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Off-resonance production of ions in laser-excited sodium vapor
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The production of Na+ and Na2+ in sodium vapor irradiated by pulsed laser light in the D-line region
of the spectrum has been studied by varying the laser power density and the wavelength. The data, which
were acquired with an order-of-magnitude higher resolution than those in our previous experiments, sup-
port our earlier conclusion that ions formed at laser wavelengths close to, but not coincident with, the D
lines result from three-photon resonance-enhanced ionization of Na2 molecules present in the vapor.

I

The mechanism by which Na2+ ions are formed when
sodium vapor is irradiated by yellow and near-yellow laser
light has been a subject of considerable controversy. It is
well known that cw laser light produces these ions only
when the wavelength coincides with one of the D lines, and
that the mechanism of formation is energy-pooling associa-
tive ionization

Na(3p) +Na(3p) Na2+e

However, when a pulsed laser with inherently higher power
density is employed Na2+ may be observed at all wave-
lengths in the approximate range'~ 5800-6200 A. It has
been proposed that some type of "laser-induced" process
involving two ground-state sodium atoms is responsible for
the formation of these ions. Ho~ever, on the basis of ex-
periments performed in our laboratory4 we suggested that
the observation of Na2+ at off-resonance wavelengths, that
is, atomic resonance, can be explained without the necessity
of invoking these somewhat exotic processes. We inferred
from our data that resonance-enhanced three-photon ioniza-
tion of the unavoidably present Na2 component of the vapor
leads to the observed Na2+ ions. At approximately the
same time, %u and co-workers5 reported that they had
reached a similar conclusion. Very recently, Keller and
Weiner reported that reexamination of their data led them
to conclude that indeed the neutral dimers were the precur-
sors of Na2+. Thus, the three laboratories are now in
essential agreement on the origin of these ions, but the pre-
cise multiphoton ionization mechanism is still uncertain.
The data reported here, together with spectroscopic studies
of the sodium dimer molecule, ' suggest that this mechanism
is double-resonance-enhanced three-photon ionization.

The apparatus is similar to that used previously. 4 Sodium
vapor effuses into a cylindrical collision cell from an oven
operated at 500 K; the atom density in the cell was deter-
mined to be 2 X 10' cm using a technique described previ-
ously. s The dimer concentration calculated using equilibri--
um thermodynamics is —1'/0 of the atomic concentration.
The cell is irradiated along the axis by light from a Nd: YAG
(yttrium-aluminum-garnet) laser-pumped grazing-incidence
dye laser operated with rhodamine-6G; the duration of the
laser pulse, 7 nsec, is very nearly the same as that in our
earlier work. 4 A major difference between the data reported
here and those previously reported is that the new data were
acquired with a much narrower laser bandwidth, 0.1 rather
than 1 A. The laser power density was varied with a com-
bination of focusing lenses and neutral-density filters. Ions

were extracted from the reaction cell with an improved elec-
trostatic lens system, mass analyzed with a quadrupole mass
spectrometer, and detected using a Cu-Be particle multi-
plier, the output of which was measured with a gated in-
tegrator. D-line fluorescence was also monitored. The laser
wavelength A. was scanned using a computer-controlled step-
ping motor. Spectra were acquired at fixed laser power den-
sity by setting the mass filter to pass either Na+ or Na2+
and scanning the laser wavelength. After a preset number
of laser pulses at a given wavelength setting the signal from
the gated integrator was read by and stored in the computer,
producing an Na+ vs X or Na2+ vs A, spectrum, we concen-
trated on a wavelength range —10 A, which included the D
lines as convenient markers.

Figure 1 shows a scan of the fluorescence and the Na2+
signal over the D2 line at low laser power density. At this
power density Na2+ were observed only at D-line wave-
lengths so that these data are essentially the same as those
acquired with a cw laser. Since the Doppler width of this
line is —2 0Hz (0.025 A) the fluorescence data show the
laser bandwidth which is 0.1 A. However, the line shape of
the Na2+ signal is essentially the square of the fluorescence
shape establishing energy pooling associative ionization,
reaction (1), as the source of these ions.

Figure 2 shows a sequence of Na2+ spectra, all taken over
the same wavelength range. As discussed above, Na2+ at
the lowest power density are formed only at the D-line
wavelengths. As the power density is increased Na2+ are
observed over the entire range. In contrast to our earlier
data4 the spectral features are sharp; furthermore, they per-
sist through changes of power density until, at the highest
power density, the D-line features are obscured. This oc-
curs at power densities near those employed by us in our
previous study and in essence reproduces the earlier data,
but with higher resolution.

In our previous experiments, using a laser with 80-GHz
bandwidth, the Na2+ spectra were virtually featureless. In
fact, enhancements of the Na2+ signal at the D lines due to
Na(3p)/Na(3p) associative ionization were not even ob-
served. It was suggested that the Na2+ produced by reso-
nance enhanced three-photon ionization of Na2 obscured
these signals. The data in Fig. 2 clearly demonstrate the
transition from the cw-like low-power regime through inter-
mediate powers at which the ion spectra are quite rich to the
high-power condition that prevailed in our previous experi-
ment with a pulsed laser. 4 Power dependences show that
the Na(3s) ~Na(3p) atomic transistions are saturated at
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FIG. 1. Na2+ and D-line fluorescence signals as functions of
laser wavelength taken at .the lowest laser power density
(1 kW/cm2). The fact that the ion line shape is the square of the
fluorescence line shape demonstrates that Na(3p)/Na(3p) energy
pooling associative ionization is responsible for the production of

-Na2+ at this low laser power density.
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all but the lowest power densities shown in Fig. 2. Thus,
the growth of off-resonance signals with increasing laser
power densities eventually engulfs the ion signal at the D
lines. This occurs because, while a particular vibrational-
rotational transition in the molecule can be saturated, addi-
tional transitions that fall within the laser bandwidth make
contr'ibutions as the power is increased. In effect, then the
closely spaced molecular levels magnify the dimer concen-
tration relative to the atomic concentration. In the present
experiment the narrower laser bandwidth permits resolution
of many spectral features that could not be detected in the
earlier work. These features are more closely spaced than
the 1-A bandwidth of the laser used for that experiment;
however, at higher powers, many of the individual molecu-
lar transitions saturate and the spectrum tends toward a con-
tinuum. This effect illustrates the uncertainty that can
result from laser power dependence data involving molecular
transitions.

Figure 3 shows Na2+ and Na+ spectra taken at the same
power density together with a D-line fluorescence spectrum

IO--
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FIG. 2. Na2+ vs ) spectra taken under identical conditions
(3 X10, atoms/cm3) except for laser power density. The top spec-
trum was taken with a focused laser beam and the next was taken
with an unfocused beam; the remaining spectra were taken by at-
tenuating the laser beam with various neutral-density (ND) filters.
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57 kW/cm
origin of Na+ and Na2+. This common origin must be
three-photon ionization of Na2.

3h co +Na2 Na2+ +e

~Na++Na+e

(2)

(3)

589 nrn

Fluorescence

When the laser is tuned to a D line 3p/3p associative ioniza-
tion must be responsible for a portion of the observed Na2+
ions, but there is no heavy body collision process involving
excited atomic reactants that produces Na+. The absence of
Na+ at D2 also shows that atomic ions are not produced to
an appreciable extent by photodissociation of nascent Na~+
in this experiment. This is unlikely anyway because the
short duration of the laser pulse (7 nsec) virtually guaran-
tees that laser photons will not be present by the time heavy
body collisions have yielded products. The latter also sug-
gests that photoionization of highly excited sodium atoms
produced in energy pooling 3p/3p colhsions9'0 does not
contribute to the Na+ signal.

Is is unlikely that these ions are produced by three-photon
resonance enhanced ionization through only the A state of
Na2 because the ion spectra do not reproduce A state ab-
sorption spectra. Rather, we believe that the three-photon
ionization proceeds primarily through a set of recently stu-
died gerade states. Schawlow and co-workers, using
Doppler-free spectroscopy, have shown that illumination of
sodium dimers by yellow laser light produces excited Na2 by
two-photon absorption. This excitation is facilitated by near
resonances with vibration-rotation levels of the intermediate
A 'X„+ state. Figure 4 is a partial potential energy diagram
for the Na2 molecule; the 'Xg+(3s+5s) state shown
schematically is representative of the gerade states that are
accessible by two-photon absorptions. Because the 8-0Hz
bandwidth of our pulsed laser is about 400 times that of the
single-frequency cw laser used by Schawlow and co-workers,

+ Na(3s)

FIG. 3. Na2+ vs X and Na+ vs A. spectra taken at laser power
density 57 kW/cm . Also shown is a D-line fluorescence spectrum
for reference.

Bp) + Na(zp)
' Na{3s)+ Na(5s)

which serves to locate the D-line wavelengths on the abscis-
sa. Na+ spectra behave in much the same way as those of
Na2+ as the power density is increased; however, no
features are observed at precisely the D-line wavelengths at
any power densities showing that three-photon ionization of
Na(3s) through the Na(3p) state has, as previously ob-
served by us, 4 a low rate.

As the laser power is increased Na+ are observed at ex-
actly the same off-resonance laser wavelengths as Na2+.

Although there is a peak in the Na+ spectrum that is near,
but not coincident with, Di, the almost total absence of
Na+ at D2 clearly shows that excited atoms are not crucial
for producing atomic ions. Furthermore, the fact that the
off-resonance spectral features for both ions occur at pre-
cisely the same wavelengths strongly suggests a common

Na(5p) + Na(3s)
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FIG. 4. Partial potential energy diagram for Na2 and Na2+.
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and the laser power density is, of course, substantially
higher, the number of two-photon excitations that occur in
our experiment can greatly exceed the number observed in
the Doppler-free work. These gerade states probably serve
as real intermediates for resonance-enhanced three-photon
ionization of Na2(X) to produce Na+ or Na2+. In fact,
given the near resonance of the A state for the two-photon
excitation to a gerade state observed in the Doppler-free
work and the wider bandwidth of our laser, the production
of ions, both Na+ and Na2+, at off-resonant wavelengths is

probably a result of double-resonance-enhanced, three-
photon ionization. Of course, the atomic ions are formed
by dissociative three-photon ionization of Na2
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