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ABSTRACT
(Confidential)

This report presents the progress made at NRL in
support of Advanced Development Objective (ADO) 17-54X,
the High Energy Laser Program of the Navy, from the time
of its initiation at the Laboratory in April 1969 through
September 1969. This report includes both summary and
detailed accounts of activities carried out in the three
major areas of NRL responsibility: Site Implementation
and Instrumentation, High-Power Propagation Test and
Analysis, and Target and Materials Damage Test and
Analysis.

PROBLEM STATUS

This is an interim report on the Eighth Card Program.

AUTHORIZATION

Project ORD-0832-129/173-1/U1754
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IWORET
NRL EIGHTH CARD PROGRAM INTERIM PROGRESS REPORT
1 MARCH 1969 TO 30 SEPTEMBER 1969
(Unclassified Title)
INTRODUCTION

(S) The Naval Research Laboratory is serving as a principal Technical Support Agent
to the Surface Warfare Systems Directorate of the Naval Ordnance Systems Command
(NOSC) for Advanced Development Objective (ADO) 17-54X, High Energy Laser Program.
This is the Eighth Card Program of the Navy. The purpose of this program is to deter-
mine the feasibility and suitability of high-energy, high-power gas-dynamic-laser (GDL)
devices as weapons in the fleet.

(S) In its role as Technical Support Agent to NOSC for this ADO, NRL has the respon-
sibility of providing scientific and technical data relating to GDL devices and their opera-
tion in a naval environment which will aid NOSC in its evaluation and assessment of these
devices as naval weapons. These support activities are being carried out under OrdTask
ORD-0832-129/173-1/U 1754, Problems 1, 2, and 3.

(S) The purpose of Problem 1, Site Preparation and Instrumentation, is to plan for
and prepare a suitable site for the installation, evaluation, and operation of a high-energy
GDL. This activity also includes all site and range instrumentation as well as providing
target sites to support this operation. Problem 2, Propagation and Damage Test and
Analysis is concerned with the programmatic use of the Navy GDL. The purpose of the
propagation test and analysis program is to determine and evaluate the propagation of
high-power, high-energy-density radiation from GDL devices for atmospheric conditions
encountered in naval environments. The purpose of the damage test and analysis program
is to perform a comprehensive study on the effects of high-energy, high-power-density
GDL radiation on various target materials, structures, and components and to provide
the quantitative data necessary for the assessment of the effectiveness of GDL devices
as naval weapons. Problem 3, Effects of High Energy Loading on Mirror Devices, is
concerned with the determination of the effects of high-energy loading on mirrors and
mirror structures. Effects to be considered include, but are not limited to, mirror
figure, stability, and damage.

(U) This report represents the first NRL written report of progress on its Eighth
Card Program activities to the program sponsor, NOSC. This report includes ONR-
funded as well as NOSC-funded NRL support to the Eighth Card Program covering the
time period from its initiation at NRL in March 1969 through 30 September 1969. Sub-
stantial initial research which provided a background for NOSC’s requirements to
establish a Navy high-energy laser program was begun by NRL personnel in June 1968
and extended to March 1969. Funding for this effort came from the Laboratory’s re-
sources and was coordinated by the NRL Laser Council. Their contributions included
study group activity relating to the work of the Millburn Committee, preparation of
technical summaries, and in particular the first Navy TDP on the Navy High Energy
Laser Program. In addition, considerable effort was expended in formulation of plans
relating to the use of NRL’s Chesapeake Bay Division for a high-energy test station
and in initial formulation of the site requirements.
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(U) Six sections summarizing NRL activities constitute the main body of this report;
more detailed technical descriptions of these activities are given in the appendixes. Since
this is a progress report, some of the results given here may be modified or even sub-
stantially changed in future reports as indicated by continued study and experiment.
Comments about and criticisms of this report are welcome.

SUMMARY OF SITE IMPLEMENTATION,
INSTRUMENTATION, AND BEAM ANALYSIS

(C) Naval Research Laboratory personnel initiated efforts on the Eighth Card Pro-
gram in June 1968, supporting NOSC’s objective of acquiring a large gas dynamic laser
(GDL) to be evaluated as a weapon system for use by the fleet. Factors surveyed in-
cluded potential sites, the availability of technical support facilities, and access to the
NRL community of scientists and engineers. Based on these studies, a proposal, NRL
Secret letter 5110-70:EFK:eml SER: 00170 dated 19 March 1969, was submitted to the
Chief of Naval Research (Code 108) recommending a site at NRL’s Chesapeake Bay
Division (CBD). Following the decision to locate a GDL here, and until the receipt of
NOSC funding in April 1969, Eighth Card efforts were expanded to meet the schedule of
activity required. Construction scope plans for a high-energy facility (HEF) including
a three-building complex, and site layouts for support systems were developed. Surplus
high-pressure-gas tankage was located, and specifications were prepared for an air
compressor and for two cryogenic gas storage systems. Closely related efforts were
initiated on studies of the CBD environment, safety, security, and instrumentation, and
on theoretical and experimental programs. During the period June 1968 to March 1969
the Laboratory contributed approximately three man-years of effort totaling about
$100,000 of ONR funds to this NOSC project. This program was undertaken by the
Applied Physics Branch, NRL Code 5110, of the Applications Research Division, where
a continuing effort is directed toward site implementation, instrumentation, beam anal-
ysis, and the conduct of experiments in support of the Navy’s Eighth Card researchers.

(S) Meanwhile, the Navy is participating in a tri-service procurement with the
AVCO Systems Division for three gas dynamic lasers expected to produce a power
output of 150 kW at a wavelength of 10.6 ym. The 50-cm-diameter, focusable, highly
coherent beam will have a near single-mode characteristic and a far-field spot size
within twice the diffraction limit. The beam is to be stable to within 1/2 the beam diam-
eter during a typical 15-second run. Delivery of the Navy’s GDL is anticipated by June
1970. It will be installed at CBD, located about 40 miles from Washington, D.C., on the
west shore of the Chesapeake Bay. This maritime environment will provide overwater
paths from a cliff-edge building to a target tower on Tilghman Island about 15 km away
and to floating or bottom -anchored platforms at intermediate distances. The laboratory
facilities in this area are well adapted to conduct a variety of high-energy propagation
and target damage tests. A test-tunnel will provide complete confinement of the beam
for many of the target damage tests, and for a critical evaluation of the performance of
the GDL. Instrumentation needs for amplitude, spatial, temporal, and coherence mea-
surements will be purchased if possible, but the high energy level at this wavelength
presents unusual problems which in many cases can be met only by the development of
specialized equipments. Although the CBD population density and water traffic is low,
an extensive safety program has been inaugurated to protect all persons and property
within the entire region from accidential exposure to the laser energy and to insure that
the atmospheric release of any gases will result in concentrations which remain below
the allowable levels for toxicity.

CONFIDENTIL).



CONFIDENTIAL

SEERET 3

(C) The high-energy facility (HEF) will consist of a 30 by 30 foot control building, a 40
by 60 foot secure reinforced-concrete building to house the GDL, a 10 by 140 foot enclosed-
experiment tunnel attached to the building housing the GDL, and an existing 40 by 100 foot
quonset-type building to house the high-pressure gas tank farm and air compressor, ex-
ternal tankage and compressors for cryogenic gas systems, and tanks for cooling water
storage. The Tilghman Island Navy property comprises a 70-foot observation tower topped
by an enclosed work space. A 20-foot square platform 10 feet above mean water level,
positioned 5000 yards at 150 degrees (true) from the GDL building and about 1000 feet off-
shore, is available for planned intermediate-range propagation studies. Details of the
general site configuration, safety and security provisions are described, with photographs,
in Ref. 1.

(C) Architectural plans were contracted for by the Chesapeake Division of the Naval
Facilities Engineering Command and completed about 1 August. Coring samples of the
soil at the HEF site were obtained to determine soil stability characteristics. The Ocean
Structures Branch of the Ocean Technology Division has contributed consultative services
through studies of the potential shock and vibration environment and its influence on the
beam pointing stability of the GDL. Vibration tests of the soil at the GDL site were con-
ducted through the cooperation of the Naval Ship Research and Development Center.
Appendix A and Refs. 2 through 11 are a series of reports on these efforts.

(C) To avoid dividing GDL beam performance responsibility, NRL asked that AVCO’s
contract be extended to cover preparing the specification for the GDL supporting system.
On 1 July 1969 AVCO submitted the final design consisting of three concrete-base pads
independently supported by rubber isolators resting on a large concrete mat which under-
lies the entire GDL. Negotiations are now in progress to have AVCO contract for the
construction of the supporting system using their plans.

(U) The Chemistry Division has undertaken a study regarding the hazards involved in
storing carbon monoxide at high pressure. (Carbon monoxide serves as the major fuel
which, when burned, generates the carbon dioxide fundamental to the laser operation.)
Under some conditions it has been reported that iron and nickel carbonyls may be formed
causing problems due to high toxicity and to stress corrosion of storage tanks with resul-
tant weakening. Interim reports, Refs. 12 and 13, review the results of conferences with
industrial users, and of laboratory reports. Present indications are that CO can safely
be stored at 2200 psi.

(C) Safety considerations are receiving extensive study. Cooperation has been
extended to NOSC and NWL personnel in their safety review of the Eighth Card Program.
Problems of handling high-pressure, toxic, explosive gases, and provisions for suitable
sensors and alarms are under continuing evaluation. A surveillance system has been
designed to give complete assurance that no hazard will threaten either the project
personnel, any unwary individuals, or any property throughout the external propagation
range. Refractory and ablative, nonspecular materials have been examined for beam
containment at the target site. Consultations with the Air Force, the Army, AVCO, and
United Aircraft Laboratory are continuing, to insure a maximum of safe operating con-
ditions for site personnel and for the community.

(C) Theoretical and experimental beam analyses have been undertaken to determine
the optimum energy distribution across the GDL output aperture with the objective of
achieving a maximum on-axis intensity at the far-field target site, while minimizing
side lobes. An interim report, Ref. 14, indicates that a Bessel function distribution
may be superior to the truncated Gaussian.
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(C) Beam instrumentation studies have considered the equipment designs needed to
study the amplitude, spatial, temporal and coherence characteristics at the GDL, in the
near-field test tunnel, and at remote target sites. Imaging scanners and direct receptor
arrays must be designed to accommodate the exceptional power levels and the amplitude
bandwidths expected. A survey report is presented in Ref. 15.

(U) Additional progress reports and consultative services reports are included in
Refs. 16 through 22.

(C) The reductions in the funding which had been programmed will soon adversely
affect NRL’s ability to initiate procurements which are vital to meeting the Navy’s
obligations to provide significant support elements essential to the completion of a
functioning GDL. Major items affected include the cryogenic gas storage and com-
pressor systems for nitrogen and carbon monoxide, the contracting for the supplying
of liquid N, and CO and of gaseous oxygen and methane, the refurbishing of surplus
gas tankage, the construction of the supporting system for external high-pressure gas
lines and control cables, the construction of the foundation for the air compressor and
the subsequent installation services, the procurement and installation of toxic-gas
sensing and alarm system, the procurement and installation of the television and com-
munication safety surveillance system, the installation of the surveillance radars and
indicators, and the procurement of instrumentation for beam diagnostics and target
damage effects at local and remote stations.

SUMMARY OF PROPAGATION TESTS AND ANALYSIS
Purposes and Plan

(C) Work in the category of Propagation Test and Analysis can be considered as
taking place in two phases. The second phase will include a program of high-power
atmospheric propagation tests carried out with the Navy GDL at CBD under differing
meteorological conditions. Because of the expected complex interactions of the high-
energy, high-power beams with the maritime atmosphere, and because of the high
expense of performing GDL tests and the low rate of field testing (six to eight runs per
day at best), it is desirable to develop a carefully-laid-out test program for the efficient
and meaningful utilization of the Navy GDL. The purpose of the first phase of the prop-
agation effort is to develop this test program prior to the initiation of GDL field testing,
which is presently expected in the second or third quarter of FY-1971.

(C) Three areas of activity are being carried out during the first phase: Theoretical
Studies of High Energy and High Power Laser Beam Propagation, Studies of Low Power
Atmospheric Transmission, and Laboratory Studies of Thermal Blooming of Laser Beams
in Gases.

(C) The purpose of the theoretical study is to develop models for the interaction of high-
energy, high-power optical beams with the atmosphere which will (a) predict the spatial
and temporal characteristics of these beams when focused and unfocused to serve as a
basis for test program planning, (b) provide the baseline information against which field
tests may be compared and studied, and (c) provide information to be used for instrument-
ing the optical range and planning the reduction of data.

(C) The purpose of the low-power atmospheric transmission studies is to quantita-
tively study the effect atmospheric turbulence has on the propagation of laser beams,
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both in the visible and at 10.6 micrometers. The results of these studies can be used in
determining realistically the pointing and training requirements and specifications for
high-energy laser systems as well as providing a needed quantitative input to the theo-
retical propagation effort.

(U) The purpose of the laboratory study of thermal blooming is to study quantitatively
thermal defocusing of CO, laser beams in static and flowing gases of controlled composi-
tions and with controlled additions of water vapor and other absorbing gases. The results
of these studies will be used by the propagation theory program.

Propagation Theory

(C) In about the middle of the reporting period, Dr. H. B. Rosenstock, NRL Code
6404, was designated as head of the propagation theory group, which consists of personnel
from the Optical Sciences, Solid State, Nuclear Physics, and Applications Research Divi-
sions with consultive support being given from the Plasma Physics and Ocean Sciences
Divisions. During the earlier part of this period, the theory group became familiar with
the status of the field in general and considered those propagation problems directly
related to the operation of the Navy GDL as well as to more general long-range prob-
lems. The problems of interest may be generally classified as linear or nonlinear. In
the linear case, the effect under consideration is proportional to the power density Pn of
the optical beam with n equal to 1, whereas in the nonlinear case, the effects are propor-
tional to P” with n greater than 1.* The linear problems include such things as direct
optical absorption by atmospheric gases, scattering by aerosol particles, and atmospheric
turbulence. These effects represent losses which are proportional to the optical beam
power density and may at least in principle be compensated for by using higher beam
powers. On the other hand, the so-called nonlinear problems increase in importance
with beam power by a power higher than 1 and can therefore lead to absolute limits to
the propagation possibilities, uncompensable by higher power levels. These propagation
problems include: the modification of atmospheric properties by the beam itself (bloom-
ing, or the negative lens effect), heating and cooling on account of wind, induced atmo-
spheric instabilities, multiple quantum absorption, stimulated inelastic scattering, and
other effects commonly referred to as true nonlinear optical effects.

(U) During the reporting period, one NRL Report has been prepared, and several
informal preliminary reports have been completed. The NRL Report is included here
as Appendix B. The preliminary reports now being circulated internally are: J.W. Tucker,
“Diffraction Limitations”; J.W. Tucker, “Bending Effects of Wind”; J.N. Hayes, “Short-
Time Thermal Defocusing of Laser Beams”; W.R. Faust, “Equilibrium Temperatures”;
and H.B. Rosenstock, “Suppression of Blooming by Wind”; the last two of these are in-
cluded as Appendixes C and D.

*(C) The term “nonlinear™ as used here differs from conventional usage of this term in
Nonlinear Optics and Quantum Optics. The accepted meaning of nonlinear in these fields
indicates that an effect is proportional to a higher power of the optical dielectric constant
of the propagating medium. Typically, these nonlinear effects occur at optical power
densities much higher than those that are presently under consideration for Navy GDL
field testing. In an attempt to relieve this ambiguity, it has been suggested tentatively
that for the present usage, the terms “linear” and “nonlinear™ be replaced by “power
independent”™ and “power dependent.”

CONFIDENTIAL



CONFIDENTIEL

6 SE€RET

(U) Most of the reports here deal with the phenomenon of thermal blooming. The
one by DeWitt and Tucker (Appendix B) considers the transient case, as does the one by
Hayes, which is limited to short times. Both assume absence of turbulence and of both
free and forced convection but used different models for the hydrodynamics of the
atmosphere. The same assumption of a quiet, nonturbulent atmosphere in the absence
of wind is made by Faust’s manuscript (Appendix C), which obtains a maximum tem-
perature rise of 24°C under such conditions. The steady state estimate of an 0.004°C
temperature rise obtained by Rosenstock (Appendix D) is based on the presence of wind,
which will cause any given volume of air to be heated for only a short time. Rosenstock’s
report predicts that thermal blooming is essentially negligible under expected conditions—-
in the open air in a naval environment.* By comparison, it would seem that the so-called
linear effects may be of comparable practical importance, vis-a-vis thermal blooming.
This tentative conclusion should be considered at present as a moot question because the
work done so far in this field has not modeled the maritime atmosphere realistically;
this is certainly to be expected because of the mathematical complexity of the practical
problem.

(C) Linear effects such as turbulence and aerosol scattering should be considered
at low optical beam power densities and then at increasing densities. It is of some
practical interest to ascertain whether or not a threshold exists for the transition of
lamellar flow of optical energy through the atmosphere to what may be considered as a
turbulent mode of atmospheric propagation in which small disturbances in the beam
would tend to be amplified.

(U) It should be clear from the preceding that even though the Eighth Card Program
is classed as Advanced Development, much of the work in atmospheric propagation falls
into the Exploratory Development and Basic Research categories. With this in mind, the
program plans in the theoretical effort will be determined and paced by the understanding
of and insight into the real-world problem as work progresses.

SUMMARY OF LOW-POWER
ATMOSPHERIC TRANSMISSION

(U) All of the work in the category of low-power atmospheric transmission is being
carried out by personnel of the Infrared Branch (NRL Code 6530) of the Optical Sciences
Division. The principal objective of this effort is to experimentally determine the effects
of turbulence in a maritime atmosphere on the radiant energy and phase distribution of
a low-energy CO, laser beam. During the early part of this work visible lasers are
being used to provide familiarity with the general character of the effects caused by
turbulence and to develop experimental methods for the CO, wavelengths where suitable
imaging methods are not available at present. Initial propagation measurements using
an overland path have been made, but soon overwater studies will begin. One difficulty
in making overwater measurements is monitoring the requisite meteorological param-
eters for such paths. To this end a J-boat (a 40-foot launch) is being equipped with
suitable temperature and humidity monitoring apparatus. In addition, a sensitive, fast-
response thermometer system is being checked out, which will be used for a nonoptical
determination of atmospheric turbulence along the paths being used for laser propagation
studies.

*This view appears to be in accord with conclusion more gradually and cautiously reached
by other groups outside NRL, who, after considerable work on the subject of blooming,
have recently reported results at an ARPA sponsored meeting in Lexington, Massachusetts
(15-16 October 1969).
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(U) Preliminary measurements of atmospheric meteorological parameters have been
made over several overwater optical ranges at CBD. Some of the preliminary results of
overwater variations in atmospheric temperature and humidity may be found in Appendix
E. A discussion of the experimental methods used and planned improvements is also
included. Following equipment improvements, data needs to be obtained for a variety
of weather conditions.

(U) An overland propagation test range has been set up at CBD to make a prelim-
inary study of the effects of atmospheric turbulence on laser beam transmission and to
develop and prove optical and electronic methods and techniques that will later be em-
ployed in measurements on over-the-water optical ranges. The preliminary measure-
ments made on this range have been concerned with the amplitude and frequency statistics
of time-varying signals using a helium-neon laser (A= 0.633 ,m) as the transmitting
source. A detailed discussion of the experimental methods used, some of the preliminary
data obtained and its analysis, and plans for future work may be found in Appendix F.

SUMMARY OF LABORATORY STUDIES OF
THERMAL BLOOMING

(C) All of the laboratory studies of thermal blooming are being carried out by
personnel in the Plasma Physics Division. This work has been in progress for about
2-1/2 years. Work prior to the start of the Eighth Card program at NRL was concerned
with thermal defocusing of visible laser radiation in passing through doped liquids. These
studies indicated that if the blooming experiments could be carried out with experimental
conditions which corresponded to the assumptions that were made in the theoretical treat-
ment of the problem, then the experimental results do agree with the theory.

(U) Similar work has been carried out recently in air doped with sulfur hexafluoride
gas using CO, laser beams at a wavelength of 10.6 ,m (Appendix G). In this case also,
preliminary results indicate that if experimental conditions are tailored to fit the assump-
tions of the theory which is being used to interpret the experiments, then the experiments
do agree with the theory. This conclusion should only be considered valid for the levels
of power absorption by the gas mixtures that have been used in the experiments thus far.
Nevertheless, it does tend to give confidence in the use of theory to predict propagation
characteristics in more complex environmental conditions. Clearly experiments must
be carried out at higher power levels.

(U) Experiments of the type described here are planned using nitrogen-carbon
dioxide mixtures with controllable amounts of water vapor introduced into the mixture.
It is hoped that these experiments will yield some realistic insight of the effect of
humidity on the temporal and spatial defocusing characteristics of laser beams in
atmospheric gas mixtures.

SUMMARY OF TARGET AND MATERIALS
DAMAGE TEST AND ANALYSIS

(S) The effort in damage test and analysis has been divided into two phases for
essentially the same reasons as was mentioned earlier for the propagation program.
The second phase of this program will involve studying target damage using the Navy
GDL in the tunnel at CBD which is presently expected to be initiated in FY-1971.
Again for reasons of expense of GDL operation and rate of experimentation, it is

SBERET
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necessary to carefully plan for the most efficient and meaningful use of the GDL. This
is the purpose of the first phase of this work.

(S) Theoretical as well as experimental damage studies will be used as the basis for
planning the materials and damage test schedule for the Navy GDL. The experimental
threat analysis and damage test and failure diagnostics program are expected to provide
target vulnerability information as well as quantitative input data to update and refine
the theoretical models. For the power density levels and wavelengths of the CO, GDL
radiation, it is expected that the important damage mechanism will be predominantly
thermal in character and will involve melting, burning, charring, vaporization, thermal
fracture, thermally induced rupture of highly stressed materials, and possibly other
thermal phenomena depending on target materials, construction methods of the target
structure, and the environment. In the theoretical damage studies, the spatial and
temporal temperature and stress distributions in a material are being calculated as a
function of incident optical power density and angle. These studies will include material
parameter variations with such things as material-temperature and simulated environ-
mental conditions. The aim of the initial laboratory materials damage program will be
to determine quantitatively the conditions of material failure under carefully controlled
laboratory conditions which simulate expected environmental conditions. The failure
diagnostics program will study the macroscopic as well as microscopic changes in
target materials of interest caused by high-energy doses of laser radiation. Information
from both of these programs will be incorporated in the theoretical damage program so
that meaningful calculations may be scaled to predict the conditions of failure in larger,
more complex target structures.

(S) The experimental damage studies will examine materials such as metals and
alloys, ceramics including refractory materials, optical materials, sensor materials,
ablative materials, and organic dielectric materials. It should be noted that information
derived from the damage test and analysis should be most useful in formulating technical
countermeasures to GDL radiation attack.

(U) During late summer, Dr. C.C. Klick, NRL Code 6400, was designated to head
the materials damage test and analysis in this program. This includes both the theo-
retical and experimental efforts.

(S) A detailed quantitative understanding of target materials damage effects is as
important to the design specifications of an effective naval weapon system as is a detailed
understanding of high-power optical propagation effects in a maritime atmosphere. This
provides needed supportive information to the determination of target mission abort
criteria, duration of irradiation, etc., and hence to the sizing and operational doctrine
of such a system. Most of the work carried out in this area thus far must be considered
exploratory and is indicative of general effects only. It is important to determine when
damage theory and calculations are reliable and when they are not. It is important to
understand the different damage mechanism in different types of materials so that they
may be more intelligently exploited. In a practical sense, combined effects involving
the environment as well as the physical and chemical character of targets should be
expected and must ultimately be understood on a quantitative basis.

(C) When considering all the types of materials that should be examined for quantita-
tive damage characteristics in support of this program, different uses of materials in
target systems must be considered, such as structural, optical, sensor, guidance, com-
mand, control, and countermeasures. Even a preliminary analysis of this partial list
indicates that a rather substantial number of materials can be listed for quantitative
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laboratory investigation. In the interest of assigning priorities for the experimental
effort as well as not overlooking any materials for consideration, the following approach
was selected.
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(S) A list of all the possible targets for naval GDL radiation attack that could be
identified at present was made. A preliminary technical analysis of these targets is
being carried out to evaluate the target technical characteristics relevant to optical
radiation attack. This technical “threat analysis” is helpful in determining the most
vulnerable areas of each target and in identifying those knowledge deficiencies regarding
materials damage that occur most frequently in the spectrum of GDL targets. This in-
formation is being used now and will continue to be used as a basis for planning and
executing as complete and as responsive a laboratory materials damage program as is
possible under present budgetary restrictions. A more detailed description of this
process is given in Appendix H.

(C) Thermal damage in materials is also being studied theoretically. The problem
of the heating of a material due to irradiation by intense laser beams is considered in a
classical treatment using blackbody reradiation at the surface as the preliminary boundary
conditions, and assuming constant thermal parameters (Appendix I). While this treatment
is somewhat idealized, as shown in detailed treatment in Appendix I, it is of some practical
value in making estimates of such things as the time required to cause surface melting
for a given material with a given optical power distribution incident upon the material.
Future work will generalize this thermal-damage treatment to more closely model anti-
cipated test conditions. This future work will include temperature-dependent thermal
parameters, and surface considerations will include convection and ablation as well as
reradiation.

SUMMARY OF HIGH-ENERGY LOADING ON MIRRORS

(S) Several mirrors in beam-folding optics are included in the current design of the
tri-service laser to be delivered to NRL. The rated reflectance of the individual mirrors
is 99.2 to 99.5 percent. The part which is not reflected is absorbed in the mirror, and
the resulting heat may cause mirror image distortion, instabilities, and reduction of beam
output quality. Many techniques such as using maximum allowable mirror diameters,
water cooling, and a low-temperature-coefficient base supporting the mirror structure
may be used to minimize the effect on mirror integrity and beam quality.

(S) Because of the high power output (nominally 150 kW) generated by the GDL, any
improvement in reducing the mirror absorptance will significantly reduce mirror loading
and damage. The studies at NRL have been directed toward mirror design as affected by
design complexity, size, mirror support systems, and reflective film coatings capable of
reducing mirror absorptance by orders of magnitude. New techniques for measuring
actual mirror absorptance have been developed. These experimental and theoretical
aspects are discussed in Appendix J. This work was done in the Optical Sciences Division,
Applied Optics Branch, and is currently not being supported because of the shortage of
funds.

SECRET
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ABSTRACT

Vibration measurements were made at the site of a building
which is to be constructed at the Chesapeake Bay Division, three
miles south of Chesapeake Beach, Maryland. A rotating mass vibra-
tion generator was used to apply vertical oscillating forces with
amplitudes 0.3 to 22 kilonewtons at frequencies 3 to 33 Hz to a
circular steel plate 1.8 meters in diameter placed on the surface
of the ground. The plate and vibration generator had a mass of
4 metric tons. It was found that the ground behaved nearly as a
linear medium over the range of forces and frequencies tested and
supported the equipment with a natural frequency of 25 Hz and
damping 12 percent of critical near resonance. Damping was vari-
able and decreased appreciably after a rainstorm at the site.
Ground waves transmitted away from the plate at 20 Hz appeared to
have a phase velocity of 132 meters per second near the ground sur-
face but the velocity increased to 266 meters per second at a depth
of 9 meters. Data from the measurements are presented and a proce-
dure is given for scaling the data to obtain estimates of entrained
mass of soil, stiffness, and damping for vertical vibrations of a
reinforced-concrete mat placed onto the ground at the test site.

PROBLEM STATUS

This is an interim report on one phase of a problem. Work on
other phases continues.

AUTHORIZATION

The present work was conducted under NRL Problem F02-18, and R05-31,
and represents special consultation on vibration problems done by the Ocean
Technology Division, Ocean Structures Branch at the request of the Applications
Research Division, Applied Physics Branch. Project Number for this report is
RR 009-03-45-5757,
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INTRODUCTION

The Ocean Structures Branch of the Ocean Technology NDivision
was asked by the Applied Physics Branch of the Applications Research
Division to supply consultative services concerning vibration char-
acteristics of foundations to be installed in a building planned for
the Chesapeake Bay Division of the Naval Research Laboratory. The
proposed building was to be located at a site 30 meters north of
existing Building 5 at the Chesapeake Bay Division and there was
some concern that the soft and sandy soil at the site would lead to
problems of unacceptable vibrations of foundations within the
building.

The tests reported here were planned to produce data directed
toward the following questions:

1. Can the soil beneath a concrete mat laid on the ground
at the building site be represented by equivalent values of mass,
stiffness, and damping? If so, what values would be appropriate
for particular mats under particular conditions?

2., 1Is the subsurface ground structure such that there are
likely to be strong reflections or standing waves associated with
layers of different soils at the building site?

3. Are vibrations transmitted through the soil from or to
the proposed building likely to be troublesome?

Measurements were made by mounting a rotating-mass vibration
generator atop a circular steel plate placed on the ground surface
at the building site and monitoring motions of the plate and of the
ground surface with accelerometers. This report describes the tests
conducted and gives the results of an analysis of oscillographical-
ly-recorded data from the tests.



TEST PREPARATIONS

Ground Piston

The ground piston consisted of a circular steel plate 5.5 inches
thick (140 millimeters) with a nominal mass of 5500 pounds (2.5 metric
tons). The bottom of the piston had a diameter of 71.5 inches (1.82
meters) measured to the outside of a flange. The lowest natural fre-
quency which could be calculated for the piston was 210 Hz, obtained
by considering it as a thin circular plate fixed at its center.

Placement of Ground Piston

A spot was leveled on sloping ground 30 meters north of Building
5 at the Chesapeake Bay Division and the piston was laid flat onto un-
disturbed soil at the bottom of the shallow excavation. The test site
was located midway between two test borings 11 meters apart which were
said to mark two points on the foundation for the proposed building.
The piston was placed on drv soil 2 July 1969 and there was no rain at
the test site from that day until after the first series of tests were
conducted on July 18. Figure 1 is a photograph of the test area.

Vibration Generator

The TMB 5000 Pound Three-Mass Vibration Generator was used to
apply forces to the ground piston. The generator contains three
rotating masses of 200 pounds each (91 kilograms) which may be ad-
justed to place their centers of mass at eccentricities up to 3.5
inches (89 millimeters) from their centers of rotation. Shafts sup-
porting the masses are geared together so that the center mass rotates
in one direction while the two outer masses rotate in the opposite
direction. No provisions are made for measuring the forces generated;
forces are regularly calculated from the values of mass, eccentricity,
and speed of rotation. Reference 1 describes the vibration generator
used and gives instructions for its use, together with formulas for
calculating forces. The generator was used in accordance with the
instructions of Ref. 1.

Placement of Vibration Generator

The vibration generator was supplied mounted to a steel plate,
with its electric drive motor mounted above the generator on a four-
legged stand attached to the plate. The generator was placed atop
the ground piston with its long axis aligned approximately northeast-
southwest and with the shafts for the rotating masses aligned south-
east-northwest. It was held in place by welding the steel plate to
the top of the ground piston. Shafts for the rotating masses were
0.43 meters above the bottom of the ground piston. The center mass
was over the center of the ground piston and the two outer masses



were 0.51 meters northeast and southwest of the center. Figure 2
shows the vibration generator in place on the ground piston. Mass
of the vibration generator (2100 pounds), drive motor (600 pounds),
steel plate, and mounting stand was about 1.4 metric tons.



INSTRUMENTATION
Transducers

Transducers were Kistler Servo Accelerometers Model 305T, range

50 g maximum, with sensitivities standardized to 0.20 milliamperes
per g. Seven accelerometers were mounted on the ground piston at
the locations shown in Table 1. FEach accelerometer was screwed to
an aluminum mounting pad 40 by 40 by 13 millimeters using Kistler
adapters Part Numbers 300-1 or 300-2, and the pad was fastened to
the ground piston with Hysol Epoxi-Patch from Hysol Kit Number 309.
Three other accelerometers (Table 1) were screwed to a steel block
40 millimeters cube which could be moved about to measure acceler-
erations at selected locations.

Amplifiers

Each accelerometer was connected to a matched Kistler Model
515T Servo Amplifier through a cable about 32 meters long. Signals
from the servo amplifiers were further amplified by a l4-channel
DTMB Type 514-1A Accelerometer Amplifier in which each channel had
a switch-selectable gain of 1, 10, or 100.

Recorders

Signals from the DTMB amplifiers were recorded by a Consolidated
Electrodynamics Corporation Recording Oscillograph 5-119 equipped with
Type 7-123 galvanometers. Signals were also recorded by a l4-channel
tape recorder in a format compatible with analysis equipment on hand
at the Naval Ship Research and Development Center.

Calibration

A pushbutton on each Kistler amplifier produced a signal equivalent
to a step acceleration of -1.0 gravities. These signals were recorded on
the oscillograph with gain settings of unity. Subsequent acceleration
records were scaled to these signals with allowance for the settings of
gain switches on each Kistler and DTMB amplifier. Settings of the twenty
gain switches were recorded manually for each run. An oscillator monitored
by a Ballantine voltmeter was used to inject a calibration signal at 20 Hz
with peak-to-peak amplitude representing 1.0 gravity and this signal was
recorded on the oscillograph and tape. This calibration signal was sup-
plied to accommodate the analysis equipment at the Naval Ship Research and
Development Center.

Phase and Frequency

A phase reference was supplied by an electromagnetic pickup which was
mounted on the vibration generator to produce a spike of signal whenever a
nail taped to the shaft of the vibration generator passed by the pickup.
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The nail was placed on the shaft so that the spike occurred when
all three rotating masses were at the top of their travel, and
thus marlked the time of maximum upward force. Frefuency was mea-
sured in revolutions per minute by an electronic counter which
counted pulses per second from a (0-pulse-per-turn generator at-
tached to the drive motor of the vibration generator.



TEST RESULTS

Records for All Runs

Twenty-three runs are listed in Table 2. The runs are numbered
in the order in which they were conducted. A tape recording with
duration at least 2 minutes was made of each run (identified by run
number in a voice announcement on the tape) and an oscillographic
recording with duration about 10 seconds was made at some time during
the tape-recorded portion of the run.

Runs on July 18

Runs 1 through 10 were made July 18, 1969. It was necessary to
operate the vibration generator for about 30 minutes, at frequencies
up to 20 Hz, during instrument check-out prior to conducting Run 1.
The data from Runs 1 through 4 (frequencies 5 to 20 Hz) thus do not
represent initial vibration tests applied to a virgin sample of soil.
After Run 1, successive runs proceeded at 5-minute intervals except
between Runs 6 and 7, when the vibration generator was shut down for
about 20 minutes. The weather was hot and dry, and there had been
no rain for more than two weeks.

Runs on July 22

Runs 11 through 23 were made July 22, 1969. No instrument check-
out was needed and Run 11 was obtained during the first five minutes
of operation of the vibration generator. Successive runs proceeded
at 5-minute intervals except between Runs 13 and 14, when the genera-
tor was shut down for about one hour to allow a change in the eccen-
tricity settings of the masses, and between Runs 21 and 22, when
the generator was shut down for about 25 minutes. The weather was
warm and moist, and a rain gage near the test site indicated that
there had been about an inch of rainfall. There was some standing
water in the shallow excavation in which the ground piston was mounted
before the tests began, but the water had disappeared before Rum 11
was conducted.

Data from Oscillograms

Amplitudes and phases of accelerations read from the oscillographic
records from Runs 1 through 23 are shown in Tables 3 and 4. Tracings
from the test oscillograph record are shown in Fig. 3. Note from the
tracing that the signals from the ground piston include both harmonic and
subharmonic distortion, and that they are also affected by machinery noise
and ringing which is not harmonically related to the vibration frequency.
The data in Tables 3 and 4 were obtained from a single selected cycle of
response on the oscillographic records and represent an attempt to esti-
mate visually the amplitude and phase of a particular component of a sig-
nal which includes appreciable amounts of harmonic, subharmonic, and
anharmonic distortion.



Correction for Amplifier Characteristics

The DTMB amplifiers, which were not direct-coupled, converted
the calibration step provided by the Kistler amplifiers into an
initial step followed by decay with time constant 0.18 seconds.
Gains calculated from this decay time range from 0.96 at 3 Hz to
substantially 1.00 for 10 Hz and above. Phase shifts range from
-16 degrees at 3 Hz to -2 degrees at 33 Hz. All of the data in
Tables 3 and 4 have been corrected for the calculated gains and
phase shifts of the DTMB amplifiers.

Sweep Record

Run 10 consisted of a manually-controlled sweep from a fre-
quency of 5 Hz to 33 Hz. The oscillogram for this run was in-
spected to locate possible resonant peaks in response occurring
between the test frequencies used for the other runs. None were
found. Resolution of the oscillogram for this run was low because
gain settings of the amplifiers had to be chosen to accommodate
the largest accelerations expected at any frequency.

Traffic-Noise Record

A record was taken on July 22, shortly before Run 11, of sig-
nals from the accelerometers as a heavy automobile (a 1966 Bonneville
convertible) was driven north at 15 miles per hour along a road which
was located about 20 meters to the west of the test site. Bursts of
motion with accelerations up to 22 milligravities were noted at the
ground piston and 4.6 milligravities at the floor of Building 5.
These accelerations correspond to earthquakes of Scale VII (''Very
strong') and Scale V ("Rather strong'), respectively, on the obsolete
Cancani dynamic intensity scale*. Both maxima were in the vertical
direction. Motions of the ground piston included a strong component
of rocking about an axis to the southeast, with predominant fre-
quencies estimated in the range 15 to 21 Hz. Vertical accelerations
in Building 5 were at a predominant frequency of 30 Hz. The bursts
of motion seemed to be associated with passage of the automobile over
chuckholes in the road surface. The motions noted above came from a
particular chuckhole located west-southwest of the ground piston,
according to rough triangulation from arrival times at the ground
piston and Building 5.

Ground-Transmission Records

A set of 12 recordings was made on the oscillograph only during
Run 13 (20 Hz) as the accelerometers at Positions 8, 9, and 10 were
held or placed against the ground surface at different distances from
the ground piston. Data read from these 12 records were summarized in
Table 5.

*This scale is historically coupled to numerical accelerations.
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Motion of Vibration Generator

Accelerations at the top of the electric drive motor mounted over
the vibration generator were measured during Run 13 by holding the
steel block to which accelerometers at Positions 8, 9, and 10 were at-
tached, in contact with the outer case of the drive motor. Oscillograph
records were read to obtain the estimated amplitude and phase of the 20-
Hz component of the acceleration signal, in the same way as the other
records were read. Position 8 (up) had amplitude 58 milligravities at
phase 227 degrees relative to the upward force. Position 9 (northeast)
had 33 milligravities at 263 degrees. Position 10 (southeast) had 6
milligravities at 118 degrees.



ANALYSIS

Vertical Responses of the Ground Piston

Data from the four accelerometers which measured vertical
motions of the ground piston were combined in a weighted average
to obtain the vertical motion at the center of the ground piston.
Average motions are listed in Table 6. The data from Table 6
have been plotted in different ways in Figs. 4 through 8. Each
fipure includes a calculated curve based on a simple assumption
which may be compared with the plotted data.

Transmission of Waves Along the Ground Surface

Data on vertical amplitudes and phases of motions at the
ground surface taken from Table 5 have been plotted in Figs. 9
and 10. The phase data in Fig. 10 have been fitted to an arrival-
time curve based on an assumption that the speed of the waves varied
linearly with depth in the ground. The best-fit linear variation
was then used to calculate wave amplitudes for a spherically-sym-
metric source and the resultant variation in vertical motion of the
ground surface with distance has been plotted in Fig. 9.

Check of Precision of the Data

The four accelerometers which measured vertical motion of the
ground piston gave an overdetermined representation of the three
applicable rigid-body motions of the ground piston (vertical trans-
lation, rotational motions about two horizontal axes). If the data
were perfectly accurate and the ground piston were perfectly rigid,
it would be possible to combine the data from the four accelerometers
to show that no accelerometer moved out of the plane established by
the other three accelerometers. A check of consistency of the data
was made by estimating the motion of the center of the ground piston
using data from Positions 1 and 3 only, or data from Positions 2 and
4 only, and comparing the estimate with that obtained from all four
positions (Table 6). Such a check covers all aspects of the precision
of the data (comparative calibrations among the accelerometers, rel-
ative gains of the amplifiers, reading of amplitudes and phases from
the records, and so on) but cannot confirm the absolute accuracy of
the data.

Precision of Amplitude Measurements

A check of the amplitude errors in Table 6 using the method
described above showed that the median of the absolute values of
the errors was 11 percent for Runs 2 through 9 and 25 percent for
runs 11 through 23. The larger error for the later runs was the
result of a consistent difference hetween amplitudes of average



motions at Positions 1 and 3 compared to Positions 2 and 4. During
Runs 13, 17, and 19 through 22 the amplitudes from Positions 1 and
3 averaged 52 percent higher than the amplitudes from Positions 2
and 4. Data for these runs shown in Table 3 suggest that the dif-
ference occurred because the amplitudes at Position 3 were read and
scaled as having nearly twice the values of the amplitudes at
Positions 1, 2, and 4. A careful recheck of the calibration values
and of the 48 values of attenuator settines logged for these four
positions and six runs has failed to suggest any explanation for
the consistent error.

Precision of Phase Measurements

A check of the phase errors in Table 6 using the method de-
scribed above showed that the median of the absolute values of the
errors was 8 degrees for all runs.

Rotational Motions of the Ground Piston

Figure 11 shows rotational motions of the ground piston cal-
culated from the difference between the motions at Positions 1 and
3 (for rotations about an axis to the southeast) and the difference
between the motions at Positions 2 and 4(for rotations about an
axis to the northeast).

Additional Analyses

The preceding analyses were based entirely on the oscillographic
records from the test. Each recorded value is based on a visual read-
ing made from a single cycle of response chosen as typical. Tape
recordings of the data from Runs 1 through 23 are in a format accept-
able to automatic analysis equipment on hand at the Naval Ship Research
and Development Center. The analysis equipment can perform repeated
analyses of tape loops and can average the data over many cycles of
response. The tape is presently in the custody of William E. Leyda
and Irvin L. Young of the Naval Ship Research and Development Center,
and can be analyzed by them as directed.
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DISCUSSION

Linearity

In Fig. 4 the data on vertical motions for all runs have been
plotted as if they had been obtained from a linear system. The
data have been fitted with a resonance curve calculated for a mass
of 4 tons mounted on a linear spring with stiffness 100 kilonewtons
per millimeter and viscous damping 150 kilonewton-seconds per meter.
The graph suggests that there is no consistent difference between
the data from Runs 2 through 13 and the data from Runs 14 through
23, although the latter runs involved force amplitudes ten times
the force amplitudes for the earlier runs. It may be concluded
that the ground behaved approximately as a linear system over the
range of forces and frequencies tested. The calculated linear res-
onance curve seems appropriate except that it tends to be low in
the range from 10 Hz to 20 Hz and does not account for the single
data point at 3 Hz,

Mass

The apparent mass of the system consisting of the vibration
generator, drive motor, and ground piston resting on the soil at
test site is plotted in Fig. 5. The data have been fitted with a
curve showing the calculated apparent mass for a 4-ton mass sup-
ported by a massless spring having vertical stiffness 100 kilo-
newtons per millimeter. Total mass of the vibration generator,
drive motor, and ground piston was 3.9 tons. If these behaved as
a rigid body, it would be expected that the apparent mass of the
system would be larger than 3.9 tons because of the entrained
mass of soil beneath the ground piston, which moves with the piston.
The data suggest that this entrained mass varied from less than 0.1
ton at 33 Hz, to a value of 5 tons at 12 Hz. The entrained mass for
a piston with radius 0.91 meters looking into a fluid with density
1.5 tons per cubic meter would be 3.0 tons.

Stiffness

The apparent stiffness of the system is plotted in Fig. 6 and
the data are fitted by the calculated stiffness of a linear spring
with stiffness 100 kilonewtons per millimeter which is supporting
a rigid mass of 4 tons. The data suggest that the value of spring
stiffness chosen is appropriate over the range 4 Hz to 9 Hz.

Damping

The values of damping calculated from the vertical-motion data
were significantly different for the runs conducted July 18 and those
conducted July 22. Values for the two days are shown separately in
Figs. 7 and 8. The values of damping are shown in terms of an error
band representing the ranges of damping corresponding to errors of
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10 percent in amplitude and 10 degrees in phase angle. As the
width of the error band in Fig. 8 suggests, the measured dampings
below 10 Hz are quite unreliable. Values of damping which had
overlapping error ranges were averaged in an attempt to improve
the accuracy of the data.

Change in Damping

It is tempting to assume that the large change in damping
between Figs. 7 and 8 was the result of the rainstorm which
soaked the test area between July 18 and July 22. The data in
Fig. 7 (dry soil) have been fitted with an average viscous damp-
ing of 150 kilonewton —seconds per meter. This value seems an
appropriate average over the frequency range 20 Hz to 30 Hz, near
the vertical natural frequency of the system. The damping in
Fig. 7 decreases with increasing frequency in the range from
10 Hz to 20 Hz, indicating that the damping is more nearly pro-
portional to displacement than to velocity. This type of damping
is characteristic of hysteresis or friction damping, and suggests
that the damping may have been associated with friction between
the ground piston and the soil. The data in Fig. 8 (wet soil)
have been fitted with a curve representing the calculated low-
frequency radiation damping for a piston with radius 0.91 meters
looking into a fluid having density 1.5 tons per cubic meter and
speed of sound 132 meters per second. Here the damping increases
as the square of the frequencv, following the trend suggested by
the damping values in the range from 10 Hz to 20 Hz in Figp. 8.

Transmission Along the Surface of the Ground

The smooth variation of phase with distance shown in Fig. 10
despite the varying character of the ground surface (grass, gravel,
concrete) suggests that the waves measured were not being transmitted
along the ground surface. The curvature of the phase plot also shows
that the waves did not travel at constant velocity. The curve fitted
to the phase data assumes that the velocity of the waves increases
with depth with a constant velocity gradient of 14.4 inverse seconds
and a surface velocity of 132 meters per second. On this model, for
example, the waves received at the last station (distance 32.0 meters,
near the middle of the concrete floor of the Balloon Room of Building
5)left the ground piston travelling downward at an angle of 150
degrees from the vertical. They reached a maximum depth of 9.3 meters
at a point halfway to Building 5, and had a maximum speed of 266 meters
per second at that depth. They were then refracted upward and arrived
from beneath the floor of Building 5 travelling upward at an angle
30 degrees from the vertical. Calculated travel time along this path
is 184 milliseconds and is shorter than the travel time calculated
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along any other path. The data do not indicate what type of
wave is measured (shear, compression, or a combination).

Attenuation of the Transmitted Waves

The upward refraction indicated by the velocity-structure
model developed from the phase-velocity data implies that motions
at the ground surface should not decrease as rapidly with dis-
tance as they would if they were not augmented by the refraction.
Data on vertical amplitudes in Fig. 9 have been fitted with cal-
culated amplitudes for the refractive condition on the assumption
that the ground piston transmitted an initial wave which had spher-
ical symmetry and that the ground surface was uniform. The data
points in Fig. 9 suggest that the ground surface had some effect
on amplitude. Amplitudes drop suddenly when the gravel (parking
lot) is encountered, and drop rapidly again at the concrete floor
for Building 5. The measured amplitudes also tend overall to
decrease more rapidly with distance than indicated by the cal-
culation. This may indicate a general spreading of the refractive
pattern caused by a slipght decrease in the velocity gradient with
depth. Such a decrease is also suggested by the differences between
the phase data and the fitted arrival-time curve; actual arrival
times were slightly greater than calculated at distances beyond
25 meters. The waves arriving at the greatest distance also travel-
led to the greatest depth, and their actual velocity did not seem

to be quite as large as that determined from the constant-gradient
model.

Rotational Motions

The rotational motions of the ground piston plotted in Fig. 11
were presumably driven by small unbalanced horizontal forces and
moments developed by the rotating masses in the vibration generator,
or by small differences between the center of action of the vertical
force and the center of reaction of the soil on the ground piston.
Note that there was appreciably less rotation of the ground piston
during tests conducted on wet soil July 22 than on dry soil July 18.
The decreased rotation may represent better coupling of the ground
piston to wet soil than to dry, and may explain in part the decreased
damping observed on July 22.

Motions of the Vibration Generator

The single measurement made atop the drive motor for the vibra-
tion generator during Run 13 showed that the vertical amplitude of
the motor (58 milligravities) was only 28 percent of the average
vertical amplitude of the ground piston (210 milligravities) during
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that run. The presence of differential motions in the equipment
indicates that it is not appropriate to consider the ground piston,
vibration generator, and drive motor as a single mass as was done

in interpreting the mass data of Fig. 5. No information seems to

be available, however, on the resonant frequencies and modeshapes

of the vibration generator and its associated equipment. Internal
resonances would act to decrease the apparent mass of the generator-
piston combination and produce an underestimate of the entrained
mass of soil moving with the ground piston.
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ESTIMATES FOR BUILDING FOUNDATION
Scaling

Data from the ground piston may be scaled to a building
foundation by multiplying all linear dimensions by a scale
factor S and requiring that the scaling leave the density of
the soil and the stresses in the soil unchanged. These three
requirements completely determine the scaling and produce what
is known as inertia scaling or Hopkinson scaling. In this
scaling, frequenﬁies vary as 1/S, masses as S~, stiffnesses as
S, dampings as S°, and so on. Inertia scaling has the unrealis-
tic feature that it scales depths in the ground, while the depths
to various layers in the ground actually should remain unchanged
in the scaled-up structures. Inertia scaling also scales accel-
erations by 1/S, while the acceleration of gravity should remain
unchanged in the scaled-up structure.

Example

Data from the ground piston are scaled here to a reinforced-
concrete mat 14 meters long bv 6 meters wide which has a total
mass of 73 tons. The mat has an area of 84 square meters while
the ground piston had an area of 2.60 square meters. A linear
scale factor may be defined to match the areas:

S = V84/2.60 = 5.68 (1)

Suppose that equipment is to be mounted on the mat using resilient

mounts which support the equipment at a natural frequency of 8 Hz.

Scaled down to the ground piston, the frequency of special interest
becomes

8 S = 45 Hz. (2)

At the highest frequencies tested, data from the ground piston
indicate an effective mass of 4.0 tons (Fig. 5), a stiffness of
100 kilonewtons per millimeter (Fig. 6), and a damping of about
100 kilonewton-seconds per meter (Fig. 7). Of the mass, 3.9 tons
represents the ground piston and vibration generator, leaving

0.1 ton as an entrained mass of soil. The data scale as follows:

0.1t 83 = 18 tons entrained mass. (3)

100 S = 570 kilonewtons per

millimeter stiffness (4)
100 82 = 3200 kilonewton-seconds
per meter damping. (5)
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Total mass of the slab and entrained soil is 91 tons. 1Its vertical
natural frequency 1is

g 570,000 _
oo 51 13 Hz (6)

and its damping relative to critical is
1 3200 = 0,22, (7
2 /570,000 /91

The values of frequency and damping do not make any allowance for
the reaction of the supported equipment.

Alternate Scaling (Not Recommended)

The data from the ground piston may be scaled by applying the
scaling factor S to horizontal dimensions only and still requiring
that the density of the soil and the compressive stresses from a
vertical force remain unchanged. This scaling avoids the problem
of the preceding scaling in that it does not require depths in the
ground or the vertical acceleration of gravity to scale unrealisti-

cally. Fox this scaling, vertical frequencies arg unchanged, masses
vary as S, stiffnesses as S, and dampings as S°. The ground-piston
data should be consulted at a frequency of 8 Hz to obtain an estimated
entrained mass of 0.1 ton, a stiffness of 100 kilonewtons per milli-
meter, and damping (wet soil) of 20 kilonewton-seconds per meter.
These values scale up to:

G.0,8° w 3 tone entealoed mass (8)
100 82 = 3200 kilonewtons per
millimeter stiffness 9)
20 52 = 640 kilonewton-seconds per
meter damping. (10)

Total mass of the mat and entrained soil is 7€ tons. Vertical natural
frequency is 33 Kz and damping is 2 percent of critical. This scal-
ing is not recommended because it incorrectly represents the shear
stresses pfoduced by vertical forces applied to the mat. The forces
scale as S~ but the vertical shear areas scale only as S, so that
shear stresses produced in the soil by the mat appear as S times

the shear stresses produced by the ground piston. The increase in
shear stress is not matched by any increase in shear strain, and

the mat thus appears to be much more stiffly supported than when

the estimates are made by the recommended scaling.
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English Units

Data from the recommended scaling ir Equations 3 through 5 can be con-
verted to English units by using 1 ton = 2204.6 pounds, 1 kilonewton = 225
pounds, and 25.4 millimeters = ] inch. Results are:

Dimensions of reinforced-concrete mat . . . . . 20 by 46 feet

Weight of MAt « « « s o o o « s s s s &« s o« o+ 160,000 pounds

Entrained weight of soil . . . . . . . . . . . 40,000 pounds

Stiffness for vertical support . . . . . 3,200,000 pounds per inch

Damping . . . ¢« « « 1,500,000 pound-second per foot.

17



SUMMARY AND CONCLUSIONS

Tests Conducted

Tests were conducted at a point about 30 meters north of
Building 5 of the Chesapeake Bay Division of the Naval Research
Laboratory. The Chesapeake Bay Division overlooks Chesapeake
Bay three miles south of Chesapeake Beach, Maryland. A rotating-
mass vibration generator was mounted to a steel ground piston
1.8 meters in diameter (total mass 3.9 tons) and vertical forces
from 0.3 to 22 kilonewtons were applied at frequencies from 3 Iz
to 33 Hz. The resulting motions of the piston and the ground
surface were measured with accelerometers. One record of an auto-
mobile passing the test site was also taken.

Test Findings

1. The ground responded @8 a nearly linear medium over the
range of forces and frequencies tested.

2. The ground piston and vibration generator responded ap-
proximately as a linear system with vertical natural frequency
25 Hz and damping 12 percent of critical near resonance.

3. Mass of the entrained soil moving with the eround piston
varied from 0.1 ton to 5 tons and was very small above the reso-

nant frequency.

4. Apparent stiffness of the soil supporting the ground
piston was 100 kilonewtons per millimeter.

5. Near resonance damping of the soil was about 150 kilonewton-
seconds per meter. Damping in the range 10 Hz to 20 Hz decreased
with increasing frequency when the ground was dry but the low-fre-
quency damping fell nearly to zero after a rainstorm at the test
site.

6. There was no indication of strong reflections or standing
waves. :

7. The velocity of 20-Hz waves transmitted from the piston
was 132 meters per second at the ground surface but increased to
266 meters per second at a depth of 9 meters.

8. A passing automobile produced accelerations equivalent to
a very strong earthquake (22 milligravities) at the ground piston.

Scaled Estimates for Building Foundation

1. A reinforced-concrete mat 20 feet by 46 feet would have its
apparent mass increased by 40 thousand pounds by entrained mass of
the adjacent soil which would move with it for vertical motions.

2, The mat would be supported with an effective ground stiff-
ness of 3.2 million pounds per inch for vertical motions.

3. Vertical damping for the mat would approximate 1.5 mil-
lion pound-seconds per foot.

4. If the mat weighed 160 thousand pounds it would be supported with
a vertical natural frequency of 13 Fz and a dampine 22 percent of critical.

18
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Table 1

Locations of Transducers

Transducers were Kistler Servo Accelerometers Model 305T, mounted with
sensitive axes in the directions shown.
center of the transducer from the center of the bottom of the ground piston
along orthogonal axes taken as positive toward the southeast, northwest,
and upward.

Coordinates show distances of the

Position |Direction|Transducer Attached To: Coordinates
Number of
Positive SE NE upP
Accelera- (meters) | (meters)| (meters)
tion
1 vP Top of ground piston near 0.00 0.83 0.17
northeast edge
2 UP Top of ground piston near 0.82 0.03 0.17
southeast edge
3 r Top of ground piston near 0.00 -0.83 0.17
southwest edge
4 UP Top of ground piston near -0.82 -0.02 0.17
northwest edge
5 NE Rim of ground piston on 0.00 0.88 0.13
northeast side
6 NE Top of ground piston near 0.75 0,03 0.17
southeast edge
7 SE Top of ground piston near 0.69 0.03 0.17
southeast edge
8 uP Top of steel block 22.6 a | -22.6 b 1
9 NE Side of steel block 22.6 a -22.,6 b 1
10 SE Side of steel bhlock 22.6 a | -22.6 b 1

a - For runs 1 through 13.

runs 14 through 23.

b. For runs 1 through 13.
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Table 2
Test Runs Conducted

The vibration generator contained three 91-kilogram masses which
were adjusted by angle markings A to produce eccentricities calculated
as 89 sin (A/2) millimeters. Forces below are centrifugal forces cal-
culated from masses, eccentricities, and speeds of angular rotation
about an assumed stationary axis.

kun Frequency Amplitude Fccentricity and
Number of Vertical [Phase Settings
Revo- Fertz Force
olutions (kilo-
per newtons)
minute
i 300 5.0 0.278 Center mass set to
2 600 10.0 1:13 2 degrees (1.55 mm)
3 900 15.0 2,51 and outer masses set
4 1200 20.0 4.46 to 1 degree (0.78 mm).
Phased for vertical
5 1500 25,0 6.96 forces (all three
6 1800 30.0 10.0 masses moved upward
7 1800 30.0 10.0 simultaneously).
8 2000 33.3 12.4
9 1219 20,3 4.6
10 a b c
15| 600 10.0 1))
12 840 14.0 2.18
13 1200 20.0 4.46
14 181 30 1.01 Center mass set to
15 240 4,0 1.78 20 degrees (15.5 mm)
16 300 540 2.78 and outer masses set
to 10 degrees (7.8 mm).
L7 360 6.0 4.00 Phased for vertical
18 420 7.0 5.44 forces (all three
19 480 8.0 711 masses moved upward
20 540 9.0 £.99 simultaneously).
21 600 10.0 111
22 720 12.0 16.0
23 840 14.0 21.8

a - Sweep from 300 rpm to 2000 rpm in about 2 minutes
b - Sweep from 5.0 Kz to 33.3 Hz
c - Sweep from 0.278 kn to 12.4 kn.
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Table 3
Acceleration Amplitudes Read from Oscillograms
Tabulated values are the estimated amplitudes of the vibration component

having the same frequency as the vibration generator. Amplitudes have been
corrected for the low-frequency gains of the DTMB amplifiers used.

Run |Acceleration Amplitudes (milligravities) for Positions 1 through 10
Pos 1 | Pos 2 |Pos 3 |Pos 4 |Pos 5 |Pos 6 [Pos 7 |Pos 8 os 9 |Pos 10
lja a a a 1 a b c c c
2 28 11 30 9 10 11 b 0.08 0.03 je
3 99 1 160 52 240 35 87 140 d 0.53 {e
4 1 26C 310 390 190 350 32 39 3.5 0.16 0.24
5 {800 860 980 720 200 230 76 602 3.1 251
6| 860 860 900 640 210 170 100 15 6.6 1.6
71 850 860 800 660 220 170 93 15 545 152
8 11040 1060 280 900 240 170 130 8.0 2o 1219
91 470 380 670 340 110 90 39 4.1 2.6 245
10 ] e e e e e e e e e e
11 8.7 Tad 8.9 8.0 3.8 5.6 1.4 0.09}) 0.03 0.05
121 140 80 170 79 66 83 15 X'/ 0.55 0.35
131 170 230 390 180 44 47 7:8 25 0.59 2.6
14 15 1.0 1.9 2.0 0.57 0.54 0.51%¢ c c
15 14 1.9 2.8 ) I 0.92 0.88 0.69]c c c
16 24 355 Fad 3.4 Y.l 134 122 0.04]c c
17 7.8 3.9 9.9 Siail Lol 35 1.8 0.051 0.05 J¢
18 847 9.7 16 10 2.3 3.5 2.4 0.06} 0.03 {c
19 17 17 39 18 5.9 8.2 3.4 0.10} 0.08 0.05
20 31 31 68 32 18 22 4.9 0.2 0.18 0.07
21 44 58 110 55 32 39 Sh 0.73] '0.34 024
22| 200 190 430 210 150 160 16 247 155 0.80
23] 600 500 570 530 120 130 S 9.4 3155 1.8

Less than 2 milligravities (obscured by machinery noise)
Less than 0.2 milligravities (obscured by machinery noise)
Less than 0.02 milligravities (below minimum reading)
Doubtful scaling of record

Sweep record with varying frequency and response.

O oL o
|
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Table 4
Acceleration Phases Read from Oscillograms

Tabulated values are the estimated phase lags of the positive accel-
erations after the maximum upward force, for the vibration component having
the same frequency as the vibration generator. Phases have been corrected
for the low-frequency phase shifts of the DTMB amplifiers used.

hun Acceleration Phases (degrees) for Positions 1 through 10
Pos 1 | Pos 2| Pos 3 |Pos 4 |Pos 5 |Pos 6 |Pos 7| Pos 8 | Pos 9 | Pos 10

lta a a a 211 a a a a a

2 1291 266 153 207 121 1317 a 294 117 a

3 1149 232 270 238 282 288 296 11 316 a

4 1228 250 273 250 98 53 114 127 332 0
5 1327 327 336 327 209 236 310 318 12 102
6 {291 313 302 261 127 237 341 248 62 297
J 1291 324 313 291 215 215 342 237 52 265
8 15 27 3 326 290 290 74 171 15 146
9 1272 286 279 272 117, 118 165 198 264 55
10 |b b b b b b b b b b
11 1212 198 150 176 110 110 96 289 296 234
12 35 198 203 167 228 228 203 249 290 91
13 {163 236 243 243 323 316 258 134 272 10
14 217 212 215 214 19 18 219 a a a
15 50 21.7 212 176 272 275 116 a a a
16 1231 116 203 221 252 210 68 26 a a
17 ‘159 207 145 200 248 263 58 34 139 a
18 1188 181 186 183 188 255 191 78 226 a
19 }182 182 188 202 208 234 119 116 240 326
20 {221 198 159 156 169 179 143 208 309 84
21 1172 161 164 172 190 200 182 222 306 179
22 1130 169 191 182 235 230 222 65 135 139
23 J172 187 197 192 304 273 218 273 284 50

1

a - Oscillations at frequency of vibration generator not distinguishable
on record
b - Sweep record with varying frequency and response.



Table 5
Ground Motions at Different Distances from the Ground Piston

The data below were taken during Run 13 (20.0 Hz) along a line extending
to the south from the ground piston. The accelerometers at Positions 8, 9,
and 10 were carried to the desired location and the steel block to which they
were attached was placed on the surface of the ground to obtain the measure-
ments. Phases are lags of the positive acceleration relative to upward force
applied to the ground piston. Data at a distance of 32.0 meters represent the
original location of Positions 8, 9, and 10 during Run 13.

Distance Acceleration Acceleration Ground
South of |Amplitude Phase Surface
Center of |(milligravities) (degrees)
Ground
Piston Pos 8 |Pos 9 |Pos 10 |Pos 8 | Pos 9 | Pos 10
(meters) (up) (NE) (SE) (vp) (NE) (SE)
1:2 58 67 54 277 118 284 Grass
3.0 36 56 36 17 137 352 Crass
6.1 23 37 18 191 278 111 Grass
9.1 20 26 17 324 60 274 Grass
12 .2 19 21, 18 96 125 347 Grass
152 13 8.0 5.4)245 334 201 Gravel
18.3 14 255 2.0] 10 40 237 Gravel
21.3 10 0.98 5.31118 75 82 Gravel
24.4 75 11 1:5}235 293 184 Concrete pad
2744 6.7 0.56 1.1}349 277 241 Concrete pad
30.5 3w Nl 2.3] 82 234 10 Concrete floor
32.0 2.5 0.59 2.60134 272 10 Concrete floor
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Table 6
Vertical Motions of the Center of the Ground Piston

Phases and accelerations are weighted averages of the accelerations
measured at Positions 1,2,3, and 4 about the edges of the ground piston.
The phase angle represents lag of the upward acceleration relative to
upward force. Velocity and displacement amplitudes were calculated from

the frequency and the acceleration amplitude.

Run |Fre- Force Accelera- JAmplitudes
uency |Amplitude |tion
?Hz) (kilo~ Phase Accel- Velocity | Displace-
newtons) (deg) eratio (mm/sec§ ment
(m/sec”) (microns)
3 5.0 0.278 a b b b
2 {10.0 S B 227 0.090 14 23
3 115.0 251 234 0.50 5%2 56
4 120.0 4.46 253 27 21 170
5 125.0 6.96 330 8.3 53 340
6 {30.0 10.0 294 7:6 40 220
7 130.0 10.0 306 7.6 40 210
8 |33.3 12.4 5] 9.0 43 210
9 120.3 4.60 211 4.6 36 280
10 {c c c c (o c
11 41040 o1l 183 0.074 1.2 19
12 (14.0 2.18 180 0.45 5l 58
13 ]20.0 4 .46 230 2.1 1.7 130
14 3.0 1.01 214 0.016 0.85 45
15 | 4.0 1.78 197 0011 0.44 17
16 5.0 2.78 195 0.023 0.73 23
17 6.0 4.00 169 0.060 156 42
18 7.0 5.44 185 0:11 25 57
19 8.0 4 [ 8 189 0.22 4.4 87
20 § 9.0 8.99 177 0.36 6.4 110
21 110.0 11.1 166 0.66 11 170
22 112.0 16.0 164 2.4 32 420
23 114.0 21.8 187 5+3 60 680

a - Oscillations not discernable on oscillograms
b - Accelerations less than 0.02 meters per second squared
¢ - Sweep record with varying frequency and response.
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Fig. 1 - Test Site at the Chesapeake Bay Division. The
photograph was taken looking south, and shows the vi-
bration generator in the ground and Building 5 immed-
iately behind it. The half-open overhead door in Build-
ing 5 leads into the Balloon Room, where recording in-
struments were installed and where some measure-
ments of ground vibration were made. Photograph by
Albert C. Grosvenor.
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Fig. 2 - Vibration Generator and ground piston. The photo-
graph was taken looking northeast and down, and shows the
vibration generator, its drive motor mounted over it, and
the ground piston installed in a shallow excavation needed
tolevel the site. Five of the seven accelerometers mounted
on the ground piston are visible in the photograph. One of
the rotating masses in the vibration generator is visible at
the nearer end of the generator. Photograph by Albert C .
Grosvenor.
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Fig. 3 - Typical record. The figure is a tracing of the
oscillogram for Run 5.
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Fig. 4 - Resonance curve for vertical response of the ground
piston. Amplitude of vertical acceleration of the piston has
been scaled to unit force by dividing by the amplitude of the
force, as for a linear system. Circles represent data from
Runs 2 through 9, triangles are data from Runs 11 through 13,
and squares are data from Runs 14 through 23. The vibration
generator was reset to apply tentimes as much vertical force
after Run 13. Data from the low-force and the high-force runs
overlap in the frequency range from 10Hz to 14 Hz. The curve
is for a system having natural frequency 25 Hz and damping
12 percent of critical,
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Fig. 5 - Apparent mass. Apparent mass is the ratio of the in-
phase component of the force to the acceleration (F = ma) .
The curve shows calculated apparent mass for a 4-ton mass
supported by a massless spring with stiffness 100kilonewtons
per millimeter. Circles are from vertical measurements of
the ground piston during Runs 2 through 9, triangles are for
Runs 11 through 13, and squares are for Runs 14 through 23.
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Fig. 6 - Apparent stiffness. Apparent stiffness is the
ratio ofthe in-phase component of the force to the dis-
placement (F =kx). The curve shows calculated appar-
ent stiffnessfor a spring with stiffness 100 kilonewtons
per millimeter which supports amassof 4tons. Circles
are from vertical measurements of the ground piston
during Runs 2 through 9, triangles are for Runs 11
through 13, and squares are for Runs 14 through 23.
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Fig. 7 - Apparent damping on July 18. Apparent damp-

ing is the ratio of the in-phase componentof the force

to the velocity (F = cv). Data are from vertical mea -

surements of the ground piston during Runs 2 through

9 and are shown in terms of an error band representing
estimated uncertainties of 10 percent in amplitude and
10 degrees in -phase for each response measurement.

The horizontal broken line represents the apparent
damping for a viscous damper with damping constant
150 kilonewton-seconds per meter.
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Fig. 8 - Apparent damping on July 22. Analysis and pre-
sentation is the same as in the preceeding figure, but the
data are from Runs 11 through 23. The broken line repre-
sents the calculated low-frequency radiationdamping for
a piston 0.91 meters in radius looking into a fluid with
density 1.5 tons per cubic meter and speed of sound 132
meters per second.
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Fig. 9 - Acceleration amplitudes at the ground surface along
a line extending south from the ground piston. The data points
show amplitudes of vertical motions measured during Run 13
(20 Hz). The type of ground surface on which the accelerom-
eter was placed is indicated. The broken line shows the cal-
culated vertical motion of the ground surface which would be
produced by a spherically-symmetric source operating under
the upward-refracting conditions developed in the next figure.
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Fig. 10 - Phase shifts for 20-Hz waves transmitted away from
the ground piston. Data points are the phases associated with
the vertical amplitudes of the preceding figure. The curve rep-
resents phases calculated from travel timesfor minimum-time
paths from the ground piston to the measurement points on the
assumption that the velocity of the wave was 132 meters per
second at the surface of the ground and that it increased by
14.4 meters per second for each meter of depth below the
surface. The minimum-time paths under this conditiondip down-
ward into the ground and then turn back to approach the mea-
surement point from beneath, suggesting an upward refraction
of wave energy toward the surface.
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Fig. 11 - Rotations of the ground piston about horizontal axes.
The graph at the left shows rotations about an axis toward the
southeast, and the graph on the right shows rotations about the
orthogonal axis toward the northeast. Circles indicate data
from Runs 2 through 9 and triangles indicate data from Runs11
through 13.
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ABSTRACT
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ATMOSPHERIC PROPAGATION WITH THERMAL BLOOMING

INTRODUCTION

Thermal defocusing of high-energy laser beams in liquids is a well known phenom-
enon (1-11) that has been used to measure weak absorptions (2). The analogous phenom-
enon in the atmosphere has been investigated in a simulated experiment (12).

As an intense laser beam propagates through the atmosphere, part of its energy will
be absorbed by constituents of the air. This absorption will cause local heating with de-
crease in air density and refractive index in the beam. The bending of light rays toward
regions of higher refractive index will cause the beam to spread. This phenomenon is
referred to as thermal blooming or thermal defocusing, and it is the purpose of this re-
port to develop simple equations descriptive of this effect under certain assumed condi-
tions.

It is assumed that there is no wind and that convection and conduction can be ne-
glected. True conduction is negligible, and conduction by microturbulence will be considered
negligible for truly static air. Gravitational convection will be present but may be ne-
glected for short time regimes because severe thermal blooming requires butavery small
density differential.

As the atmosphere is rarely static, one might wonder what utility there is to a de-
scription based on such an assumption. The point is that static air represents the worst
situation from the standpoint of thermal blooming and yet is the one situation that allows
a simple closed form description of the development of thermal blooming. When wind is
taken into account, a completely different and somewhat more approximate approach is
needed. The figures for static air serve as references for the improvement due to wind,
which will be considered in a later report.

It is assumed that the beam power density and the refractive index are radial Gauss-
ian functions with the same spread parameter at a particular range and time. The as-
sumption that the beam distribution remains Gaussian implies that there is no ray cross-
ing, whereas the far field solution shows that ray crossing must be complete, that is, that
the beam is turned inside out. It is important therefore to select as the profile ray one
that is compatible with the far field solution. One can then hope that ray crossing will
tend to balance out at intermediate ranges and that a solution that is asymptotically ac-
curate at z = 0 and z = » will be reasonably so at intermediate ranges.

Incidentally it is not necessary to use a Gaussian function for this method of solution
to apply. It is, however, necessary to assume that the functional form of the radial dis-
tribution remains the same as the beam spreads. Alternate convenient distribution func-
tions are

2
P:1+cosr—2,05r£\/775,
b (1)

and
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It is assumed that the total power in the beam is independent of range. With an ab-
sorption coefficient of 8 X 107 cm ™!, high-power beams will have done most of their
bending in the first few kilometers before an appreciable fraction of the total beam power
has been lost. For example at 2 kilometers the overall path transmission is

e™9% = ¢70:16 = .85 . (3)

THE MODEL EQUATION
Normalization of the Distribution
Consider a spreading beam as shown in Fig. 1. Let a(z, t) be the characteristic

beam radius with value a, at z = 0. The ray r = a will generate a flared tube which
will be considered the beam profile.

J:/ z Fig. 1 - Beam geometry

Assuming that the radial distribution of power is Gaussian and remains Gaussian,
the power flux can be written

P=Neri/at (4)
where N is a normalization constant. The total beam power ¥ is then

00

W=2nN f erti/ad r dr = wa?N . (5)

(=)

Therefore

(6)

The Eikonal Equation

The change in refractive index An due to a change in density Ap is
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A
An = (no'l)Tp (7)
s e ®)
0 C,0p
e | at l e—r2/a2
= (7 )CPBp ma? ' ©)

where o is the absorption coefficient, C, is the specific heat at constant pressure, o is
the density, ¢ is the ambient temperature, and ¢ is the time.

It will be noted that in Eq. (8)

t

det
0

has been replaced by Pt. The nature of this approximation may be judged from Fig. 2,
which shows a plot of P for r = a as the envelope of a set of Gaussian distributions. For
example consider some down-beam point with radial coordinate r, where a < r at ¢t =0
and a = r as the profile ray bends and passes through the point r. It is when r = a that
the profile ray solution applies. For definiteness let r = 15 cm and let a = 10 cm at

t =0. From Fig.2, P=1.07at ¢t =0 and P = 1.63 when a = r. For a linear decrease
of P with time,

t

det:Pavt:1,35t,
0

whereas P;t = 1.63 ¢. Thus the approximation increases the predicted severity of
blooming.

With the beam propagating along the z axis the deviation of the beam toward a higher
refractive index is expressed in the equation (from Ref. 13) for the radius of curvature R

)

1 _1dn B dn
R Ndr dr (10)
since n = 1. The index of refraction n is
0= e = An ;
so
ot W S (P |
”:“o'("o-l)c—op;ze’/" . (11)
P
Then the radial index gradient is
dn ot W 33
= (ngm 1) o — A emrta? (12)

2 o2
Cp()p ma? a



4 TUCKER AND DeWITT

61— 2
p.1000 G
a2

5f— CIRCLES PLOT P FOR r=a

| 1
5 6 7 8 9 10 U 12 13 14 15 16 17 8
r

Fig. 2 - Profile power density as an envelope
of a set of Gaussian distributions

Combining Eqs. (10) and (12) gives

B 2(ny-1) akWtr (- r2/a2 155
R mCh6p at
and, at r = a,
2(ny-1)alt
b iR i (14)
R 1reCp0,Da3
But
1 d?a
e 15
R dz? ()

and Eqs. (14) and (15) combined give the Eikonal equation for the ray r = a:

d2a  2(ng-1)aWt

dz? ﬂeCp0p33 (16)
or

d2a = k? (17)

dz? ad

where
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2(ng-1)aWt

k? =
necpop
Solution of the Eikonal
If
da d?a dp
= — d — =—re=
PR T e ® da (18)
Eq. (17) becomes
dp k2
g ER . 19
B (19)
Integration with p = 0 at a = a gives
~ 1 1
74 o ) a0
and
da k
p:c;:a?o et~ a2 . (21)
Integration with a = a; at z = 0 gives
2 k2 2 2
a“ = — Z +ast (22)

)

which may be recognized as a hyperbola starting from r = a, at z = 0 with dr/dz = 0 at
z = 0 and asymptotic to the cones

r2 = — 22, (23)

Numerical Applications

Assigning the appropriate numerical values to the atmospheric parameters in Eq.
(16) gives

k2 2(ny-1) a‘Wt_ Wt x 1077

a  meC,0pal 513 ap

(24)

where
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(ny-1)= 3x1074,
¢a=8X%X10"7 em™!,
Cp, = 0.96 joule-g~1,
6 = 300°K,
p =103 g-cm™3,
W = watts,
t = seconds.

From Eq. (22)

Wt z2x 1077
e )
T Tmaz T (25)

For Wt = 5130 and a, = 10 cm Eq. (25) gives
a? = z2x 1078 + 100 , (26)

and for Wt = 51,300 and a, = 10 cm Eq. (25) gives
a2 = 2251077 + 100 . (27

If P, is the power flux at the center of the beam at z = 0, then

AP L (28)
7760
and for the preceding cases
5130
mlt T I(;O_ﬂ = 16.3 joule-cm™2 (29)
and
51300
P s 2o : poen el (30
mt 100 7 163 joule-cm )

The beam profiles are plotted in Fig. 3 from Eqs. (26) and (27).

The effect of initial diameter on a constant-energy beam is shown in Fig. 4.

In Fig. 5, the energy density at the beam center is kept constant as the initial beam
diameter is varied. In the far field it is seen that the direction and consequently the
diameter is set by the energy density of the beam at z = 0.

In the far-field approximation when

2 _ Wt 2251077
e B % MO

513 a02 31)
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Fig. 3 - Effect of the beam energy on blooming
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Fig. 4 - Effect of the initial diameter on a
constant-energy beam (Wt = 513 joules)

and thermal blooming is dominant, it is seen that delivered energy is independent of beam
energy Wt and is determined by the solid angle of the source aperture as seen from the
receiver. Thus

Wt 513 802

ma? mwz2x1077
= 163x 1077 o , (32)

where o = a?/z? is the solid angle subtended by the source aperture at the receiver.
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Fig. 5 - Profiles for constant energy density at
the center of the initial beam (P, t = 16.3 joule-cm™2)

EFFECT OF OPTICAL FOCUSING

It is natural to investigate to what extent optical focusing may be useful in increasing
the power density at a distant receiver.

As before, the energy deposited in the atmosphere is assumed to have a Gaussian
radial distribution. Let the slope of the profile ray be m. Then Eq. (19) integrates to

k2

L. Bl - (33)
2

2 a?

Substitution of the boundary conditions p = m at a = a; gives

(34)

Thus

p-da_ [L2 . (35)

where L2 = k2 + m? a?. This can be written

2L2 a da
B (g BB (59
0 2L2J o “k2ap

to give
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L,/Lzaz_k2a02:i+8 . (37)

L2 a,

With z =0 at a = a,, Eq. (37) gives

a

B = L—‘; JiA = RE (38)
which, when substituted back into Eq. (37) leads to

a? = :—22 22 + (mz+ .ao)2 ; (39)
0

For the atmosphere, Eq. (24) gives

k? _ Wex1077

802 513 ao2
and Eq. (39) may be written
S |
a? = u:l);—la(}- 22 + (mz+ ao)2 c (40)

It is immediately obvious from Eq. (39) or Eq. (40) that a is a minimum at a particu-
lar range if the beam is focused for that range. Thus a is a minimum at range z when

,,.""_20 (41)

As a practical matter the improvement achievable by optical focusing may be trivial.
This will be the situation if the spread due to thermal blooming (or other mechanisms)
is large compared to the original aperture. In Eq. (39), a is little affected by a, if
kz/a >> a,. This will be illustrated by a numerical example. For Wt = 1850 joules and
a, = 10 cm, Eq. (40) becomes

a2 = 36x 101922 + (10+mz)? . (42)

This equation is plotted in Fig. 6 for the three slopes m =0, m = -2.5 X 10-5, and
m = -5 X 1074 corresponding to no focusing, a 4-km focal point, and a 0.2-km focal point.

THE FAR FIELD OF A THERMALLY DEFOCUSSED BEAM

The far field refers to the final angular distribution of beam energy relative to the
beam axis. In this analysis, diffraction effects are neglected, and the initial beam is as-
sumed to be a plane wave with a Gaussian radial power distribution at the aperture. The
assumption of a Gaussian distribution is not necessary but is consistent with the earlier
model. (The appendix treats a non-Gaussian, finite distribution.) Because of the cylin-
drical symmetry, each ray travels in a plane passing through the beam axis, and the re-
fractive index gradient direction lies in this plane. Under these conditions Snell's law
for a stratified medium may be applied if the down-beam flaring of the heated region is
neglected. Snell's law says that if the direction of the refractive index gradient is
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constant for a ray passing through a nonhomogeneous medium, then n sin ¢ is constant,
where ¢ is the angle between ray direction and gradient direction and n is the index of
refraction of the medium. Let y be the angle between a ray and the beam axis in the far
field, and let the ray start parallel to the beam axis from a aperture point where the in-
dex is n. Applying Snell's law to find the far-field angle in terms of the near-field in-

dex gives

From Eq. (11), for small v

and, with nj ~ 1,

-r2/2a2
g = [2(’70'1) at Wz] o 3 ag
Cp0p ma
Also
F i
ﬂ: | m— ‘/, S
dr a;

Now if S(y) is the far-field radiant intensity,
S(y¢) 2y (-dy) = P(r) 2mr dr

or

(43)

(44)

(45)

(46)

(47)
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d
uS () o= -P(ry ¢ (48)

and from Eq. (46)

S (¥) ( a—',— u:) = -P(r)r

0

or
S (49)

Substituting for P and y from Eqs. (6) and (45) gives

C,0pa?
Sw) = 2"—6" (50)
(ny-1)at

with

1/2

W
0<ys [2(:10-1) = __2]
Cpop ma,

and S(y) = 0 elsewhere. The upper bound for y follows from Eq. (45) with r = 0. The
rays from the point with greatest index change show the maximum angular deviation.

The far field is described as starting from a point of infinite intensity and spreading
as a disk with radius proportional to ¢!/2. The intensity within the disk is spatially uni-
form but varies with time as ¢~!. In the far field the beam is radially inverted, or turned
inside out. The edge of the beam is formed by the rays from the center of the initial beam,
and ray crossing is complete.

When focusing is used, ray crossing may be induced in the near field, and in many
situations the far-field equations will allow quick estimates of what to expect. An exam-
ple is given below of the application of the far-field equations to the situation where the
receiving area is smaller than the initial beam. Focusing is assumed.

When the received beam is smaller than the receiving area, the total beam power
may be considered to be delivered. Let the receiving area be a disk of angular diameter
2¢. From Eq. (45) the beam will expand to the receiving area in time

C,0pmal$?

B i et i (51)
. 2(ng-1)aW

and the total energy delivered at some subsequent time ¢ will be
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* Cpbpag 4

E= Wt +mng? f S LEE—
: ¢ 2(n,-1)e ¢

= th+ Wt log.—, ty st
1
=W, 05¢tst,
= e, (1 + loget—t), i A (52)
1
Letting
a, = 100 cm,
d = receiving diameter = 100 cm,
R = range = 106 cm, and
t, = 1sec,
one has
é=5x10"5 ,
W= 1.5x 10* watts ,
and
E=15mx10*¢ i OIS ER Ty
{ (53)
E= 1.57x10%(1+1log,t) , 1<t.

Equations (53) are plotted in Fig. 7. Energy on target increases linearly until the beam
area equals the target area at time ¢,. After ¢, the effect of thermal blooming slows
energy deposition to a logarithmic increase with time.

ASYMPTOTIC BEHAVIOR OF THE MODEL EQUATION
The derivation of Eq. (39) insures that in the near field, i.e., as z - 0, the predicted
slopes and curvatures will be correct. It is easily shown that this description is asymp-
totically valid in the far field, i.e., as z - o,
Applying Snell's law for a stratified medium gives
n cos B, = n, cos By s (54)

where n is the indexat z = 0 and r = a, B, = m is the initial slope of the profile ray,
and B, is the far-field slope of the profile ray.
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Expanding gives
nm? noB;
n-—=n, -
2 8 2

But from Eq. (11) for r = a = a

_(no—l)atW k2

Ng = n= 5 = - )
Cpepwaoe 2a
SO
n,B; k2 _ nm?
0P2
2
2 2a 2
and, since n; ~ n= 1,
k2
/32 = V= + m? .
a5

This is the asymptotic form of Eq. (39) as z » «, i.e.,

13

(55)

(56)

(57)

(58)
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-
B, = lim —

CONCLUSIONS AND SUMMARY

A model equation (Eq. (39) has been derived to describe the phenomenon of thermal
blooming in static air. The equation describes the path of a profile ray with the correct
slope and curvature in the near field and the proper direction in the far field. In the in-
termediate field the solution to the ray path is approximate.

Aside from the approximations made in the derviation of the model equation, which
should not invalidate qualitative or rough quantitative predictions, one important environ-
mental assumption is made. This is the assumption of no wind and static air, which rep-
resents the worst situation from the standpoint of thermal blooming. The figures obtained
for static air will be extreme numbers that can serve as references for the improvement
due to wind. The static air solution is a transient solution involving time. When wind is
present, it will be more convenient to look for steady state solutions. This will be done
in a future report.
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Appendix
FAR FIELD WITH FINITE APERTURE

The far-field pattern refers to the directional intensity distribution of the aperture
considered as a point source, and, since diffraction is being neglected, it is here gen-
erated solely by the geometrical optics of the heated atmosphere. The detailed distribu-
tion in the far field is expected to be a function of the radial power distribution at the
aperture. Thefar field for a radial Gaussian distribution has been found to be a disk of
uniform spatial intensity but starting as a point and spreading in time. It will be of in-
terest to examine the far field for another functional distribution of power density and in
particular for a distribution that sharply defines a finite aperture. Let

0 (A1)
P=10 T > £
where r is the radius of a finite aperture.
In place of Eq. (45) we will now have
Y2 = 2 (n 1) L P (1 ,2) (Az)
- 0" o e
C,0p 2 r2
or, with
2i(n,=1) ot
K= _0_)_
Cpo,o
2 rd
Y =KP0 (l—r—oz): KPP (A3)
which, when differentiated with respect to r, gives
KP r
B oas
Y s = (A4)

Equation (48) still applies, i.e.,
d
SWyw Tt = -P(r) dr

and making use of Eq. (A4) gives

16
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KP r
S(¥) (" r03>= -ﬂr

0 K
or
S L
W) = K2P0¢
where from Eq. (A2)
l/lmax s (KPO)I/Z )

17

(A5)

(A6)

To compare Eqs. (A5) and (A6) with Eq. (50) let a, be related to r, so that beam
power ¥ and maximum power density P, are the same for the two distributions. For the

finite aperture,

1]
[ 8]
b~ |
v
'~
o
P~
~
i
~ l..
~ N
R W
Q
5

or

nP, ro2
2

For the Gaussian aperture it has been shown that
W= WPO aoz X
and the condition for matching W's and P 's is that

2
) oy
3.9 5=

0 2

Rewriting Eq. (50) in terms of K and r, gives for the Gaussian distribution

S(¥) =T°=§. 0 <y < VKF,
Sy =0, v > VKP,

and for the finite aperture

(A7)

(A8)

(A9)

(A10)
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S(yp) = %wz. 0 ZhofBR, ,
0 (A11)
S(y) = 0 ¥ > VKR,
where in each case
- 2 (n,- 1) at .

Cp(-)p

At the same instant of time, it is seen that the far-field disks have the same diam-
eters as expected but that the intensity within the disk is not uniform for the finite aper-
ture. It varies as y? from S =0 for y = 0 to S = r2/K for y = VKP,. The disk edge
intensity is thus twice the uniform value of intensity found for the Gaussian distribution.
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EQUILIBRIUM TEMPERATURES

W. R. Faust
Applications Research Division

INTRODUC TION

Studies have been made of the thermal defocusing and other problems associated
with the propagation of intense laser beams through the atmosphere (Appendix B). As
is well known a small fraction of the energy is absorbed in the air, which causes local
heating and a subsequent change in the refractive index and so alters the propagation.
During the initial stages after the beam is turned on the heated air starts to move from
the neighborhood of the beam due to the resultant pressure gradient and ultimately will
achieve some sort of steady state.

The problem considered here is to calculate the equilibrium temperature of the at-
mosphere in the beam a long time after the beam has been turned on. To simplify the
problem it will be assumed that the beam has a Gaussian shape, e~"?/2?, The param-
eter a, of course, depends on the distance z along the beam. Another simplifying as-
sumption is to neglect convective effects. This is equivalent to setting the volume force
g due to gravity equal to zero in the equations of motion. This procedure, while neglect-
ing an important physical process, provides an estimate of the limiting conditions in the
beam.

EQUILIBRIUM CONDITIONS

The general energy equation for a fluid (Ref. C1) is

aT
c — + V:VT| = V- (kVT St
pp(at+ V) ( ) o

T = temperature, °K,

p = density, g/cm3,

C, = specific heat at constant pressure, ergs/g,
v = velocity, cm/sec,

k = coefficient of heat conduction,

S = aP, e 7?/2* = gource,

a = absorption coefficient, cm~1,

P, = watts/na? = peak power flux in the beam, W/cm?2.

Cl



C2

As a starting point it will be assumed that the beam is Gaussian in shape at a given
point along the beam. If equilibrium is assumed, then

so that

V- (kVT) = -aP, er?/a%
Kinetic gas theory yields the result that (Ref. C2)
k = BYT = 150 /T ergs/cm2-sec (for air) .
If it is assumed that energy is deposited uniformly along the beam, then

B 9 aT 2,2
£ 2 n Tl s b ot
r8r<‘/_ar) 2

Let 9 = 73/2, then

30 P
lﬁ_(r 6_0_)= = 0 o-r2/a? ,
T oar or 28
from which
3aP
r&_()_ 0% -r2/al + C
dr 4B 9
Now
e 0 at =40
r e at r = ;
so that
0_9_ 3a PO a 1 —1-2/32
ar 4B x
and

30 P, a? 1 - e-r2sa?
0 =0, + 38 ,f = dr ,

where 6 - 9, = T3/2 as r-=, and 7, is the temperature a great distance from the beam.
Then



C3

2/3

~42/3

ULTIMATE TEMPERATURE
It can be shown (Ref. C3) that
f (1-¢€77) fg: C-1In2+ Ei(-2),

where C = 0.5772 is Euler's constant. By comparison of expansion (for small z) of the
exponential integral it can be shown that the above integral is C for z = 0. It follows that

the temperature in the beam is
3aP arc\’’
T= T0 1 + —mm ?

81‘3/26

If it is assumed that

P, = 4.77 X 102 watts/cm? = 4.77 x 10° ergs/cm?-sec,
e =10"¢cm™?,
B = 150 ergs/cm2-sec-°"K1/2,

10 cm™!,

a
the then ultimate temperature is

T = 297°K = 24°C.
This represents the maximum possible temperature in the beam, or a temperature in-
crease of 24°C as compared with the temperature at infinity (7, = 0°C).
REFERENCES

C1l. L.D. Landau and E.M. Lipshitz, "Fluid Mechanics," Addison-Wesley, 1959, pp. 183
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C2. S. Chapman and T.G. Cowling, '"Mathematical Theory of Non-Uniform Gases," Cam-
bridge, 1961, p. 241.

C3. H. Jeffreys and B.S. Jeffreys, "Mathematical Physics," 3rd edition, Oxford Press,
1956, p. 470.
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SUPRESSION OF THERMAL BLOOMING BY WIND

Herbert B. Rosenstock
Solid State Division

Consider a light beam of radius a cm which, on account of absorption, heats the
atmosphere it traverses. Let v cm/sec be the velocity component of the wind that is
perpendicular to the beam. We want to calculate an upper limit to the temperature in-
crease that results.

Let P cal/sec be the power of the beam, and let « cm™! be the absorption coefficient.
Then oP cal/cm-sec will be absorbed in the entire beam, and «P/7a? cal/cm3-sec will be
absorbed by a unit volume, and if o g/cm is the density of air, then aP/7a?p cal/g-sec
will be absorbed by a unit mass. If C, cal/g- °C is the specific heat of the gas, this will
lead to a temperature increase

AT = aP/wazpCp °C/sec .

Now a volume element of air just entering the beam at time zero will have entirely
passed through the beam in 7 = 2a/v sec (most air volumes moving with the wind will
pass through the beam in less time). The time  sec is therefore an upper limit to the
time during which any heating can actually take place, and the maximum temperature
increase is therefore

AT = 2aP/ma pC,v s
Let us put some numbers into this. For air, we use

ad= 8x 1077 em™?

O
"

0.24 cal/°C-g ,
p=1.3x10"3 g/cm3 .
For the beam radius we take
a= 25 cm ,
for the beam power we take 150 kW, which in the desired units becomes

P = 3.6x 10* cal/sec ,

and for the wind velocity we take 10 knots, or

v = 5.1x 102 cm/sec .

D1
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This yields for the maximum temperature increase due to heating the beam
AT 2 4, 6% 1073 2€ &

This is a very small number, compared, for example, to the natural irregularities
in the atmosphere. (For the absence of wind, Faust (Appendix C) has recently obtained
a much higher estimate, 24°C.) In preparing a list of factors that might spoil collima-
tion of the beam, atmospheric heating by the beam itself (blooming) would therefore
appear to be of secondary or even negligible importance compared to turbulence, and
possibly nonlinear optical effects. Conversely, this implies that if wind is present,
experimental results, for '"low'-power beams should be quite relevant to such "high"'-
power beams as well.
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MEASUREMENT OF ATMOSPHERIC METEOROLOGICAL PARAMETERS

E. F. Ditzel and H. Shenker
Optical Sciences Division

INTRODUCTION

The phase of the program reported in this appendix concerns the measurement of
various meteorological parameters which are pertinent to the propagation of radiation
in the lower atmosphere. The effort to date has been concentrated on the investigation
of water vapor concentration along potential optical paths 9 and 18.5 feet above the water
surface. These paths are in the Chesapeake Bay and are 2.0, 2.5, and 9.0 statute miles
in length.

METHODS

Two methods to measure the water vapor content of the atmosphere have been inves-
tigated. One is based on the psychrometer method of measuring wet and dry bulb tem-
peratures. In this case the sensors are platinum resistance thermometers, where the
wet bulb is moistened by a water-wick arrangement and the other sensor measures the
ambient dry bulb temperature. A blower maintains an air-flow velocity of 900 ft/min
over the sensors, which are mounted in an over and under configuration. A shipboard
psychrometer consisting of the sensors and blower and an 18.5-foot-high intake stack
has been mounted on a small boat. The intake stack may be partially dismounted to pro-
vide a 9-foot intake level. The readout for the psychrometer is a multipoint Leeds and
Northrup Speedomax A Recorder calibrated to read temperature. A portion of the output
signal is fed to a Varian Recorder to produce an expanded running profile of the differ-
ence between the wet and dry bulb temperatures.

The other method is the dew point determination of the water vapor content of the
atmosphere. We have used a model 137-C3 hygrometer manufactured by Cambridge Sys-
tems. This device contains a thermoelectrically cooled mirror, a light source, a sensor
for measuring the mirror temperature, sensors for measuring the scattered light inten-
sity, and a feedback system for maintaining a constant thickness of dew on the sensing
mirror. The output of the hygrometer is fed to a strip chart recorder producing a con-
venient readout of the dew point temperature. This equipment has been recalibrated by
the manufacturer and has been installed on the boat adjacent to the psychrometer equip-
ment. Because of operational difficulties such as maintaining the proper air flow, the
equipment is not yet operational. The experimental data reported here was obtained by
the psychrometer method only.

Figure E1 is a view of the psychrometer mounted on the deck of the NRL J-boat. On

its base plate is mounted the control unit of the hygrometer, whose sensor is located at
the top of the intake stack of the psychrometer.

E1l
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Fig. E1 - Psychrometer equipment mounted
on NRL J-boat

RESULTS

The humidity was monitored over three paths. The actual path lengths traveled by
the boat were: a 9.0-mile path between Building 5, CBD, and Tilghman Island; a 2.5-
mile path between Building 5, CBD, and Clark's platform; and a 2.0-mile path from the
boathouse about 0.5 mile south of Building 5, CBD, to Clark's platform.

Figure E2 shows the data from a run made on 11 September 1969 over a path be-
ginning at a point 0.5 mile offshore near Building 5 and terminating 0.25 mile offshore
opposite the NRL tower at Tilghman Island. Weather conditions were fair with a 4 to 10
knot easterly breeze. The solid line is the record for the west-to-east pass across the
Chesapeake Bay using the 18.5-foot sampling level. The dashed curve represents the
data for the east-to-west run using the 9.0-foot sensing level. The average water vapor
content for the 9.0-foot level was about 7.0 ng/cm3, while at the 18.5-foot level the av-
erage value is about 14 percent higher, 8.0 ug/cm3. Ambient temperatures are plotted
at the top of the figure; it is noted that the temperature for the 18.5-foot level is more
uniform and lower than for the 9.0-foot level.
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Fig. E2 - Humidity and temperature data from a run made on 11 September 1969,
Building 5, CBD, to Tilghman Island, with an east wind of 4 to 10 knots

Figure E3 shows the water vapor and ambient temperature profile between Building 5
and Tilghman Island under a brisk northeast wind of 6 to 12 knots on 25 September 1969.
At the 18.5-foot level the water content averages about 14 ug/cm3. This is 75 percent
greater than the 8.0 ug/cm?3 obtained under the mild condition of a 4-knot wind shown in
Fig. E2. Both sampling levels in Fig. E3 show a relatively constant value for the humid-
ity, with the 9.0-foot level being slightly higher than the 18.5-foot level. This represents
an inversion of the results shown in the previous figure. The ambient temperatures are
relatively uniform, where again, as in Fig. E2, the 9.0-foot level is slightly warmer.

Figure E4 shows a run made on 7 October 1969 between Clark's platform and Build-
ing 5, CBD. A brisk wind, 8 to 16 knots, was blowing from the south up the Bay, provid-
ing a rough water condition. The solid line shows the water-content profile at the 18.5-
foot level when the run was into the wind. The less stable dashed curve is from the
downwind run, where the intake was at the 9.0-foot level. The water content was high,
averaging about 16.0 pg/cm? at the 18.5-foot sampling level.

Figure E5 shows a record of humidity versus time made during relatively calm con-
ditions when the boat was anchored at Clark's platform. In this situation the 18.5-foot
sampling height shows greater temporal variations of water vapor content, although the
average for 15 minutes seems to be the same for the two intake heights.

CONCLUSIONS
In general, data from the higher sampling level show a more constant humidity pro-

file over a given path. Motion of the boat into the wind produces a more stable humidity
profile, particularly under conditions of strong wind and high humidity.
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Fig. E4 - Humidity and temperature data from a run on 7 October 1969 between
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Fig. E5 - Humidity as a function of time recorded while anchored
at Clark's platform under calm conditions

It seems probable that some of the data taken at the 9.0-foot level have been affected
by possible heating and water vapor contributions from the wooden boat deck and from the
engine exhaust spray, which may account in part for the higher temperatures observed at
the 9.0-foot level. As a consequence of this possibility, the experimental arrangement is
being modified so that the air intake will be ahead of the boat, well removed from any
possible spray or thermal influence by the boat.

FUTURE PLANS AND ACTIVITY FOR MEASUREMENT OF
ATMOSPHERIC METEOROLOGICAL PARAMETERS

To remove any humidity and temperature contributions from the boat deck and engine
exhaust the sampling instrumentation is being redesigned so that samping will occur at a
point 20 to 30 feet ahead of the boat. Provision will be made to make humidity profiles
up to 30 feet above the water surface. Humidity profile runs will be concurrent with laser
propagation measurements over any of the overwater paths. A rapid response micro-
thermometer system for sensing instantaneous temperature differences in the atmos-
phere has been purchased and is currently undergoing acceptance tests. This instrument
will be used to directly measure the strength of atmospheric turbulence along the paths
being used for laser propagation studies.
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ATMOSPHERIC LASER PROPAGATION MEASUREMENTS

J. A. Dowling, J. A. Curcio, and H. Shenker
Optical Sciences Division

PROCEDURE

A propagation test range has been set up at CBD to study the effects of atmospheric
turbulence on laser beam transmission. This facility consists of an environmentally
controlled building housing both the laser transmitter and receiver in addition to signal
processing and analysis equipment. A 16 by 24 inch plane mirror on a precision mount
supported on a concrete pedestal is located at the opposite end of the range. The mirror
is enclosed by hinged doors when experiments are not in progress. This range is illus-
trated in Fig. F1. The atmospheric path available is approximately 2200 feet. As shown
in Fig. F1 the maximum variation of beam height above the underlying surface is ap-
proximately 2 percent of the path length. The line of sight crosses grassy terrain with
the exception of a road and concrete test pit near the return mirror. Two monitoring
stations are used to record air temperature, humidity, wind velocity, and direction and
are located adjacent to the path as shown in Fig. F1.
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Fig. F1 - CBD laser propagation range

A 633.-nm He-Ne laser has been used during initial experiments over this range.
The laser output (nominally 3 mW) is focused, spatially filtered, and recollimated using
a telescope in front of the laser. The exit beam is roughly 2.0 inches in diameter with
a divergence of approximately 0.2 milliradian or about 2.5 inches for each half of the

F1
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2200-foot folded path. At times when there is a temperature difference between the out-
side air and the air inside the laser-receiver building (T building), appreciable turbulent
activity may be anticipated immediately in the vicinity of the laser beam exit port in the
side of the building. Although no quantitative determination of these effects has been
made, nevertheless a window of optical quality has been installed in this port. The re-
ceiver port is used just as an uncovered opening. Any effects at the transmitter port
would be exaggerated by the lever arm of the entire path, while beam direction changes
at the receiver port are multiplied by only a 4-foot lever arm.

The receiver used during the initial experiments over this path is illustrated in
Fig. F2. The main components are: an f/4 objective lens of 50 cm focal length, a field
stop located at the paraxial focus of the lens which limits the receiver field of view to
6 milliradians, a narrow bandpass interference filter of approximately 1 nm spectral
bandpass slightly inclined to the telescope axis so as to center its bandpass at the laser
wavelength, and an S-20 2-inch-end-window photomultiplier detector. The receiver as
well as the laser transmitter are mounted on precision-screw-actuated tables, providing
precise adjustments for azimuth and elevation.

APERTURE
/STOP
/ N.D.
74 FILTER
( BAND PASS
FILTER a\ =I0A
f/4
OBJECTIVE
12.5¢cm

S-20
FIELD STOP PM.

e I

RECEIVER OPTICS

Fig. F2 - Laser receiver

The signal processing and recording electronics used during initial experiments are
illustrated in block diagram form in Fig. F3 and consist of: a logarithmic converter di-
rectly connected to the photomultiplier detector, an analog instrumental tape recorder
used in the FM mode at 7-1/2-inch/second record and playback, an averaging voltmeter,
and an 0.1 to 500 kHz rms voltmeter. The response of the logarithmic converter has been
checked by inserting a series of calibrated test currents (10-9 to 10~5 amperes) at the
input. The output voltage was within 1 percent of the expected nominal value for a
1-percent tolerance on the input current, where the nominal output voltage e  is obtained
from the relationship

i n

i
e, = -2 lo ——volts .
o glo 10-3 amp
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Fig. F 3 - Signal processing

Initial investigations of the amplitude and frequency statistics of the time-varying
receiver signal have been made. A series of aperture stops have been used to investigate
the dependence of the signal statistics on receiver aperture. A set of five stops having
diameters of 1, 5, 10, 50, and 100 mm was used. These were compensated by including
neutral-density filters whose optical density increased as the ratio of the aperture area
so that the average signal level remained approximately constant.

A signal history of 60 seconds was recorded on tape for each aperture. The time
required to change apertures and record sufficient data on tape for the series of five
apertures was approximately 7 minutes. It is assumed that the atmospheric statistics
were fairly constant during this time. The portion of tape corresponding to each aper-
ture was then cut and formed into a loop. Each loop consisted of 30 seconds of signal.
The loop was then played back continuously, using a loop adapter on the tape recorder,
and analyzed. The amplitude probability analysis was performed by playing the tape loop
record for each aperture into a Quan Tech Model 317B probability analyzer. This device
provides an output proportional to the amount of time that the signal amplitude exceeds
a slowly increasing threshold level. The analyzer output of cumulative probability versus
log intensity was then displayed on an xy recorder.

The frequency analysis of the data was made by playing the same tape loop into a
Quan Tech Model 304 frequency analyzer. The output of this instrument was similarly
displayed on an Xy recorder as a record of relative log intensity versus frequency.

The intensity distribution data have been plotted on probability paper. This paper
has one nonlinear axis, symmetrical about the point y = 0.5 and scaled such that the
quantity
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will graph as a straight line when plotted against z on the other linear axis. Thus, a nor-
mally distributed (Gaussian) random variable will plot as a straight line.

Due to the logarithmic operation the waveform being analyzed is an analog of the log
intensity or twice the log amplitude. If the log amplitude is a normally distributed random
variable (Refs. F1-F3), then the data should plot as a straight line on probability paper.

In addition, electrical noise and/or detector nonlinearities, if present, are made apparent
by deviations from straight line plots at the low and high signal amplitude extremes re-
spectively.

RESULTS AND DISCUSSION

The distributions of log intensity (2 X log amplitude) versus cumulative probability
for different receiver apertures are shown in Figs. F4 and F5. The results plot as
straight lines, indicating that the observed scintillations are log-normal and that elec-
trical noise and detector nonlinearities are not serious. No systematic dependence of
the log amplitude variance o, (which is proportional to the slopes of these lines) upon
receiver aperture has been observed in these data. The data in Fig. F4 yield values of
0.2 to 0.4 for o,, with the maximum values occurring for the 5 and 10 mm apertures.
The data in Fig. F5 yield values for o, between 0.02 and 0.1 and are generally independ-
ent of aperture size.
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We plan to calibrate the rms voltmeter readout using test signals with known vari-
ance in order to have an independent determination of o, during future measurements.
It is felt that a second control receiver with fixed aperture would be very useful in
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normalizing results such as those shown in Figs. F4 and F5 so that the nonstationary
behavior of the atmospheric statistics may be taken into account.

The amplitude distribution data obtained thus far are considered insufficient insofar
as specifying the dependence of o, upon receiver aperture; however, the data do indicate
that the dynamic range in the detection electronics is adequate.

Typical frequency spectra are illustrated in Figs. F6 through F8. The data have been
plotted as relative log intensity versus frequency on log-linear coordinates. For fre-
quencies 210 Hz the data are well fitted by the functional dependence In I/I, = e"¢f with
two exceptions, namely, the curve for the 5-cm aperture in Fig. F7 and the data shown in
Fig. 8. These two spectra were taken under conditions of relatively low scintillation. An
exponential decay constant « has been determined for each of the remaining curves which
do agree with the above expression. This empirically derived quantity is plotted as a
function of aperture diameter in Fig. F9. This plot shows a systematic increase of «
with increasing aperture, although the functional dependence upon aperture size is not
consistent for the two sets of data. Some attempts will be made to compare these ob-
servations to theoretical predictions of scintillation spectra (Ref. F1); however more
data should be taken before any conclusions are inferred from these results.
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STATUS AND PLANS FOR LASER PROPAGATION MEASUREMENTS

With our present experimental program we are developing a capability and famili-
arity with measurement and analysis of intensity fluctuations in laser beams propagated
through atmospheric turbulence. The dependence of these phenomena upon atmospheric
conditions and the particular features imposed by a maritime atmosphere are subjects
of investigation.

This work has been started using a visible laser and an overland path. The effort
will be shifted to overwater measurements at 10.6 um as soon as is practical. A sensi-
tive, fast-response HgCdTe infrared detector is available for measurements using a 100-
watt multimode CO, laser. A stable, single-mode CO, laser will soon be available.

Additional measurements planned for the immediate future using the visible laser
include rapid sequential photographs of the entire beam incident on a reflecting screen
or collector mirror. We plan to make simultaneous spatial frequency measurements
from the photographs and photoelectric correlation measurements, thereby establishing
the equivalence of these two types of information. The two-point correlation measure-
ments can then be carried over into the infrared with confidence.
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Serious consideration is now being given to experimental measurements which will
be sensitive to phase differences between different portions of an impinging wavefront
and also to wavefront tilt from which information about beam wander may be obtained.
We are presently planning experiments to measure beam motion directly and thereby
obtain a measurement of the phase structure function. Simultaneous combined measure-
ments of intensity and phase statistics will be most useful in categorizing the atmospheric
medium (Ref. F4),and it seems that this is the approach which we should adopt at this time.
A stable platform to be erected soon at CBD will permit intensity and phase measurements
at 10.6 um over a 2-mile path in a maritime environment. A high-speed thermometer
will be used in addition to the meteorological sensors now being used on the overwater
paths. We will be able to monitor these paths concurrent with laser propagation studies
in the near future.
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Appendix G
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BEAM PROPAGATION IN AIR DOPED WITH SF,

Louis Sica and E. A. McLean
Plasma Physics Division

(C) In this appendix we will present a laboratory study of thermal defocusing in air
using a CO, laser beam. Our philosophy in undertaking a small-scale experiment is to
gain sufficient understanding of the phenomena to aid in predicting results of larger
scale experiments and to indicate the areas where the efforts with the larger and more
expensive experiments should be concentrated. There are several advantages to
performing a laboratory experiment rather than a field experiment if one wants to gain
an understanding of the field situation. For example, beam quality, absorption coefficient,
path length, wind velocity, and the homogeneity of the medium can be controlled. The
medium itself can be varied as well as the beam diameter so as to change the time con-
stants for conduction and convection. Since one can limit the number of interactions in
“he phenomenon, a theoretical description of the effects of each independent variable
taken separately becomes feasible. Approximate theories for limiting cases may be
more easily tested and generated. These separate analyses may then enable one to under-
stand the more complex situation for which a purely mathematical analysis might be
very difficult.

(U) The observations which we are reporting here are of two different types designed
to supplement each other. The first is the observation of the intensity profile of the
defocusing beam as a function of time. The second is the observation versus time of the
integrated index of refraction perpendicular to the defocusing beam. This exposes to
view the processes of conduction and convection along the beam.

(U) Figure G1 shows the experimental arrangement used to observe the intensity
profile of the defocusing beam. The CO, laser beam had a power of 3.2 watts and a power
density at the center of 21 watts/cm?2, It passed through a cell 16 cm long which contained
1 atmosphere of air and enough SF (less than 5 Torr) to provide an absorption coefficient
of 0.087 cm™! . This is not enough to alter the bulk properties of the medium from those
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Fig. Gl - Apparatus for determining the beam profile
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of air. The beam was then swept in a vertical plane past a gold-doped germanium detector
by a four-sided rotating mirror moving at 1800 rpm.

(U) The rotating mirror and detector were also used to measure the Gaussian param-
eter of the laser beam as it entered the absorption cell. (The Gaussian parameter is
defined here as the half width of the intensity profile at 1/e.) Figure G2 shows the mea-
sured laser intensity profile scaled to fit a Gaussian function. The good fit ensures that
the laser was operating in the TEM,, mode. The Gaussian parameter g for the laser
beam was found to be 0.22 cm.

(U) Figure G3 shows oscillograms of the defocusing beam profile at the indicated
times measured from the moment of opening of an electromechanical shutter. A pulse
from the shutter triggered the upper sweep of the oscilloscope, that is, the upper trace
in each picture. Each spike on the upper trace corresponds to one sweep of the defocus-
ing beam across the detector. After a variable time delay a brightened spike occurs
which is magnified by the faster speed of the lower sweep. One can see from the upper-
trace spikes on the first oscillogram that the defocusing reaches a maximum (or the peak
intensities reach a minimum) at about 0.05 sec. After attaining its maximum diameter
the beam contracts somewhat but not to its original width. This is shown by the increase
in amplitude of the spikes of the upper trace in the last frame at 0.44 sec. It is also
shown clearly by the increase in height and decrease in width of the pattern in the lower
trace of that oscillogram compared to the beam profile shown in the immediately preced-
ing oscillograms. This lessening of defocusing is caused by increasing convection which
brings unheated air into the beam path, thus increasing the refractive index. It has been
observed previously in thermal defocusing in liquids by Carman and Kelley (Ref. G1). The
defocusing overshoot observed here is unaffected by possible beam motion into the con-
vective wind due to the vertical plane of the scan across the detector face. This also
accounts for the fact that one does not observe the two humps of the half-moon rim. We
have observed this feature however in the defocused pattern as seen using a liquid-crystal
image screen detector.

B=0.22cm

RELATIVE INTENSITY

0 20 46 -2 -8 -4 0 4 8 12 18 20

Fig. G2 - Laser intensity profile at 3.8 watts. The data
points are experimental measurements and the curve is
a theoretical Gaussian (e x¥B2 ).
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0.017 SEC 0.040 SEC 0.082 SEC

0.104 SEC 0.180 SEC 0.440 SEC

Fig. G3 - Defocusing laser beam intensity scans. Times shown indicate
elapsed time since opening the shutter.

(U) We turn now to the observation of the index changes which cause the defocusing.
The arrangement of the apparatus is shown in Fig. G4. The CO, laser beam is incident
on a beam expander, which for the present experiment was operated one-to-one; i.e.,
both mirrors had equal focal lengths. They were adjusted so that there was slight focus-
ing of the beam to reduce its diameter somewhat at the cell entrance window located
4 m from the laser. The dotted pattern after the beam expander indicates the position of
a mirror used to deflect the beam to the rotating mirror and the detector for measure-
ment of its profile. The distance from the mirror to the detector equaled that from the
mirror to the cell. The timing reference laser sent a beam into the field of view of the
movie camera when the shutter opened, thus marking the zero of time. The power meter
was used to monitor the power continuously during each filming run. The 5-mW He-Ne
laser in the upper-right-hand corner of Fig. G4 served as the light source for the
interferometer.

(U) Before considering the movie data of the fringes formed during defocusing in air,
it is useful for purposes of comparison to review briefly the evolution of the fringes
accompanying defocusing in liquid carbon tetrachloride doped with iodine. This is shown
in Fig. G5. The defocusing beam itself is shown at the right of the fringes at correspond-
ing times. Notice that at 0.5 and 0.9 sec the fringes and the defocusing beam are essen-
tially symmetrical. At 2.5 sec the beam spot has almost reached its steady state asym-
metry, but the fringe asymmetry is perceptible only in the very first fringe at the left.

In the bottom frame a cylinder of fluid is rising in the cell, but the defocusing spot has
not changed appreciably.

CONFIDENTIAL
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(U) A movie for the air case was taken at 500 frames per second, but, except for the
faster rate of development, evolution of the fringes was observed to be similar to that
described above. Three frames from this movie, representing states corresponding to
the last three frames shown in Fig. G5 for liquid CC1,, are shown in Fig. G6. The defocus-
ing beam is incident from the left in the region of the notch. The early time symmetry
of the fringes gives way to gradually increasing asymmetry as the fringes move upward
in the field under the action of the bouyant force. A cylinder of fluid then rises in the
field, and there is a decrease in the amplitude of fringe deflection in the neighborhood of
the notch.

(U) We have exploited the similarity between the liquid and gas cases by fitting fringe
shapes occurring at early times to contours computed from the thermal diffusion equation
alone, under the assumption of a Gaussian heating source (Ref. G2). Figure G7 shows
such a fit for a fringe approximately 1 cm from the entrance window at 0.042 sec. The
dotted line in this figure indicates the shape of the Gaussian heat source used to compute
the shape of the outer curve. The reasonable fit of the data is consistent with the general
indication that convection is a small influence at this time.

(U) Figure G8 is a composite of the shapes assumed by the fringe at a set of different
times. These times are listed on the upper portion of each curve. It is pertinent to con-
sider the shape of the fringe at significant times in the evolution of the defocusing as
indicated by our rotating mirror intensity data. The thermal conduction time constant
B2/4K (where K is the heat diffusivity) equals 0.056 sec for our beam radius. The con-
duction time is the time it takes for a heat impulse to spread over the beam area, and in
the convectionless case it corresponds to the time at which the beam has defocused to
about 1/2 its maximum size. In the present case it corresponds to maximum defocusing,
since perceptible upward fringe motion is beginning to occur at that time which limits
the amplitude of the fringe deflection. Contraction of the defocusing beam has been com-
pleted by about 0.29 sec, so that this fringe corresponds to a steady state for the propaga-
tion process. The fringes in the region of the heating beam have essentially reached their
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Fig. G5 - Interference fringe deflection due to the heat-
ing of CCl, by the absorption of He-Ne laser light
(6328 A). ’I‘he heating beam passes through the cell
horizontally from left to right. The time indicated on
the left of each photograph is the elapsed time after
turning on the laser beam. The two small patterns at
the right show the thermally defocused laser beam as
viewed 55 cm from the exit window of the liquid cell.
(Two patterns are produced due to reflections from the
two surfaces of the beam splitter.)

O SEC

0.5 SEC

2.5 SEC

68 SEC

|

G5

final shape. Consequently, the fluid motion need be accounted for theoretically only dur-
ing a limited time and over the limited region of the heating beam.

(U) Another indication of the nature of the fluid motion is shown in Fig. G9. This is
a plot of the vertical displacement of the fringe peak versus time. The plot indicates that
although fluid motion begins at t = 0, the displacement has been less than 25 percent of

the Gaussian parameter up to about 0.05 sec. As we have seen, the defocusing stops

increasing after this time because of the increase in the fluid motion. The shape of the
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Fig. G6 - Selected frames taken from a movie showing
the interference fringe deflection due to heating of air
(doped with SFg) by the absorption of CO, laser light
(10.6 um). The elapsed times after turning on the
laser beam is (a) 0.041 sec, (b) 0.159 sec,and (c) 0.275
sec. The heating laser beam enters the absorption
cell through a window at the base of the notch to the
left and passes horizontally through the cell. (The dot
in the lower-right-hand corner of the frames is from
the timing reference laser.)

ical curve.

Fig. G7 - Fringe shape in air doped with SFg . The
time r_ = g2/4k
The plotted points are measured values with esti-
mated error brackets. The solid line is a theoret-
The dashed line is the Gaussian source.

= 0.0576 sec and t = 0.042 sec.
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Fig. G8 - Composite fringe shapes at dif-
ferent times during thermal defocusing in

air doped with SFg
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Fig. G9 - Vertical displacement of the
fringe peak as a function of time
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graph appears to be roughly parabolic, and the log-log plot of Fig. G10 shows that this
is indeed the case. The equation of the curve of best fit is shown in the upper-left-hand
corner.

We have computed the fluid position versus time given by an approximate solution to
the Navier-Stokes equation. It initially has a cubic dependence on time and contains a
scaling time constant g2/, = 0.3 sec. Here g is the Gaussian parameter and , is the
kinematic viscosity, which equals 0.15 cm?2/sec in the case of air. We are currently using
this expression together with the conduction equation to see if it is possible to account
for the asymmetry of the fringes at early times.
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Fig. 10 - Same as Fig. 8 except plotted
on log-log scale
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Appendix H
(Secret)

TARGET AND MATERIALS DAMAGE ANALYSIS

Bruce J. Faraday, Carmine A. Carosella, and Francis J. Campbell
Solid State Division

METHOD OF ANALYSIS

This appendix will fall into four principal subdivisions. First, a comprehensive list
of enemy threats to the Navy as compiled from intelligence sources (Refs. H1-H5) will
be presented. Special emphasis will be placed on missiles, since these are presumed to
be the primary current and future threat. From this tabulation, one missile, the SS-N-2
(Styx), will be selected and analyzed from the point of view of its components, materials,
and structure. Next, one material, an aluminum alloy, will be surveyed for an examina-
tion of those parameters that could be relevant from the point of view of Eighth Card
damage studies. Finally, an actual experiment will be described to illustrate the experi-
mental approach to determine quantitatively a parameter which could be important to
materials damage, namely, the absorption of 10.6-,m radiation in aluminum alloy. The
general plan of approach, then, is to follow a systems analysis beginning with an opera-
tional threat, e.g., a missile, to actual materials damage experiments which can be per-
formed at the radiation facility to be set up at NRL in building A69 by Code 6460, and in
due time, lead to target damage experiments to be carried out at the GDL installation at

CBD.

THE THREAT TO THE NAVY

The current threat picture is indeed imposing, as shown in Fig. H1. The threat is
subdivided according to type in the first column. Some types of threat, e.g., aircraft, may
fulfill a multiplicity of functions. An aircraft may serve as a platform for a standoff
air-to-surface missile and as such would be too far distant for an Eighth Card attack.

TOTAL THREAT TO NAVY

MISSILE THREAT TO NAVY

AIRCRAFT
MISSILES — . MISSILES PLATFORM | MISSILE PLATFORM
SURFACE SHIPS (SURFACE TO SURFACE) KRUPNYY (AIR TO SURFACE) (PLANES)
SUBMARINES SS-N-1 DESTROYER KILDIN AS-1 BADGER B
SATELLITES ggig:i(m)} SR BOATS{QZ’;MR As-2 BADGER C
COSTAL DEFENSE . AS-3 BEAR B/C
W-CONV.
SUBMARINES) J-CLASS AP BLINDER: B,
SS-N-3 g::l AS-5 BADGER G
(SURFACE TO SURFACE - COASTAL)
SURFACE KYNDA
SHIPS (cuuxsam{xnasn SS'C'”’}COAS“L
7.GLAgS | 55-C-2b SITES
§S-N-4 SUBMARINES G-I (SURFACE TO AIR) (SHIPS)
S=1t KOTLIN, KYNDA
G-1 SA-N-1 KRESTA, KANIN
=Sz SUBMARINES e KASHIN, KILDIN
PROBABLY MOSKVA
$5-N-6 SUBM/\RINES{Y_CLASS SA-N-3 {KRESTA
SAWFLY
SUBMARINE {? ?

Fig. H1 - The total threat to the Navy and an analysis of the
missile threat with appropriate launch platforms

GONF\DEN'\'\M.
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Variants of the same aircraft may serve a reconnaissance function and thereby become
a legitimate Eight Card objective.

In the second and fourth columns of Fig. H1 are seen a catalogue of various missiles,
together with their respective platforms in the third and fifth columns. The tabulation
shows the scope of the enemy missile arsenal — from subsonic missiles, such as the SS-
N-1 or SS-N-2 to high-speed missiles (mach 3 or 4) with 1-ton nuclear warheads, such
as the AS-4 (Kitchen) missile. It also points out the wide range of launch platforms
(patrol boats, destroyers, aircraft, submarines, etc.) for the various missiles. The
SS-N-3 is a particularly versatile weapon, having the capability of being launched by a
variety of platforms (submarines or destroyers) and in a slightly modified version called
the SSC-1-b (Shaddock) can be launched from mobile coastal defense sites.

The growing importance of missiles in the enemy’s offensive plans may be inferred
from the fact that on 1 October 1967 the U.S.S.R. was credited with having 187 surface
ships, 370 submarines, and 3000 minor ships and craft. Among this number were 32
guided-missile cruisers and destroyers, 55 cruise-missile submarines, and 144 guided-
missile patrol boats.

THE SS-N-2 MISSILE

The missile chosen for a more detailed treatment is the SS-N-2 (Styx). This weapon
was chosen because it constitutes an important current threat to the Navy and because of
the relatively complete state of knowledge according to intelligence sources (Refs. 4 and 5).
This is not to imply that it will be the chief target of the Eighth Card program. By the
anticipated time of the initial operational capability of the Eighth Card program, other
missiles listed in Fig. H1 or future variants of these may be of primary interest. How-
ever, the relatively comprehensive level of information available on the SS-N-2 provides
a guide for the analysis of other threat systems and for the location and identification of
knowledge deficiencies in these.

The SS-N-2 missile is described to be a part of “a surface-guided missile system
for use against naval ships whose relative size, importance, or disposition requires
accurate delivery of an 1100-1b high-explosive warhead.” There is no U.S. counterpart
to the SS-N-2, although it represents essentially a physical combination of the Regulus I
and the Lacrosse missile systems.

An analysis of the SS-N-2 missile according to function, configuration, and components
is shown in Fig. H2. An evaluation of the location and function of components from the
point of view of vulnerability of the SS-N-2 to Eighth Card attack can be summarized in
the following list:

1. Thin aluminum alloy skin sections (as low as 0.047 in.).

2. Fiberglass nose section (thickness 6.3 mm); possible IR window (3 to 5 ,m).

3. Electrical and fuel lines relatively exposed on the ventral surface of the missile.

4. Fuel tank that is an integral part of the fuselage.

5. Use of flush rivets on the skin.
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SS-N-2 (STYX)
TOP VIEW ==
B =T ‘|
2.5' 8
P N ‘
I
——
SIDE VIEW (INTERNAL)
FUEL TANK OXIDIZER TANK SOLID FUEL
A BOOSTER
- NOT SHOWN
- /L-"-‘
RADAR & - GUIDANCE & SUSTRAINER
ANTENNA AuTOPILOT ENGINE
. GUIDANCE ELECTRICAL & |
FUEL CONDUIT |
L ' ]
&1 -
DESCRIPTION OF SS-N-2
GENERAL:
TYPE: CRUISE
SPEED: 0.9 MACH (TERMINAL) SKIN TEMP = 100°C
RANGE: 4.5 TO 22 NM; TIME = 36 SEC -150 SEC
ENVIRONMENT: LOW ALTITUDE - NAUTICAL (330-1000 FT)
LAUNCH PLATFORM: OSA, KOMAR PATROL BOATS
WEIGHT: TOTAL = 4600 LB; BURNOUT = 2600 LB
CONFIGURATION:

NOSE SECTION: BLUNT; 1.4' LONG x 2.0’ WIDE; FIBERGLASS (6.3 MM)
(POSSIBLE I.R. WINDOW (3-5,))

GUIDANCE: PREPROGRAMMED AUTOPILOT, X-BAND RADAR ACTIVE SEEKER
(POSSIBLE I.R. PASSIVE (3-5y))
PROPULSION: SOLID FUEL BOOSTER (1.3 SEC) - (K C£ O‘/C2H‘O)
LIQUID FUEL ROCKET SUSTAINER _ [AMINE FUEL
(STAINLESS STEEL) FUMING NITRIC ACID OXIDIZER
WARHEAD: 1120 LB, SHAPED CHARGE WITH FORWARD STEEL CAVITY; IMPACT FUZES

{WINGS: MOSTLY REL. LOW STRENGTH AL-2024; SKIN THICKNESS .04 “-.10"

FUSELAGE: )| SEMI-MONOCOQUE CONSTRUCTION; DESIGN LOADS SAFETY FACTOR: {1.05 FOR YIELD
1.3 FOR FAILURE

WING WT. 68 LB (EACH) TOP .0985"
BOTTOM .0787 "

WINGS BOLTED TO FUSELAGE AT 13 POINTS

FLUSH RIVETRY; SWEPT WINGS (66°), {LEADING EDGE .047" THICK}

Fig. H2 - The SS-N-2 (Styx) missile
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6. Relatively long wing and fin roots.

7. Relatively low design factor (1.05 for yield).

MATERIAL PARAMETERS OF ALUMINUM ALLOY

The material selected for a detailed examination of parameters relevant to Eighth
Card damage studies is aluminum alloy 2024. It is not being suggested at this time that
the aluminum alloy skin is the most vulnerable material or component of the SS-N-2 so
far as the Eighth Card program is concerned. However, the fact that it comprises by
far the major fraction of the exterior area and that it is adjacent to components which
are certainly vulnerable (fuel tank and lines, electrical wiring, etc.) makes it advisable
to consider it.

It is pointed out that this particular alloy is a relatively-low-strength metal, which
thereby lessens the likelihood of crack propagation. It is in common use in the Soviet
Aircraft industry and thus may have application as a structural material on aircraft,
satellites, and other missiles.

A list of materials parameters which may be relevant from the point of view of the
Eighth Card program is shown in Fig. H3. The first parameter, the absorption coefficient
a in aluminum alloy 2024 at 10.6 ym is a measure of the extent to which the laser beam
couples with the surface of the aluminum alloy. The accurate measurement of « of
aluminum alloy at 10.6 ym under carefully controlled laboratory conditions is an experi-
ment of more than routine difficulty in that about 98 percent of the incident energy is
reflected at this wavelength. To be relevant to the Eighth Card program « should be
determined as a function of (a) the temperature to simulate the ambient temperature of
an aerodynamically heated missile surface, (b) the angle of incidence of the radiation to
the surface, (c) the actual marine environment (moving salty moist air), and (d) surface
roughness.

An intensive test program is indicated in each of the above categories. Such tests
may point to the relative importance of the various conditions on the value of «; the tests
may also reveal conditions which have been overlooked by the present analysis.

Once the laser beam impinges on the metallic surface, the rate of transfer of thermal
energy from the surface to the interior regions of the metal is important. This can be
evaluated by a measurement of the thermal diffusivity K of the aluminum alloy. A deter-
mination of the value of K as a function of temperature cannot be made by the use of hand-
book values of the thermal conductivity and the heat capacity. These values represent
static values measured under ideal controlled laboratory conditions. In the present situ-
ation, a high intensity laser beam will couple with the electrons and the lattice of the
metal and may modify the materials parameters. Changes in the bulk properties of the
metal will occur precisely where the laser beam is being delivered to the metal. Thus,
measurements of the thermal diffusivity should be made not only as a function of temper-
ature but also as a function of the power density delivered by the laser beam and the
actual area of the beam.

The third subsection of Fig.H3,Strength of Materials, incorporates some of the
suggested mechanisms of damage of the aluminum alloy skin by a Eighth Card weapon.
These reflect the point of view that the primary mechanism of damage should not neces-
sarily be considered to be melting or vaporization. It is suggested that a modest decrease
in strength, ductility, stiffness, etc. can lead to structural failures which may cuase a
missile to abort its primary mission.
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AL-2024
AREAS OF STUDY

@ ABSORPTION (REFLECTION) COEFF. AT 10.64

T MICROANALYSIS
0 inc CHEMICAL >
ENVIRONMENT (VACUUM, MOVING AIR, WATER VAPOR, ETC.) <METALLURGICAL
SURFACE PREPARATION  (ROUGHNESS, PAINTS, ETC.)
ACTUAL CONFIGURATIONS (RIVETS, JOINTS, WING ROOTS, ETC.)

(@ THERMAL DIFFUSIVITY . k (ﬁ)
T pe \sec

POWER DENSITY
AREA OF BEAM
ACTUAL CONFIGURATIONS

(® STRENGTH OF MATERIALS
STRESS-STRAIN VS. TEMPERATURE
CRYSTALLINE PHASE CHANGES
RESISTANCE TO CRACK PROPAGATION
CRACK FORMATION IN THERMALLY SOFTENED REGIONS
ACTUAL CONFIGURATIONS

Fig. H3 - Experimental material parameters of aluminum alloy 2024
relevant to Eighth Card damage studies

As pointed out earlier the SS-N-2 (in common with most aerodynamic systems) is
not overdesigned for its mission - having the safety factor of 1.05 for yield and 1.30 for
failure. It is not unreasonable to expect that a localized high-energy laser beam by its
heating action may bring about phase changes in the crystal structure (below the melting
point) which will change the material properties of the metal. For example, a localized
area of the skin may become more brittle during the course of a solid-state phase change.
This would greatly increase the probability of incipient embryo cracks in this region to
propagate, because the resulting stress intensity may exceed the design stress level.

For higher temperatures, the possibility of the formation of cracks in a thermally softened
region should be examined.

In the determination of all three types of parameters above, actual configurations
(riveted sections, butt joints, welds, wing roots, etc.) should be studied in parallel with
standard laboratory samples.

EXPERIMENT DESIGN

A relevant experiment will now be given for illustrative purposes. It is designed to
measure the absorption coefficient of aluminum alloy 2024 at 10.6 pm. In particular it
is suggested as a way to study « as a function of ambient metal temperature as well as
surface preparation (high polish, roughness, paints, welds, etc). The experiment is
designed as a survey or test type which can serve as a prototype for more detailed exper-
iments to relate changes in « caused by different surface preparations.
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The classical heat flow equation, with a source term, is given by

d Q,a
_T_=KV2T+ 2
at pc

Here 0, is the optical power per cm? incident on the sample, « is the absorption coeffi-
cient in cm-!, T is the temperature (°C), t is the time, , is the density, ¢ is the specific
heat, and K is the thermal diffusivity in cm?/sec.

The equation as it stands neglects convection and radiation terms. If there is no
heat flow from the sample and if the sample is sufficiently small (about 7 cm?2 in area
and 1 mm thick) and uniformly heated by a laser beam, then the diffusion term Kv2T may
be neglected. Thus

The temperature of the sample is measured as a function of irradiation time, and
the slope of the temperature rise of the aluminum alloy versus time allows the deter-
mination of the value of «. The quantity 0, would be measured with a radiation thermopile;
p and ¢ would be taken from handbook values.

The experimental arrangement is shown in Fig. H4. The experiment would initially
be conducted in vacuum to eliminate conduction and convection losses. A radiation shield
made of the aluminum alloy heated to suitable temperatures would minimize sample
radiation losses. The experimental procedure would consist of heating the sample with
the laser beam to the temperature where radiation losses are minimized and recording
the incremental temperature rise versus time (using a thermocouple and a suitable
recorder).

Calculations show that for the worse case expected (98-percent reflection and normal
incidence) the temperature rise for a 300-watt CO, laser beam on the Al alloy sample
would be 2.5°C/sec. For a 100-percent absorbing surface the temperature rise would
be 125°C/sec. Within the range of these values, the experimental measurement of tem-
perature should be routine.

RADIATION
SHIELD
AL SAMPLE THERMOCOUPLE
S R LEADS
CO, LASER
1 | 7|RECORDER
| Tvst
BEAM EXPANDER
OPTICS * VACUUM
CHAMBER
THERMOPILE
DETECTOR

Fig. H4 - Experimental arrangement for measure-
ments of absorption coefficients of aluminum alloy
2025 at 10.6 pm
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ABSTRACT
[Unclassified]

Interest in the problem of the heating which occurs in
materials irradiated by intense laser beams has been
stimulated by the continued development of lasers with high
power output. The present classical analysis, unlike most
of the literature published to date, includes the blackbody
reradiation by the material and its effect on the final equi-
librium temperature, as well as the changes in temperature
with time. Only the simple heating problem is considered;
effects such as melting or plasma blowoff are ignored.

PROBLEM STATUS

This is an interim report; work on this problem is
continuing.

AUTHORIZATION

NRL Problem R05-31
Project ORD 0832-129/173-1/U 1754 P.A. No. 1

Manuscript submitted September 16, 1969.

ii CONFIDENTIAL



CONFIDENTIAL

A THEORETICAL STUDY OF HEAT CONDUCTION
ASSOCIATED WITH LASER-IRRADIATED SOLIDS
[Unclassified Title]

INTRODUCTION

(U) The continuing development of lasers with high power output has stimulated in-
terest in the problem of material heating due to irradiation with high-energy laser beams.
In addition to heating, high-power beams may vaporize some of the material through the
""blowoff'" phenomenon and subsequent shock waves. Studies of these high-power -density
effects have been reported in the literature (1-4). However, all the reported work either
ignores the material's blackbody reradiation and its effect upon the final temperature, as
well as the rate of change of the temperature, or the problem is presented without a so-
lution. In this report, only the heat conduction problem with a fourth-power radiation law
at the boundary is considered. This corresponds to the case where the energy flux is not
sufficient to produce a plasma or shock waves, or to the case where the target is moving
and the beam is not focused on the material long enough to produce these more spectacu-
lar effects. This report presents a purely classical treatment of the problem.

STATEMENT OF THE PROBLEM

(U) The problem under consideration is depicted in Fig. 1. A laser beam with a
spatial power distribution given by P(r) is incident from the left on the plane boundary
of a semi-infinite solid. A cylindrical coordinate system is chosen with its origin at the
center of the beam and lying in the plane boundary of the solid. The z-axis is chosen
normal to the boundary of the solid, and the r and ¢ corrdinates lie in the plane of the
boundary.

(U) The heat conduction equation is

d
V2T(r,t) = '175?T(r,t) (1)
//7
P(n) 7 / (k, p,c)
INCIDENT

LASER BEAM /
TARGET /

MATERIAL
L(SEMI-INFINITE)

z=0

Fig. 1 - A laser beam with spatial power dis-
tribution P(r) is incident on a semi-infinite
solid characterized by its thermal conductiv-
ity k, density p, and specific heat ¢
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where

K = k / pC (2)
and T(r,t) is the temperature in the solid, k is the thermal conductivity of the solid, ,
is the density of the solid, and c is the specific heat of the solid. This form of the equa-

tion implies the assumption that «, and hence p, k, and c, are constants.

(U) The boundary condition at z = 0 is taken to be
T

where E is the emissivity of the surface, o is the absorption coefficient for the appro-
priate frequency, and o is the Stefan-Boltzmann constant. The term oET* represents
the blackbody reradiation at the surface, and T; is the initial temperature at the surface.
It is assumed that the target and its environment are initially at the same temperature
(thermal equilibrium).

(U) In an idealized situation where no melting or other changes of state occur, the

temperature in the material becomes uniform as time becomes increasingly large. In
this case d7/9z vanishes in Eq. (3), and a final equilibrium situation is achieved:

aP(r) = cE(T4-T#) . (4)

This concept makes it possible to define a final equilibrium temperature 7, as

aP
T[‘ = _0 + T~4 (5)
o

where E has been taken as unity in order to estimate a lower limit for 7,. T, repre-
sents the maximum temperature that can be obtained in the solid; P(0) = P, is the power
density at the center of the beam which is assumed to be a maximum at this point.

ONE -DIMENSIONAL CASE
(U) As a first approach to the problem, a solution to Eq. (1) will be attempted for

the one-dimensional case. For this situation, P(r) = P, = constant, and 7; = T, (the
ambient temperature). Equation (1) becomes

i A (6)
dz? K at

and the boundary condition (Eq. (3)) at z = 0 is

aT
k=== Py ~w(TH 1) (7)

where the emissivity £ has been taken as unity.
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(U) The Laplace transform of Eq. (6) is now taken; this gives

32i s = T,
G R Tw )
where
T(z,s) =I e~ ¥t e, &) di
0
and T (z,0) = T,, with s being a complex variable. Equation (8) has the solution
e -2~ 9
T(z,s):A(s)eng+ /s ®)
where 4 (s) will be chosen to satisfy the boundary condition, which gives,
T(zst)= T, % —l-é.d(s) e-‘vg eSt ds (10)
2mi

where ¢ indicates the Bromwich integral. Thus Eq. (10) is the inverse Laplace trans-
form of Eq. (9).*

(U) Substituting T (z,t) from Eq. (10) into Eq. (7) gives

4
27”?‘/7 A(s) e®t ds = af, = o <T + —2% A(s) eSt ds> + Tt (11)

for the boundary condition at z = 0. This may be rewritten as

-~ 1/4
1 0 k 1 S
T, + — Arsyettdsiz [ = === /:Ase’td + T4
27i (=) o <U 2m’§ x () s) 9
1/4
(Tt =1, <0 2171§‘/_A(S) est ds) # L&

/4

= Tf <1 o GT[A %éfA(S) ESt ds> (12)

I

*The Laplace transform theorem must be applied to the transforms for the semiclosed region z 2 o.
If it were applied to the transform of e~*y/s/k, for example, which is valid only for the open re-
gion z > o, the limiting case of the boundary z = o would not be available. Hence the theorem
must be applied to functions f(s) of the type that are valid for z > o.
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with the aid of Eq. (5). If it is assumed that the second term in the bracket is much less
than unity because of the 774 factor, this expression may be expanded approximately as

T, + 2 A(syetds=~T §‘/_A(s) eSt ds + .. ..

27i 40T,3 2mi

Therefore,

T, -T
1 bestds |1+ £ EA(S)_(_f;")... =00
2mi 40T 3V K s

By equating the integrand to zero, the following expression for 4 (s) is obtained:

Tf - T8 y(Tf"Ta)

i

A(s)

where

40 \/-K— Tfa
: .

Using this result in Eq. (10) gives

T(z,t) T +(Tf-T)—1§_S_[e_\/___:_y] et ds

Now since

1 _ 0 1
s(ys+y) 7S yys(Vs+)

The integral in Eq. (17) can be written

-,‘/E ,\/_ l‘/?
)’ e K S 45 :_§ 1 e K

2mi s(ys + v) 27§

Vs (y5+ 7)

Stds-— _———CStds.

(13)

(14)

(15)

(16)

17)

(18)

(19)

(U) From standard tables of Laplace transforms (for example, Spiegel (5)), the two
terms on the right in Eq. (19) can be written in terms of error functions. Then Eq. (17)

becomes

T(z,t) = (T,-T,) erfc( E )-e" erfc(y t + o ) + T .
2 [kt 8

(20)
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At the boundary (z=0) Eq. (20) becomes

T(0:t) = (T,-T;) [1 - ey“ erfc(y\/T)] + T (213)

or using Egs. (4) and (5)

oP 1/4
T{0,t) = [(0—; + Ta“) - Ta:H:l « @tk erfc(y \/_t):l I (21b)

Now erfc(x) =1 for x = 0, and erfc(x)~0 as x-~=, Therefore, at the boundary, for
t =0 Eq. (21a) becomes

T(0,0) = (Te=~L,(1=1)+ T, =T, ,

a

and in the limit as ¢t »

lim T(0,6)>(Te-T,)(1) - T, = Tf .
t—00

As the time ¢ gets very large, the temperature T of the material goes asymptotically to
T; at the boundary (z=0), as is expected from physical arguments. The same arguments
applied to any finite value of z give the same results.

(U) The solution to the one-dimensional problem is presented because it is obtained
without too much difficulty, and because it is of some physical interest. It also serves
as a guide in treating the three-dimensional case. This solution does not take into ac-
count any changes of state in the material or any temperature-dependent variation of the
thermal parameters of the material. If melting or vaporization occurs, the validity of
the solution is questionable. However, Eq. (21b) may be of some value as an initial esti-
mate of the time required for a given incident power density to initiate melting in a given
material,

(C) Figure 2 presents some calculations based on this solution using zinc as the
target material. The values of the parameters for zinc are taken from the Handbook of
Chemistry and Physics and are given in Table 1. The incident power density P, is taken
as 30 kW/cm?2, Table 2 presents a similar computation for a power density of 1 MW /cm?2,
again using zinc as the target material.

Table 1 (U)
Values* of the Thermal Parameters of Zinc
Parameter Value
Thermal Conductivity k = 1.13x107 erg cm™! deg™! sec-!
k/pc (=) x 0.5 cm?sec!
Absorption Coefficient e = 0.15
Stefan-Boltzmann Constant o = 5.67x10"5 erg cm~2 sec-! deg-4

*Taken from The Handbook of Chemistry and Physics, Chemical Rubber Publishing Co., Cleveland,
Ohio, 34th Ed.
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Fig. 2 - Theoretical temperature distribution for a zinc target irradiated by a
laser beam. Each curve shows the variation of temperature with time for that
particular location (or value of z) within the target; z is measured in the di-
rection of the laser beam (normal to the target surface). The incident beam's
power densxty P, is 30 kW/cm?2, and a is 0 in the power distribution relation
PEPy e~4ar? - P, = constant. T, is the final equilibrium temperature of the
target, toward whlch all the curves are asymptotic; 7, is the initial ambient

temperature of the target. The case considered here is one dimensional, i.e.,
T'= T(x; b
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Table 2 (C)
Time Variation of Temperature at the Surface of Zinc for
the One-Dimensional Case for an Incident Power Density
P, of 1 MW/cm-2 and a Final Equilibrium Temperature
T¢ of 1.245%104 K

Surface Temperature (104 K) Time (sec)
0 0
0.0128 1 %3077
0.0284 5x10°7
0.0398 1x10°6
0.0862 5106
0.1195 1x10-5
0.2445 5x10-5
0.3266 1x10-4
0.5660 5x10-4
0.6634 1x10-3
0.9184 5x10-3
1.0029 1x10-2
1.1303 5x10-2
1.1618 1x10-1

THREE -DIMENSIONAL CASE

(U) The three-dimensional problem is treated in the same coordinate system as the
one-dimensional case. It is assumed that the power distribution in the incident beam is
a function of the radial coordinate r only, and that the target material is homogeneous

and isotropic; then the problem has axial symmetry. Under these assumptions, the power
distribution can be written as

P(ey = P gir) (22)
and the heat conduction equation becomes
li<,§_T>+6’_T=10_. (23)
I'or \ ar 9z2 K

Taking the Laplace transform of Eq. (23) gives

1i<,9i)+6’_7-if=_£. (24)
r K K

CONFIDENTIAL




8 ROGERSON, FAUST, AND ANDERSON CONFIDENTIAL

Here it is assumed that the initial temperature distribution T; is given by

¥ = T a5t (25)

1 a

where T, is the ambient temperature, and ¢ is a very small parameter. The factor
e~€r? js introduced to insure convergence in some of the resulting integrals, and the
limit as ¢ becomes vanishingly small will be taken in the final results, so that the initial
temperature is then effectively T,.

(U) Using Eq. (25) for T;, Eq. (24) becomes

T 2T 5 T
li(,£)+ﬂ_51:-_“e-er’, (26)
r 9z2 K K

The homogeneous equation is first solved by separation of variables. Let

T(riz) = Ree) Z(2) . @7
Then
1d [ dR d*Z(z
from which
1 (14 (,dR(—’)) sa =l T (28)
R(rY | * dr dr - Z(z) dz? i

Setting both sides of Eq. (28) equal to -A2 gives

S| -

n

== 0 == R(r) = J,(Ar)

:—r (rdR(r)> + A2R(r)

and > (29)

-z v,\2 +;

208 <,\2 + %) Z(z)

) 0=>2Z(2)=¢

where A is the separation constant. Since exponentially growing solutions of T for 2 > ¢
are rejected on physical grounds, only the exponentially decaying solution for Z(z) was
retained in Eq. (29). Therefore, a solution of the homogeneous equation is

s (30)

where J, (Ar) is the Bessel function of the first kind.

i'(r,z.s) = ]o()\r) e
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(U) For a solution to Eq. (26), assume

s . (31)

zYA2 +—

T(r,z,s) = Jy (A1) e K+ A(s) ?a emer?

where A(s) is to be determined. Then the relation

1 d dT =
T <7> Ny (Ar) e

v,\2 L3 /8
’ *"—4e(l—er2).4(s)?a e-€r?

results from Eq. (31). Since terms of the order of. €2 are assumed to be negligible, then
substituting into Eq. (26) gives

= ]/,\2 ,,i Ta 2 2z }/)‘2 +i
-XJ, (ar) e K- 4ed(s) + e € 4+ <

g ]/,\2 il T i
= ;(]O(/\r) e K+ A(s) - e‘€'2> -2 eer?

Solving this equation for A(s) gives

= 32
A(s) T s+ 4ke ( )
Therefore,
S -z )\2 4»i Ta
T(r,z,s8) = J,(Ar) e / K% gk (33)

S + 4ke

(U) The above solution contains the parameter . A more general solution can be
defined by

B ® P T
T(r‘z's) :J ‘]0()"') e }/)‘ it K [(/\))‘d,\ + SRS e-€r2 (34)
0 s + 4ke

which then gives

2 -z y = T o%e?
PRz )= 1. §e5t dsj f(A\)Jy(ar) e il Adx + -l—§ s ° est dgs. (35)

2mi ) 2mi s + 4«ke

The function f(A) is to be chosen so that the boundary condition is satisfied. Substitut-
ing this solution into the boundary condition (Eq. (3)) gives
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(e 4]

k st S 2 N
mée dSJ; =04 Jo(Ar) F(A) AdX = aP(r)

4

1 : 1 fTaee”
S [ est dsj Jo(Ar) £(A) AdA + — 2 estds|) + a T4 a-t€r? (36)
2mi () 2mi s + 4ke

(U) As a first-order approximation, the term 47/9z is set equal to zero, and

f(\) = £ (\), the "first-guess' solution. Then
1/4

@ estT
1 dest dSJ Jor) £, (M) Ada + 1 ——2 eer? ds = BE(E) o e"€'2> . (37
2mi 0 2mi ) s + 4ke o

From the expressions P(r) = P é(r) and aP,/o = Tg* - T,* (from the one-dimensional
case), Eq. (37) can be written

1 ¥ig J’m ] 2 PP .
—@Qe° A M) AdA + — P———— e " d
2"i§e s0 gWAERTelh) +2771' s + 4ke € y
fnoco e e -
Since T,/T; < 107!, normally, the right-hand side of Eq. (38) becomes
1/4
1/4 T4 T4
+-19) T4 e-4er? = - B g aer?
o] [ o o]
= T g(r)”" 3 (39)
Therefore,
P Ty T 2
f PO 1/4 _ a -er? (40)
J; Ty (ary Fg(X) adx = < @(r) ESs T

(U) In order to obtain f,(1), multiply both sides of Eq. (40) by J,(ur) rdr and inte-
grate from r = 0 to r = ®; this eliminates the r dependence and makes a solution for f

possible:

() (0] 0

T
J. fo(A) Jy(Ar) /\dAJ‘ Jo (pr) rdr =—sf J; g(r)”‘]o(#r) rdr

0 0

T ®
= a J‘ e—eﬂ Jo (ﬂr) vl (41)

s + 4ke 4
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The left-hand side of Eq. (40) is just the Fourier-Bessel integral; its value is folp)e
(See, for example, Ditkin and Prudnikov (6).)

(U) So far, g(r) has not been specified. To get a specific result, a Gaussian distri-
bution of the laser power is assumed, i.e.,

g(r) - e-4ar2 ) (42)

Then, from Gradshteyn and Ryzhik (7) (hereafter referred to as G.R.),

Oy s o eaizan . T o a2/ee (43)
0
2as 2€ (s + 4ke)

where , has been replaced by .
(U) Again, assuming that terms of the order of €2 can be neglected, Eq. (43) gives
as a first-guess solution the expression (from Eq. (35))

1 [ Te 2 T, 2 -2 f)\z*i
T(‘)(r,z,t) =l est dsJ’ 2oie e"A /4a _ __8_ e-A /4€ -’o('\r) e K AdA

2mi o 2as 2€s

¥ T, g TR (44)

where the inverse Laplace transform of the last term has been taken. Since the terms in
the brackets inside the integrals are very similar, the integrations can be performed in
detail for one term, and the other can be written down by analogy. Taking the first term
and interchanging the order of integrations gives

-z ][% +A2

T (]
T(1) =_LJ eA?/42 J (xr) AdA (_2_1_) fﬁe—_ o (45)
w1

1 280 s

Now

=z = +2 S LT s s
ez'/K+A esz+)\ ) -z'l;¢/\2 -lv;+/\2 (46)

= (S+KA2) s +&2 e
s (s+kA?) " s+ kA2 $ (s+x2)
By the "Shift Theorem"

- \/S#K/\i S \/S—
e1|e VX -kA%t p-1(€ G
s + kA2 =

= e KAt erfc( & > (47)
2 VKE

where £°! denotes the inverse Laplace transform.
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(U) The second term on the right-hand side of Eq. (46) can be handled by a convolu-
tion integral: '
t
£ 1(f(s)&(s)) =f Fee'yG(t=¢"y a8 . (48)

0

Let
= .z_\/s+x,\! T
f(8) = M L H
s+ kA2
then e (49)
F(t'y = et erfe ( z )
2kt D,
Let
g(s) = 1/s;
then (50)
G(t-t') = 1 = constant .
Substituting these results into Eq. (45) gives
T(1) o fm -A2/4a g xdx (et erf 2
= — e
1 2 | | o (AT) Ale erfc (2 \/—K7>
] 2
2 -KAS t! £ 2 dt’ ) 51
+ KA ‘£ e ertc (2 — > >] ( )
The first term of Eq. (51) will be identified as
o -\2 (Kt + ‘-‘%)
Il = erfc (2\/2'(_{) [ a8 2a Jo(>\r) dx . (52)
From G.R. (7),
I1 = _l-erfc ( A ) : exp =L
o AVRL 2(Kt+—1—> 4<Kt+i)
4a 4a
rza
e T L
4rat + 1 2 VKE)
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Assuming that the order of the integrations can be changed in the second term in Eq. (51),
this term can be rewritten as

t 0

1
3 -A’(Ktw_)
Tfo erfc = dt' f)‘—e 42/ J,(ar) da
o 2\/kt’ 5 2a

£

z
= T[/(f erfc < )dt' 12
5 2./t

where, from G.R. (7),

1
T —Az(xt’+—)
I, = f g 4a/ J, (ar) d
0

rye (“’ *4%)

(54)
3
3/3 %0 ' 1
2 e
2ar [Kt' + —1—] 4(Kt i 4a)
4a
Now
1/2-p gx/2 n
y o (x) = = __° A7 (xn+2u emx)
ntpta,p (2pt 1)(2 +2) ... (2u+n) dx®
Here =0, n=1, 80
W, (x) = x1/2 eX/2 el il xe~¥)
5.0 dx
= e X/2(x1/2- x3/2)
Therefore, since I"'(2) = 1,
L =
' S .| S— 1/2 3/
o 2 e 2(4Kkat'+1) o 2(4Kat'+1) r2a ~ r2a .
2 2ar St # 1 3/2 4rat’ + 1 4rat’' + 1
8a3/2
-
= 4a e 4kat'+l 1 _ rla ) (55)
(4kat' +1)°  (akat' +1)°

Substitution of Egs. (53) and (55) into Eq. (51) gives
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- r2a
4kat+]

e

g

t r2a

+ 4ka f dt' e 4kat'+1 erfc(
0

| ——— erfc (
4kat + 1

CONFIDENTIAL

)

(56)

z ) 1 _ r2a
2Vt \(4kat’ + 1) (4xat’ +1)°

(U) Finally, by going back to Eq. (44) and writing down the analogous integral for
the expression involving T,, A, and ¢, the final first-guess solution can be written:

r2a

4rat+]

e
4kat + 1

T)i(r,z, t) = T

t

er

 (7v)

r28

-—— 2
+ 4«ka J- dt' e dxat'+l erfc( = ) 1 = 2 e -
0 2kt J\(4kat' + 1) (4rat' +1)

r2e

e 4KEL+]

- T

a

t

4ket + 1

t (aw)

rle z

+ 4ke f dt' e eI+l erfc( “ ) 1 5= £ e
2Vkt') \(aket’ + 1) (axet’ +1)°

0

¥ T, e Eqrlisanty (57)
Taking the limit as -0 gives
_ rzﬂ
T(1) L SRR
r,z,t)= ————=ilarfc
¢ ) J 4kat + 1 (2,/Kt>
t = r2a 2
+ 4ka f dt' e 4Kat'+1 erfc £ 1 = r=a
0 2y«t! (4xat' + 1) (4Kat’+1)3
+ T, |1 - erfc = . 58
[ (zm)] =
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For t-0, Eq. (58) becomes
T e,z t) =T
t=0
(U) Now for t-w, the coefficient of T, vanishes, and the first term of the coeffi-
cient of 7, vanishes. So for z = 0, and ¢t~ o,
(0] = r2a 2
1(1)(,,0,1,)_,4“7}] dt' e 4Kat'+1 1 £ ra . (59)
t% 0 (4xat' + 1) (4xat' + 1)3
The integrals involved in Eq. (59) are of the form
) r26
I(n) - f e 4rat'+1 ;ﬂ det’ . (60)
0 (4xat' + 1)
Let
1
¥ =
4rat' + 1
so that
dx = - __4}(8—(“"2 = -4rax? dt' 1
(4xat’ + 1)
from which
B
4 kax?

When ¢’ = 0, x = 1, and when ¢’

w, x = 0. With these relations Eq. (60) can be written

z(n)—>f0 e~riax yn ( ox )
1

4 kax?

== fe"z‘”‘ x""2 dx . (61)
4ka

0

(U) For the first integral in Eq. (59), n = 2. Therefore

l L 2 -fzax -
e [ i g
0 4xr?a?

0

(62)
CONFIDENTIAL
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(U) For the second integral in Eq. (59), n = 3. Therefore

1
Teay = 41 f e"r? X x(-r?a) dx .
Ka 0

To integrate by parts let

0= % 5 dve e”zax(—rza dx) ,

so that

du = dx , vz e

Thus,

1 -1
= 1 J e-r2ax dx
o 4xal,

T(3) = Z;_t; (x e-r2ax)

! [L(l2)] (63)

4ka r2a

(U) Substituting Egs. (62) and (63) into Eq. (59) gives

_ _-r2a _ _-r2a
T()(r,0, t)—>T; S uillel TR i SN
tom r2a r2a

= T[ e-r2a . (64)

For r -0, Eq. (64) becomes T(0,0,) - T in agreement with the one-dimensional case.

(U) For a= 0 (a Gaussian of infinite width or a constant power density), Eq. (58)
reduces to

g, bty = T, T, -T, f z_). 65
(0.8, 8) = T, * (T )em(zm) (65)

By comparison with Eq. (20), it may be seen that this first approximate solution does not
agree with the previously obtained one-dimensional solution; hence a better approxima-
tion is necessary.
(U) This second approximation can be obtained by letting
Fray = 005 % 300 (66)

and substituting into the boundary condition (Eq. (36)). The resulting expression is
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k estdsj §+ A2 Jy(Ar) (fy +8) AdA
0

2mi
4
1 7. " 1 et ds T, e-€r?
= wP(r) =o ——ée ds j Jo(Ar) (fy +8) AdA + e T

2mi S

+ oT.4 e-der?
a

1 N T, R eSt ds
= WP(r) =o ——§ e*t ds J. Jo(Ar) £y AdX + - $
0 1

271 2 v S+ 4ue

4

@
Pal ﬁe“ds.f Joy(Ar) s AdA

2mi 0

+ oT? e-d€r? (67)

(U) At this point, use is made of the "first-guess' solution, and this expression
(Eq. (37)) is substituted for the term inside the parentheses on the right-hand side of Eq.
(67). The boundary condition becomes

©
k . J’ S
m et ds ) ;ﬁ' A2 ]o(Ar)(fo+5) AdA

1/4

= aP(r) -0 [(%ﬁr) + Ta4 e-4€r2) n

4
_ée“ ds J‘ jo(Ar)'o‘}\d/\:|
0

2mi
+ oTS e-der?
a

= aP(r) - «P(r) -cT}? emder?
3/4 -
-4o |:<m + T, e'46'2> - ée“ ds J- Jo(/\r)B)\d/\] + oTp emder?
o 2mi

mi 0

Therefore,
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k st fm /s 2
2m,§e ds J <t AP Jo(Ar) (fy +8) Ad]

%= dg TP g(r)3/45"1’_j¢eSt ds f J,(Ar) 8(A) AdA ... (68)

0
by using Eq. (39).

(U) Both sides of Eq. (68) are multiplied by J,(ur) rdr and integrated from r = 0 to
r = o, Then

(Y20t (E 00 w0 ) Sy acr [ gpur) e = kS0 [ + (0] (69)
0

since this is just the Fourier-Bessel integral. It may be seen that an integral equation
for 5 (1) will result after the integration over r is performed on the right side. For
g(r) = e"42r? most of the contribution to the integration over r comes near r ~ 0. If
it is assumed that 3ar? << 1 or r << (3a)~1/2, then e-32r? = 1, and the expression on
the right of Eq. (68) is greatly simplified; it just becomes a Fourier-Bessel integral.
Hence,

4

o—,

kYz + A7 [fom ' w)] = -40T35(N)

from which
TR ]
TR e (70)
Vs + kA2 + y
where y is defined by Eq. (16) as before. Therefore,
; 5 ¥ ()
()\)E (A)+5()\):T
’ J:+ kA2 + Y
y T, e-A2/4a 1 -\%/4¢€
. - (71)
Vs + kA2 + y 2as 2€s

using Eqgs. (43) and (66), again ignoring terms of the order of e2. Substituting Eq. (71)
into Eq. (35), the ""second-guess'' solution becomes

1 g = - ]/i o22 [T, e"A?/4€ T, e~A?/4€
T (r,z, t) = ——@e*" ds Jo(Ar) e 2 -
0

211 2as 2€s

Y AdA

S ol S WP e Lol (72)
Vs + kA2 + y
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(U) Since the integrals inside the parentheses are again similar, it is only necessary
to calculate one of them, and the other one can be written down by analogy. By inter-
changing the order of the integration, the first term may be written

—T’\/FW
yT 2 K
T§2) e J e"A?/4a Joy (Ar) Ada (—1,>§e“ P i T k)

2a 3 27i s(Vs+xaZ +y)
Now

1 = 1 (s + K/\2>
s(Vs+kAZ +y)  (s+xA2) (Vs+rAZ +y) S
: ka? . (74)

) (s+xa2) (Vs+xAZ +y) ! s(s+xA?) (Vs+kaZ +y)

From the Shift Theorem for Laplace transforms, and from Egs. (18)-(20), it may be seen
that

=2 farrxt

Yz

st \/? g + }/2 ¢ 75
L§ et ds:eKA erfc(z>-e\/7 erfc(}'\/T+ x )( )
2mi (s+;</\2) (\/s + kA2 +y) Y 2kt 2Vkt
The second term may be done as a convolution integral by letting

-—z— s 4k 22
f(s) = ——
(Vs +ka2 +y) (s +xa2)

and (76)

g (s) = %éG(t— t’') = 1 = constant .

Then Eq. (73) becomes

2Vkt

Y 2 © 1
+y =t J O -A2 (Kl‘ + —)
T(2) = T; [erfc s _— erfc (yVE + . j 0oAr) e 48 ) AdX
1 2Vkt /|0 2a

{4
+»<T,f dt' erfc( z )
0 2Vkt!

YZ 244 1
o Al @© J A _)‘2( ¢! _)
= e\/? erfc (y\/F+ 2 : )]f o @r) e “ ' a A3da . (77)

VKt! 2a

CONFIDENTIAL



20 ROGERSON, FAUST, AND ANDERSON CONFIDENTIAL

The ) -integrals have been calculated previously (Egs. (52)-(55)); making use of these
results gives

Yy 1‘28

z+y2t

_4K8t+1
Tiz) = Tf |erfc = - VK erfc <)’\/T+ - ) g
2V«kt 2Vkt 4rkat + 1

¢ ~ r2a 5
+4Kanf dt' e 4Kkat'+1 1 - L2
5 (4xat' +1)2  (4kat’ +1)3

i, + Y2t

x l}rfc( g )- eVK erfc(y Yl )} ' (78)
2Vkt! 2VKET

(U) By replacing a by ¢, the second bracketed term in Eq. (72) can be written now,
and the final result for the '"second-guess'* solution is

r2a

Yz 2 e
tyE 4rat+]

T("’)(r,z,t) = Ty< |erfc : = R erfc (y\/T+ = =
2Vkt 2V«kt 4kat + 1

t -
+4Kaj dt e 4xat'+1 l 2 rla
0 (4xat' + 1)2  (4xat' +1)3

PE o
5 —_—tYet! .
x erfc( )— evk erfc (¥Vit' +
2Vk it 2Vkt!

Yz 24 r2e
i Taxket+1
- T, |erfc(—Z )- eVK erfc (}'\/_t—+ z ) .
2Vkt 2Vkt ] |4ket + 1
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In the limit as ¢ -0 there is obtained

2
r<a vz

-4Kat+1 +y7t
T3 (r,zt) = Ts e erfc L B erfc (}'Vt ... )
4xat + 1 DIRT 2VKE

t _L 2
+4;<af dt' e 4Kat'+l E B i
: (4xat' + 1)2  (4kat’' +1)3

yz

>«. lterfc( E )— e\/;
2Vkt’

+y2tl

z
fc (yvier &
o < 2\/»&’)}

Yz
+y2¢
\
T ] erfc< z )— eVK erfc <y\/ﬂ £ . (80)
2VkE 2Vt /
For t-0, Eq. (80) becomes T(r,z,t)~»T,. For t-m,
@ - 1‘22 2
T(r,z,t)y— 4xaT; _J- dt' e 4kat'+l 1 - il
0 (4xat' +1)2  (4rat’ +1)3

Yz 2
+yet!
X erfc( Iz___> - e\/: erfc(y t' + = > s (81)
\2Vkt' \ 2Vkt!

For z =10 and t-o,

© r2a
T 1 2 '
T(‘r.o,oo)—-»4»<anf dt! e dxat’+l - s 1- eyzt erfc <y\/t_‘) 5
~ (4rat' +1)2  (4kat' + 1)3

(82)

(U) Near ¢’ - o, the quantity 1 - ¢”’t’ erfc(y vE') = 0. The contributions from
this term are for large t‘; as t'>w, 1 - &%’ erfc(y Vt') - 1. Therefore, from Egs.
(60)-(64), T(r.0,t)~Tf e r2a as t-w; for r = 0, T(o,0,t)»Tf as t-o in agreement
with the one-dimensional case. For a = 0 (constant beam power), Eq. (80) becomes

—Ew)’zt
T(r,z,t) = (T -T,) erfc< = )— eVK erfc <)’\/T+ o > + T (83)
2Vkt 2Vkt

which is identical to the one-dimensional solution already obtained (Eq. (20)); thus, the
three-dimensional and the one-dimensional solutions are consistent.
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(C) Equation (80) has been programmed for a digital computer, and calculations have
been made using values of the thermal parameters for zinc as given in Table 1. The cal-
culations were made assuming a total laser power P, of 150 kW. A Gaussian power dis-
tribution is chosen with a = 0.157 cm~2, which corresponds to a 1/e point of about
1.25 cm. This gives a peak power density P, of 30 kW/cm?2.

(U) Figure 3 shows the computed variations of the temperature as a function of
and ¢. In Fig. 3, r is taken as zero; thus, this is the temperature distribution along the
axis of the beam. At the surface, the temperature rises sharply from zero as expected.
For z > 0, the temperature rises more slowly; this is due to the finite time it takes the
material to conduct heat from the surface to the inner regions of the solid. All the curves
are asymptotic to the final equilibrium temperature 7.

(U) Figures 4 and 5 show the behavior of the temperature as a function of r and ¢
for two planes in the material —the z = 0 plane (Fig. 4) and the z = 0.1 cm plane (Fig. 5).
These curves are presented to indicate the calculated temperature distributions at a
given constant distance from the surface.

2400}— Tg = 5310K
2200+—

2000—

1 800— z=0cm

1600H—

1400—

T—Tg K

1200}—

z=0.lcm
1000—

800H—

600— 2=0.2cm

400

z2=0.3¢
200§ z=04cm

Pl T

o ool 0.02 0.03 0.04 0.05 0.06 0.07 0.08 009 0.10
TIME t (SEC)

Fig. 3 - Theoretical temperature distribution for a zinc target irradiated by a
laser beam. Each curve shows the variation of temperature with time for that
particular location (or value of z) within the target; z is measured in the di-
rection of the laser beam (normal to the target surface). The incident beam's
peak power density P, is 30 kW/cm?, its total power P, is 150 kW, and a is
0.157 cm~2 in the power distribution relation P = P, e"4ar’. The case con-
sidered here is three dimensional, i.e., T = T (r= o, z, t).
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Fig. 4 - Theoretical temperature distribution for a zinc target irradiated by a
laser beam. Each curve shows the variation of temperature with time at a
given distance r measured perpendicular to the axis of the laser beam. The
distances r are located on the target's surface (z = 0 cm plane). The incident
beam's peak power density P, is 30 kW/cm?2, its total power P, is 150 kW,
and a is 0.157 cm~2 in the power distribution relation P = Py e~4ar’. The
case considered here is three dimensional, i.e., T = T(r, z= o, t).
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Fig. 5 - Theoretical temperature distribution for a zinc target irradiated by a
laser beam. Each curve shows the variation of temperature with time at a
given distance r measured perpendicular to the axis of the laser beam. The
distances r are located at a depth of 0.1 cm beneath the target's surface (z =
0.1 cm plane). The incident beam's peak power density P, is 30 kW/cm?2, its
total power P, is 150 kW, and a is 0.157 cm™2 in the power distribution rela-

tion P = P, e4ar’  The case considered here is three dimensional, i.e.,
T = T (r2=0: 1, t)e

(U) A comparison of Figs. 2 and 3 is interesting because they correspond to the
same incident power density at the same point on the surface. However, it can be seen
that the temperatures are higher for the constant power case (Fig. 2), and the difference
gets greater for larger :z values. This is due to the fact that the power densities, and
hence the temperatures, are lower away from the center of the beam for the Gaussian
distribution case, and therefore heat is conducted away from the center more readily
than in the constant power case.

CONCLUSIONS

(U) Figure 2 indicates the type of behavior that might be expected intuitively for
this problem; in that respect, the results seem physically reasonable.

(U) However, there are obvious shortcomings in the theory. Because of the non-
linearity of the boundary condition, it was necessary to make assumptions and approxi-
mations in the development of the solution; hence the solution is not rigorous. Moreover,
neither melting of the material nor plasma formation due to vaporization is treated;

these may certainly occur for sufficiently high power densities. In this sense also, the
theory is incomplete.
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(U) In spite of these faults, the theory should be of some practical value. For in-
stance, it should be possible to make a reasonable estimate of the time required to cause
surface melting for a given material and a given power distribution.

(U) In summary, then, this result is to be taken as merely a first approximation to
the problem; it is not presented as a complete solution. It is anticipated that improve-
ments or complete revisions will come in the future. For example, the next step is to
include temperature-dependent parameters. Changes of state of the material could be
included later.
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HIGH-ENERGY LOADING ON MIRROR DEVICES AT 10.6 um

Michael H. Reilly and Raymond A. Patten
Optical Sciences Division

INTRODUC TION

Present high-energy lasers employ several mirrors in the beam-folding optics.
Three mirrors are employed in the amplifier cavity. The laser beam exits from the
amplifier at full strength through a windowless aperture onto a folding mirror which
directs it to other steering mirrors. The mirror presently used is evaporated copper
or silver on a thick copper substrate, imbedded in which is an elaborate system of water
cooling channels and Invar supporting rods. On top of the evaporated copper or silver
film is a very thin protective fluoride film to prevent environmental attack. The rated
reflectances of these mirrors are 99.2 to 99.5 percent. The part which is not reflected
is absorbed in the mirror, which thus heats up the mirror, and the resulting mirror dis-
tortion (from thermal expansion) has destructive optical consequences. It is the function
of water cooling to minimize temperature rise of the loaded mirror surface and the func-
tion of Invar supporting rods to minimize the surface distortion. Another technique is to
make the laser beam and mirror area large enough to reduce the loading per unit area
on the mirror.

The fabrication of these mirrors is necessarily a complex and expensive process,
and it should be much more so for the higher energy laser devices of the future. Evi-
dently, a small improvement in mirror reflectance (e.g., by a few tenths of a percent)
would result in substantially less mirror absorptance, and this latter reduction should
be passed on to the size, design complexity, and expense of the mirrors and water cool-
ing support system. This is the object of the present study.

In the next section a theoretical calculation shows that the use of reflective film
coatings on the metal mirror surface is capable of reducing mirror absorptance by
orders of magnitude and so appears very worthwhile indeed. Coordinated with theo-
retical mirror design is the measurement of actual mirror absorptance, and this is ac-
complished by a relatively simple and accurate optical experiment, as described in the
third section. In the last section these results and future work are discussed.

REFLECTION COATINGS

Appropriate materials for use in reflection coatings at 10.6 um should have small
absorptivities. Some of the more outstanding low-index (of refraction) materials for this
purpose are the alkali halides (KC1, KBr, NaCl), uranium fluoride, and several others
(Ref. J1). Their absorptivities at 10.6 um are generally smaller by far than those of
other materials, but they are hygroscopic and have poor mechanical properties. This is
not a serious drawback for present purposes if they are evaporated in high vacuum, rela-
tively free of H,O, and then overcoated with a nonreactive material. This would gen-
erally be a high-index material in reflection coatings, and many semiconductors are

J1




J2

probably suitable for this purpose, such as Ge, GaAs, CdS, CdTe, and ZnSe (Ref. J 1).
Some glasses are probably suitable materials as well.

What may be called a standard composition of reflection coatings by now is a stack
of quarter-wavelength optical thicknesses of adjacent layers of a high-index material
(H) and a low index material (L). The layer arrangement within the reflection coating to
be deposited on the substrate, in this case a metal surface, is HLHL...HL = (HL)™ if
m HL pairs are to be used in the stack. To demonstrate the advantage of using such a
reflection coating we have calculated the absorptance of a silver mirror overcoated
with a quarter-wavelength stack consisting of m HL pairs vs m, where the H material
is Ge and the L material is KCl. The results are shown in Fig. J1. The solid line in-
cludes absorptivity of the reflection coating; the dashed line neglects it. The indices of
refraction (n) and extinction coefficients (k) given in Fig. J1 are bulk values for KCI and
Ge (Ref. J1) and film values for silver (Ref. J2). Diffuse scattering is neglected, which
is expected to be a valid approximation in practice. The use of the recursion relations
for admittance (Ref. J3) was found to be simplest for this calculation.
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Fig. J1 - Computed mirror absorptance (A) vs
number (m) of Ge-KCl pairs in a quarter wave
stack reflection coating on a silver substrate

It is seen from Fig. J1 that absorptivity of a silver mirror is reduced by a factor of
2000 with five or six HL pairs, but that the absorption will increase with the addition of
more pairs because of absorption within the reflection coating. Were it not for this the
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Fig. J2 - Schematic diagram of measurement
apparatus for determining mirror absorptance
using multiple reflections

absorptance of the mirror could be made arbitrarily small with the addition of more
pairs. For 1 megawatt incident upon the mirror, the absorbed power would be reduced
from 4000 watts to 2 watts by the use of this reflection coating. This is an example of
the advantage of reflection coatings, not necessarily the optimum choice of one.

MEASUREMENT OF MIRROR ABSORPTANCE

The simplest determination of mirror absorptance A would be to measure specular
reflectance R and relate it to A by A = 1 - R. Actually 1 - R measures total losses and
includes diffuse scattering. But diffuse scattering is and can be made a relatively minor
consideration in practice at 10.6 um. Even if R is measured to typical 0.1-percent ac-
curacy, however, A would be determined only to 20-percent accuracy for R = 00.5 percent.
This difficulty has led other researchers to a type of calorimetry technique for measuring
absorptance; a thermocouple detector is imbedded in the mirror, and the measured tem-
perature rise is related to power absorbed from specific heat data. The accuracy is not
high (e.g., 5 to 10 percent). We have adopted a relatively simple optical technique in-
stead. The measurement apparatus is schematically depicted in Fig. J2. A CO, laser
beam is bounced between two test mirror surfaces n times; i.e., R" is measured to an
accuracy 6. Adjustment of mirror spacing varies n. The basic advantage is that R is
then determined to accuracy 6/n. Values of n = 20 are readily obtainable, and the re-
flectivity R is measurable to an accuracy of 0.005 percent or better. This claim has
been verified by actual measurement. Hence, for example A can feasibly be determined
to an accuracy of 1 percent or better for R = 99.5 percent.

DISCUSSION AND FUTURE WORK

The results of the present study indicate that reflection coatings should result in a
great simplification of mirror design and reduction in cost. Indications that GaAs has
appreciably lower absorptance than Ge, as well as other superior properties, make it
appear as a worthy replacement for Ge in reflection coatings at 10.6 um. Beside the
capability in reflection coating design and measurement, we have the capability of fab-
ricating mirrors with a delivered-high-vacuum evaporator. Reflection coating fabrica-
tion for 1.6 pm has been attempted to some degree in the past although not followed
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through, and inferior films were found to result from poor vacuum preparation condi-
tions. In particular, water vapor was found to be a serious offender in ordinary vacuums
with, for example, NaCl films having absorptances 1000 times greater than the bulk value
(Ref. J4). To eliminate water vapor contamination we have installed a liquid-nitrogen-
cooled shroud in the bell jar of our evaporator. We also are scheduled to obtain an ultra-
high-vacuum evaporator in the 1012 -Torr range, which should virtually eliminate con-
tamination problems.

We see no basic obstacle to mirror fabrication in agreement with the above theo-
retical predictions. It is certainly encouraging that this has been realized recently by
Berthold (Ref. J5), who fabricated a 47-layer, quarter-wavelength, wideband dielectric
mirror for use near 1 um with measured reflectances in agreement with theory (neglect-
ing diffuse scattering).
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