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ABSTRACT
4

.Dutins the period covered by this contract the major thrust areas
of the Columbia Radiation Laboratory were in the fields of quantum optics,
energy transfer and relaxation, spectroscopy, the generation and control
of electromagnetic radiation, quantum detection and sensing of radiation,
and the physical properties of electronic materials. Research supported
by the contract led to 79 publications in the Physical Review Letters,

Applied Physics Letters, Physics Letters, Optics Communications, the Physi-

cal Review, the Journal of Chemical Physics, and other major journals. ’(

Nine students received the Ph.D. degree for work performed under this con-

tract.




I. RELAXATION AND ENERGY TRANSFER IN ALKALI METALS

A new diagonostic technique for flames has been developed. The flame
is seeded with a small amount of sodium salt and the sodium atoms in the flame
are spin polarized by optical pumping. The spin relaxation rates vary sub-
stantially across the spatial extent of the flame.

Good agreement has been found between recent calculations of emission

and absorption profiles of alkali-noble gas excimers and experimental measure-
ments from this laboratory.

Experimental evidence has been obtained for the existence of potassium
polyxenide exciplexes of the form KXen n=1,2,3,4. These exciplexes radiate
strongly in the green region of the spectrum.

We have completed the design of an experimental system for time-resolved
studies of alkali-noble-gas excimer molecules. The aim of this work is to
determine the dominant formation and destruction mechanisms of the higher ex-
cited states of these interesting and potentially useful molecules.

Preliminary studies of the spin relaxation rates of sodium in xenon gas
have been completed. The aim of these studies is to develop an efficient way
to polarize the nucleus of x9129. a very slowly relaxing species which would
be of great interest as a component of nuclear magnetic resonance gyroscopes.

We have discovered a novel spatially propagating wavefront which is
generated by laser pumping of an optically thick medium to a state of complete
transparency. The wavefront velocity v is related to the number of photons
n absorbed per atom by v = Io(Nn)-l. where Io is the photon flux and N is the
atomic number density.

A new region of infrared absorption has been found for saturated alkali
vapors. The absorption shows the analog of the ultraviolet emission continuum

of the nz molecule. In addition evidence is found for alkali trimers absorbing




in the infrared.

The design of an experiment to measure the magnetic circular dichroism
of saturated alkali vapors has been completed. The results of this experiment
will be used to assign quantum numbers to several prominent but poorly under-
stood absorption bands in the visible and near ultraviolet region of the spec-
trum.

We have completed the preliminary design of an experiment to measure the
hyperfine structure of the unusually long-lived 5D state of the cesium atom.
Because of the very narrow natural width of this state, exceptionally high
resolution is possible. We hope to use the results of these measurements to
make the first precise determination of the nuclear quadrupole moment of the
cesium nucleus.

Optical pumping of Cs vapor using second resonance-D, light at 4593 Z.

1
has been achieved. The percent spin-polarization appears to saturate with
dye laser power at levels much lower than 100X and to decrease with Cs tem-
perature. This saturation of polarization, is somewhat reduced by the addi-
tion of Nz gas, but persists even at a N2 pressure of 200 torr for which

no radiation trapping is possible. It appears that spin-exchange

between Cs atoms is the mechanism limiting spin polarization at high
(>1013cn-3) Cs densities. Theoretical calculations of the spin polarization,
taking into account spin-exchange, were carried out and are in qualitative
agreement with the experiment.

The narrow absorption bands of Cl2 molecules near 700 nm have been

identified for the first time as transitions at very large internuclear separa-

tions, possibly from the repulsive 3):“ ground state.

Pulsed dye laser excitation of alkali vapors has been shown to lead to




nearly complete photoionization of the alkali atoms. The local electric

fields from the resulting plasma lead to stimulated emission of highly for-

bidden atomic transitions.




I1. RELAXATION AND ENERGY TRANSFER IN SMALL POLYATOMIC MOLECULES

A method has been developed which provides a complete description of
the energy and population distributions in a laser pumped, metastable poly-
atomic molecule. Different temperatures are required for each mode and for
the translational/rotational degrees of freedom. Good agreement between
calculated and measured distributions has been found for CH3F. Vibrational
energy for this system tends to accumulate preferentially in the v3 C-F
stretch vibrational mode. As a result, extremely large population inver-

sions are predicted for CH.F when optically pumped by a CO2 laser. These

3
results are expected to apply to many polyatomic molecules.

Energy transfer cross sections have been measured for methyl fluoride/
rare gas collision events. For the first time in a polyatomic molecule larger
than 3 atoms, individual kinetic rate constants for specific intermode energy
exchange processes have been obtained. The general qualitative features which
describe the variation of rate constants with rare gas atoms are predicted
by simple theoretical considerations, but quantitative agreement is seriously
lacking.

Intermode collisional energy exchange events coupling the Var Vs and
v3.5 modes of fluorophosgene (COFZ) have been studied in detail. Approxi-

mately 500 gas kinetic collisions are required to transfer population from

to v

while only 180 collisions are necessary for Ve to vy g transfer.
’

bt | 6

The direct coupling between vy and v has been found to be weak (> 1500

3,5
collisions). The transfer of energy into the translational and rotational
degrees of freedom has been found to be noticeably slower than intermode
collisional energy exchange.

Energy transfer processes which collisionally couple the vibrational

modes of CF.Cl have been investigated. On the time scale of a laser pulse

3




width, at high pressures of CF_Cl, significant energy transfer takes place.

3
No evidence for locking of energy into a single mode has been found for this
molecule.

Intermode energy transfer processes have also been investigated in OCS,
CH3C0F and 802/1802. Rates and cross sections for individual kinetic steps
due to collisions have been obtained.

Preliminary measurements of vibrational temperatures have been made
in COF2 which indicate that the Yy and Va modes can be made very hot. Multi-
photon dissociation of COF2 using a coz laser has been observed to produce
F atoms.

The CO2 laser driven decomposition of perfluorocyclobutanone has been
studied. Time resolved infrared fluorescence from product molecules has been
observed, and product yields have been measured. The present experimental
evidence suggests that at least some of the products are formed coincident
with the laser pulse suggesting multiphoton decomposition of the parent per-
fluorocyclobutanone.

Time resolved studies of N02 fluorescence in the visible region of the

spectrum have been undertaken to gain a better understanding of the anomalous

radiative lifetimes of this important product of combustion in air.




I11. GENERATION AND CONTROL OF RADIATION

We have made the first observations in Na vapor of three new types
of echoes: excited-state photon echo:ss, tri-level echoes, and two-photon
echoes. The excited-state photon echo extends the photon echo effect to
transitions between states which are both thermally unpopulated. The tri-
level echo is a totally new effect peculiar to multilevel (three levels or
more) systems. The two-photon echo is the sum-frequency analogue of the
Raman (difference-frequency) echo. We have used these new effects to study
foreign-gas collisional relaxation of atomic Na S-P and S-D superposition
states.
We have made the unprecedented finding that an echo can be generated

from the information stored in a single atomic state. This enables echoes to

be used to study the effect of collisions on atoms in one state. An echo
detection technique which utilizes the relative polarizations of the excita-
tion pulses and the echo has been developed which makes echo effects much
easier to observe. Finally the tri-level echo technique (which we recently
developed) has been used to perform the first comprehensive study of colli-
sionally-induced relaxation of high Rydberg S and D states in an alkali atom.

Photon echo modulation effects in Pr3+:LaF have been analyzed in terms

3
of a combined interaction of the nuclear quadrupole interaction and the second
order hyperfine interaction. Using the interaction parameters obtained else-
where, the theoretical echo behavior fits the experimental data successfully.
The sign of the electric field gradient at the Pr site inferred from our data

is negative.

Two newly developed nitrogen pumped dye lasers are used to generate

photon echoes in LaP3:Pr3+ at pulse separations as large as 8.0 usec. Data
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analysis yields excited state nuclear quadrupole splittings of 0.73 MHz

and 1.12 MHz. Inhomogeneous broadenings associated with these splittings
are found to lead to echo modulation damping. We have also observed an un-
usual dependence of homogeneous relaxation on detuning in the inhomogeneous

profile as well as long-lived stimulated photon echoes.
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IV. QUANTUM DETECTION AND SENSING OF RADIATION

A heterodyne correlation radiometer for the sensitive detection of
radiating species whose Doppler shift is known, but whose presence we wish
to affirm has been considered. Such radiation (which may be actively in-
duced) can arise, for example, from remote molecular emitters, impurities
and pollutants, trace minerals, chemical agents, or a general multiline
source. A radiating sample of the species to be detected is physically
made a part of the laboratory receiver, and serves as a kind of frequency-
domain template with which the remote radiation is correlated, after hetero-
dyne detection. The system is expected to be especially useful for the de-
tection of sources whose radiated energy is distributed over a large number !
of lines, with frequencies that are not necessarily known. We have also

considered the performance of a conventional optical heterodyne system in

e e st A i

estimating the mean intensity of a Gaussian random signal, and shown that
it depends on the degeneracy parameter of the signal radiation.

A single-threshold processor has been derived for a wide class of

A

classical binary decision problems involving the likelihood-ratio detection
of a signal embedded in noise. The class of problems we considered encom-
passes the case of multiple independent (but not necessarily identically
distributed) observations of a nonnegative (nonpositive) signal, embedded

in additive, independent, and noninterfering noise, where the range of the
signal and noise is discrete or continuous. We have shown that a compari-
son of the sum of the observations with a unique threshold comprises optimum
processing, if a weak condition on the noise is satisfied, independent of
the signal. Examples of noise densities that satisfy and violate our
condition were tabulated. The results were applied to a generalized

photocounting optical communication system, and it was shown that most

components of the system could be incorporated into our model.




We also obtained exact photocounting distributions for a pulse of
light whose intensity is exponentially decaying in time, when the under-
lying photon statistics are Poisson. It was assumed that the starting time
for the sampling interval (which is of arbitrary duration) is uniformly
distributed. The probability of registering n counts in the fixed time T
was shown to be given in terms of the incomplete gamma function for mn > 1
and in terms of the exponential integral for n = 0. Simple closed-form
expressions were obtained for the count mean and variance. The results
are of interest in certain studies involving spontaneous emission, radia-

tion damage in solids, and nuclear counting.

Expressions have been obtained for the mean and variance of the num-
ber of events in a fixed sampling time for a nonparalyzable dead-time counter.
The input process was assumed to be Poisson with a rate that is a known
function of time. Experiments performed with triangularly and sinsoidally
modulated laser radiation provide results that are in accord with theory.

We have also reported a series of optical experiments that verify the

full theoretical photocounting distributions obtained by Diament and Teich
for triangularly and sinusoidally modulated laser radiation. Another series
of experiments validates the nonparalyzable-dead-time-modified versions of
these formulas obtained by Cantor and Teich. A new expression has been
obtained for the paralyzable-dead-time-modified counting distribution for

a modulated source.

The detection of a fluctuating signal in the presence of noise has
been considered for a doubly-stochastic Poisson counting system that {is

subject to fixed nonparalyzable detector dead time. The probability of

error and channel capacity were examined. A maximum-likelihood estimate of

the mean signal level was obtained for a simple image detection system
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with a dead-time-perturbed counting array.

Stable, thermally re-cyclable Niobium point-contact Josephson junc~-
tions have been fabricated which are suitable for operation in heterodyne
detectors (mixers) at millimeter wavelengths. A Josephson mixer at 115 CHz
(2.6 mm-)) has demonstrated an efficiency more than an order of magnitude
greater than the best room temperature detectors. A complete receiver is
now being constructed.

Efforts to understand the noise properties of a Josephson mixer have
led to a digital computer simulation which agrees well with measurements

at 115 GHz.
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V. PHYSICAL PROPERTIES AND EFFECTS OF ELECTRONIC MATERIALS

Experimental studies have been made of Si MOS devices with ultra-
thin (10-50 X) oxide layers fabricated by low-temperature (700°C) dry |
oxidation. Electrical and optical properties of these devices reveal that
photocurrent suppression occurs for oxides > 20 A in thickness, and that
these effects can be removed by appropriate reverse bias. New modes of
quantum detection are suggested by these devices and one such mode, a low-
voltage photomultiplication, has been demonstrated for a Au-5102~n type
S1 structure.

A fundamental asymmetry between the tunneling probabilities for
electrons and holes has been observed in ultrathin 5102 lavers (20-30 X)
which is explained in terms of the E-K dispersion relation in the energy
gap of the sxoz. These probabilities have been measured on the same MOS
samples using a new experimental technique combining dark characteristics

with measurements of photocurrent suppression by the sxoz layer.

The physical mechanisms of the breakdown of carrier confinement have
been considered using both the thermionic-emission and diffusion models.
It has been shown that, for most practical AlGaAs/GaAs DH lasers, the dif-
fusion current is responsible for carrier leakage. The thermionic-emission
of minority carriers is important when the confinement barrier or the
mobility is very large. The theory presented is also applicable to struc-
i tures other than the AlGaAs/GaAs laser.

Majority and minority carrier transport in small geometry (2 um dia-

meter) Pt-GaAs Schottky barriers have been characterized experimentally.

Transistor measurements on a matrix of these diodes, lying within approxi-
mately a minority carrier diffusion length of one another, indicates that

majority-carrier thermionic emission current dominates for large forward




bias (> 0.4V). At smaller bias recombination in the space-charge region
is most important. The minority carrier injection ratio decreases from
10-2 to 10-5 over the measurable range of voltage 0.5 to 1.0V. The impli-
cations for submillimeter detection and mixing using these devices have
been considered.

A general theory has been presented to describe the carrier transport
across heterojunction interfaces. In matching the boundary conditions at
the interface, the conservation of total energy and perpendicular momen-
tum was assumed and the difference of effective masses on two sides of the
junction was taken into account. The quantum mechanical transmission coef-
ficient was calculated by a combined numerical and WKB method. Application
of this model to an Aleal_!As GaAs N-n heterojunction was performed and
gives rise to rectifying characteristics together with non-saturated re-
verse current. Comparison with the classical thermionic emission model
was made tc show the significance of tunneling and the effect of quantum
mechanical reflection.

An experimental study has been made of the electronic properties of
rectifying metal-Ge (n-type) contacts for a range of metals (Au, Cu, Ag,

Pb and Ni) and their optoelectronic characteristics under monochromatic
illumination for A = 0.6328 um. For each metal, very nearly ideal I-V
characteristics were obtained with n values from the exponential forward
bias region of 1.02 to 1.08 and excellent reverse saturation at 300°K. The

dependence of photoresponse on thickness of various metal electrodes (from

50 X to more than 1000 X) was observed. 0"1 found from 1-V and C-V

measurements are in close agreement within + 0.03 eV. The dependence of

quantum efficienty (Q.E.) upon metal thickness was measured for all metals
©

and these results exhibit the expected decline in Q.E. with d > 100 A. For

d < 100 K. Q.E. can go as high as 752 at A = 6328 X.
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