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Chapter I: Introduction to CH;
L1 Background

The Oka Ion Factory has focused on the high resolution infrared laser
spectroscopy of small molecular ions since Oka came to the University of Chicago in

1981. The research group has had success studying many small molecular ions with
fundamental spectroscopic significance, beginning with Oka's observation of Hj that

gave birth to high resolution infrared spectroscopy of molecular ions (7, 2). In the years

since, Oka and his graduate students were successful observing many fundamental
molecular jons including H,0" (3 - 6) and NH; (7, 8). These ions provided a model for

studying 3 and 4 proton systems in molecular ion spectroscopy.

Beginning in 1984, the group began the search for the next ion in the series
having a five proton system, CH;. Nearly evéry student working for Oka has spent some
time searching for this ion over the last 15 years. While the search has yielded many
important results, such as the carbocation spectroscopy of ions such as CH; (9 - 13),
CH; (14), C,H; (15) and C,Hj (16,17), CH? remained a stubborn and elusive target.
In this thesis I describe the research that culminates the efforts of the Oka Ion Factory's
search for CHy. This research resulted in the first reported observation of CH; in any
spectral region (78).

The search for CH; was motivated by much more than its place in the series of

three, four, and five proton systems. It is a fundamentally unique system which cannot be
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similarly found in any other molecule (unlike the 3 and 4 proton systems of H,0" and

NH; which had been studied in their neutral analogs NH, and CH, many years

earlier). For molecular spectroscopists, it is an opportunity to study a new model of
spectroscopic specimen for a five proton system. For quantum chemists, it is an

opportunity to study the most fundamental example of hyper-valent carbon and non-
classical bonding in a carbocation. For molecular astrophysicists, CH; is the precursor
of interstellar CH, , which has recently been observed from ground based (79) and

satellite based observations (20) (see Fig. 1). For organic chemists, it is an opportunity to

understand an important transition state molecule present in "magic acid" solutions (21).
And for ab initio theorists, CH; provides an extreme challenge to current theoretical

techniques and may drive the development of new approaches to calculating

intramolecular dynamics (22-23). Perhaps most interesting, and indeed the key aspect of
CH; drawing interest from such diverse fields of science, is the structure of a molecule

with five identical protons surrounding a single atom (carbon).
For the vast majority of molecules, concepts of exchange symmetry and a rigid

structure are not contradictory because two, three, and four proton (or other atom)
systems can be arranged to “cut” space in symmetric and well defined ways. CH; is
problematic because five protons cannot be arranged with full exchange symmetry while
maintaining a rigid structure. We must rely exclusively on the S; symmetry group, i.e.

the G40 permutation inversion group. As will be discussed in the following section, it is
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likely that CH has no "structure", at least in terms of the semi-classical analogy so often

used to describe molecules. CH.;’ is perhaps fundamentally unique and qualitatively
unlike any other molecule.

First discovered in 1951 by Tal'roze and Lyubimova (34) using mass
spectrometry, CH; is well understood in terms of reactivity, but poorly understood in
terms of structure. Our interest lies in understanding the structure, but I will first briefly
describe the reactivity of CH and the chemistry that produces CH; as background for
the later discussion of structure.

L1.1. Reactivity and Production of CH}

Primary ions are produced in a low density gas by either applying a sufficient
electric field or bombarding the gas with energetic particles. In pure CH, gas, electrons
with energy in excess of 12.5 eV (the ionization energy of methane) will initially produce
CH;. The ion is extremely reactive and collisions between CH; and CH, resultina
fast Langevin rate reaction at ~ 1 x 10 cm® sec™! (35)

CH; +CH, — CH; +CH, (1.1)

Noteworthy is the non-reactivity of CH; with CH, and H, (36, 37).

CH: +CH, — N.R. (1.2)

CH; +H, —» N.R. (1.3)
Thus CH; will be quite stable in a gas mixture of CH, and H,, being destroyed either

by recombination with an electron, or proton transfer to other molecules which have - -~
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higher proton affinity than CH, . In a partially ionized CH, gas, where the temperature
of electrons and neutral molecules are low (Te ~ 2 eV, Ty ~ 300 K), CH; will be the

most abundant ion. This is confirmed by a variety of experiments covering a wide range

of plasma conditions.

Another common method for producing CH} is the protonation of CH, by H; .
In a hydrogen dominated H,/CH, plasma with low energy ionizing electrons (E ~ 15
eV), both H; and CH; are formed. Hj reacts with either H, or CH, in the following
Langevin rate reactions (37).

H +H, - H +H (1.4)

H; + CH, —» H, + CH] (1.5)

Either of these product ions react to form CH :

H; +CH, — H, +CH} (1.6)
CH; + CH, — CH, +CH} (1.7)
CH; +H, — H+CH; (1.8)

The first two reactions occur at the Langevin rate (10" cm’ sec’!), while the third

3 sec’) (3 7). Experiments have shown that in an ionized gas mixture

is slower (10! cm
of H, and CH,, that CH; is the most abundant ion produced (38).
The high stability of protonated methane is partially explained by the high proton

affinity of CH, (5.71 eV), which is somewhat higher than its average bond dissociation
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energy (D, = 4.41 eV) . The stability of CH; is evidenced by the fact that the
decomposition of CHj:

CH; —» CH; +H, (1.9
is endothermic by 40 kcal/mol. CH; is often described as 2 H, subunit strongly bound

to a CH; core (39). This picture of CH} is convenient and used to derive some of the
results from structural investigations which will be presented shortly.

CH; will react with neutrals of higher proton affinity, such as H,O0 (PA~7.22

eV) or NH, (PA ~ 8.85 eV). Indeed CH; has been used as a reagent in many gas phase

protonation reactions because it is convenient to produce and its reactivity simple to

predict and control:
CH; +X —» CH, +HX" (1.10)
These reactions are typically very fast, occurring at the Langevin rate.

In summary, I have discussed how CH; can be efficiently produced in either pure

CH,, or a system of H, and CH,. The well understood chemistry of CH; production
has paved the way for structural investigations.
I.1.2. Structural Investigations
The detailed structure of CH; is unknown. Theoretical models have estimated
that the true structure is best described as a superposition of three low energy structures,

labeled Cs;, Cs2, and Cap according to their symmetry (see Fig. 2) (22, 23). A4b initio

calculations reported by Schreiner et al. indicate that the Cs; structure may be the lowest
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Cs(1)

Cs(2)

C,

'

Fig. 2. Three structures of CHs" predicted to have nearly equal energy.
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in energy, with the Cs; and Cyy structures slightly higher in energy by 0.09 kcal/mol and

0.9 kcal/mol, respectively (22). According to these results, Cy; is the "equilibrium
structure" of CH; . However, Schreiner et ql. also report that “The differences in

energies of (the three structures) decrease and essentially vanish at the most sophisticated
levels when the zero point vibrational energy corrections are applied. Hence, there is
essentially no barrier to complete hydrogen scrambling” (see Fig. 3 and 4 for an
illustration of hydrogen scrambling). This is in agreement with the earlier work by von
Ragué Schleyer and Carneiro (25).

More recently Miiller ef al. performed somewhat more sophisticated ab initio
calculations using a larger basis set (23). They found essentially identical energies to
those of Schreiner et al. of 0.1 and 0.8 kcal/mol. The authors conclude that “pushing the
treatment of electron correlation to the basis set limit. ..reduces the energy of the Cyp

structure of CH; relative to the lowest Cg structure even further. . .(and) there does not

appear the chance that by still more sophisticated calculations one may learn that the C,)
structure reaches a minimum at a purely electronic level” (23).

The inclusion of zero point vibrational energy (ZPVE) is problematic given the
current ab initio approach to modeling the CH; structure. Simply adding ZPVE
corrections is appropriate only if the barriers separating structural isomers are large (23).
Such an approach is not applicable for CH; because the barrier is not large compared to

the ZPVE along the reaction path connecting the Cs structures via the C,y transition state.

ZPVE for the C-H stretch is on the order of 1500 cm™ per mode. Bunker et al. have
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reported ZPVE for the C-H bend along the proton-exchange flip path (Cs; to Cayto Cg;
transition) to be ~ 100 cm™ or 0.3 kcal/mol (40) (see Fig. 4). Miiller et al. (23) point out
that the change in ZPVE for the other degrees of freedom (besides the vibration along the
reaction path) can lead to vibrational bond type stabilization of the transition state. They
deduce this energy to be ~ 0.8 kcal/mol which is equal to the estimated electronic barrier

separating the C,y and Cy; structures. Thus the best estimate of the CH; potential energy

surface is that it is extremely flat, and the “ZPVE evaluated in the electronic energy
surface becomes rather meaningless.” Miiller ez al. further point out that “if minimum
and barrier were to exchange their role, the ZPVE at the original minimum has
completely lost a physical meaning. To simply add the total change of the ZPVE to the

original barrier would then not be justified.”

Miiller ez al. conclude that “.. .the global minimum of CH; corresponds to the Cs;

structure, but that the Cs; and Cay structures. . .are so little above the minimum, that CH;
is highly fluxional, to the extent that the very concept of molecular structure becomes
problematic for this molecule” (23). It remains unciear whether CH is best described as

a Cs; lowest energy structure with saddle points allowing the protons to scramble, as a
C2r lowest energy structure with scrambling through Cs; and Cs; saddle points, or as an
extremely flat surface best described as 5 protons in a "box" extending over a spherical
surface centered about the carbon atom. The first two possibilities may be referred to as
the Cs and C2p "localized models" respectively if the barriers separating equivalent

structures are sufficiently high, while the third may be called the "free model". The first
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and second model are rigid representations. The third model is a non-rigid model where
the full S; symmetry group (syrhmetry group with space inversion) with dimension of 5!
X 2 =240 is needed to specify the symmetry of each level.

It seems the best theoretical predictions are flat multidimensional potential

surfaces with either very low or non-existent barriers, and the last formalism is needed. It
is likely that understanding the detailed intramolecular dynamics of CH; will ultimately

require use of the accurate full ab initio potential and the variational calculations of the
dynamics of the five protons in the potential (78). Such calculation has been developed

by Sutcliffe and Tennyson (41) and applied successfully to the three particle problem of
H; by Miller ez al. (42) and by many others (43 - 45). However, application of this
method to CHY probably requires considerably more powerful computers than those now
being used.

Finally, CH; has often been viewed as the prototype for 3c2e (3 center-2
electron) bonding in hydrocarbons (consistent with the Cs structures), but the C,y saddle
point may render that point of view far from adequate. Indeed, CH; may be a unique
species of carbocation, distinctly different from its non-rigid relatives such as C,H; that
do have 3c2e bonding. CH; more likely should be viewed as a prototype for the five
equivalent proton system, just like H,O, NH,, and CH, are prototypes for 2, 3, and 4

equivalent proton systems.
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L2. Previous Experimental Results

Many experiments have been conducted to study the structure of CH;. In
general, the results have supported the conclusions of the theoretical models, but have not
yet settled the question of whether the structure of CH is described as localized or free.

The experiments are classified into three groups: proton/deuteron transfer experiments,

cluster dissociation experiments, and predissociation spectroscopy of clusters. Note that

none of these experiments give results on CH} itself. Instead, they use indirect methods
which provide information on something similar to CH;, such as a deuterated analog or a

weakly bound cluster between CH and either H, or CH 4+~ Itis difficult to even
speculate how similar the structures being probed may be with the structure of the more

highly symmetric system of CH;. Nevertheless, these experiments are the best available

towards understanding CH;, and combined with the results of theoretical calculations

may allow us to move towards some description.
L.2.1. Proton/Deuteron Transfer Experiments

There have been several published results on proton/deuteron tranfer experiments
(46 -48). In all these experiments, a deuterated analog of CH; (such as CD,H") is first
formed and then allowed to react with an acceptor molecule in the reaction:

CH; +A > CH, +HA" (1.11)

A qualitative structure of CHy is inferred from the observed ratio of AH" to AD".

The analysis of the experiment is based upon the assumed localized Cs model described
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as a H, subunit weakly bound to a CH; core via a 3c2e bond. In this model, the two
protons involved in the 3c2e bond are more acidic than the protons of the CHj; core. The

second general assumption is that if the protons and deuterons scramble in CH;,a

statistically random distribution of AH'/AD" will result. Otherwise, a non-statistical
distribution of AH'/AD" (for example 1:1 in the case of CD,H") gives support for the
rigid Cs structure. Finally, one must assume that the deuteron or proton transferred to
CH, to form CH; ends up as a part of the 3c2e bond.

In 1974, the first of the proton/deuteron transfer experiments was reported by
Sefcik et al. (46). Their results indicated a Cy structure with no rearrangement.
However, a year later in 1975, Smith and Futrell (4 7) reported contradictory results that
supported the "randomized" model (scrambling of protons). The results of Smith and
Futrell seemed more reliable because they were able to directly measure reaction
products via a tandem-ICR mass spectrometer, while Sefcik et al. relied on modified
double resonance experiments.

In 1991, Heck et al. (48) reported more definitive results using yet more
sophisticated experimental methods. Their method has an advantage over those of the
past experiments in several respects. They used higher resolution mass selection to better
isolate reactant ions (they could resolve CH,D*, CDj, and NH; , which have equal
mass numbers) and lower density such that collisions between CD,H" or CH,D" and
neutrals would be infrequent. Smith and Futrell’s experiment had been hindered by the

formation of CD; which they could not separate from CH,D*. Heck ez al. clearly see
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the desired reactant, CD,H" or CH,D", prior to exposing them to a very strong proton
acceptor (NH, ). The large exothermicity of the proton hop from CH, to NH, makes
the isotope effects negligible as well as ensuring high yield under single collision
conditions. They limited the reaction time to eliminate back conversion from NH;,
which could potentially contaminate results.

Heck et al. concluded that without collisions, the CD,H* and CH,D" were each

likely to transfer a proton and a deuteron with equal probability, suggesting that the two
positions of the 3c2e bonds are occupied by H and D. As the average number of

collisions, n, between the primary ion and methane was allowed to increase, the number
of collisions between the CH; analogs and methane also increased, and the ratio of
deuterium to hydrogen transfer approached the statistically random value of either 4:1 or
1:4 for CD,H" and CH,D" respectively. But CD,H} and CD,H? were never observed.
The kinetic isotope effect was expected to be negligible because of the large
exothermicity of the proton transfer from CH; to NH, (155 kcal/mol). Heck et al.
interpreted their results as strong evidence for the well stabilized Cj structure, with
isotope randomization a result of collisions between CH} and CH,.

It is very difficult to reconcile the results of this experiment with those of the most

sophisticated ab initio calculations. The results of Heck e al, demonstrates no isotope
scrambling in the CH} analogs, indicating a large energy gap between the Cy structures

and the C,y transition state. This is in direct conflict with the ab initio results of both

Schreiner et al. (22) and Miiller et al. (23) which indicate that the barrier to proton
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scrambling is very small. Schreiner ef ql. have suggested that the experimental results of
Heck et al. may be reinterpreted on the basis of the latest theoretical results.

The complete lack of scrambling observed by Heck et al. suggests the barrier
must be a great deal higher than the 0.9 kcal/mol given by the recent theoretical studies
when ignoring ZPVE effects. A reasonable possible way out of the enigma may be the
effect of symmetry breaking and slowing of the tunneling process due to deuterium.

Even this leaves a few difficulties to explain their results. For example, they ascribe the
non-appearance of CD,H; and CD,H as due to the small rate constant of the CH; +
CH, reaction but the latter is smaller than the rate of CH; + CH, by a factor of only 4
to 5.

In order to accept their conclusion, it is necessary to assume that (1), CH,D*
(CD,H") is produced by deuteron (proton) transfer and that the transferred deuteron
(proton) ends up in one of the (3c-2¢) bonds and not in the other three C-H bonds,
without causing scrambling, and (2), subsequent CH ,D" (CD,H") collisions with CH 4
or CD, scramble isotopes. The collisions are weak collisions without exchange of
proton and deuterons since they do not observe CH,Dj; or CH,D;. It is difficult to

accept these two assumptions together in view of the fact that reaction (2) is exothermic
by approximately 5-8 kcal/mol and the collisions are “weak interactions between the

protonated methane and methane” with energies of perhaps much less than 1 kcal/mol

(48).
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As for the pure protonic species CH; , one might visualize it as a superposition of

structures with the wave functfon of the five identical particles effectively spread out
spherically around the central carbon, much like a particle in a box or electrons around
nuclei.

L2.2. Cluster Stability Experiments

The next class of experiments are the studies of the equilibrium of the clusters

between CHY ions and H, or CH, reported by Hiraoka ez al. (49 - 51) for the following

reactions.
CH;(H,), +H, — CH;(H,),, +2H, (L.12)
CH;(CH,),6 +CH, — CH;(CH,),, +2CH, (1.13)

Analysis of these experiments is based on the assumption that the interaction

between CHY and the clustering neutral molecules are weak and do not substantially

distort the structure of the CH core from free CH;. For n=1, reaction (1.12) is

endothermic by 6.87 kcal/mol (49, 50) while reaction (1.13) is endothermic by 1.88
kcal/mol (51). Note that these energies are large compared to the largest estimated
barriers reported from the best ab initio calculations (energies that ignore ZPVE effects)

of 0.09 kcal/mole and 0.9 kcal/mole for the Cs, and C,y structures respectively compared
to the Cy; structure. (Including the ZPVE, the interaction energies of the clustered CH}
molecules is much higher compared to the estimated barrier height.)

The results for the CH;/CH, clusters showed irregular decreases in both

-AH®,.; o and -AS®, |, between n=2 and 3, and 7 and 8, the first indicating that the first
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two CH, molecules are bound more strongly than the rest, and the second suggesting a

shell structure, CH; (CH, ), (CH, ), such that the 3™ through 7% clustering molecules are
bound with approximately equal energy to the CH; core. The first interpretation is

consistent with a Cs CH; structure, because the first two clustering CH, are expected to
be localized near the 3c2e protons. The shell structure for n=3 to 7 is not clear.

The results for the CH; (H,)_ion clusters (51) are expected to be more suitable
for discerning the structure of the CH; core because of weaker interactions between the

core CH and clustering molecules. Steric interaction between clustering molecules

should also be much less. Hiraoka et al. obtained smaller and more slowly varying

-AH;,, and -AS;_, than for CH, clusters but again larger variations barely outside their

n,n-1

error has been noted in AH®y.; , between n=2 and 3. The authors report “This may argue
for the Cg structure of CH; > (51). The more definitive variation in entropy between n =
2 and 3, may be interpreted as due to reduced scrambling. That there is still scrambling
when two H, molecules are clustered to CH; is most easily reconciled with the Cs
structure because the internal rotation from Cgs; to Cs; should not be hindered much by
H, attachment. Overall, although not very definitive, the most reasonable picture

painted by the studies of Hiraoka ez al. is a Cg core structure with substantial scrambling

for n=1 and n=2 and highly delocalized charge.



Page 19

1.2.3. Predissociation Spectroscopy of CH; (H,) Clusters

The final class of experiments reported that throws light to our understanding of

the structure of CH is the predissociation spectroscopy of CH} (H, ), clusters (n=1to

5) by Boo and Lee (52, 53). In these experiments, very cold CH; (H2 )n clusters are

formed via an ionization source followed by supersonic expansion. The ions are mass
selected, trapped, exposed to infrared radiation, and then detected. Since infrared

absorption by the clusters causes dissociation, changes in the parent ion count indicates
absorption. The experiment has provided the first spectroscopic data for a CH; related

system.

Boo and Lee believe that by analyzing the behavior of the shoulder features,
conclusions can be drawn regarding the structure and behavior of the CH} core. The
analysis of the shoulder feature behavior is based on ab initio calculations of

CH; (H,), clusters performed by Kim ez al. (54) (predicted vibration frequencies are
shown in Table 1). These calculations predicted a Cs; structure for the core of CH; with
n =1 and vibrational frequencies corresponding to the three C-H stretches of the CH;
group as shown in the table. While the frequencies for the Cs; and Cs; structures were
fairly similar (both have 3 strong C-H bonds in the CH; group and 2 weaker bonds in the

3c2e bond of the H, subgroup), the frequencies predicted for the C,y structure are

significantly different from the predicted Cs; lowest energy structure (it has two strong C-

H bonds and 3 weaker bonds corresponding to the 4c3e bond).



Page 20

Table 1: Predicted 3 Highest C-H Stretch Vibration
Frequencies for CH; (H,) Clusters (54)

Csi 3081 cm’! 2998 cm™” 2898 cm™
Csa 3085 cm™ 2968 cm™ 2914 cm™
Cov 3094 cm™ 2987 cm’! 2732 cm’!

Boo and Lee believe that contributions from multiple structures (i.e. hydrogen
scrambling) result in broadening of the vibrational modes observable in the spectrum as
shoulder features. They state that «...if the CH; internal rotation (scrambling through the
Cs: structure) and the in-plane wagging motion (scrambling through the C,y structure)
are unhindered, the observed spectrum for the CH; stretching vibrations will broaden

considerably due to contributions from all the possible CH; structures...”. Additionally,

“...the lowest CHj stretching vibration of Cs; will be strongly coupled to the vibrational
modes of the 3c2e bond by the in-plane wagging motion and could have frequencies
ranging from 2898 cm™! t0 2732 cm™.” For the n=1 cluster, a broad low resolution
feature centered about 2960 cm™' was observed with slight shoulder features on both

sides. These features were reasonably consistent with three C-H stretching vibrations
predicted by Kim ef al., for the H, clusters of CH after scaling by one of the features
and assuming a Cj structue. As the number of clustering H, molecules was increased

from 1 to 2, one of the shoulder features became much more pronounced. Further Lo
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increasing the number of clustering H, molecules from 2 to 3 caused a third feature to

become pronounced (the other shoulder feature observed in the n=1 cluster). No
substantial qualitative spectral changes were observed as n was increased beyond 3.

From those observations, Boo and Lee have concluded that "spectroscopic evidence was

found in support of the scrambling of CH} ."
L.3. Concluding Remarks

Our spectroscopic studies of CH has been conducted purely empirically without
paying much attention to any of these previous works. A large body of spectroscopic
data accumulated during our studies of other carbocations such as CH;, CH}, C,H;,
C,H};, under a variety of plasma chemical conditions indicated that many spectral lines
likely due to CHj existed in the region of about 400 cm' centered at ~ 2950 cm’’. I shall

describe in the forthcoming chapters the first spectroscopic observation of CH;. Chapter

I summarizes the experimental apparatus and procedure. Our spectroscopic observation
will be described in Chapter ITI. Plasma chemistry is described in Chapter IV. The

experimental determination of the ion destruction rate will be described in Chapter V.



Chapter II: Experimental

High resolution infrared spectroscopy of molecular ions is much more
challenging, both experimentally and theoretically, than the corresponding spectroscopy
of neutral molecules. The primary difference between the spectroscopy of ions and
neutrals is the difficulty in creating detectable numbers of charged molecules in the gas
phase. In our direct absorption experiments, the ratio of neutrals to ions is on the order of
10°: 1. Therefore, we must utilize highly sensitive and discriminative techniques that
allow us to observe the extremely small absorptions of the ions and to distinguish these
lines from the overwhelming strong and dense background signal of neutrals.

In the Oka Ion Factory, several laser systems have been used for high resolution
infrared spectroscopy. In this work, and the preceding searches for CH; , we used the

difference frequency system for producing tunable cw infrared radiation and a positive
column AC discharge for producing ions. The velocity modulation technique was used to
enhance the sensitivity and discrimination of the experiment. In the following sections,
these three pillars of our experiment will be discussed in turn.

IL.1. Difference Frequency Spectrometer

The DF system (see Fig. 5) utilizes two visible lasers and a non-linear optical
crystal to produce tunable infrared radiation between approximately 2200 cm’' and 4400
cm’. The first visible cw laser is a ring dye laser (Coherent 699-21) using rhodium
chloride 590 dye (Exciton) pumped by 8 watts of 514 nm radiation from an argon ion

laser (Coherent Innova 200). The second visible cw laser is a single mode argon ion laser
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Fig. 5. A schematic diagram of the Difference Frequency Spectrometer. The Dye Laser
and I-90 Argon Laser are combined in LiNbO; to produce IR radiation. The IR beam is
split twice. First, a small portion is sent through a reference gas for frequency
measurement. Then the beam is split into equal parts, with each portion traversing the
plasma four times unidirectionally, but in opposite directions.
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(Coherent Innova 90) typically operating at 488 nm. The non-linear optical crystal used
in this experiment is LINbO;3 (Deltronic Crystal Industries). The DF system in the Oka
Ion Factory was constructed in the early 1980°s by Mark Crofion (55), and the details of
the apparatus have been discussed previously many times. The theory and operation will
be discussed briefly for the sake of convenience, but the reader is referred to Crofton’s
thesis for a more thorough treatment.

The first DF system was developed by Pine (56, 5 7). The system utilizes the
optical non-linearity of LiNbO3;. When the argon laser radiation ® and the dye laser
radiation ; are applied to the crystal, weak radiation at the difference frequency w3 = w,
- a is generated. The induced wave builds through the length of the crystal if the phases
of the incident and induced waves are properly matched. This phase matching condition,
which can be regarded as momentum conservation of the three photons involved in the
mixing process, is

K, =k, -k, @.1)
where k; is the wave vector for the collinear waves 1, 2 and 3 given by

n.o.
k = 12

(2.2)

where n; is the refractive index of the LiNbOs crystal at the frequency w;, and ¢ is the
speed of light. The unique phase matching condition is met by using the birefringence of
the LiNbO; crystal and mutually perpendicular polarizations of ®; and @,, and by

varying the temperature of the LiNbOj crystal.
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The dye laser radiation (vertical polarized) and the argon ion laser radiation
(horizontal polarization achieved by rotating with a half-wave plate) are passed
collinearly through the LiNbO; crystal. The overlap of the lasers and their interaction
with the non-linear crystal is enhanced by focusing the lasers within the crystal using 10
cm focal length lenses. The 5 cm long crystal (4mm x 4mm cross section) is housed in
an oven and the temperature of the oven is adjusted for optimal infrared output. The
temperature of the oven is varied as the dye laser scans such that the infrared output is
optimum over the laser scan. 100-300 pw of IR radiation are produced when ~ 1 watt of
laser radiation from each of the visible lasers are applied. The output is generally higher
at higher frequencies.

The infrared radiation produced from the difference frequency mixing is passed
through two beam splitters (see Fig. 2). The first is a CaF, wedged plate that reflects S-
10% of the beam towards a reference gas cell used for frequency calibration (either
ethylene or formaldehyde in this experiment). The remaining IR radiation is then split
evenly into two beams. The first is referred to as the “visible” (because the Ge beam
splitter doesn’t pass the visible radiation), while the second is called the invisible beam,
because the path of the infrared cannot be easily identified by following collinear visible
radiation.

Each IR beam is sent into a modified white cell (58) multi-pass arrangement of
mirrors so that an individual beam passes through the discharge cell four times,
unidirectionally. After the fourth pass through the discharge cell, the beam leaves the

white cell mirror system and is sent into liquid nitrogen cooled InSb detectors. The two
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beams enter the multi-pass system in opposite directions so that the beams pass through
the discharge cell in opposite directions. This arrangement allows for highly effective
noise subtraction via velocity modulation. The absorption signals are detected 90 degrees
out of phase due to velocity modulation. Combining the signals out of phase using 2
step-up transformers allows all of the laser power to contribute to the signal, while the
noise is subtracted.

During optical alignment the beams are modulated at 1.3 kHz by a chopper
(placed after the dye laser), and the output of the detectors is demodulated with a lock-in
amplifier. During spectroscopy, the chopper is removed from the main beam and placed
so that it only modulates the reference beam. The experiment relies on velocity
modulation to modulate absorptions at the discharge frequency (typically around 6 kHz).
Velocity modulation is effected by doppler shifts of ions as they are accelerated back and
forth due to the alternating electric field that drives the AC discharge.

The DF system scans 1 cm™ at a time by scanning the frequency of the dye laser.
The laser frequency is adjusted manually between each 1 cm™' scan, with multiple scans
pieced together to cover larger ranges. The IR power is relatively stable within a single 1
cm’ scan (fluctuations less than 20%), but in general the relative intensity between scans
can fluctuate more widely. The source of the fluctuations includes dye laser power
changes, changes in the argon ion laser power, and temperature drift off from optimum in
the LINbO; crystal. The last is the largest source of IR power fluctuations; 50%
fluctuations from scan to scan are not uncommon. By measuring line intensities multiple

times, the relative intensity can be somewhat more reliably measured. Each 1 cm™ scan






