectrometer (TOF MS)
used to detect and identify the ion fragments formed. The
focused XeCl and CO2 laser beams propagated at an angle
of 60◦ to each other in a plane normal to the axis of the
TOF MS, so that their caustic waists intersected on this
axis. The XeCl laser beam was focused by means of a lens
with a focal length of f = 12 cm, the focal spot diameter
of the beam (at the 1/e level) amounted to 0.13 mm. The
CO2 laser beam at this spot was 1 mm in diameter.

It is well-known [22] that the structure of the emission
spectrum of the ordinary XeCl laser in the 308-nm region
is conditioned by the vibrational-rotational structure of its
radiative transitions. The strongest among them are the
transitions ν′′ = 1 ← ν′ = 0 and ν′′ = 2 ← ν′ = 0, emit-
ting radiation with a wavelength (in air) of 307.961 and
308.21 nm, respectively. To narrow the spectrum of our
XeCl laser and enable one to select the necessary tran-
sition, the laser cavity was modified as in [23]. Instead
of the nontransparent mirror, use was made of a grating
(2400 lines/mm) set at a grazing incidence angle. In addi-
tion, the cavity was equipped with two diaphragms 11 mm
in diameter. All this made it possible to sufficiently effec-
tively control the radiation spectrum (see below). The ra-
diation of our modified XeCl laser was linearly polarized,
normal to the axis of the TOF MS. The “ordinary” spec-
trum was not polarized. In that case, linear polarization
was attained, if need be, by means of a Glan prism.

The ions formed inside the chamber of the TOF MS
were detected with a secondary-electron multiplier. The
ion signal, as well as the UV and IR pulse energies, were
monitored by a digital oscilloscope and then fed to a com-
puter to be accumulated and processed. A triggering cir-
cuit was used to time all the pulses.

3 Results and discussion

As noted above, in our experiments with the CF3I
molecule, we found that irradiating it with a sufficiently
intense XeCl laser radiation made the molecule undergo
ionization to produce the I+ ion peak in the mass spec-
trum. Figure 2 presents the relationship measured between
the magnitude of the ion signal S(I+) and the laser pulse
energy (curve 1). The data points in the initial section
of this curve correspond to a radiation intensity around
1.5 × 108 W/cm2. One can see that the experimental
data points fit well the power dependence S(I+) ∝ En

UV
(dashed curve) close to a cubic one: the power n = 3.16.
Note that no other ions, be it CF+

3 or CF3I+, were found
when irradiating the CF3I molecule in the XeCl laser ra-
diation intensity range studied.

When the CF3I molecules were preliminarily made to
dissociate into CF3 and I(2P3/2) as a result of their IR

Fig. 2. Yield of the I+ ions as a function of the XeCl laser
pulse energy (fluence) in the multiphoton ionization of CF3I
(curve 1) and atomic iodine (curve 2). Symbols – experimen-
tal points, dotted lines – approximation by a power function,
solid curves – model calculations. ΦUV – fluence values in the
center of UV beam spot. CO2 laser fluence used to produce io-
dine atoms, ΦIR = 7.7 J/cm2. Arbitrary units – same for both
curves 1 and 2. Inset: characteristic shape of the time-of-flight
peaks of the I+ ions in the ionization of CF3I (curve 3) and
atomic iodine (curve 4).

MPD under the effect of a CO2 laser pulse, the mass
spectrum resulting from their irradiation with the XeCl
laser also featured the I+ ion peak, which undoubtedly ev-
idenced the ionization of iodine atoms by this radiation.
Curve 2 in Figure 2 represents the relationship between
S(I+) and EUV at a CO2 laser radiation energy fluence
of ΦIR = 7.7 J/cm2. The delay between the IR and UV
pulses amounted to 1.2 µs. Under these conditions, by
the instant the UV pulse arrived, practically 100% of the
CF3I molecules had already undergone dissociation, and
the recession of the iodine atoms formed could still be
disregarded [21]. As can be seen from Figure 2, the be-
havior of the S(I+) signal in this case differs noticeably
from that in the case of irradiation of the CF3I molecules
(cf. curves 1 and 2). When ionizing iodine, the experi-
mental dependence of the ion signal on the energy fluence
EUV is also described by a power function, but it is now
closer to the quadratic function S(I+) ∝ En

UV (n = 2.36)
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shown by the dashed line superimposed on curve 2. Be-
sides, since the number of particles, the iodine atoms I
and the CF3I molecules, in both cases is approximately
the same, it appears from Figure 2 that the process of
ionization of the iodine atoms is more effective than that
of the CF3I molecules (cf. curves 1 and 2). It should be
noted that the time-of-flight spectra of the I+ ions differ
between these two cases as well. The corresponding peaks
are presented in the inset in Figure 2. The width of the
peak in the case of ionization of the CF3I molecules is
obviously much greater than in the case of ionization of
the iodine atoms. This in turn points to the fact that the
kinetic energy of the I+ ions formed in the former case
is perceptibly higher than in the latter. The time-of-flight
spectra will be considered in more detail elsewhere.

Thus, the above results allow us to conclude that the
formation of the I+ ions during the course of irradiation
of the CF3I molecules and the iodine atoms, I, occurs as a
result of multiphoton processes, but the actual formation
mechanism differs between these two cases.

3.1 Multiphoton ionization of iodine atoms

As already noted, the (2 + 1) REMPI of atomic iodine
was studied in a series of works. There are two resonances
in the region of 308 nm that correspond to two-photon
transitions from the ground state 5p2P3/2 (5p2P3/2 →
6p3P2) and from the excited state 5p2P1/2 (5p2P1/2 →
6p3P1) to the appropriate intermediate levels in iodine.
The laser radiation frequency needed to excite these tran-
sitions equals 32 451.73 cm−1 and 32 463.16 cm−1, respec-
tively [8]. Recall that the frequencies of the 0–1 and 0–2
transitions in the XeCl laser are (as reckoned from the po-
sitions of the radiation intensity maxima) 32 462.2 cm−1

and 32 436 cm−1, respectively. At first glance it would
seem that the closest to resonance with the XeCl laser ra-
diation is the transition in the excited iodine I∗ that in our
experiments can be produced by reaction (2). However, as
follows from the experiment (see Fig. 2), the ionization of
iodine from its ground state is much more effective.

We have measured the actual spectrum of the 0–1 and
0–2 transitions in our XeCl laser. When the laser uses
a nonselective cavity, the spectrum is as shown in Fig-
ure 3a. One can see that both transitions are of finite
width, and the profile itself features a substructure as-
sociated with the rotational components of the vibronic
transitions. With the spread function of our spectral in-
strument known (∆(1/2) = 2 cm−1), we could deconvolve
this instrumental width and obtain a model spectrum of
our XeCl laser. This model spectrum is also presented as
the shaded profile in Figure 3a. The spectrum shows the
possible position of the individual rotational components
of the transitions. Note that the rotational structure of
the model spectrum obtained is in good agreement with
the well-known direct measurement results, at least for the
ν′′ = 1← ν′ = 0 transition. Specifically, the distances ob-
tained by us between the lines of this transition (Fig. 3a)
agree well with the values obtained in [24] for the states
with j′ = 4, 5, 6, 7, and 8. Note that the spectrum of

Fig. 3. Fragment of the XeCl laser emission spectrum. Sym-
bols (∇) indicate the position of the maxima of the 0–1 and
0–2 transitions. Symbols (�) and dashed lines indicate the po-
sition of the nearest two-photon resonances for I(2P3/2) and
I∗(2P1/2), 1 and 2, respectively. The asterisk indicates the po-
sition of the maximum used to determine the parameter η (see
text). (a) Nonselective cavity. Dots and solid curve – experi-
ment; shaded profile – model spectrum, η = 2.3. (b) Selective
cavity. The 0–2 transition is suppressed, η = 37.

Figure 3a only gives an idea of the position of the tran-
sition lines; unfortunately, their width remains undeter-
mined, but it does not exceed 0.66 cm−1. Indicated in
Figure 3a are also the frequencies corresponding to two-
photon transitions in I and I∗. The frequency needed to ex-
cite I(2P3/2) is seen to fall approximately midway between
the frequencies of the 0–1 and 0–2 transitions. Therefore,
the two-photon excitation of I(2P3/2) can become possi-
ble if one photon is taken from the 0–1 transition and the
other, from the 0–2 one. By and large, for the probability
of two-photon excitation of a state with an energy of hν,
we may write

S(ν) ∝
∫∫

dν1dν2I(ν1)I(ν2)δ(ν1 + ν2 − ν)

=
∫

dν1I(ν1)I(ν − ν1) = (I ∗ I) (ν), (3)

where I(ν) is the spectral density distribution of the XeCl
laser radiation. Expression (3) is actually the convolution
of the model spectrum presented in Figure 3a. The result
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Fig. 4. Convolution of the model spectrum of the XeCl laser.
Shaded profile – nonselective cavity, η = 2.3. Open profile – se-
lective cavity, η = 37. 1 and 2 – two-photon transition energies
for I(2P3/2) and I∗(2P1/2), respectively.

of this convolution of the model spectrum of our XeCl
laser radiation is presented in Figure 4. One can clearly
see that the effective excitation of I(2P3/2) is indeed pos-
sible, whereas the two-photon resonance for I∗(2P1/2) oc-
curs in the spectral minimum. To verify this conclusion, we
measured the ionization yield for the modified spectrum.
Using a selective cavity, we varied the relation between the
intensities of the 0–1 and 0–2 transitions. A characteris-
tic example of such a spectrum, with the 0–2 transition
largely suppressed, is shown in Figure 3b. The relation
between the intensities of the 0–1 and 0–2 transitions was
characterized by the parameter η = a/b, the ratio of the
amplitude of the 0–1 transition to the maximum ampli-
tude denoted by the asterisk (*) on the spectrum of the
0–2 transition (Fig. 3a). For the usual spectrum of our
XeCl laser with a nonselective cavity the ratio η = 2.3,
and for the spectrum of Figure 3b, η = 37.

We also measured the yield S(I+) of the I∗ iodine as
a function of the total UV pulse energy EUV for various
η values. Curve 2 in Figure 5 represents the relationship
between S(I+) and EUV for η = 37. The same figure also
shows for comparison a similar relationship (curve 1) mea-
sured under the same conditions for the usual spectrum,
i.e., for η0 = 2.3. It can be seen that reducing η by a factor
of 16 leads to a 7.8-fold reduction of the ion signal. Similar
relationships were also measured for other η values. As a
result, we obtained the dependence of the normalized sig-
nal Sn = S(η)/S(η0), where η0 = 2.3, on the parameter η,
the total energy E remaining the same. This dependence is
represented by triangles in Figure 6. We can demonstrate
that within the framework of the assumptions made, in-
cluding the one that a + b = const.,

Sn =

η

(1 + η)2
η0

(1 + η0)2
.

Fig. 5. Effect of the spectral composition of the XeCl laser
radiation on the ionization efficiency of iodine atoms (curves 1
and 2) and CF3I molecules (curves 3 and 4). Presented are the
dependences of S(I+) on EUV for nonselective cavity (η = 2.3,
curves 1 and 3) and for selective cavity (η = 37, curves 2 and 4).
Arbitrary units – same for all the curves.

Fig. 6. Normalized ion signal Sn = S(η)/S(η) as a function of
the parameter η – the ratio between the intensities of the 0–1
and 0–2 XeCl laser transitions (see text). Triangles and curve 1
– experiment and calculation for the ionization of I(2P3/2);
dashed curve 2 – calculation for the ionization of I∗(2P1/2);
circles and dotted curve – experiment and calculation for the
ionization of CF3I. Polarization – normal to the axis of the
TOF MS.

A graphic idea of this dependence can be gained from
curve 1 of Figure 6. A sufficiently good agreement with
the experiment is obvious.

We believe that the results presented give grounds to
state that the ionization of I(2P3/2) by the XeCl laser ra-
diation results from the simultaneous utilization of two
different photons from the 0–1 and 0–2 transitions. The
absorption of a third photon by the atom raises it into the
ionization continuum. Thus, we have to do here with the
three- (2 + 1) REMPI of the I(2P3/2) atom by the XeCl
laser radiation, resulting from the accidental resonance of
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the sum of the energies of two different photons from the
0–1 and 0–2 transitions in this laser with the energy of the
5p2P3/2 → 6p3P2 transition in the iodine atom. As for the
deviation of the observed dependence S(I+) ∝ E2.36

UV from
the cubic behavior expected to occur in this case, it is
apparently due to the saturation of the transition from
the intermediate state 6p3P2 into the ionization contin-
uum. The modeling of this type of (2 + 1) process in a
rate equations approach and in a wide range of fluences
including saturation region makes it possible to determine
the cross-section σi of above ionization transition (see,
e.g. [2]). The result of this modeling is shown in Figure 2
by the solid curve drawn via the experimental points (2).
A good agreement between the measured and calculated
data is seen. This fitting procedure gave the magnitude of
σi equal to 2.3×10−18 cm2. This value falls into the char-
acteristic region of 10−17−10−18 cm2 for the ionization
cross-section of atoms from their excited states [2]. The
measured σi value corresponds to the saturation energy
Φs = hν/2σi = 1.4 J/cm2. The curve (2) in Figure 2 is
measured at ΦUV ≈ 0.45–2.3 J/cm2 so that saturation (at
least partial) of this transition in our experiments should
be really seen.

Note in conclusion that the (2 + 1) REMPI of the
I(2P3/2) atoms by the XeCl laser radiation makes it possi-
ble to determine the mean velocity of these atoms during
the course of dissociation of the CF3I molecules. This can
be done by measuring the recession kinetics of the particles
as a function of the delay between the IR and UV pulses
(for details, see [25]), and also proceeding from the width
of the time-of-flight peak of these atoms. In both cases, for
ΦIR ≈ 4 J/cm2, we obtained closely similar mean velocity
values, around 270 m/s. Considering the initial thermal
velocity of the CF3I molecules, this gives 0.088 eV for the
kinetic energy release ε in the IR MPD of CF3I by reac-
tion (1).

3.2 Multiphoton ionization of CF3I molecules

There are two possible ways for the I+ ions to form dur-
ing the course of irradiation of the CF3I molecules by
the XeCl laser radiation. The first is the direct multi-
photon ionization of these molecules. The minimum en-
ergy required to produce the iodine ion by the reaction
CF3I→ e− + CF3 + I+(3P2) comes to 12.78 eV [15], and
so three quanta at a wavelength of 308 nm prove insuffi-
cient for this reaction to be realized. To produce the I+ ion
requires absorption of at least four such photons, which is
supported by the data of [13–15], already noted in the in-
troduction. At the same time, as follows from these works,
the formation of the iodine ion in that case is always ac-
companied by the emergence of the CF3I+ and CF+

3 ions.
And we emphasize once more that the only ion product
formed in our experiment is the I+ ion. Moreover, the
ionization of CF3I in [13–15] was only observed when the
radiation frequency used was in a two-photon resonance
with intermediate Rydberg state levels (see Fig. 1). As
follows from the form of the spectrum of these transitions
in the region of 300–306 nm [14], such a resonance in the

vicinity of 308 nm is little probable. All this allows us to
conclude that more probable is another way for I+ to form,
namely, as a result of the one-photon excitation of CF3I
into the state A, followed by the formation of the iodine
atoms by reactions (1) and (2) and subsequent ionization
of these atoms as a result of the (2 + 1) REMPI process
considered above.

To reveal the mechanism of ionization of CF3I by the
XeCl laser radiation, we studied the effect of the spectral
composition of this radiation (the relation between the
0–1 and 0–2 transitions) on the yield of the I+ ions. The
measurement results for the usual spectrum (η0 = 2.3)
and for the spectrum with η = 37 are presented in Fig-
ure 6 (curves 3 and 4, respectively). Similar relationships
between S(I+) and the total energy EUV were also mea-
sured for other η values. The magnitudes of the normalized
ion signal Sn = S(η)/S(η0) obtained for various values of
the parameter η are represented by circles in Figure 6. It
can be seen that the behavior of Sn as a function of η
is qualitatively similar to that in the case of the (2 + 1)-
photon REMPI of the I(2P3/2) atoms. At the same time,
the reduction of the ion signal with increasing η in the
case of CF3I takes its course obviously slower, especially
at high η values. It should be noted that as distinct from
the IR MPD of CF3I, wherein only the I(2P3/2) atoms are
produced, the UV dissociation of this molecule yields both
I(2P3/2) and the excited iodine I∗(2P1/2). We, therefore,
supposed that the slower reduction of Sn as a function
of η (curve 3 in Fig. 6) is due to the REMPI of I∗(2P1/2)
by the XeCl laser radiation within the limits of the 0–1
band. The spectrum in Figure 3a is a model spectrum;
its fine structure is not resolved, and so the ionization of
I∗ is quite possible. If the probability of the two-photon
excitation of I∗(2P1/2) is proportional to a2, one can eas-
ily show that the relationship between the normalized ion
signal Sn = S(η)/S(η0) and η for the excited iodine has
the form

Sn =

η2

(1 + η)2

η2
0

(1 + η0)2

,

which is reflected by curve 2 of Figure 6. As expected, the
magnitude of Sn grows higher with increasing η.

Within the framework of the assumptions made, we
can write down the following expression for the total ion
signal from the two iodine atom modifications: S(I+) ∝
n1σ

(2)
1 2abΦ2

UV + n2σ
(2)
2 a2Φ2

UV, where n1 and n2 are the
partial concentrations and σ

(2)
1 and σ

(2)
2 , two-photon tran-

sition cross-sections for I and I*, respectively. Finally, for
the normalized total ion signal, we have

Sn =

η

(1 + η)2
η0

(1 + η0)2

1 +
n2σ

(2)
2

2n1σ
(2)
1

η

1 +
n2σ

(2)
2

2n1σ
(2)
1

η0

. (4)

The only unknown parameter in expression (4) is the ratio
n2σ

(2)
2 /n1σ

(2)
1 . The best possible fit of expression (4) and
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experimental data points is shown in Figure 6 by dashed
curve 3. The value of the n2σ

(2)
2 /n1σ

(2)
1 ratio correspond-

ing to this case equals 0.09. Good agreement is evident be-
tween the experimental data points and curve (4), which
confirms, in our opinion, the assumption made as to the
formation mechanism of the I+ ions. According to the data
presented in [12], the relative concentration of I∗ in the
case of dissociation of CF3I by the XeCl laser radiation
at room temperature should be no less than 92%, i.e.,
n2 � 0.92. Hence it follows that σ

(2)
1 /σ

(2)
2 � 127. This

circumstance provides for a sufficiently high selectivity of
ionization of the I atoms in their mixture with I∗ by the
XeCl laser radiation. Indeed, the ratio between the sig-
nals from I and I∗ is S(I)/S(I∗) = 2n1σ

(2)
1 /n2σ

(2)
2 η, and

at n1 = n2 and η = 2.3, we have S(I)/S(I∗) � 110.
We also conducted experiments and analyzed the time-

of-flight spectra obtained with differing polarization of the
exciting radiation. As noted earlier, the ion peak obtained
after the preliminary IR MPD of CF3I is substantially nar-
rower than in the case of the UV irradiation of the source
molecules (see Fig. 2). Moreover, as expected, the shape of
this peak in the former case is, as expected, independent of
the polarization of the exciting radiation. The character-
istic shape of the time-of-flight signal from I+ in the case
of irradiation of CF3I by the XeCl laser radiation is pre-
sented in Figures 7a and 7b for two polarization directions,
normal and parallel to the z-axis of the TOF MS, respec-
tively, and the “natural” spectrum of the radiation. These
figures clearly demonstrate the anisotropy of the process
of formation of I+. We believe that both the shape of the
ion peak and its width are determined by the first stage
of the process, namely, the excitation and subsequent dis-
sociation of CF3I from the state A ← X in accordance
with reactions (1) and (2). This process has been stud-
ied well enough, including the case of λ = 308 nm [12].
The average translational energy release in the dissocia-
tion from the state A substantially exceeds that in the IR
MPD within the X state. For example, in the case of ex-
citation to the surface 3Q1 ← X , the average velocity of
the I(2P3/2) atoms formed is Vm = 900 m/s [12] (compare
with the velocity Vm = 270 m/s measured by us in the IR
MPD). It is exactly this fact that explains the materially
greater width of the ion peak in the case of UV irradiation
of CF3I.

The shape of the time-of-flight peak in Figures 7a
and 7b is governed by the distribution of the projections
of the velocity Vz of the atoms produced onto the z-axis of
the TOF MS. In analyzing our results, we used for this dis-
tribution the following expression similar to the one used
in [26]:

P (Vz) =

∞∫

Vz

dV

(
P (V )
2V

[
1 + βP2

(
Vz

V

)
a

])
, (5)

where β is the anisotropy parameter, P2 is a second-
degree Legendre polynomial, and the parameter a = 1
or a = −1/2 for the polarization direction E ||Oz or
E⊥Oz, respectively. As follows from [12], the transition

Fig. 7. Effect of the radiation polarization on the shape of the
time-of-flight peak of I+ produced upon irradiation of CF3I
– upper figures (a) and (b). The time-of-flight signal is pre-
sented in the velocity coordinate frame, where V – velocity
projection onto z-axis of the TOF MS. (a) Experiment and
calculation (shaded profile) for the case of polarization normal
to the TOF MS axis; (b) experiment and calculation (shaded
profile) for the case of polarization parallel to the TOF MS
axis; (c–e) – calculated shape of the velocity distribution of
iodine atoms for the different CF3I dissociation channels (see
text) and radiation polarization parallel to the TOF MS axis.

3Q1 ← X is of perpendicular type, and for λ = 308 nm
the parameter β = −0.9, while 3Q0 ← X is a parallel-type
transition and, accordingly, β = +1.8 here. The velocity
distributions P (V ) of the I atoms formed upon excita-
tion of CF3I onto these two surfaces differ in form. For
λ = 308 nm, the form of P (V ) was determined in [12].
We used these data, taking into consideration the fact
that the CF3I molecules in our measurements were dis-
tributed by the initial room-temperature velocity distri-
bution. When modeling the time-of-flight signal, account
was also taken of the fact that the I∗(2P1/2) atoms were
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only formed upon dissociation from the state 3Q0, while
the production of I(2P3/2) was contributed to not only by
the state 3Q1, but also by 3Q0 (see Fig. 1). Figures 7c–7e
present the shape of the velocity distribution of iodine
atoms for each of these channels with the radiation po-
larization parallel to the z-axis of the TOF MS (E ||Oz).
These distributions were used to calculate the shape of the
overall time-of-flight signal. The best possible fit of the ex-
perimental signal and the sum of the contributions from
the three channels is illustrated in Figure 7a (shaded pro-
file). A similar procedure was also performed for E ⊥Oz
(Fig. 7a). In both cases, good agreement between the ex-
periment and calculation is obvious. It should be noted
that during the course fitting we also determined the rel-
ative contribution from each of the three atomic iodine
formation channels to the total ion signal. The integral
contribution to the ion signal from I∗(2P1/2) amounts to
0.122, that from I(2P1/2) formed as a result of the paral-
lel and the perpendicular transition being equal to 0.254
and 0.624, respectively. (The data shown in Figs. 7c–7e
are represented with these weights.) Hence it follows that
the ratio between the signals from I and I∗, S(I)/S(I∗),
equals to 7.2. On the other hand, it has been demon-
strated above that S(I)/S(I∗) = 2n1σ

(2)
1 /n2σ

(2)
2 η. For the

measured value 2n1σ
(2)
1 /n2σ

(2)
2 η = 0.09 and η = 2.3, we

have S(I)/S(I∗) = 9.66. So, within the framework of the
mechanism suggested for the production of the I+ ions
by the XeCl laser irradiation of the CF3I molecules, two
different types of experiment yield close values for the pa-
rameter S(I)/S(I∗). This is another evidence in favor of
this mechanism.

Thus, we believe that the set of the results presented
allow us to quite justifiably state that when irradiating
CF3I by the XeCl laser radiation, I+ ion emerges as a
result of a four-photon process. At the first stage there
takes place the one-photon dissociation of CF3I to yield
atomic iodine. The I+ ions are then produced in the sub-
sequent three- (2 + 1)-photon REMPI of these atoms as
a result of accidental two-photon resonance between the
XeCl laser radiation and the appropriate atomic transi-
tions, the iodine atoms being predominantly ionized from
their ground state 2P3/2. As for the form of the power
dependence of the ion signal S(I+) on the laser pulse en-
ergy EUV, it should be noted that under our experimental
conditions the transition A← X is not saturated. Indeed,
according to [12], the cross-section of this transition is
σ = 3 × 10−20 cm2, and correspondingly, the saturation
energy is Φs = hν/2σ ≈ 11 J/cm2, and we took our mea-
surements in the energy fluence range 1.6−6.4 J/cm2. For
this reason, the power of the S(I+) dependence on EUV

should be approximately a unity greater than that for the
subsequent REMPI process, which agrees well with the
experiment (see Fig. 2). The difference of this dependence
from a quartic one is caused again by the saturation of
the transition to ionization continuum. The dependence
of S(I+) on ΦUV calculated within this approach with the
measured earlier value of σi is presented in Figure 2 by
the solid line (1). A good agreement with experiment is
seen.

4 Conclusions

In this work, we report observation of the ionization of
iodine atoms and CF3I molecules under the effect of the
XeCl laser radiation. When irradiating the molecules, the
only ion product observed was the I+ ion, which is distinct
from the results obtained by other authors in a closely sim-
ilar wavelength range, who always observed a number of
different ions, including CF3I+, CF+

3 , and I+. We mea-
sured the yield of the I+ ions as a function of the XeCl
laser radiation intensity and spectral composition and de-
termined the effect of polarization of the radiation on the
shape of the time-of-flight peak. The latter measurements
showed the process of formation of I+ upon the XeCl-laser
irradiation of CF3I to be anisotropic.

Our analysis of the results obtained has demonstrated
that the main factor governing the possibility of effective
ionization of the I atoms and CF3I molecules is the finite
width of the emission spectrum of the ordinary XeCl laser
with a nonselective cavity, associated with the vibrational-
rotational structure of the lasing band. We have concluded
that the ionization of atomic iodine occurs as a result of
a three- (2 + 1) REMPI process. For the iodine atoms in
the ground state 2P3/2, this process takes place as a result
of accidental resonance between the sum of the energies
of two different photons from the 0–1 and 0–2 XeCl laser
transitions with the energy of the 5p2P3/2 → 6p3P2 tran-
sition in the iodine atom. The subsequent ionization of the
atom from its state 6p3P2 occurs as a result of absorption
of a third photon. The ionization of the iodine atom from
its metastable state I∗(2P1/2) also takes place as a result
of a similar (2+1)-photon process, but in this case because
of accidental resonance of the 5p2P1/2 → 6p3P1 transition
with two photons, both from the 0 → 1 XeCl laser emis-
sion band now. However, the probability of ionization of
I(2P3/2) by the ordinary XeCl laser radiation proved to
be much higher (by more than two, orders of magnitude)
than that of I∗(2P1/2).

The results of our studies into the ionization of the
CF3I molecules by the XeCl laser radiation have allowed
us to conclude that I+ in that case is produced as a result
of a four-photon process. The most probable mechanism
responsible for this process is as follows. At the first stage
there takes place the one-photon dissociation of CF3I to
produce neutral iodine atoms. The I+ ions result from the
subsequent three- (2 + 1)-photon REMPI of these atoms,
the anisotropy of the entire process being determined by
the first absorption stage.

We would like to note in conclusion that the ionization
of atomic iodine by the XeCl laser radiation could be used
as a convenient and effective means to detect iodine atoms
in the ground state (by virtue of the high selectivity of
this process), specifically in studying chemical reactions
involving these atoms.
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