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Resonance Ioniaation Spectroscopy of Argon, Krypton, and Xenon Using
Vacuum Ultraviolet Light

, Kramer . , , . • , ,..

Chemical Physics Section, Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831

Abstract. Resonant, single-photon excitation of ground state inert
gases requires light in the vacuum ultraviolet spectral region. This
paper discusses methods for generating this l ight. Efficient schemes
for ionizing argon, krypton, and xenon using resonant, stepwise
single-photon excitation are presented.

1 . Introduction

A prerequisite for the use of the resonance ionization spectroseopy (RIS)
detection technique is a method for resonantly ionizing with high
efficiency the species of interest. The application of this technique to
heavy inert gas detection requires a means of efficiently exciting atomic
transitions that l ie in the vacuum ultraviolet (VUV) region of the
spectrum.

A two-photon excitation scheme has been •tperiEentaily demonstrated in
both xenon and krypton and has been evaluated theoretically (Chen et al
1980. Bokor et al 1980, Payne et al 1981). The krypton excitation scheme,
however, made use of the fact that a two-photon allowed level l ies within
the narrow tuning range of the ArF laser near 193.0 nm. This accidental
coincidence makes i t impossible for this method to be extended to argon.
In addition, tight focusing and high peak powers over the Doppler
linewidth are required for efficient ionization using two-photon
excitation. These complicate the background problem due to off-resonsnt
multiphoton ionization of impurities. As a result , a detection system
based on the one-photon excitation of the inert gases would be preferable
for many applications. This paper describes efficient schemes for the
one-photon excitation and subsequent icnization of krypton, xenon, and
argon.

2. Resonance lonization of Krypton

Figure 1 shows a two-photon resonant, three-photon ionization scheme that
has been used to resonantly ionize krypton (Kramer et al 1983, 1984a; Chen
et al 1984a). To excite the 5s' transition shown, VUV radiation at the
vacuum wavelength of 116.49 nm is required. The s' excitation is a
strongly allowed transit ion which has a measured (Matthias et al 1977)
osci l la tor strength of •'-0.2. A 0.2-cm"1 bondwidth would be broad enough
to excite over the Doppler, hyperflne and isotope manifold of krypton and
would require a power density of only -700 W/cm" in order to saturate the
transition (Payne and Hurst 1984, Jackson 1980). This is very much
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smaller than the 1010 W/ctrt2 needed to saturate a nearby two-photon allowed
trans i t ion (Bokor et al 1980). Earlier work (Yiu et al 1982, Hilbig

and Wallenstein 1982)
wave mixing in

112915cm ' f. , , , that this could
method to generate the VUV
radiation for the in i t ia l one-
photon excitat ion although the
required power, bandwidth, and
wavelength had not been

. simultaneously produced.

Although i t is possible to
diirectly ionize the krypton 5s'
excited s ta te , the photo-
ionization cross section at
threshold is only 2 x 10~"19 cm2,
and i t rapidly decreases towards a
Cooper minimum in the region of
200.0 ran (Duzy and Hyman 1980) .
However, by using another laser
tuned to 558.1 nm, krypton in the
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Fig. 1 Krypton resonance
ionizat ion sectroscopy scheme

4 p 5 5 s ' [ l / 2 ] 1 s ta te can be excited to the 4p 5 6p[ l / 2 ] 0 s t a t e . This is a
strongly allowed t r a n s i t i o n that can eas i ly be saturated with the output
of a small dye l a se r . The 6p s ta te then can be e f f ic ien t ly ionized using
the 1.06-um fundamental of a Nd:YAG l a se r . Since the rhotoionizat ion
cross section from tht p s t a te is -1.5 x lO"1^ cm2, a mode t fluence of
0.03 J/cm2 wil l sa tura te the ionization s tep (Chang and Kim 1982).

Figure 2 shows the relevant energy levels in the xenon four-wave mixing
scheme, and Fig. 3 depic ts a simplified diagram of the experimental
apparatus used for the generation of the radia t ions at the wavelengths
needed for resonance ionizat ion of krypton according to Lhe scheme shown
in Fig. 1. The 200-mJ/pulse, second harmonic output oi' a 10-Hz,
Q-switched Nd:YAG laser (Quanta-Ray DCR-1A) was s p l i t equally into two
beams and used to pump dye lasers 2 and 3 . The wavelength, at 252.5 nm,
which was toned to exci te the 5p^6p[3/2]2 two-photon allowed t r ans i t ion in
xenon, was generated by mixing the doubled output of dye laser 3 (Quanta-
Ray PDL) with the res idual 1.06 um pump laser output. This required dye
laser 3 to be tuned to 661.9 nm. Dye lase r 2 (Quanta-Ray PDL) pumped a
high pressure hydrogen Raman cel l whose second Stokes shifted output
produced radiat ion at 1.5073 |im when dye laser 2 was tuned to 669.0 nm.
Both dye lasers were used with DCM dye (Exciton Corp.). In order to shif t
the tuning curve of the dye to the spectra l region needed, dimethyl
sulfoxide was used as a solvent in the osc i l l a to r stages of both tunable
dye lase rs (Chen and Kramer 1984).

ITie l inea r ly polarized beams et 252.5 ran and near 1.5 |im were separated
from the i r respective generating wavelengths by using Pellin-Broca prisms,

the l i gh t
Both

which for simplicity are not shown in Fig. 3 . To optimize
transmission through the prisms, po la r iza t ion ro ta to r s were used.
lasers .". and 3 produced v i s i b l e l ight with a bandwidth of 0.3
Nd:YAG fundamental output had a bandwidth of ~1 cm"^ .
conditions the calculated VUV bandwidth would be -1.5 cm"1.

cm * . The
Under these

The l igh t



pulses, at 252.5 nm and near 1.5 Jim, both of which contained -0.2 mJ were
focused with separate lenses and made coaxial by use of a dichroic beam
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Fig. 2 . Four-wave mixing Fig. 3 Basic laser schematic. The three
scheme in xenon beams at 558.1, 116.5, and 1064 r_m were

focused to overlap at the ion entrance
aperture of the mass spectrometer.
Wavelengths are shown in nanometers.

s p l i t t e r before entering the xenon VUV generation c e l l . The effective
lens focal lengths of ~42 cm and positions as well as the beam diameters
were chosen so that the focal points and confocal parameters for both
wavelengths would be approximately the same (Bjorklund 1975). About 10%
of the second harmonic output of the Nd:YAG laser pumped a small dye
laser 1 (NRG Corp.) in order to generate 2 mJ/pulse of 558.1-nm radiation
ar. shown in Fig. 3 . Approximately 70 mJ of the Nd:YAG laser fundamental
radiat ion was used to complete the resonance ionization spectroscopy (RIS)
process of Fig. 1.

Since Xe is negatively dispersive in the region from 113.5 to 117.0 nm,
the VUV output can be increased by phase matching with a gas such as argon
which is positively dispersive in the region of interest (Bjorklund 1975,
Mahon et al 1979). Phase matching over the range from 115.7 to 116.9 nn
required rat ios of argon to xenon pressure from -5 to 180, which is
consistent with known refractive indices (Kramer et al 1984b, 1984c).

In par t icular , at 116.49 ran, whi.ch is the krypton resonance wavelength,
the required argon-xenon ra t io was 9 .2 , A typical VUV tuning curve with
this gas mixture is shown in Fjg. 4. The VUV light is tuned by changing
the wavelength of dye laser 2. In th is wavelength region, the VUV tended
to saturate at -0.3 uJ at pressures above -60 Tori* of xenon. This gives a
piioton conversion efficiency of ~0.1%. A tendency for the VUV to saturate
with increasing xenon pressure occurred throughout the tuning range
studied. This might be related to xenon ionization in the ce l l . However,
no saturation effects vere seen as the poser of the two input wavelengths
in the four-wave mixing process was varied. In general, the amplitude of
the output from 115.7 to 116.9 nm was always above 0.2 \i] and peaked at
0.7 (iJ in the region near 115.8 ran. This is the highest reported pulse
energy that has been produced in this wavelength region.
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To'generate light at the strong
krypton resonance line, the
amount of krypton impurity in
the xenon and argon gas must he
kept to a minimum. It was
found experimentaliy that when
gases containing less than
2 ppm of krypton (Spectra Gas
Corp.) were used, the krypton
ionization signal increased by
a factor of 3 over that
obtained when gases containing
about 20 ppm of krypton
(Matheson Corp.) were used.

Fig. 4 VUV tuning curve

A LiF exit window was used on the xenon-argon VUV generation cell in order
to maximize the transmission at 116.5 nm. The flange holding this window
could then be directly attached to a krypton detection chamber. A LiF
lens could be used to focus the VUV light, but in many applications this
may not be necessary. In o*rr system thv unfocused VUV lijht had a
diameter of ~1 mm at a distance of 15 cm past the focal point in the VUV
generation cell (Bjorklund 1975). The ionization region of a quadrupole
mass spectrometer in the krypton detection chamber was positioned at this
spot. At this point the VUV beam diameter was well matched to the 1 mm
acceptance aperture of the mass spectrometer.

After leaving the kr>pton detection cell through a second LiF window, the
VUV light entered a two-stage VUV detection chamber. The first stage was
filled with up to 600 Torr of a mixture of 1% nitric oxide (NO) in argon
to serve as a VUV beam attenuator. The second stage, which was separated
by another LiF window from the first stage, was an ionization chamber.
The electrode and guard ring geometry was such that only ionization that
occurred in the center 1.5 cm of the 15-cm long, second-stage cell was
detected using a charge sensitive preamplifier. Since the absolute
photoionization cress section of NO in this wavelength region is known
(Watanabe et al 1967), filling the second stage with known amounts of a 1%
NO in argon mixture allowed an absolute measurement of the amount of VUV
light that was produced. A gas mixture rather than pure NO was used to
simplify pressure measurements and to p-ovide suitable operating
conditions for the ionization chamber. All the LiF window3 (Harshaw
Corp.) used in the experiment- were 3 mm thick and had measured
transmissions of ~40%.

As already indicated, in the actual krypton detection region the VUV light
diameter was -1 mm. The two other wavelengths, 558.1 nm and 1.06 jim,
shown in Fig. 1, whici; ,ere necessary for efficiency krypton ionization,
were focused to 3-mni beam diameters end were made coanial •with the
generated VUV beam. It was found experimentally that the 5s' to 6p
transition and the fins; photoionization step were saturated. With a
2-mJ/pulse beam at 558.1 ran arid a 70-mJ/pulse beam at 1.06 urn, this is
ccnsta'it with calculated cross sections for these transitions (Chang and
Kim 1932). The VUV excitation step showed virtually no evidence of
saturation, and so it was the rate limiting step. Calculations indicate
that the 116.5-nm pulse described in this paper should be within a factor



of 10 of complete (>95%) sa tura t ion of the i n i t i a l exc i t a t ion step in
krypton (Matthias et al 1977, Payne and Hurst 1984). Actual experiments
demonstrated that with th i s sy.»tem, krypton atoms within a volume of
-2 x 10~3 cm3 could be1 ionized ^ i th at l e a s t 10% efficiency (Kramer et al
1983). Optimization of the system using more sophis t ica ted optical

'components and krypton ion col lec t ion e lectrodes should resu l t in en
ioniza t ion efficiency of close to 100% over a volume of a t l eas t 10~^ cm .

!3. Resonance Ionization of Argon

iThe'lowest energy l e v e l , i n argon that can be reached by an allowed one-
photon exci ta t ion fronk the ground s t a t e is the 3p^4s[3/2]2 s t a t e . One-
photon exc i ta t ion of th i s s t a te requires a photon with a wavelength of
106.67 nm. This i s close to the transmission cutoff of a LiF window.
However, i t is s t i l l a long enough wavelength that a 2 mm thick LiF window
will have a transmission of ~25%. As was the case in krypton, the

•photoionization cross sect ion from th i s argon s s ta te i s rather small.
Therefore, as shown in Fig. 5, l ight at a
wavelength of 365.9 nm can be used to
promote ar^on in the 4s excited s ta te to a
higher lying 3p 56p[l /2J 1 s t a t e . This 6p
s ta te is close enough to the argon
ionization l imit that i t can be e f f ic ien t ly
ionized using the fundamental output of a
Nd:YAG l a s e r . The required pulse energies
for each of the three wavelengths depicted
in Fig. S are comparable to the
corresponding requirements in the prev*ons
krypton ioniza t ion example (Matthias et al
1977, Duzy aid Hymen 1980).

i

106.7
j=»

• -

1064.0

365.9

ARGON

Fig. 5 Argon resonance
ioniza t ion scheme

The generation of the 106.7 nm l ight
photon resonant, four-'fave mixing
depicted in Fig. 6, would be very similar to that used to generate
116.5 nm light for the ionization of krypton. The efficiency
generation of the 106.7 nm l ight should be about the same as that
116.5 run l i gh t . Vacuum u l t r av io l e t l igh t at 106,7 nm l i e s ju s t above

can be accomplished using a two-
process in xenon. The method, as

the
for
for
the

5p 5d[3 /2] j s t a te in xenon. Therefore, xenon is negatively dispersive at
this wavelength and i t can be phase matched (Mahon et al 1979, Zapka et al
1981), Krypton would be a sui table phase-matching gas since i t is
pos i t ive ly dispersive at th i s VUV wavelength (Mahon et al 1979).

A p rac t i ca l laser system for argon ionizat ion is shown in Fig. 7. I t is
very s imilar in design to the system previously described for the
detect ion of krypton, and i t should havt; a similar c a p a b i l i t y . There are
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two major changes. The f i r s t is that the
output of dye laser 1 at 557.7 nm would have
to be mixed with a port ion of the Nd:YAG
fundamental at 1.06 \i in order to generate
the required wavelength of 365.9 nm. The
second change is simply to use the dye
pyridine 1 in dye laser 1.
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Fig. 6 Four-wave mixing
scheme in Xe used for Ar
detection
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Fig. 7 Basic laser schematic for argon detection

4. Resonance lonization of Xenon

Figure 8 shows an efficient scheme for the ionization of xenon. The 5p°
ground state of xenon is excited to the 5p55d[l/2]1 level by a photon of
wavelength 125.02 nm. The ionization cross section from the 5d state
should be large enough that about 10 mJ of second harmonic light at 532 nm
from a Nd:YAG laser should be enough to saturate the transition over a
1-mm beam diameter.



Previous work has indicated that the required 125,02-nrn light can be
easily generated by using the two-photon resonant, four-wave mixing
process in mercury shown in Fig. 8 (Tomkins and Mahon 1981). More than
20 iiJ/pttlse at 125.02 tun was produced, using the system shown in Fig. 9
I (Mahon and i'omkins 1982). In that experiment the mercury pressure was
about 1.4 Torr, and the mercury cell also contained 15 Torr of helium
buffer gas. The residual 312.85-nm light used to generate the VUV

iwavelength can also ionize xenon from the 5d state, and in many cases i t
I may not be necessary to have a separate 532-nm beam for this purpose.

RIS-SCHEME FOR XENON

5320

4-WAVE-MIXING IN MERCURY 3128.5

3128.5

1250.2

•3d [1 /21 J = 1

Hg Xe

r 150,000

100,000

- 50,000

0 cm-i

Fig. 8 Xenon resonance ionization scheme and the four-wave mixing
scheme in Hg used for Xe detection (wavelengths in Angstroms)

Nd: YAG X2

10640 5320

DYE
6227

DYE X2 Hg Xe

6257 3128.5 1250.2

Fig. 9 Basic laser schematic for le detection

This method for xenon detection is quite practical. With the same lasers,
it should have about 10 times the detection efficiency of the krypton and
argon detection method.

5. Conclusions

Practical methods for the resonance ionization of krypton, argon, and
xenon have been proposed. In the case of krypton, actual experiments
showed that a krypton atom in a 2 x 10~^ cm volume could be detected with
a 10% probability, using a single detection laser pulse. Similar
experiments with argon and senon should produce even better results.
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