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ABSTRACT OF WORK UNDER ARO CONTRACT DAAL03-92-G-0007 

The project, "Spectroscopic Investigations of Nonambient Systems with Millimeter and 

Submillimeter Probes," addressed a broad range of scientific topics and technological 

developments important to this spectral region. For the purposes of this discussion, we have 

divided the report on research results into three parts:   (1) Molecular collisional processes from 

1 K to 1000 K; (2) Energy transfer in polyatomic molecules; and (3) Development and uses of 

millimeter and submillimeter technology. Also included is a lists of personnel who worked on 

these projects and publications. 

I. INTRODUCTION AND BACKGROUND 

The project addressed the development and use of spectroscopic techniques for the study of 

molecular systems under nonambient conditions. Emphasis was placed on the use of millimeter 

and submillimeter spectroscopic methods as diagnostic probes of these environments although 

many of these techniques are also applicable in other spectral regions. In some cases, the 

mm/submm spectral region was especially advantageous for the work while in others it was 

merely convenient because of our experience and equipment base in this part of the spectrum. 

Much of what is discussed is based upon previous developments in our laboratory. In this 

Introduction, we will briefly discuss some of the basis for this work; in later sections more of the 

details and references are provided. 

A. The mm/submm Spectral Region 

1. The spectroscopic technique: The mm/submm spectroscopic technique which was used 

in many of these experiments has been developed over a period of years.13 Briefly, nonlinear 

harmonic generators which produce the mm/submm radiation are driven by klystrons or traveling 

wave tube amplifiers4 in the region around 50 GHz. These microwave sources are in turn refer- 

enced to or driven by sources which are controlled by frequency synthesizers, effectively giving 

a synthesized source which is conveniently and continuously tunable throughout the region be- 

tween ~ 100 -1000 GHz. This mm/submm energy is radiated quasi-optically through the atomic 

and molecular system being studied and detected by an InSb detector operating at 1.5 K or a 0.3 

K germanium bolometer. Associated electronics are used for frequency measurement and signal 

recovery. Systems of this type have proven to be reliable, easy to operate, and reasonably 

inexpensive. Because of these attributes, a number of similar systems have now been built at 

laboratories around the world and have become the standard for a wide range of molecular 



studies in this spectral region. 

2. Characteristics of mm/submm spectroscopy:   Much of the work discussed in this report 
depended upon several important attributes of our technique for spectroscopic studies in the 
mm/submm spectral region. Among these are: 

a) It is a very sensitive technique. Under equilibrium conditions, rotational absorption 
2       3 coefficients increase as v - v and peak typically in the vicinity of 1000 GHz. Under optimum 

non-equilibrium conditions, achievable in our pumped experiments, concentrations as small as 
100 cm"3 (~1044 Torr partial pressure) can be studied with modest signal averaging. 
Calculations based on a more aggressive set of assumptions yield concentrations as small as 1 
cm"3. 

b) Because of the broad tunable coverage in the frequency regime that corresponds to 
many of the rotational transitions of the small, fundamental species that we wish to study, transi- 
tions can be chosen on the basis of their diagnostic value rather than to satisfy coincidence crite- 
ria. Furthermore, because of the high resolution, spectral overlap is very rare. 

c) It is an absorption technique. Because the transitions that are observed are rotational 
transitions with accurately known transition moments, the absolute absorption data can be accu- 
rately converted into molecular information. 

d) Because we directly observe rotational transitions, the method is especially sensitive 
to rotational nonequilibria. For example, at 300 K and 300 GHz a 5 % change in the population 
of one of the states involved in a transition produces a 100 % change in the observed line 
strength. 

e) Because this is the frequency regime in which a very large number of optically 
pumped lasers have been discovered, we can take advantage of the hundreds of man years that 
have been spent searching for C02 laser pump coincidences. 

B. Applications 
Over a number of years we have used these mm/submm techniques for a wide variety of 

spectroscopic investigations and technical developments. In the sections below some of those 
that are related to the proposed work are briefly discussed. 

1. Spectroscopy of small, fundamental molecular species: The principal initial application 
of this spectroscopic technique was its use to develop a basic spectroscopic understanding of the 
rotational spectra of small, fundamental molecules. Particular emphasis was placed on species of 
atmospheric, astronomical, chemical, and spectroscopic interest. This work has included studies 
of light asymmetric rotors such as H20 and H2S, prototype internal rotors such as HOOH and 
CH3OH, light asymmetric rotors with electronic angular momenta such as N02, H02, and HCO, 
and a number of unstable species and ions such as CCH, NO+, and LiH. In addition to the exper- 



imental aspects of this work, we have also developed theoretical and computational methods for 

characterizing to microwave accuracy these spectra over wide spectral ranges. Many (if not 

most) of these studies were the first to provide characterization of these species to microwave 

accuracy over large portions of their rotational spectra in the mm/submm. This work is of im- 

portance to the reported work because the basic spectroscopic properties (energy levels, transi- 

tion frequencies, transition moments, etc.) of the molecular species which we studied first had to 

be well understood. 

2. Collisionally cooled spectroscopy at very low temperatures: As is discussed in more de- 

tail in Section III, we have devoted a significant portion of our effort toward the development 

and exploitation of a collisional cooling technique which provides a simple method for the study 

of gas phase processes at temperatures down to about 1 K.^8 The scientific motivation for this 

work has been the desire to study molecular interactions in the regime where kT < hvf. In this 

regime the rotational energy levels play a much more intimate role in the collisional process. 

This technique has now allowed us to study pressure broadening continuously over the 1 -1000 

K regime as well as vibrational and rotational relaxation.  We have found that the mechanisms 

responsible for broadening and relaxation make a transition from being dominated at high 

temperature by semi-classical inelastic collisions to domination in the lower energy regime by 

resonances associated with quasibound states. The variety and richness of the results that we 

have obtained have been beyond our expectations. 

3. Ion spectroscopy: Several years ago we reported a new technique for the study of 

molecular ions which used an axial magnetic field to extend the negative glow region of an 

abnormal glow discharge to produce increases of ion density of one to two orders of magnitude 

with corresponding increases in observed signal strength.9 We have also used this method for a 

number of mm/submm studies and it has been widely adopted by the spectroscopic community, 

with similar systems having been built at a number of locations including Berkeley, Wisconsin, 

Harvard, Lille, and Giessen.10"14 In a new system we have combined this technique with 

collisional cooling for the study of molecular ions at very low temperatures. This new system 

provides a significant new nonambient environment for our studies, but at least as importantly 

provides a path to experiments with more independent control of the environmental parameters 

such as partial pressures of constituents, electron flux, ion concentration, and temperature. 

Some results from this system are shown in Section III. 

4. Collisional Energy Transfer: For a number of years we have also had an interest in the 

internal mechanisms of molecular lasers and the collisional energy transfer processes that are the 

basis of them.15~20 Our emphasis has been on rotational processes both because this degree of 

freedom corresponds most closely with mm/submm devices and because a number of interesting 

basic problems exist in rotational energy transfer. 



II. EXPERIMENTAL AND THEORETICAL CONSIDERATIONS 
IN NONAMBIENT ENVIRONMENTS 

Because the thrust of this report is the study of molecular systems under nonambient condi- 
tions, it is useful to briefly consider the spectroscopic consequences of significant changes in 
temperature both on spectroscopic parameters and the physics of the systems being studied. 

A. Gas Phase Molecular Interactions as a Function of Temperature 
First consider the temperature scaling laws for the interaction of gas phase molecular 

systems and mm/submm radiation. For the purposes of numerical comparison, we will assume 

that a system originally at 300 K is cooled to 4 K and that it may be diluted in a collisional cool- 

ing gas. 
1. Linewidth: In the mm/submm spectral region experiments are typically run at or near 

Doppler broadened limits. Since Doppler broadening is proportional to T1/2, linewidths at 4 K 
are typically an order of magnitude narrower and correspondingly greater resolution and 
measurement accuracy are possible. In addition, since sensitivity is ordinarily determined by 
peak, not integrated intensity, this factor under many circumstances also adds an order of 
magnitude to system sensitivity. We have confirmed this expectation in a number of studies.5'6'7' 
8,21-24 

2. Sensitivity: Several temperature dependent factors affect molecular absorption 

coefficients. The rotational absorption coefficient is given by 

a = [Srfivßch] • |<m|u|n>|2 • |N/Av] ■ [l-e*^1] • [1/Qf] 

where it has been factored to separate the individual temperature dependent terms. The behavior 
of N/Av depends upon the details of the pressure broadening, but simple theory gives 

N/Av « Tm 

Q is the rotational partition function which approaches 1 in the low temperature limit. If we 
consider molecules whose J = 0 -1 transitions fall at ~ 100 GHz, Qr at 300 K is - 100 -1000. 
The term [1-e ], which represents the difference between induced absorption and emission 
varies between unity in the limit hv » kT and -1/100 for transitions of v ~ 100 GHz at 300 K. 
Together these factors represent a four or five order of magnitude gain in absorption coefficient 
for systems at very low temperature. 

Other factors are more dependent on the details of the system. The dilution ratio of the 



spectroscopic gas in the cooling gas will reduce this gain for stable species, but the reduced 

pressure broadening parameters associated with zero dipole moment collision partners and the 

gains in detector sensitivity for low background environments will add to the overall system 

gains. The latter factor will be especially significant when detector noise is the limiting factor in 

the system. To give two typical examples, the absorption coefficients of gas phase CO and HCN 

at 4 K are 25 cm4 and 10000 cm4 respectively. Thus, we conclude that even at very large 

dilutions of the spectroscopic species in the collisional cooling gas, absorption coefficients will 

be very large. Again, this expectation has been confirmed in our recent work and molecules with 

small dilution ratios (~ 10"4 -10"6) are easily observable on an oscilloscope screen in real time. 

3. Physics: The spectral complexity of many systems is considerably reduced at low 

temperature. For example, it has been elegantly demonstrated by many workers using free jet 

expansions that the complexity of rotational structure in room temperature spectra can be dra- 

matically simplified.25,26 Collisional cooling has the additional attributes of macroscopic path 

lengths and independently measurable, adjustable temperature. 

In addition, rotational collisional processes are of both fundamental and practical importance 

and many articles and reviews on the subject have been written. In a review article, Brunner and 

Pritchard27 compare and contrast 'photon' spectroscopy and 'collisional' spectroscopy. They 

point out that both spectroscopies are characterized (in principle) by massive amounts of data 

(mostly redundant) that should be calculable from a relatively small number of 'spectroscopic' 

constants. However, the nature of 'collisional' spectroscopy is such that it is much more difficult 

to invert the problem so that fundamental parameters may be recovered from the experimental 

results. Even if these parameters are given, it is usually a formidable computational task to 

calculate the effects of these collisions either for the comparison of experiment and theory or for 

use in other problems. This is because of the participation of the very large number of thermally 

accessible rotational states in each collision process and because of the increased complexity of 

molecule-molecule/atom interactions in comparison with molecule-field interactions. The 

dynamics of the interplay between theory and experiment are further hindered by the nature of 

the available experimental data. Fundamental parameters are recoverable from most 

experimental data only via complex (and usually unrealizable) deconvolutions. The origin of 

this difficulty is very similar to the cause of the theoretical complexity, the large number of 

thermally populated states and the nature of the molecular interaction. Thus, it is expected that 

the very large reduction in the number of thermally populated states at low temperature will 

make the relation between observables and the fundamental interactions substantially more 

direct. Results which support this expectation are reported in Section III. This is one of the prin- 

cipal motivations for our work. Finally, these very low temperatures significantly enhance the 

production and lifetime of weakly bound complexes such as van der Waals molecules and also 



provide additional opportunities for the study of ions and other transient species. 

B. System Sensitivity as a Function of Temperature 

Over much of the mm/submm spectral region, the sensitivity of our experimental technique 
is directly proportional to the sensitivity of the detector employed. The cooled detectors used in 
our work approach being ideal detectors in that their NEP's approach being limited by the 
fluctuations in the blackbody radiation that is incident on them along with the spectrometer 
signal. In fact, if one of these detectors is completely broadband and can view the entire 300 K 
blackbody spectrum, its NEP is limited to about 5 xlO-11 W/Hz1/2. In the mm/submm the use of 
cooled filters that only pass the long wavelength portion of the 300 K blackbody along with the 

spectrometer signal can significantly improve this. For a cutoff frequency of v    the NEP for an 
ideal broadband detector is given in the long wavelength limit by NEP ~ kTv   1/2.28  For a v   = 

1000 GHz, this corresponds to ~ 1045 W. The 1.5 K InSb detectors that we have used in these 
systems for many years29 have NEP's in the range of 10"12 -10"13 W7Hz1/2 and the 0.3 K 3He 
detector mentioned above has a NEP of the order 2 x 10~15 W/Hz m, about 50 times better. It is 
our experience that this has added a similar amount to our system performance. However, the 
equation above shows that the construction of a more sensitive broadband detector for the 
mm/submm spectral region is not possible if it must view a room temperature experiment. 



III. RESULTS 

A. Pressure Broadening Spectroscopy from 1 K to 1000 K 

As discussed briefly above, it is possible to consider collisional processes as a 'spectroscopy' 
in which a large number of observables (e. g. the cross sections as a function of temperature) are 
related to a smaller number of molecular parameters which are ultimately related to the 
intramolecular potential. However, as is well known, this is not as straightforward as in energy 

level spectroscopy for a host of reasons. These range from substantially increased theoretical 
and computational difficulty to real questions about the sensitivity of the observables to the 
underlying parameters which govern the processes. In this section we show recent experimental 
and theoretical results which address these issues. An important theme which emerges is that 

these questions are most interesting at low temperatures. 

1. Experimental results (neutrals): To date we have investigated the helium and hydrogen 
pressure broadening characteristics as a function of temperature for a number of species includ- 
ing CO, NO, CH-jF, H2S, DC1, H20, HDO, OCS, S02, and CH^.5'6'7'8'21^23^. Our develop- 
ment of the collisional cooling technique was motivated by both the general ideas discussed 
above as well as a desire to carry out specific experimental investigations. In general, we wanted 
to be able to experimentally investigate a regime for which hvr > kT; thus having molecular sys- 
tems in analogy to atoms at room temperature, with the energy level spacing large compared to 
kT. However, only part of the analogy between molecules at very low temperature and atoms 
under ambient conditions holds because at very low temperatures the collision energies are small 
or comparable to van der Waals binding energies. Thus, the molecular systems have the addi- 
tional features of systems that can form quasibound states at very low temperature.37"39 As a 
consequence, a rich spectrum of results has been observed that is dependent on the spectroscopic 
species, its rotational state, and the collision partner. 

Before showing experimental results, it is worthwhile discussing some of the qualitative fea- 
tures that should be expected. Although it is always dangerous to ascribe too physical a picture 
to process that are inherently nonclassical, doing so provides in this case a good mechanism for 
classifying and understanding the results of our experiments. In the semi-classical picture (valid 
at higher temperature) of molecular collisions and their contributions to line broadening, the en- 
ergy defect (which is a measure of the energy that is transferred between internal and external 
degrees of freedom) and its relation to kT play important roles. Whenever this defect becomes 
too large, the efficiency of the collisions in producing broadening and/or inelastic collisions is re- 
duced; and, in the limit of zero translational energy, this efficiency also becomes zero. However, 
an additional effect can become important in very low energy collisions. Because of the 
existence of shallow (tens of cm"1 for collisions with He) attractive wells in the intermolecular 



potential, resonances in both the pressure broadening and inelastic cross sections associated with 
quasibound states can exist. Some of these open channels with significant cross section result 

from interactions which involve rotational levels which lie at low enough energy to interact with 
the shallow wells. Others depend solely on the shape of the intermolecular potential between the 

collision partners. Because these shallow attractive wells extend to large radius, for very low 
energy collisions very large cross sections can result. 

Thus, in the limit of small collision energy there are two countervailing effects; the reduction 
in cross section due to the growth in the energy defect and the increase in cross section due to the 
low energy resonances. Because both of these effects are sensitive functions of the intermolecu- 
lar potential and the energy level structure of the molecule, a wide variety of functional 

dependencies of cross section on temperature are expected. These qualitative expectations have 
been borne out by diagnostic calculations of Palma and Green for the CO - He system,40 by a 
number of calculations which we have done using the MOLSCAT routines of Green and Hutson, 

and by the experimental results shown below. 

10 



Figures III.A.l and III.A.2 serve as good 
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Figure III.A.l. Pressure broadening cross sec- 
tions for H~ (upper) and He (lower) collisions 
with H,S between 2 and 600 K. 
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Figure III.A.2. Pressure broadening cross sec- 
tions for H/, (upper) and He (lower) collisions 
with CH3F~between 2 and 600 K. 
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Figure III.A.3. System for the enhanced 
production of molecular ions via the 
magnetically lenghtened negative glow region of 
an abnormal glow discharge. 

illustrations. Both show two important qualitative 

features: the clear transition between the semiclas- 

sical and quantum regimes and the large difference 

between the cross sections for He and H-, 

collisions at low temperature. As expected from 

semiclassical theory, for collisions with both He 

and H2 there are large regimes of constant or 

nearly constant cross section above 100 - 200 K. 

However, only for the He - H2S system is the 

expected drop in semiclassical cross section at 

lower temperature observed. We will show below 

that the physical parameters of the other systems 

are such that regions of efficient semi-classical and 

quantum broadening overlap, thereby obscuring 

the decrease in semi-classical cross section. 

2. Experimental Results (molecular ions'): 

One of our goals has been to develop and exploit 

techniques for the study of collisions with 

molecular ions over the 1 -1000 K range, 

especially at the lower temperatures. 

In order to consider the new system we have 

developed for these studies, it is first useful to 

review the technique which we developed several 

years ago for the production and study of 

molecular ions.9 This system, shown in Fig. 

III.A.3, is based on the magnetic confinement and 

axial extension of the negative glow region of a 

low pressure discharge. In it the usual glass dis- 

charge cell with internal cylindrical electrodes is 

placed inside a solenoid and cooled to 77 K. Fig- 

ure IILA.4 shows the dramatic increase in signal 

strength with increasing magnetic field in this 

system. This two order of magnitude increase has 

resulted in it being widely adopted by the 

spectroscopic community for the study of 

molecular ions.101 '<12-13'14 The essence of the 

11 



method is that the ion rich negative glow region of an abnormal41 glow discharge, when operated 

in an axial magnetic field of a few hundred gauss, lengthens from its usual length of a few 

millimeters to fill the entire length of the cell. Under these conditions the cathode drop region is 

in essence a source of ~ 1 keV electrons which are injected into the electric field free, 

i . 
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Figure III.A.4. Observed linestrength for the J = 2 - 3 transitions of HN-,+ and HCO+ as a function of axial 
magnetic field(left). Observed HN-,   line with and without magnetic field (right). 

magnetically confined negative glow. In this region the electrons slowly lose energy by 

interactions with the background gas, but because of the magnetic field, the electrons are 

confined to spiral axially rather than scatter to the walls as in an ordinary discharge. Beyond the 

confining magnetic field the self sustaining positive column begins. Under ordinary 

circumstances, it is this ion poor positive column which fill most of the length of the discharge 

cell. According to this picture, it should be possible to sustain this magnetically confined 

negative glow inside a metallic tube, because, unlike the positive column, it does not require an 

electric field gradient to sustain itself. 

The system shown in Fig. III.A.5 was developed to test this hypothesis and provide a means 

for the study of collisions of molecular ions and neutral at very low temperatures. In this system 

the liquid nitrogen cryogenics which cool the solenoid are separated from the cryogenics which 

maintain the cell temperature. Additionally, the part of the cell that would contain the electric 

field free negative glow is made of a conductor (both electrical and thermal) in order to make 

possible a number of the experiments discussed below. 

Consider as a specific example, the H2 - CO - HCO+ system. At 77 K both of the precursors 

have significant vapor pressure; thus if the cell and the solenoid are maintained at 77 K, and if 

the hypothesis presented above is correct, the basic operation of this system should coincide with 

the operation of the glass system shown in Fig. III.A.3. Our tests of this system have shown the 

12 
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Figure III.A.5 System for the study of molecular ions at very low temperature. 

hypothesis to be correct, with a graph of signal strength as a function of magnetic field similar to 
that shown in Fig. III.A.4. To use this system (or any discharge system) for collisional studies, it 
is necessary to have an understanding of the temperature distribution and discharge induced 
chemistry in the discharge. Additionally, in order to work at very low temperatures it is 
necessary to incorporate into the system an efficient helium collisionally cooled cell. Both of 
these requirements are greatly aided because the voltage drop across the negative glow region is 
very small (basic discharge theory yields zero). Thus, the energy deposition here is very low. 
More specifically, of the -10 Watts of discharge power (1 keV @ 10 ma), the vast majority is 
either deposited at the cathode or anode, with a vanishingly small portion being deposited in the 
helium cooled spectroscopic region. Furthermore, because the spectroscopically active 
molecules are injected and subsequently trapped in the helium region, essentially all of the 
probed molecules and molecular ions exist only in this cryogenic region. 

Never-the-less it is imperative to independently measure the effects of the discharge on the 
temperature. One of the reasons for this is that heat capacities decrease dramatically at helium 
temperatures; thus, small energy inputs can lead to temperature increases. We have adopted two, 

13 



complementary methods to address this issue: a calibration based on the measured cross section 

of collisionally cooled CO (which can be observed in the absence of a discharge in this and other 

systems), and a zero point extrapolation in current, both for the CO and the HCO+ itself. Our 

measurements show that under typical operating conditions (-10 ma discharge current) broad 

regimes exist in which quantitative collisional studies can be carried out. These have been 

described in detail in a recent publication.42 

3.   Theory and discussion:   As a basis for a consideration of the more complex low 

temperature regime, let us first consider briefly the higher temperature regime where most 

previous measurements of the pressure broadening of polyatomic molecules have been done be- 

cause of vapor pressure considerations. In this semi-classical regime it has been found that the 

temperature variation of pressure broadening cross sections can ordinarily be characterized by 

the relation 43 

o(T) = CT(7V (T/T0)n 

Thus, even though in principle the cross sections can exhibit complex behavior as the energy 

defects of the collision channels change in relation to the temperature, they do not in the 

temperature regimes ordinarily investigated. 

Figures III. A. 1 and III.A.2 show for collisions with He that above -100 - 200 K, the cross 

sections are essentially constant, corresponding to the case n = 0 in the equation above. This is a 

result which we have also found in studies of a number of other species including H20, HDO, 

and SOy31,32,33,34  It is interesting (but perhaps not too surprising) that the simple physics of 

these circumstances is well described by the general observation and basic theory of Van Vleck 

and Weisskopf44 in which 'hard shell' collisions effect pressure broadening of constant cross 

section. Additionally, because of the lack of internal degrees of freedom in He, the elegantly 

simple limit of Anderson Theory 45 presented by Townes and Schawlow46 gives a more 

microscopic view, which also provides for a transition from the high temperature to low 

temperature regime. In this view, the measure of the broadening effectiveness of the Fourier 

components of the collision is given by a parameter k = (2nb/v) vab (which in effect compares 

the molecular transition frequency vab, with the fundamental Fourier component of the collision 

V/2Tü)) , where b is the impact parameter, v the molecular velocity and vab the rotational 

transition frequency of the hypothetical two level molecule. For He at 300 K, 2nb/v - 10"12, thus 

providing broadening efficiency for all of the low J levels of the spectroscopically observed 

species. However, for H2S at temperatures below -200 K, the reduced extent of this Fourier 

spectrum begins to lessen the broadening efficiency of the collisions and the cross section begins 

to drop. For collisions with CH3F and CO, this regime of constant cross section extends to 

14 



below 50 K as a result of the access of the Fourier components of the collision to the more 

closely spaced rotational levels of these species.   Since for collisions involving He (as well as 

H2) well depths are typically tens of wave numbers, pressure broadening cross sections in this 

higher energy regime are not significantly affected by these wells in the intermolecular potential 

nor by the phenomena associated with them. 

However, for collisions with H2 below about 150 K, independent of the spectroscopic mole- 

cule and transition observed, deviations from the simple power law theory given above have 

been observed in all species studied.31,33*34 Again, in the context of semi-classical theory, these 

deviations are not unexpected, because the rotational energy level spacing in H2 are comparable 

to the thermal quanta and the complete semi-classical theories which include the internal degrees 

of freedom of both collision partners must be used. 

At lower temperatures, new phenomena associated with resonances involving quasibound 

states become important and numerous calculations have shown that cross sections are especially 

sensitive to the intermolecular potential at low temperatures.37,38'39'40'47 Figures III.A.l and 

III.A.2 show that the cross sections for collisions with both H2 and He vary rapidly at low 

temperature. In this regime quantum scattering approaches to pressure broadening become 

appropriate. In these calculations 'exact' numerical methods which use intermolecular potentials 

(ordinarily obtained by ab initio methods), such as those employed by the MOLSCAT routines 

of Green and Hutson48, become appropriate. 

At low temperature two parameters have first order impact on the observed cross sections: 

the depth of the well in the intermolecular potential and the spacing of the rotational energy 

levels. It is interesting to investigate each of these independently in the context of the CO - He 

system.  Palma and Green40 have investigated the dependence on well depth. They calculated 

two additional sets of cross sections in which the depth of the attractive well of the CO - He 

potential used in the earlier work49 was first reduced by one half and finally completely 

eliminated. These are shown in Fig. III.A.6. Figure III.A.7 shows the corresponding family of 

calculations in which the intermolecular potential is held constant at the ab initio value, but in 

which the energy level spacing is varied. Inspection of these figures show that the results of 

reducing the well depth or increasing the rotational spacing are similar: a significant reduction in 
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Figure III.A.6. Theoretical pressure broadening cross 
sections for the J = 0 - 1 line of CO. From top to 
bottom the curves represent well depths of 1.0, 0.5, 
and 0.0 times the ab initio value. 

the number and strength of the resonances. 
Many of the resonances in the pressure 
broadening cross sections shown here can be 
identified with collision induced rotational 
state changes. As a consequence, increasing 
the rotational energy level spacing increases 
the collisional energy of the resonance; 
eventually raising the required energy beyond 
that which the interaction with the shallow 
well can efficiently supply. Figure III.A.7 also 

shows for CO - He the resonances in the 

pressure broadening spectrum are blended 
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Figure III.A.7. Calculated pressure broadening cross sections for the J = 0 - 1 line of CO.   The smooth lines 
represent the thermal average with T(K) = 1.5 E (cm" ). 
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together by the thermal average, resulting in a significant reduction in information content. 

Because these resonances can be associated with different state-to-state processes, measurement 

of these rates can effectively deconvolve them, even in the thermal average. Additionally, closer 

inspection of Fig. III.A.7, shows that a few of the resonances (e. g. the resonance near 1 cm"1) are 

largely unaffected by the variation in B. These depend on the shape of the intermolecular 

potential. 

For comparison Fig. III.A.8 shows 

experimental results for the CO - He as well as 

CO - H2 systems. Comparison of these figures 

shows general agreement between theory and 

experiment for the J = 0 - 1 transition of the 

CO - He system. However, the experimental 

results for the 1 - 2 and 2 - 3 transition lie 

below the calculated values at low 

temperature.5 

Table III.A. 1 provides a means for 

understanding the relationship between the 

experimental and theoretical results discussed 

here for the CO - He system and the results 

shown above for collisions of He and H2 with CH3F and H2S. 

100 1» 100 
TcmpcntureOQ 

Figure III.A.8. Pressure broadening cross section for 
theH9 (upper) and He (lower) collisions with CO. 
The dashed line is interpolated between the currently 
available experimental points. 

Table III.A. 1 

Freq (GHz/K) Well Depth (K)50 

He H2 

CO (0-1)         115/5.7 19 35 

CH3F(0-1)       51/2.6 62 114 

H2S(110-101)  168/8.4 58 107 

First, because for all species the well depth for collisions with H0 is about twice as deep as for 

collisions with He, the interactions which lead to resonances can begin at about twice the 
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collision energy. Furthermore, because of the relatively closely spaced rotational levels, 
resonances will exist once they become energetically possible, translating directly the increased 

well depth into an increase in cross section at about twice the collision energy for collisions with 
H2 as for He. 

Next, consider the experimental cross sections for collisions between He and H2S shown in 
Fig. III.A.l. At about 50 K the decrease in cross section is halted, presumably by the onset of 
phenomena associated with the attractive well and quasibound states. As for CO - He collisions, 
this increase in cross section begins around a temperature which corresponds to the well depth, 
-60 K.50 At the lowest temperatures, the cross section begins to drop rapidly once more due to 

the energetic unavailability of collisional channels involving the relatively widely spaced 
rotational levels of H2S. This effect is even larger than implied by Table III.A.l (which shows 

only the lowest frequency transition) because the next lowest transition in this light asymmetric 
rotor is much higher. For collisions between H2S and H2, similar considerations lead to quite 
different results. Because at high temperatures the phenomena associated with the internal 
degrees of freedom of H2 which lead to the modest increase in cross section with decreasing 
temperature are well known, we will not elaborate on them here. However, it is important to 
note that because of the smaller mass of K^ the Fourier spectrum of the collision extends to 
higher energy at a given temperature, and correspondingly, the drop in semi-classical cross 
section will begin at a lower temperature. More significantly, the attractive well for collisions 
with H2 is about twice as deep (~T 10 K) as for collisions with He. Thus, for collisions with H2 

the temperature regimes for semiclassical and quantum broadening overlap and provide a 
monotonically increasing cross section. Additionally, the deeper well is more effective in 
involving the widely spaced rotational levels of H2S in the creation of pressure broadening 
resonances at low temperature. 

Finally, the most striking qualitative difference between CH3F and H2S is the low 
temperature behavior for collisions with He. None-the-less this difference is readily understood 
in the context of Table III.A.l which shows the much larger energy level spacing in H2S, which 
closes many of the collision channels at low T. This effect can also be seen in the calculations 
shown in Fig.III.A.7 where in the energy level spacing is doubled. This effect is much smaller 

for collisions with H2 because of its much deeper well. 
Because we have a particular interest in HDO, we have also done calculations on this 

system. Figure III.A.9 shows the calculated pressure broadening cross section below 20 cm"1 for 
two HDO transitions.   Because of the widely spaced levels and geometry of this light hydride 
there are many fewer resonances and significant variation between these transitions, even after a 

thermal average. 
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Figure III.A.9.  Calculated helium pressure broadening cross sections for (left to right) the 110 - 1... and 
1, j - 0Q0 transitions of HDO 

4.  Summary:  We have shown by a combination of experimental data and theoretical 

calculations that at low temperature there are two first order effects which determine the 

qualitative nature of the pressure broadening cross sections:  The depth of the attractive well in 

the intermolecular potential and the rotational energy level spacing.  Additionally, we have 

argued that there is significant information content in the overall functional dependence of this 

cross section over the general 1 - 1000 K region and that it is reasonable to consider a collisional 

'spectroscopy.'  At higher temperature, the collision energy in a rather simple picture provides 

Fourier components which probe the collisional system.   At lower temperatures the collisional 

process cannot be separated into a probe and a system, but rather must be considered quantum 

mechanically as a whole. None-the-less, the spectroscopy here is more interesting (but also less 

intuitive) because of the resonances associated with the quasi-bound states. 

It remains to be shown: (l)How much information is available from the measurement of the 

temperature dependence of the pressure broadening cross section for several different rotational 

transitions and how much of it is independent; (2) How (1) is effected by the rotational energy 

level spacing and well depth; and (3) If a 'spectroscopy' can be established which ties the 

observable 'spectra' to a smaller set of spectroscopic constants. 
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B. Energy Transfer in Polyatomic Molecules 
Our work on rotational and fast vibrational energy transfer grew out of an initial interest in 

constructing models of the internal dynamics of FIR molecular lasers which would include mod- 
ern ideas of molecular collision dynamics. Although the number of degrees of freedom in these 
molecular systems might at first glance seem discouraging, we used mm/submm spectroscopic 
diagnostic techniques to establish experimentally the existence of pools of levels which are in 
equilibrium with each other, thereby substantially simplifying the resulting models. Because of 
the very high sensitivity of mm/submm spectroscopy to nonthermal rotational populations, this 

could be done with considerable certainty.   Examples of such thermal pools include the 
equilibria of the vibrational bending modes with the R/T temperature in the HCN discharge FIR 

laser; all of the J rotational levels within the unpumped K = 1 state of the 12CH3F OPFIR laser; 
and all of the rotational levels within the unpumped symmetry species of 35CH3C1.15,16,17,18,19,20 

This work has provided a quantitative model of the complex HCN discharge laser system as well 
as significant advances in our understanding of OPFIR lasers. Perhaps the most interesting prac- 
tical result of this latter work was the demonstration and theoretical explanation of the operation 
of an OPFIR laser in a high pressure, small cavity regime that was previously though to be for- 

bidden on rather fundamental grounds.51 

More recently, one of our goals has been to describe the seemingly complex and diverse 
state-to-state energy transfer data in the context of physically well founded models with small 
numbers of parameters, parameters which ideally can be related to or calculated from known 
molecular properties. To this end we have focus on the symmetric tops CH3F and CH3C1. As 
we will show below, we have been successful in this endeavor, to include being able to relate 
parameters not only between isotopes, but also between species. For example, for CH3C1 we are 
able to account for 358 distinct (44 different probe transitions, two different pump transitions, 
and multiple appropriate pressures between 1 mTorr and 1 Torr) measured time responses by use 
of only six adjustable rotational parameters plus two vibrational parameters to account for 
vibrational processes which are of the same time scale.   We will show below that few, if any, of 
these six rotational parameters are truly adjustable; being calculable either from fundamental pa- 
rameters or from our earlier work on CH-jF. 

This work is related to other efforts in collisional energy transfer. A number of years ago 
Oka reviewed collision induced rotational relaxation52 and reported on his pioneering work as 
well as on the results of others.53"56 That work laid out basic 'selection' and 'propensity' rules 
for rotational collisional energy transfer and presented experimental verification for some of 
these, especially for those based on spin statistics. Since then, other workers have reported ob- 
servations of infrared-microwave (ir-mw) double resonance effects.57"59 Recently, a number of 
double resonance techniques have been used for quantitative studies of rotational relaxation in 
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polyatomic molecules.60*7 

From all of this, it has become clear that vibrational energy transfer and rotational energy 

transfer are not separate and factorable subjects. This is especially true either when systems have 

very fast vibrational processes which are therefore convolved with rotational processes or when 

Coriolis or other mixings give rotation like character to 'vibrational' transitions. A nice example 

of the latter is the work on isotopes of formaldehyde by Haub and Orr.63 In another example, we 

have shown in a quantitative modeling of the HCN FIR discharge laser that a similar Coriolis in- 

teraction is the principal dissipative agent for the vibrational state containing the upper laser 

level.15 

In the work described below time resolved mm/submm-ir double resonance methods were 

used to obtain the experimental data which formed the basis for the development of numerical 

models which characterize the molecular energy transfer. The experimental details as well as the 

results of these investigations have been published in a number of papers.16,17'18'19'20'68 

1. Modeling: As a first goal in our modeling of rotational and vibrational energy transfer, 

we have sought to build the kinds of energy transfer models discussed above that describe the 

systems in terms of a finite number of individual energy levels and thermal pools along with the 

energy transfer rates that connect them together. Although the resulting models are too complex 

for analytical solution, we have found that they may be implemented numerically using relatively 

simple techniques. In this form nonlinear least squares techniques are used to adjust the rates of 

the model to match the time resolved data obtained from our experiments. Additionally, we have 

sought to parametrize the model in terms of rates which can be related to fundamental physical 

processes. Although this fitting of large amounts of time resolved data directly to physical 

parameters results in large least squares procedures, the advantages of eliminating intermediate 

fitting parameters significantly outweigh the computational load. 

As an example, Fig III.B.l illustrates the relevant energy levels and pumps for CH3C1. It is 

important to note that the two different C02 laser lines pump significantly different J and K 

energy levels, with substantially different rotational energies. One measure of the significance of 

these differences is the rather different appearances of the time response data, even for states in 

thermal pools.  Figure III.B.2 shows some of these data. This result is markedly different from 

that obtained for CH^ in which the observed time responses for 'pool' transitions were virtually 

identical, independent of both pump and isotope. As a result the dynamical data obtained from 

the time resolved mm/submm-ir double resonance experiments for the two pumps are not strong- 

ly correlated and, in fact, have rather different qualitative appearance. However, we will show 

below that all are part of a single pool and that the apparently more complex behavior can be 

accounted for in the context of a simple extension of the CH3F model. 
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Figure III.B.l. Energy levels and symmetry species of v6 vibrational state of CH3CI. The states pumped by 
the C02 laser are indicated in the figure. 

Briefly, we have found it possible to account for a large and diversified body of experimental 

data by: 
(a) Collecting all of the rotational states of the symmetry species which does not contain the 

pumped transition into a single thermal pool, with the relative population of the levels within the 

pool determined by the Boltzmann factor and with the total population and the temperature 

which describes it free to vary in the model. 

(b) Collecting all of the rotational states of the symmetry species which does contain the 

pumped transition into a similar pool, with the exception of the J states in the pumped K mani- 

fold which can have an excess 'nonthermal' population. 

(c) Within the pumped K manifold, the nonthermal populations of all J are treated as inde- 

pendent variables. Alternatively, we have found that these populations are described by the 

Statistical Power Gap (SPG) or Infinite Order Sudden (IOS) theory, with two independent 

variables describing the state-to-state rates for many levels. 

(d) Additional pools for population transfer to vibrational states are included as required by 

the magnitude of the vibrational excitation. For example in CH3F for the time resolved 

mm/submm-ir measurements of energy transfer rates, only the vg is required in addition to the 

ground vibrational state and the directly pumped v3. However, for strongly pumped cw laser 

systems we have found that population transfer to many additional states profoundly affects the 

laser operation.51 
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Figure III.B.2. Time resolved mm/submm probe responses for J,K transitions of the same symmetry species as 
the pumped transition in CH3

35C1. The 9P26 laser pumps the J = 6, K = 4, 1=1 energy level; The 9R12 laser 
pumps the J = 12, K = 7, 1=1 energy level. 

The principal energy transfer processes among these pools and states are: 

(a) The AJ = n, AK = 0 processes; the fastest of which is the electric dipole allowed AJ = 1. 

(b) The spin statistic allowed AK = 3n processes, which distribute any nonequilibrium pop- 
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Figure III.B.3.   Energy transfer model for methyl ha- 
lides. 

ulation according to a thermal distribution to 

all other rotational states of the same symme- 

try. 

(c) A vibrational swap process which, for 

example, effectively transfers population be- 

tween the A and E symmetry species of the 

pumped excited vibrational state. 

(d) Fast vibrational processes (e. g. v3 -+ 

v6orv3 + V3->2v3). 

(e) Vibrational relaxation resulting from 

wall collisions. 

Figure III.B.3 shows this model for CH3F; 

the model for CH3C1 is identical except for the 

labeling of some of the states. 

2. Results: Because there are time scales 

and transitions for which individual processes 

(a) - (e) dominate, it is possible to observe 

these processes without benefit of 

deconvolution.   For example, in Fig. III.B.4 

pool transitions of the same symmetry as the 

pump are dominated by the AK = 3n process, 

while those of the other symmetry by the vi- 

brational swap process. This separation also 

plays a major role in making possible an 

accurate deconvolution in the model of the 

observed data to provide meaningful physical 

parameters. 

Table III.B.l collects together the 

rotational energy transfer parameters obtained 

for our work to date on CH3F and CH3C1. 
Figure III.B.4 Time resolved mm/submm probe 
responses (upper trace) for pool transitions of the 
same symmetry species (A) as the pumped transition 
in 13CH3F. The lower trace shows the time response 
for a pool transition of the unpumped symmetry 
species (E). 

Before discussing them in more detail below, 

we note that: a) this small number of 

parameters accounts for a large and diverse set 

of observed state-to-state rates, b) the IOS 

parameters (which describe the AJ = n, AK = 0 

rates) for both species are essentially the same, and c)the AK = 3n rates are in the context of 
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Table III.B. 1. Collisional Energy Transfer Rates. related, but different models. 

As examples, consider the rotational 

energy transfer processes (a) - (c). 

(a)   The AJ = n rates: Figure III.B.2 

shows for CH3C1 the strongly nonequilibrium 

transitions are confined to the K stack which 

contains the laser pump. A similar result is 

obtained for CH3F. We refer to the rates 

which characterize this as the AJ = n rates. 

Initially, in our energy transfer model an 

independent, adjustable rate for each AJ = n 

process was used. For the several isotopes and 

pumps of CH3F and CH3C1, this amounted to 

about 25 independent parameters. Subsequently, by the use of angular momentum theory and 

either SPG or IOS laws, we were able to fit the calculated AJ = n rates to two parameters for each 

of the species.19-69 With this success, the IOS was included directly in the fitting routines to 

avoid going through the intermediary constants. This procedure has a number of advantages, not 

the least of which is being statistically more correct in the same spirit as was shown so elegantly 

in the solution of the 'oxygen problem' by Albritton et a/.70   Inspection of Table III.B. 1 shows 

that the IOS parameters for both species are essentially the same. Should this be, and if so, why? 

Because the IOS parameters properly describe the electric dipole AJ = ±1 rates and because these 

rates are calculable from known electric dipole moments, the base C  constants are not really 

independent adjustable parameters, but rather parameters which are calculable from the known 

electric dipole moments. (In the results shown in Table III.B. 1, the C  were fit for, but in other 

analyses in which the electric dipole rates were fixed, essentially identical results were obtained.) 

Additionally, the molecular geometries (which ultimately must determine the rates related to 

close, hard collisions which produce the larger changes in J) of the two molecules are very 

similar. Thus, the IOS parameters should be nearly identical because the combination of similar 

electric dipole moments and molecular geometries provide similar interacting molecular fields. 

So, once the raw time resolved data is reduced via kinetic modeling, angular momentum theory, 

and energy scaling laws to depend on the molecular rather than 'spectroscopic' parameters this 

close relationship can be shown. In contrast, the AJ = n rates obtained directly from the kinetic 

model vary by well over an order of magnitude and are strong functions of J and K. This result 

is strong evidence that we have succeeded in describing these energy transfer processes, both 

simply and in terms of a small number of physically meaningful parameters. 

(b) The AK = 3n rates: Inspection of Fig. III.B.2 shows that the shapes of the responses for 
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different J within a given K are identical for CH3C1; with, as discussed in (a), the exception of 
the states of the same K as the pumped state. This establishes that within a given K the 
population of the J levels can be described by a single temperature, but it does not establish that 
this temperature must be constant in time. However, by comparison among transitions of 

different K for the 9P26 pump, it can be seen that the shapes are noticeably different; indicating 
that the temperatures are, in fact, not constant in time. This feature, which is observed in CH3C1, 

but not CH3F, will give rise to a simple extension of the CH3F model. 
For both isotopes of CHgF the parameters associated with energy transfer among the pools 

(i. e. the AK = 3n and vibrational swap) are essentially the same (and, in fact, are often con- 

strained to be the same although they are independently obtainable), as should be expected from 

the similar energy level structure and multipole moments of the two isotopic species. This is 

manifested by time resolved data having the same shape for all transitions of the respective 
pools.18 In contrast, the CH3C1 time responses shown in Fig. III.B.2 for different K but the same 
symmetry pool, reveal significant differences; especially the additional early time response in 
|K| = 1 with the 9P26 pump. However, by a simple, physical extension of the CH3F model this 

more complex CH3C1 experimental data can be incorporated. In the case of CH3F, the 
experimental data is consistent with the simplest assumption: that the AK = 3n process deposits 
population throughout the pool according to a thermal distribution at the translational 
temperature (ordinarily 300 K). Although the CH3C1 data is inconsistent with this assumption, if 

the temperature which describes the population transfer is described by 

T=Te + (T0-TJe-kt 

the excellent fit shown by the solid line in Fig. III.B.2 results. Here, T is the instantaneous rota- 
tional temperature of the pool, T0 the temperature which describes the initial distribution of pop- 
ulation, Te the equilibrium temperature, and k the decay constant. With this, the time responses 
of Fig. III.B.2 are a convolution of population being transferred from the pump via the AK = 3n 
process and the varying temperature of the pool. In the case of the 9P26 pump, this favors the 
low energy |K| = 1 states at early time because of the lower initial rotational temperature. We 
have recently, tried refitting the CH3F data with this extra degree of freedom of the new model. 
Because of the nature of the data, the manifestation of this effect is much less clear in CHgF and 
families of constants lead to satisfactory fits if the CH3F data is fit alone. It would appear that it 
is possible to choose a common AK = 3n rate for both CH3F and CH3C1. If so, the difference in 
the appearance of the raw data would not be because of fundamentally different interaction 
potentials, but rather in the rotational energy level spacing of the two species. 
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Although the current model treats the thermalization rate as an independent variable; 

fundamentally it is not, clearly being related to the other rotational rates (i. e. the AK = 3n and AJ 

= n). We will return to this issue in Section IV. Here, we will briefly note that because of the 

much smaller B value of CH3C1, larger changes in J (which are restricted by multipole moment 

and angular momenta considerations) are required for a given change in energy; thereby making 

an initial distribution of population at the translational temperature more difficult to obtain. 

(c) The Vibrational Swap rate: The lower trace of Figure III.B.4 shows a time response of a 

transition in the unpumped symmetry of CH.3F. Since these states are connected to the pump via 

the 'vibrational swap' process, the initial exponential rise is a direct measure of this process. 

This process transcends the spin statistic selection rule and effectively transfers population in the 

excited vibrational state from the symmetry species containing the pump to the other symmetry 

species. A very direct means of observing this rate is to simply measure the rate of population 

arrival in a pool state of the opposite symmetry, for example in ^CFLjF K = 1 (K = 3 pumped) 

and in 12CH3F K = 0 (K = 2 pumped). Mahan71 (using the results of London72 and Margenau73) 

has shown that for cases of near resonance the cross sections for vibrational collisional energy 

transfer can be considerably enhanced by the presence of a large vibrational transition dipole mo- 

ment such as exists in CH3F. The related near resonance process (AE = 18 cm"1) v  + v   -»• 2v 

has a similarly fast rate in CH3F.74 However, for CH3C1 the vibrational transition dipole moment 

is much smaller and higher order interactions become significant. As a result the theory of 

Mahan is not appropriate; underestimating the 'vibrational swap' rate significantly.69'75 

As discussed many times in this report, measurements over a range of temperatures provide 

both a much more stringent test of theory and lay the basis for the consideration of collisional 

'spectroscopy.' Figure III.B.5 shows the measured vibrational swap rate as a function of 
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Figure III.B.5 Vibrational swap rates as a function of temperature. 
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temperature. The line in the left figure represents the absolute rate calculated from the theory of 

Sharma and Brau,76 using the transition moment of Kondo et al.77 The line on the figure on the 
right results from fitting this parameter to the data. Because this rate depends on the fourth 

power of the transition moment, the adjustment required for the fit is within the error bars of the 

constant. 
3. Summary: For a very wide range of pumped transitions within several isotopic species of 

CH3CI and CH3F a multitude of rotational energy transfer process can be described in the 
context of only a few molecular constants, parameters which are in general related to 
independently determinable parameters such as the dipole moment. This might be considered a 
significant achievement by the 'spectroscopy-minded' who seek to describe a seemingly 

unrelated set of observables in terms of a few spectroscopic constants. On the other hand, those 

who seek to invert the problem to learn about intermolecular interactions will be less pleased 

about the dearth of independent information contained in the data. 
All of the results reported here have been set in the larger context of Rotational Energy 

Transfer by us in a recent chapter in Advances in Atomic, Molecular, and Optical Physics.1* 
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C. Millimeter and Submillimeter Technology 

In order to support our experimental activity and to contribute to the mm/submm 

community, our laboratory undertakes technology development as a part of its research program. 

Here we will briefly mention two effort in which we participate in collaboration with other 

research efforts in the laboratory. 

We have had a long standing interest in the interaction between short (pico/femtosecond) 

pulses and the generation of mm/submm waves. In collaboration with John Swartz and Bob 

Guenther we are developing two techniques. The first uses a Ti: Sapphire laser to produce 

femtosecond pulses of light which in turn switch a semiconductor transmission line to generate 

mm/submm waves. We are especially interested in high resolution applications, based on signal 

processing of the demodulated optical pulse train. This work is based on our earlier work with a 

synchpump picosecond laser.79 In the work covered by this report, we have shown that it is 

possible to generate spectroscopically useful amounts of mm/submm radiation and that the 

resultant radiation is of very high (~3 parts in 108) spectral purity.80 The second experiment is a 

parasitic experiment on the bunched electron beam which drives the MKIIIFEL. In this 

experiment significant amount of > 100 GHz pulsed radiation has been produced. Here, we are 

both interested in the generation of radiation and the analysis of the mm/submm radiation 

produced as a diagnostic of the electron bunching parameters of the FEL. The diagnostic work 

has proven to be especially interesting and has been reported in a recent paper.81 

In collaboration with Ron Jones and Jo Dutta of NCCU we have a related experiment which 

uses a microwave gun to produce an ~1 MeV beam of picosecond bunched electrons. In this 

dedicated experiment, interaction devices specifically designed to optimize desirable microwave 

source parameters (short pulses, high power, narrow bandwidth, etc.) have been used.82 
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