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UNCLASSIFIED

FOREWORD

The Applied Physics Laboratory (APL), a division of The Johns Hopkins
University, is located in Howard County, Maryland, midway between Baltimore
and Washington. Its work is carried out under contractual agreements between
the University and the federal, state, and local governments. APL employs a staff
of more than 2700 including 1430 professional scientists and engineers, of whom
more than half have advanced degrees. Their ideas are implemented and extend-
ed through several field activities and a network of associate contractors and col-
laborators from coast to coast.

The primary mission of APL is to enhance national security by applying
advanced science and technology to the solution of problems important to na-

S- tional objectives. The laboratory conducts programs in fundamental and applied
research, exploratory and advanced development, component engineering, sys-
tems engineering and integration, and test and evaluation of operational systems.
Approximately 8507o of the Laboratory's effort is for ihe Department of Defense

. (76% for the Navy and 9076 for other DoD agencies). The remaining 15076 is devoted
to nondefense areas, including space research.

The current programs at APL cover a wide range of activities. Many are
broad in scope, long term, or highly classified, and therefore not reportable here-
in. The articles for this document are solicited annually from the whole Labora-
tory. The writers are individuals or small groups who have been personally involved
in particular efforts and are motivated to report to a wider audience than they
usually communicate with. For these reasons, this publication does not necessari-
Iv represent all the accomplishments of APL during fiscal year 1983 (I October
1982 through 30 September 1983).

APL was organized in 1942 under the auspices of the Office of Scientific
Research and Development to develop a proximity (VT) fuze for antiaircraft de-
fense; that was the principal effort during World War II. The era of emerging
guided-missile technology extended from about 1944 to 1956. During that time,
API concentrated on providing better air defense for the Fleet by developing a
family of shipborne surface-to-air missiles. The Navy-sponsored "Bumblebee"

* program pioneered many basic guided-missile technologies later used in other air,
surface, and submarine missile programs.

The era of weapons systems engineering began in 1956 with the commis-
sioning of the first guided-missile cruiser. The experience gained during that peri-
od has found application in many systems of interest to the Navy in various warfare
areas and to other branches of the government. Significant activities are proceed-
ing in areas of special API competence, including advanced radar techniques.
missile propulsion, missile guidance, countermeasures, and combat systems in-

4 tegration.
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Of the nes~er %%capon system programs, the Aegis Shipbuilding Project is
01 major importance. USS Ticonderoga (CG-47), no%% in the Fleet, is the first ship
in a nes% class of' iuLlt imission guided missile cruisers that will carry the Aegis
surface-to-air %eapon system. The Laboratory is Technical Advisor to the Navy
in the design and development of the Aegis system. APL now has the broader
challenge of integrating the system into the operations of the battle group. This
effort, for which API. is Technical Direction Agent, includes the design and de-
velopment of the Battle Group Antiair Warfare Coordination System exploiting
the operation of' Aegis cruisers with other ships and aircraft of the battle group.
Other areas of tactical systems support involve aviation countermeasures as well
as the improved effectiveness of the Harpoon cruise missile. The Laboratory has
recently been made Technical Direction Agent of the Tomahawk cruise missile
program. APL has a major role in the concept ualizat ion of future command, con-
trol, and communications (C) systems to facilitate the operation of Naval forces.
Both strategic and tactical aspects of the C! process are being examined. An im-
portant increasing effort at APL involves assessing the integrated performance
of all the above systems.

The Laboratory continues to provide technical evaluation of the operational
Fleet Ballistic Missile (FBM) System. Quantitative test and evaluation procedures
are applied to every newly commissioned ballistic missile submarine. Similarly,
APL currently provides precise evaluation of the Army's Pershing missile pro-
grams. Significant programs are also under way for Naval strategic communica-
tions and tactical targeting. Since 1970, APL has had the responsibility for planning
and conducting a significant technical progami to ensure the security of the FBM
submarine fleet against possible technological or tactical countermeasures. The
approach is to quantify all physical and tactical means that might be developed
to detect, identify, and track our submarines and to propose and evaluate suit-
able countermeasures and tactics.

APL has a significant space program. It started with the Navy Navigation -. "
Satellite System, originally known as Transit, one of the Laboratory's most im-
portant accomplishments since the wartime proximity fuze and the surface-to-air
missile program. APL invented the concept, designed and built the initial satellite
constellation, and set up and operated a worldwide satellite tracking network. The
APL Space Program has greatly expanded and is now applied to the design and
construction of a broad range of scntific satellites and spaceborne scientific ex-
periments for NASA and the DoD.

With the encouragement of the DoD, APL is applying its talent and the
experience developed in DoD programs to a number of government-sponsored
civil programs. Some examples of the areas to which attention has been devoted
in recent years are biomedical research and engineering; power plant location; in- 5-
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tegration of national ocean service surveys; navigation aids; reduction of pollu-

tion of the biosphere; ocean thermal, geothermal, and flywheel energy systems;

and advanced education.

Through the extensive and intensive use of integrated circuits and

microprocessor logic in satellites, in radar and other naval systems, and in bio-

medical engineering and other civil areas, APL has become a recognized leader

in the area of computer technology. Furthermore, it continues to pioneer in in-

novative applications of computers of all sizes to problems of national impor-

tance. This trend is underscored throughout the document by the frequent

references to computing as an integral part of most of the accomplishments reported

herein.

To support its R&D activities through knowledge and experience in advanced

research, the Laboratory performs fundamental research in biological, chemical,

mathematical, and physical sciences related to its various missions. Through unique

applications of system engineering, science, and technology to the needs of socie-

ty, APL has enhanced the University's tradition of excellence while gaining world-

wide recognition of its own.

................. ............................ ............ ........ ...........

Dr. Robert C. Morton, Chairman of the Coordinating Committee for the

past two issues of the APL Selected Accomplishments, died on February 9, 1984.

What he has left behind is much more enduring than the many memories that
his friends and co-workers will always carry with them. Something of his spirit

lives on in all who knew him. But perhaps his most significant legacy is the ex-

traordinarilv capable and successful team of people - numbering in the hundreds

- who today carry on the tradition of professional excellence and service for which
he stood.

6
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IN TRODU CTION

Inr response to the Kamikaze threat of* \orld War 11, the U.S. Nasv's Bul-
reau of'Ordnance requested APL to conduct research anid deselopmcnt in all phases
of gLuided missilerv and to analyze the effectiveness of'rness systems inl anr appropriate
enwionment. The Laboratory did so with the assistance of a group of associated
contractors haying expertise in various areas of science anid Technology. That team
developed the new% technology anid resources required to put the Terrier. Talos.
anid Tartar surface-to-air missiles into operational serv ice and adv ised the Navy
onl doctrinal matters. The Terrier was introduced in USS Boston in 1955; that evet
was b'ollossed by the introduction of Tabos on USS Galveston in 1958. Subsequently,

6 Tartar wkent to sea on USS Adams in 1960.

In succeeding years. APL supported the Navy wkith an aggressive program
to give the [-fleet an effective defense against an ever-increasing threat. That pro-
gram has produced Standard Missile in addition to Terrier. Tabos, and Tartar.
In time. APL's scope of actiiies broadened to include fire control, acquisition,
anid surveillance radar systems. Working first with analog anid then with digital
elect ronic computational techniques, the Navy produced tactical data anid weap.
onl systems that relieve .%eapons personnel of much of the routine associated svith
a fighting ship anid also gzreatly reduce reaction time. APL has made and con-
tinues to make important contributions iii this esolurion. In addition, the Labo-
ratory hlas. brought to the Navy weapon community an understanding of the.
Potential capabilities of the emerging world of electronic computation arid auto-
mat ion.

In its effort to help develop the basic structure of shipboard combat sys-
temns. APL has defined the fuLnctions of sensor, command, support. arid wkeapon
elements, for those \ery complex systems. Such consistenicy in basic structure has
latored technical interchange among niaj or deselopnients in ss hich ANI. has played
a role, e..the Aecgis Combhat System., Terrier anid Tartar Ness Threat Upgrades.
and, most recenit h., the niess multimission DIDi-51 C(ombat 5'. stem.

In keeping ss ithI these trends. APIf's current emphasis in antiair ss arfare
is To enihane thle effIect ieness of'a hatt le group by integ'rating, at thle bat tle LITOUP
lesel. the information as ailable to indidual ships and by coordinating the
es~ponses 0 t heindidual shipls. [he Aeis ship plays a ke role in achies incthis

obhivct is and is paiticularls saluable as the number of attackers, increases anid
the onijwcrnlc~isijreN ensironnient ssorsens.

In addition ito the enhancement oif battle group \\\% resources, .AlII is
otnduct triv na\ al \% arfIare anaf\ sis to iniprose th le coordination of ships, aircraft.
unhriis, and sensors including s ateclites--an actii called composite ss arfare

,itt1iI\ sty ( ottposite \kar tare is hei combat use of mnariie f'orces in thre prinicipal
6 ,iie~~M~' O iniaitr. aiuirface. aiitkisirarine. and electronic %%arfare against erie-

ITi% s Ntclls In1r]inic ito :orruposite %sartfar are the attributes of foteCC Coordina*
12 nont aiiioirg the ssarfarc areas. (oordrnalion intcliides factors of imei and forc

*° -
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position relationships, comnmunications, combat system interfaces and interactions,
tactics, doctrine, and training. By means of coordination, an attempt is made to
achiese battle synergisni anone the warfare areas.

As a result of the surface missile experience, the laboratory was able to
assist the Nasal Air Systems Command with its upgrade of the Sparrow Missile

to the ..\I.l-7N1 model, the Army with its development of the Improved Hawk
and Patriot systems, and the Air Force in its current development of AMRAAM.

In tile area of strategic missile systems, the Laboratory has helped develop
and conduct an independe'nt evaluation program for the Navy's Fleet Ballistic Mis-
sile (113M) Weapon System. The program requires continuing technical and oper-
ational testing throughout the operational lives of various models of the weapon
s.stem, i.e., Polaris, Poseidon, and Trident 1. It also includes the future Trident

II. For those systems, APL derives quantified estimates of performance under
operational condhions, identifies sources of system inaccuracy and unreliability
for corrective action or future improvement, and assesses weapon system readi-
tress Cor operational deploYment.

In the mid-1960's, in response to an Army request, the Laboratory expanded
its strategic evaluation effort to include the Pershing Weapon System and its stra-
tegic role in Europe. The program uses the evaluation techniques developed for
the Navy's FBM \Weapon System. It continues today and relies on data collected
and analyzed from test exercises at "alert" sites in Europe as well as from Opera-

tional Tests conducted in the United States.

In addition to its testing and evaluation of antiair-warfare and ballistic mis-
sile systems, API. has participated in the conception, development, and testing
of cruie missile projects. Much of the early work was associated with Harpoon,
an anttship missile developed by the Navy in response to the 1967 sinking of an
Israeli destroyer by antiship missiles. The APL effort for the Tomahawk missile
has recentl been expanded to cover a broad range of technical topics and to in-
clude an acti c role in program management. API continues to support both the
Harpoon and Iouaha\k programs.

In recent \ears, the I aboratory's contributions to command, control, and
cotnllunications (() hase been increasing. I-rom arl initial task to assess the ef-
bectiiseness of communications \Nith itrategic missile submarines, tle effort has
gross n to include participation in a broad assessment of Navy (' capabilities and
technical planning f")Ir future systems.

.Although the selection has been limited b security requirements, the fol-

loss g sulmaries of current tasks illustrate the disersit ( of API. tasking in weapon
s'. ,tcnts des.elop , .ent . The tasks range from technical des eloptnent and operations
analstsis at the battle group le.el to tite des,.'lopment of theory and the conduct
of tests applicable to ,nlall snbs st. 13

....- .... . ..--- - . - .. -. - . ... . -. ] - . .. .- .. :. . , -_. .. . ..



BATTLE GROUP ANTIAIR WARE ARE COORDINATION

C. C. Phillips and R. I. L~und%

iec Ban/c' Group.-1 ntiair War/are Coordination Table 1 - Functional requirements for a BGAAWC
Pro,-rant has evolved as a hattie group svsteins enki- system.
,tcerinl' ;roigram at API, untder the dlirection o/ the

iShiilding Project MVanag~er, PNIS-400. Its oh-

- ectit-e has been to imuprove t'he ef/ecti'en'ss of anta jair CnrlUi

- oar/are Ihv buik/ling on the capahilities o'Aegis and Aegis Combhat Sysemn
other fleet coniut sc'steons to provide iotproved wvea- Build battle group track data base

pncoor(fitatiott. Alan studies condtucted thtroughout Share Aegis tracks wt atl ru

t/:,, 1970' s hadI idetiieti major hc'ne/its to hattic' groups Ant iair \artare (ointmitnd supportZ
itat could act ais a single, closetly intcgratc'dlorc'. WIitht Displa\ ant iair\%sarfa re situationi
auch a force, it is possible' to atcquire (lta */root a widle Assimillate emtra-f orce data

i arivi'to /) forcc' sc'nsors attd to itttegratc' thec datau to Proule11ate ant ir s art are doctrine and operations
tor, ci uni/u'dl coherent air picturi'jro) which coordi- (out rol antiair ss arlareceaLecttentt
natc'c respot.ses to bcattic'e grotup thtreats could he
(Ic el'ope'd. Participaling Uni%

Gridlock to Aegis
* Respond to force doct rirte

Accept engagement ordor,
D) ICUSION Report engagement statuii

The Battle (iroup Antiair Warfare Coordination Data Links
(IWBAA\\C) Program Iit a cry broad application of the Connect all utnit,, it all ens ionments
cotnbat systemn disciplines, that have been built uIP in Transmit tracks, status, doctrine, and commands
terrier, Tartar. Standard Missile, and Aegis. The sic,-
nifican distinction is that BCGAA\NC engineering is at
the battle group lesecl. The BGAAWC systetn is distri- data fron Aegis ships %% ill be usable on other
buted oser a ss ide ariety of surface and air combatants combatants for all the normal internal decks-
ss ith considerably different capabilities in terms of ion-mnaking Processes.
mobility, wecapons. reaction times,, and automation. 2. The ability of the AAW Commander to dies-
The system configuration consequently is required to ignate targets to other ships and aircraft in
accommodate a large, indefinite number of variants be- the battle group.
cattse any chatige in the battle group represents, a con- 3. The ability to designate a target directly to
figuration chatnge in the battle group's system for con- th iecnrladlucigssesof a

dLItttie ssarfare. remote ship or aircraft.
4. The ability to designate ,issile launch

The BGAAWC plan envisions the use of a cen- fo eoesi sn udnead rI
tral commnartd systemn aboard anl Aegts cruiser to sup- lumnination supplied by another ship or atr-
port thle needs of the AAW Commander. The system
pros ides the computers, displays, and decision aids for cat

*an orderly conduct of' coordinated AAW. The plan Early' engineering efforts ss ithirt the BGAAWC'(
further pro% ides the basis in other ships and aircraft for Program identified a number of deficiencies in current
detecting, tracking, and trartserring accurate fire con- sy~stemns that had to be resolved. Those efforts resulted
trot data across standard Navy links, to support coordi- in the identification of' near-term (Phase 1) and long-
n tat ed engagemlenits. termn (Phase 1ll) objectises and resulted in a phased de-

tHie upgrading requires modifications to antiair velopment plan (itg. 1) that pro\vides the basis for in-

ss arfare combatants in order to facilitate coordirnated proved %Neapons coordination in the near termi by
means of' niew displays for the AAWC in the Aegis

data ewchange and \%capons rise. The principal func- criesadbthrso
tonal requirements to be triet in at Fleet modification crisr adb eteout ion of long-standing informna-

upgrade effort are listed in Table 1. Specific coordinia- tinecagepolm stcasrdoc.aumtc

tort capabilities to be acIi ey ed intc Iude the fol lossing iri doc is I tic lT occss ort acco atel\ sie iri~ remiote dat a

1 I. Thre abilit\ to consN at corn plene and reliable nli/es las euattoit I adi alliraittil I ros and tr alslaics data
14 air picture ss thin the battle group. Radar Lrtic lseHC isC\ CC]) kcooidlliaIv iCtelcCe 1%'t0i1'.



Phase I. near term - Coordination by information exchange Phase III deals wih specifics of advanced %eap-
on employment and will resolve the details of the en-
gagement problem for (a) very-long-range intercepts
using the techniques of' "forward pass" of surface-
launched %%eapons to targeting aircraft, (b) the remote
launch of %%eapons from launchers other than the Aegis
ship, and (c) control of the SM-2(N) "eapon in con-
junction with other surface and aircraft-launched
%%eapons.

Phase II, mid term Coordination by direction

* - J, _SUMMARY

.. The BGAAWC Program grew out of the effort

to apply the automated weapon concepts in Aegis to the
coordination of antiair warfare in battle groups. The
advanced capabilites of Aegis combat and command

control systems make it readily applicable to this en-
deavor. Coordinating antiair warfare involves numer-

Phase I 1, future Advanced weapon employment ous challenges, including

*,I. Enhancing the ability of all ships and air-

craft in a BGAAWC system to gridlock, cor-
relate, and accept tactical direction;

.- - . 2. Improving communications to maintain es-
sential connectivity despite countermea-
sures;

3. Supporting the AAW Commander by means

Figure I The thee-phase development plan for the of command displays and decision aids;
BGAAWC Program provides for systematic growth in ca- 4. Defining procedures and tactics to carry out
pabilities. The near-term goal is the improvement of the assigned mission of the battle group suc-
command capabilities by aiding information exchange.
Longer-range goals are improved data links and more
sophisticated coordination techniques for future weap- The AAWC problem transcends the scope of
onry. Aegis alone. Consideration must be given to the inter-

actions of other new AAW capabilities, such as the
local-to-remote track correlation, ard improvements in AN/SPS-48E radar, which is part of the Terrier
automatic detection and tracking systems. (Two of New Threat Upgrade Program. Consequently, the
these efforts are reported in companion articles.) All of BGAAWC program is developing into a broad-based
these problems will be resolved by 1985 or 1986. Fleet modernization program that provides the requisite

Phase I1, scheduled for the late 1980's, will deal command support, intercommunications, and interop-

more specifically skith the AAW wseapons coordination erability of ships and aircraft for the most effective em-

command problem. It will provide additional display ployment of the Fleet's modern radars and weapons.

and decision aids within Aegis cruisers and better infor-
mation flow among combatant units. Many routine
decisions by the AANV Commander will be automated
under the concepts of doctrine management algorithms

within the computer complex that drive the AAWC dis-
play system (in the Aegis cruiser). The integration of
new tactical data links (JTIDS and OTCIXSf) will pro-
side the improved command capabilities.

I I I)S, in its current delinition, is a data link that prosides
sithstantial intpro",ent etis in perfortmtance and data capaciti
over cisting links, If is iniended to augment the current
Nasal tactical )ata S ,,teni links. ()('IXS is the satellite
cottmtniittication link that scrses the needs of ihe Officer in
I actial ( .tinatd. I his v vnrk asI, ulpported b\ NAV SI \SYS( ) \, P\IS-4()t. 15



THE TACTICAL ELECTRONIC WARFARE
SUPPORT CENTER

C. S. GealI

The Tactical Electronic Warfare Support Cen- DISCUSSION
ter, a computer-based capability, has been developed by
A PL to produce tactical documents for the Air Warfare The TEWSC Facility
Program at the Laboratorv. Data bases for tactical air-
craft of the Natv (EA-6B, E-2C, F-14) and Air Force The TEWSC is built around a Wang 2200 com-
(EF-IIIA) are implemented and maintained with pri- puter system. It is dedicated to supporting EW-related
mary emphasis on electronic warfare as it relates to projects of APL's Air Warfare Program. Figure 1 is a
those systems. In addition to that use, the facility is schematic of the facility. Table I lists various input/
used to integrate threat intelligence and tactical elec- output software functions and the associated hardware.
tronic warfare data for the production of EA-6B and The Wang operating system uses the BASIC computer
EF-IIIA electronic warfare tactics guides. Specialized language, which is easy for both professional and non-
software has been developed to perform (a) the inte-

gration of mission threat data and electronic warfare professional programmers to use and has sufficient
- tactics, (b) data base management, and (c) the user- flexibility and speed to support advanced software

defined formatting of tactics guide outputs. The soft- requirements.
ware is currently being expanded to provide the data The original system had a 32K byte random-ac-

anipulation and processing required to mnake the cess-memory central processing unit (CPU), a display/
threat data base interface compatible with the Natyv'sTactical EA -6B Mission Support System. keyboard, a line printer, a daisy wheel report printer,

and a triple floppy disk drive. It has been upgraded to

include a flatbed plotter/digitizer, an additional 32K
byte random access memory for the CPU, high-speed
hard-disk storage, and a nine-track tape unit.

Operational Support for EW Tactics
BACKGROUND The principal users of the TEWSC are the EA-

The Laboratory has been involved in the devel- 6B and EF-] I IA tactical employment projects, which
opment of electronic warfare (EW) tactics for 18 require that related mission threat data and optimum
years -originally through Project F/O 210 and, more EW tactics data be maintained in order to produce

- - recently, through a number of different projects in the guides for the EA-6B and EF- I IIA Tactical Jamming
Air Warfare Program. Those projects contribute to the Systems. Specialized software developed at the Labora-
development, test, and evaluation of operational tactics tory for data base management is used to maintain and
for Navy tactical aircraft and airborne EW equipment, manipulate the threat and tactics data. The EA-6B
including the EA-6B, E-2C, and F-14 systems. Since OPTEVFOR Tactics Guide and the EF-IIIA Employ-
1981, the program has also included similar efforts for ntent Guide provide the data directly to Navy and Air
the Air Force's EF-I I I A Tactical Jamming System. Force users. Also, a nine-track data tape is generated

for use by Marine Corps EA-6B squadrons in mission
A Tactical Electronic Warfare Support Center planning.

(TEWSC) was developed to provide a capability dedi-
cated to specific projects of the Air Warfare Program. The purpose of the tactics guides is to provide
It was recognized that a computer-based system was the mission planners with a single source of data on
needed for data base maintenance, storage, and retriev- mission threats, optimized EW tactics, and tactical jam-
al because of the dynamics and growth of the threat in ming system effectiveness. The documents are specifi-
recent years. The expanding data bases must be main- cally designed to support and be compatible with the

-" tained with the highest standards of quality control operational capabilities of the aircraft. The information
while minimi/ing manpower costs. The Support Center in the guides is obtained by evaluating data received
facility has been certified by the Defense Investigative from a wide variety of sources. As new data become
Service for the processing of classified material that has available, the APL analysts evaluate the significance of

' 16 restricted access. any changes, including their effect on EA-6B or EF-

..-. - .I . - . . .. ,. .,
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Figure 1 - The physical layout of the Tactical Electron-
ic Warfare Support Center.

It A mission effectiveness and survivability. The Sup- complete, will generate the required ICAP II data
port Center enables the rapid generation of hard-copy tape.
or magnetic-tape updates and, if the ness information
warrants it, an immediate response in support of the
EA-6B or EF-II IA user.

Electronic Countermeasures Analysis
In addition to those capabilities, software has

been developed that allows the merged mission threat, Software has been developed to evaluate the rel-
tactics, and effectiveness data to be printed on an off- ative effectivenes of random pulse jamming and noise
line laser printer, via nine-track magnetic tape. Because jamming. It is used to calculate the ratio of peak signal
the laser printing capability provides an approximate to mean noise power that is required for detection by
hundredfold increase in speed over that of the TI-WSC the radar receiver, as a function of jamming parame-
Wang daisy iheel printer, significant cost savings in ters. It can be used, for example, when evaluating U.S.
manpower are realized. systems to optimize a jamming response for tswo differ-

ent types of radars that could be jammed with a singleA recent demand upon the Support C'enter is to mdlto eas fteroelpigfenn\"'

provide data base support for the EA-6B ICAP II air- m i ar l n"
craft, w.hich will be deployed soon. This version of the ranges.
FA-6B provides significant increases in overall jam- The TE\'S( also has been used extensiselh to
ming system capabilities, with attendant greater sophis- analyze the capabilities and limitations of the --2( and
tication of on-board system software. The compatible F-14 aircraft in multiple-jamming-platorm cmiron-
Wang software development effort, which is nearly ments. The F-14 analysts uses a dynamic ,imulation, in- I 7



Table 1 - Input/output functions of TEWSC hardware. cluding up to four F- 14 aircraft, against up to 30 hostile

I~ar~ar [ npu ~.ijflijol [J~~l ~jamming platforms.

R . I displa'. and ri.%%S(I ottaare* FUJTURE DEVELOPMENTS
keyboard Mlision threat

data- The TEWSC facility's hardware and softsware
amiong an on- will be upgraded continually as appropriate to meet the

puter ltt;changing Air Warfare Program requirements. Exten-
[HiM% aayin- sise software development tasks eventually wsill provide -

Moutio' na better routines for processing the EA-6B and EF-l I I IA
* - odultiot ana',-mission threat data and will provide output in virtually

Sottareniaiileany user-defined format. Also, it is anticipated that the
\latt'. ott~remanie-Support Center will be expanded within the next few

Mrne nnIsistingra years to include a Tactical EA-6B3 Mission Support Sys-
data tmaintenance tem (TEAMS). The Texas Instruments TI/990 com-

Itstngstputer, lOOM byte hard-disk storage, magnetic tape in-
Msoutponutal- terfaces. and multiple color graphics features for

ECMl anaissis out TEAMS will represent a significant impros ement in
put TEWSC capabilities and will allow the Laboratory to

Dats'. %Nheel EA-6B and ElF- continue its leadership in the development of EW
printer Ill A Tactics tactics.
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SE:MICOHE:RE:N PROCE;SSI NG -A U NIQUE METHOD)
OF" PROCESSING, RAD)AR D)OPPLER D)ATA

R. V-. I hurher

A ,ntihiod o/ pnit ssinQ rillar (lala cohrtiv 1)I- controlled, but tile phase of' thle transmitted sig ral is
*sill/141,rt alld( (hiim iflt, /u radar // at [ie inforoationl random fromntranWSMISSion1 to tran sisin11.
* ~hatlidiitO hS',e dt'iimoiwrattd. ii-' technique Simn-

Plifus the harditare req'i/re16ro IDopler 1prtessilt! ( In thie past,, Doppler pr ocessing. tor these t> Pes ot
* ra(Iar d/ata. .Inl e'xiwienital xsi'mw vva. (-ontstriiate(I radar, used a des ice called a coherent oscillator
* and vi a/oared it, a live radaur entvironmen'tt. ((OHO). a stable oscillator at thle radar 11 that is

phased locked to thle transmitted sig~nal es er% trans-
mission (see IFig. 1). The (OH()Input is used to trans-
late the 11 ret urn sig~nal to in-phase and qluadrature base

BA(KG OI\I)band signal. %%'here thle,, are amiplified and con. erted to
dignial %kords for filtering b%- the rib'.itg target itt-

D~oppler processing has, been applied emtensis et\ dicator (Mu) filter. -Fhe performance of' thle svstetn is
tit shipboard. land based, and airborne radars for rso limited b% thle stabilit% and balance of' the MO and

maini putr poses,: thle quadrature s ideo processing and con'.ersiort

1. Imnpro,.ement Ill siinal-to-clutter ratios, for circuits,. InI order to obtain adequate data to separate
detection and posit ion estimat ion processes, trtie mos ing targets fromt clutter, these Circuits neces-

2. Estimation of'taritet radial %elocits . saily are comple\ and costll

I or radars, s\ith full\ coherent e\ciier and transmitter B\ using recent signal processinrg component
stages, digital Doppler processing is, t\ picall\ aclrie'.ed tchlnology, thentied for a (OH() aird quadrat ure\ ideo
hroughi quadrature-phase detection,. analogl-ro-ditil processing circuits canl be elimitnated. (See the technique

(A D) coriersion. atid '.eetor processing. Ho (eer ite illustrated in the lkmser portion of I-ig. 1.) Sample and
imuplermentat ion of' Doppler processing in radars, using, a hold circuits ss itlh etremecl> stmall apertunre truies ( < 30)
ttoncoherent transriit icr (such as at magnetron) is tMore psI and bighI speed ( ->30) MiHi) A I) cot,.erters mnake it
cottiple\ because thle put)sed oscillator transnmt pro- possible to samtrple tihe retuirtt signialIs at tihle radar if- anrd
duces. a ranidomt phase onl each pulse. Iltis, tact this, cotiert thetr to dig~ital s'.ords, for filtering \\'ithout
limniit ed tire applIicat iott of D opplIer techin i qules, in sew ra I go ittg through thle quad rat tire sideo process iri step..
Itmportanit classes of- radars. including shipboard sit- [ile quadrature data for each ratnge sample are de--
lace stirseitlarice. coastal sur\rsedlarice. and ship Col- %eloped b\ takitng tso satirples of' thle 11 ritte spaced b\
lisiott-aw. idarice sN sterns. B\ mcns, ot tire latest ad- 91) lectrical degrees, of thre 11 [htie satrples are taken for

Mlice' itl high speed corisrstoir arid digital timuing cir- eser\ rarnge resolution Cell. ice.. at thle s~sternI ititor1-
chits, a simipler \\it\ to estract lDopplcr dlata tiort non- inatiort bands'.idth.
cohferent s%,stettis hias been des ised. miak ing Doppler I o establish coherence. the samiple clocks, miulst
pi ocessiri tuir these s~ sterns trore cost elftctis . be phase locked precise> to tile rransinited signal by

rieans oft er\ -hig!h-speedcitr itter-coupled logic circuit~s
to form ita control loop to phase lock a stable oscillator

IMIA SSI() to at satmple ol tire traisitiei ptilse. I ockirig accura-
cieNs(it better tian IM ps are achiesed. The itt-phase

I he si'miciohtreniI Ic'hnique arid ihuadratttrc digital samrples thtill dens ed are put
direct Is into (tte \1I I I lier tor lDopplet processing . I his

lDopplcr ptiicessii of radar data is accorri- rcctiqtie has eliminated all rcohrlrrnt 11 arid quadrature
* plisled hK tilteririv thle data ti sesetal cotisecuriise sidco processingv arid has replaced it s' itt, one high-

taIstIt,11issiorts to enhance Ilie range sarllples that cstrbir speed coriersiori de ICe arid at precisioni phase locket)
phase ctitig Caused bs tile lDoppler ieert Oft a clock. I 'so-cliatitel stabilit\ requirenreris for keeping

* trios%1rig rat0 ge i rlit uliMiLItiuld Pha~se Ot .I Vil It lire % stetti balancedl ar comlpteel\h eliinateit.
Nairev eill ilistl be nlicaiild precCise)' tot set c'al radar

* ttrisriisioisstMuch iniles (l [ic C\,tc:t ampillituiiti Performance (qonsideralions
andii phiase 01 tile trarisiritted ct i'\ pulse are 1,ki'.

Il]isIs 110t Ire Case-~ tot al that rise at piilsle r 0 [irc pet torriaici' of all% D~opplier rlcssiri s\-

po%%it osillator as a,iiitc I lie atmplitiude is %%ell err , i limniteid b\ tile l' ~ac\c to %thich tire arttplit iiie 19
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Noncoherent radar Conventional coherent-on-receive system

I~~~ Trnmitr go Seioern oplrpo essn

Figure 1 - Doppler processing techniques that were used to process data coherently
from a radar with a noncoherent transmitter.

and phase of the data are measured. The accuracy de- The unit, a Coherent Radar Digital Data Collec-
termines, to sshat extent the clutter signals can be sepa- tor (CRDDC), as used to record data from an L-band

S "rated from targets containing Doppler signals, and this two-dimensional surveillance radar located on the coast
;- ,can e expressed as decibels of clutter attenuation. of California. The daa cleto ef rt eiid th

• . performance of the CRDDC and provided a base of co-
•-.-The semicoherent processing technique is limited herent radar data for analysis. Figure 2 shoss the in-

by the accuracy with which the sample clock is phase strumentation used to collect data ith the CRDDC.
. locked to the transmitted signal and by the titne itter The region oer which data scre to be recorded s as

between the nonsimuhtaneous in-phase and quadrature chosen by viewing the movable sector on the plan posi-
,;. .-... amples,. This is in addition to the quanti/ation accura- tion indicator display. The si/c and location of the s in-
!iiiicy and anmplitude stability of the system plus environ- dow. sere selected by front panel stitches on the

~~~mental effects, all of which are common toe e cry Dopp- (RD'

Icr processor. For typical radar receis er parameters,, the
•..-accuracy obtained from thesamplinig and clock circuits, In order to verify the coherence arnd obtain a

"' permits clutter attenuation in excess of 50 dBi. This v~a,, measure of the coherent processitg gain, the data col-
:-g the design goal of the ytem and is not an inherent limi-

tation of the techniqte.

- dimensI-ionamntl IF efreceu DgialDaan

• . A signal processintg, unit that containled the quad- radar | Synchro.Coltr/
ratur time phase direct It ,ampling circuits as de-T iig

s ,'igtncd and constructed. The unit took the radar ft and Raa rge

. "" ~~~~duced in-phase and qutadrature digital data for es ers ra- 6d sco toto
"" " dar resolution cell. In order to analy/e t hese data, a re-

.cordin interface a', buil into the processor. Becausel peng

noy,? I teret

there are ses eral million data samples es.ers, radar scant, idctrItp l'i

the data s.olme s ,as lint ited for recording . setting up
..- a s indlov for data collectpion lha could e placed Figure 2 - Instrumentation used to collect data wth

-a - 20 arofund rethurt, at interest (hresra land, sea. et ). the Coherent Radar D igital Data Collector

can be. ex r se as deib l ... ,.. ,e attenuation. .' Calfo ni. The data. colci n e f r ei ie t -,.. .

The ,-.....e t pro esin tech.niq.u..e.- . -. .. • is limited performance of ' the C, a ,rvi. a- .base . . - .

heetrdrdt o nlss iue2so% the i-



lectcd %ecrc spect runt anals zcd %k ith a last I OUriCr I ran,,- a is Cii range cell tor eight sLiCcs5 c 32-point trans-
toil 0u - 1I alg'orli ur. . 2 points\ s'CrC used inl forms as the radar scanned past he tar gei Also aria-
bearing at t he sami angc cell in [he I I I processing. Isicd \, ere data f ront ship and helicopter targets andsc

*anid sucsis "Ic I I I ,s lumiped bs \/2 point ito allo\% and land Clutteir.
W1', us criap. I his I V I procssillIg %%a, I rni~llcd at

cach range :ell \%iihiii the limit, definecd hs the recosrd-
Ing ss indoss I-or thc viscii radar paramtetrs, a 32-poitit CONCLUS1 IONS

I II ie. - _ - ? s a iproriae. t elddA \,a to cxrraci D~oppler data b dirccil\ sam- '

glopl eso lutibon 20it appro Iir i n l .l % c iliin a i plin the radar tl signal has beeni den ion tralcd. The

uiiescaid SOta II fitr setbc hamin d s ii b\itiout 41 te chnique allow, a siirpler hardy, arc irnplentnaiion ol
uscdso hatII-I fiicrsidlobs ac do iib~ imu ~ Doppler processing (or noncohicrrnt radars than has
dB frm tie pck \auc.ceen possible in the past. Although there arc perlor-

I iLeurC 3 llnUsiraics data 11colLid on air aircraft niane limitat ions because of hardssare accuracies, the

farv.ci. I his p)lot is file lDipplet tilteri povsCr response for nmethod is adequate ito meet many radar processing re-
quirecilits.
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SIMULATION OF THE: VERTICAL LAUNCH OF
TOMAHAWK FROM THE SSN 688 CLASS SUBMARINE

J..S. (onnor

A digital computer code (S TEP1688) has been Fairig hatch Submarine fairing

written to simulate the nonlinear dynantics of an under-
- water, tertical launch of a Tomahawk cruise missile

..roin the SS.\ 688 capsule launch system (CLS). The CLS hatch
Almulation is an en.vineering tool b)r use in the design
phase .or evaluating gas generator designs against the Closure diaphram

S- performance requiretents of the SSA 688 CLS vertical
launch system. The simulation uses the predicted pres- CLS muzzle
surelitne histor' of the gas generator, the therm od'- I
namic characteristics of the combustion products, and I
the geonetrv oJ the Tomahawk and CLS to calculate S I s ,Submarine launch tube
a(celeration, velocitv, and displacement histories of the I
toissile and the pressure and temperature histories of I
the ejection chamber. The simulation has been verified I I Capsule launch system
by comlarison with test data and has been used to pre- I
dict the per formance of the recently redesigned Tona- I

hawk Phase I gas generator. I

.- Tomahawk cruise missile

BACK(CROt'N I)

The Tomaha% k missile is ejected vertically from
the 688 class submarine by means of a gas generator
contained within the capsule launch system (CLS).
Pressure resulting from the combustion in the gas geti-
erator forces the missile out of the CLS. A set of six 4
ring seals in the (.S maintains the pressure behind the IRing seals
missile (Fig. 1). As the missile clears the sixth and final I

seal, the hot pressurized gas in the CLS chamber is re- I

leased inside the submarine fairing. To protect the fair-
ing coering the hull of the submarine, NAVSEA has i Booster
specified that the pressure at the muzzle of the CLS at

the time of missile exit should not be more than 40 psi -.
above the ocean ambient pressure. Also, to ensure the
stability of the Tomahakk missile. General Dynam- Gasgenerator

ics.-(onvair states that the muzle pressure of the CLS -

should not be less than ocean ambient pressure. The
contractor also stipulates that the %elocrty of the missile
at tube exit should stay betsseen 40 and 100 ft/s.

Ihe conditions in the ejection chamber at the
time of missile exit are nonlinear functions of launch
depth, missile %weight, friction betseen the missile and Figure 1 - The Tomahawk capsule launch system.
the (1 S, and the rate at vshich the gas generator sup-
plies enery. to the ejection chamber. The simulation

" ues the predicted pressure-time histor, of the gas yen- chamber. Because the equations are nonlinear, they
eraror. the thernodnamic characteristics of the coin cannot be solsed in closed form. To obtain a solution, it
bustion products, and the geometry of the Iomaha'.k is necessar, to assume that the nonlinear %ariables
,nd ( I s to calcilate longitudinal acceleration, remain linear oser a short period of time, At (usually
-eloci.l, and displacemeit historics ot the missile and 0.(W)1 s), and to solve the equations for each At during

22 thc prcsurc and lemperatire histories ot he cicclion the entire launch.

*



DISCUSSION I I I I

A CLS gas generator is a device with a character- A Experimental
istic mass flow histor', that is essentially independent of a Calculated
launch depth. The hot gas always flows into the ejection

t chamber the same way, regardless of other launch pa- -

rameters. Some of the energy from the hot gas heats the
walls and contents of the ejection chamber, some does -

*- work (in the thermodynamic sense) by lifting the missile
against the forces restraining it, and the remainder
increases the internal energy (temperature and pressure)
of the gas already in the chamber. The hydrostatic force

* of the ocean tending to retard forward motion of the Time
missile is the largest of the component forces used to Figure 2 - Comparison of calculated and experimental
calculate the thermodynamic work; that component can missile velocities.

vary by a factor of 3 between shallow and deep
launches. This fact leads to a wide range of tempera-
tures and pressures in the launch chamber for launches gas generator grain at ignition. A parametric analysis

conducted at different depths but otherwise identical. was conducted using the STEP/688 code to determine
the maximum allowable deviation from the nominal

The thermodynamic theory used in the flow rate of the proposed Phase IC gas generator, based
STEP/688 code assumes isentropic flow from the gas on specified muzzle pressure requirements. The para-

generator and ideal gas behavior in the CLS ejection metric analysis considered variations in missile weight,

chamber. I The energy entering the chamber, the work missile/CLS friction, capsule closure load, and gas gen-

performed by the gas in the chamber, and the heat lost erator flow rate. The results of that analysis were

between times t and t,., are calculated using values for reported in Ref. 3. STEP/688, is currently being used to

chamber pressure, temperature, and volume and for determine the limits of allowable launch depth that will
missile acceleration, velocity, and displacement at t,. meet the system requirements.
The result is the change in internal energy between t,
and t,. that is used to calculate the new chamber
temperature, T. .. Using the ideal gas law, the ACKNOWLEDGMENT

pressure, P_ 1, is calculated. The ejection force (P,. The author would like to thank R. Kelly Frazer

times the missile cross-sectional area) is summed with for his assistance 1n developing the thermodynamic

the retarding forces (hydrostatic, hydrodynamic, for the in ee lo w. the -m-

friction, and capsule closure rupture) and divided by

the missile mass to give the acceleration at t, . The ac-
celeration is integrated numerically to yield missile ye- REFERENCES
locity and displacement. 'When all the system variables
have been calculated at t, the simulation uses them J. B. Jones and G. A. Hawkins, Engineering Thermodnamwtcs. John

Wiley& Sons (1963).
as initial values and repeats the process fort .J. S. O'Connor, AP.1Tomahawk SS,; 688 Gas Generator Simula-

tinn and lalidaton Results, JHU/APL. BBE/EM 5118 (27 Apr
The simulation was validated by comparing cal- 193).

culated and experimental results for three dynamic test iJ. S. O'Connor, Parametric Analvsts of the SSN 688 CLS Gas Gen-

launches and one stationary launch of a boost flight erator, J.HU APt, BBE FM 5117 (3 lay 1983).

vehicle. Figure 2 shows the comparison of calculated
and experimental missile velocities for one dynamic test
launch. Reference 2 provides complete theoretical and
experimental results, the derivation of the simulation
equations, and a simulation user's guide.

A AP P1('A I ONS
Fhe flow rate (burn rate) of a gas generator

saries from the design value in a random manner be-
cause of manufacturing tolerances. In addition, it rhi,, i,, k wa, tipporicd h% he .Joint ( iu,c SMiile Pro te-i

varies predictably. depending on the temperature of the Otice. 23
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DESIGN AND DEVELOPMENT OF A MODULAR
SIX-DEGREE-OF-FREEDOM DIGITAL SIMULATION
FOR THE fOMAHAWK CRUISE MISSILE PROGRAM

G. B. Stupp and F. W. Riedel

An all-digital simulation of the Tomahawk mis- reconfiguration to represent other members of the
sile has been developed. To facilitate simulating differ- Tomahawk family. The six-degree-of-freedom homing
ent members of the Tomahawk family or different model is shown in Fig. 1. Each box is represented in the
levels of complexity of subsystem models, a modular simulation by one or more model definition subroutines
architecture was developed that allows the use of a that implement the functional characteristics of that
high-order integration routine. The simulation is cur- ."yc-
rentlv being used to analyze the dependence of the part of the missile system. The computations performed
Tomahawk antiship missile impact point on the aim- in most of the subroutines depend on the results from
point model. other routines. All of the subroutines are under the

control of a main program and several intermediate
subprograms.

BACKGROUND
Figure 2 is a block diagram of the general simu-

In its role as Technical Direction Agent for the lation architecture that implements the model shown in
Tomahawk Cruise Missile Program, APL needs a flex- Fig. I. A central subroutine (INTEG) is used to
ible simulation of the missile round to provide under- perform the integration of all states (the vector X(t) in
standing and perspective on issues affecting the dynam- the figure). This subroutine calls other subroutines
ic performance of the missile. The Tomahawk missile is (XDOT, SUBI, SUB2, etc.) to compute the derivatives
actually a family of similar missiles, each having its (X(t)) of the state variables. These low-level derivative
own mission but differing from the others in order to subroutines usually represent the various missile subsys-
fulfill that mission. Even for a particular missile vari- tems, such as the autopilot and sensors shown in Fig. I.
ant, the range of questions to be investigated can re- The simulation was developed with the aim that the
quire significantly different levels of complexity for model definition subroutines be "plug-in" modular.
various subsystem models. It is important to have a In other words, any individual subroutine can be
modular simulation that can be reconfigured easily for modified or even replaced without requiring changes in
the different members of the Tomahawk family and for other parts of the system.
different subsystem models. The conventional simulation approach is to have

Modularity, by itself, is not a difficult feature to the state and state-derivative vectors defined in the
design into a simulation. Each state can be integrated as main program to be exactly n elements long,
its derivative is calculated. However, a high-order inte- corresponding to the n states of the total system. These
gration routine, with all elements of the state vector up- vectors are passed to the model definition (derivative)
dated from a single subroutine call, was selected for ac- subroutines. Within the subroutines, variables are
curacy and efficiency. A simulation methodology was associated in a one-to-one manner with the n elements
developed for the program that permits the use of a of the state and derivative vectors. Thus, in the
high-order integration routine and still provides the conventional approach, each subroutine must know
modularity required for the Tomahawk round simula- which positions within the state vector are allocated for
tion. Run documentation is automatic so that the out- that subroutine's states. Modularity is lost because
put from any run can be identified as to the subsystem modifying a particular subroutine (i.e., changing the
models used and the parameter values for those models, number of states) would change the positions of the
In addition, a flexible, easy-to-use plot program was other subroutines' states within the state vector.
written to facilitate interpretation of the simulation The Tomahawk round simulation avoids those

results. problems. First, an initialization procedure is executed
during which each model definition subroutine is

DISCUSSION queried to determine how many states are required.
From that information, a state vector is constructed.

The simulation of the Tomahawk missile round Changing the number of states of a particular subrou-
is currently configured to represent the terminal tine is handled at program initialization without affect-
guidance portion of a Tomahawk antiship missile ing any of the other model defintion routines. Second,

24 flight, although its modularity would allow all intersubroutine communication takes place using
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Figure 1 -t Six-deg ree-of -freedom terminal homing model for the Tomahawk antiship missile.

functional inputs and outputs that do not change from values. When the initialization entry point of each simu
model to model. However, because these computer var- model definition subroutine is called to return the num-
iables are distinct from elements of the stat migh t change.ona tates, the subroutine also writes statements to a

necessary to update them after the state has been up- run summary listing and to a detailed run data file that
dated by the integration routine. In the Tomahawk give the subroutine name and version number. In addi-
round simulation, this is handled by special assignment tion, the mo default parameters are output to the de
callsi tailed data file When a subroutine reads its program

tinput for a given run (or Monte Carlo series), parame-dain
bt uotier taty e them. Ts no cngen iU L O Vti fational simulation approach involves parameter changes. esta aebe hne rmterdfutvle -

rqieintemiprga.aPPwiCt On h uruiet h ealddt ie'.

Typically, input parameter changes are read in through a rt e the su wre tktin toh e detailed data filec-

the main program and passed to the appropriate model tn. t , the s i mul ain dvelopmetsafoi-
matted like a page of printout. Thus, a user of the simu-

definition subroutine This approach requires that the data ete run eonam i tere
mainprcramknowtheparmetes tat ightchage• nal and/or create a hard copy for later review. An inter-

and they, of course, change as models are changed. As cae othos rote aifrae taor s im-
part of the initialization procedure in the nomahawk uation of the linear als
round simulation. the parameters needed to define and .rtto of th eale iuaio.upt

initialize an individual subroutine for a given simula-
tion run (or Monte Carlo run series) arc read as inputs
by the subroutine that needs them. Thus, no change is SIMULATION VERIIFICATION AND -- '

required in the main program. APPLICATION

This high level of modularity requires the simu- Three steps were taken for simulation verifica-•-
lation to be self-documenting. The program output tion. First, as part of the simulation development, a lin-
function% have been structured so that the output for ear analysis model was constructed. Stability derivative
every run clearly indicates which version of a subrou- data (generated by perturbing aerodynamic data) were,
tine is used to make that run and which program input compared to those from the airframe contractor's sire-,--
parameters have been changed from their nominal ulation. A frequency analysis of the linear analysis 2 5 -



Main program lation and, because of' the simulation's modularity, can
be removed by using a more detailed engine model.

Start 'The Tomahawk simulation was progranmmed in
IBNM Fortran IV on the Laboratory's IBNI 3033 conm-
puter sysem. Ihe antishtp missile configuration runs

* -Read run were at aproximately half of real time and used a nu-
control merical integration step size of'0.005 s. The time step is

determined bx' seeker filters and may be itncreased for

Run t osimulating Tomahaw4k land-attack %variants.
*loop xX (to) Subroutines The successf'ul use of' the simulation's modular-

Calculate iiv features has been demonstrated repeatedly. As part

Call XO (to) of the verification process, a stability-derivativ.e aerodlv-CallXDOTnamics subroutine was substituted for the original de-

Integrate I tailed aerody'namics routine on several occasions. The

Call INTEG - X(t) I instrumentation subroutine has been uiIpgraded. A sub-
stitute seeker model was tested easily. The aim point

I ntegration NTGsubroutine has been changed from a single-shift model
loop to a stochastic bimodal aimpoint model. The latter

[Call OUTPUT] X(t + %t) =I model has been used to demonstrate the relative sensi-
t=t+ At tivity of the missile impact point to vertical arid hori-

CallI X DOT- - zontal aimpoint probability distribution functions,.

NO Stopping Ca~c. A
condition XD~V TCN WE)(MET

passed Calc. X1(t)ACNW EG NT
Call SUB1I

YES I -Call SUB2 The essential work contributed by B. E. Kuehne
'Catc. 9 2 01? to the simulation, including a principal role in the devel -Yes ret opment of simulation philosophy and structure and the

*.simulate SUBi SUB development and programming of key simulation rou-
? tines, should be noted. Credit should also be given to

NO A. .S. G (ilbert .for programming various subsystem de-
scription routines.

STOP

REFEREKNCES
Figure 2 - General program architecture for the nu-
merical integration ot dynamic equations IBj . K uchne. IwrnuhuwA Round 6-1)01 Simnulation .Susmnarv,

ti-L1 API i-t(83-t1l27(la 1983).
B. L. K uehne. tomnahuwk 6-1)0/ 1, ga .Simul/ation: KI.\LMA.
14 I-1)5 147AIN/l and Program~ ( ,,ntrI .5uhremaones, JM-' API

model was used to verif'y autopilot gains, stability mar- I11 tst IAJ(1330(ul 19831.
*gins. etc. Step responses from the nonlinear six-degree- 'A. S. Gibert. Suhrojunne.,for lomnahaviA 6-/l1loa Diitmsuulton:

of'-freedom simulation were then compared to the linear A/IPI 15-SIR, .41 lIMR. (it 101, and (it HY,1 JIWt A111
I 1)03U0151(31 Aug 1983).

model. 'A. S. il bei Suhrouaone' for lomiahav wA 6-Do 1)(1 ,aul Simnulation-
15-SR, HNtI . 1.1ifl!. (.-It SS, and tRi.t). 1141 API
tI It)(183-t.1i09 29 Sep 1W83.

The second step vsas to compare the autopilot
step responses to those f'rom the airframe contractor's
simulation. Initial differences were resolved, and the re-
nmaining slight differences viere shown to have resulted
from known differences in propulsiotn models. In the
last step, closed-loop terminal guidance runs, were coim-
pared to the guidance contractor's simulation. Again,
the slight differences that viiere observed were attribtuted
to differences in propulsion models. Those differettces
are not important f'r the first plannied use of the siiti- I III' \It ik it' IIII)I)WIed h\ N A\ 1 StI 5-Y- S(011, I PI'St
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RAIN DAMA(: EFFECTS ON
ttYPERSONIC MISSILIE RADIOMES
R. K. Fra/er

An experinental test program has been con- at high heating conditions. On the other hand, the ma-
ducted to demonstrate the effects of raindrop impact on terial's slight porosity and low hardness value leave it
tactical nissile radomes in the flight regime between susceptible to impact damage by raindrops with a nor-
Mach 3.5 and 5.0. The experiments involved exposing mal velocity component larger than about 1500 ft/s.
three full-size radome samples to a calibrated rain field
]or distances of 1000 to 6000ft, followed by a safe re- Early screening tests provided a basis for com-

couerY. The data on material loss generated in this test parison with other materials but produced little data
constitute a unique record of the rain erosion phenome- useful for full-size radome design. Recent work of
non in slip-cast fused silica as it varies with axial loca- Letson3 has provided a consistent body of erosion rate
tion. The results will serve as a basis for obtaining ema- data for SCFS; incidence angles between 19 and 35*
pirical correlations to predict the effects of rain on the dtaocs nence ae beteen a3
erosion of such radomes during operational flights of and velocities near 5500 ft/s are covered. Letson's data
advanced missile systems. were gathered using small conical samples about 1.5 to

2.0 in. long as opposed to the earlier screening studies in
which small flat plates were used. Unfortunately, none

BACKGROUND of the tests has provided information about the erosion
rates that would occur along the length of a full-size

The Navy's Advanced Wide Area Defense Con- surface. It is expected that the aerodynamic flow field
cept includes, as a fundamental part, a surface- along the radome's length and the presence of water in
launched missile capable of ranges far beyond the radar the boundary layer would have a mitigating effect on a
horizon and traveling at hypersonic speeds. When all- drop's potential for damage aft of the tip region. Be-
weather performance and high-precision target homing cause local changes in wall thickness on the order of
are included as system requirements, the radome mate- 0.010 in. will have a significant effect on a radome's
rial and the physical design become critical, perform- boresight error, estimating the erosion rate at various
ance-limiting issues. The overall goal of the rain dam- stations is crucial to an accurate prediction of missile
age program is to provide a reliable way to predict system performance. The important issue here is not
missile system degradation resulting from changes in whether the radome survives but that changes in wall
the radome caused both by aerodynamic heating and by thickness tend to reduce RF performance. The present
physical damage from raindrop impacts. These envir- effort provides data on erosion versus station on full-
onmental effects can alter a radome's RI- transmission size prototype radomes that will be correlated with an .
characteristics to the point where the missile cannot ef- empirical model.
fectively close on the target. The current effort concen-
trates on testing the rain erosion performance of slip- DISCUSSION
cast fused silica (SCFS), a material with excellent
thermomechanical characteristics but that suffers mate- The development of a rain erosion model and the
rial loss during supersonic flight through rain. The per- supporting test efforts have five major goals: (a) con-
formance data generated by the tests will be valuable in ducting a literature search to provide an overview of the
developing predictive techniques. state of technology for both experimental and theoreti-

cal developments,4 (b) developing a correlation method
In the early 1960's, refinements in the process- for handling full-size sample tests, (c) procuring and

ing of high-purity SCFS (SiO.) led to the production of prepaing heltsieml tstconduc thectests and

prototype radomes that showed excellent potential for creaing the esite dtih thery and e-
correlating the erosion rate data with theory and devel-

hypersonic missile applications. ' Although it is struc- oping an improved rain-erosion model.
turally veak compared to other ceramics, its very lov,
coefficient of thermal expansion (0.3 x 10 /-F versus The first four goals have been met, and the test

4.f0 x 10 - *Fl for alumina, AIO,) and low elastic data are being analyzed. The literature survey revealed
modulus (4.0 x 10' psi ,versus 40 x 10" psi for AlO,) that only the experimental work of Letsoi and
provide ideal thermal shock resistance. A low dielectric Balageas" could be used effectively in a correlation
constant partially compensates for the lo%, mechanical scheme. Subsequently, a method for predicting SCFS
strength by allowing relatively thick wall sections to be erosion rates along the radome was proposed that ac-
used. Moreover, the dielectric properties have a low de- counts for variations in the intensity of the rain field,
pendctice on temperature, alloving extended operation the local incidence angle, and the shielding of the sur- 27



face by %%at era and or eroded materia Is ithlin the bouln d- radonie shio%%ed that anl os erall attenuation in the %ibra-
*ary layer. The method assumes that thfe erosion rate lion en'.ironment of' 17 dB3 %%'as achies ed bs the isola-

near fihe tip follow,' fihe emperical relationship of' tion s\ steil
Letsori s data. Erosion rates aft of' the tip are niodu1-
fated bv thle ef'fects of* chanirie incidence anelec and Each large-diamleter radome saniple wkas tested

debrs sieling InI'Lnctonalfor, tle elaionhip at a peak '.elocit\ of' about 3800 ft s; one experienced
debrs sieline.In unciona fom, he rlarotihip 1000 ft of' rain-field exposure \%h ile the other wkent

hrouigh 4(100I't. I-ietire I is a high-speed photograph of'
tite radonie itt the rain field at 3775 ft s. The f~iLtire

- ~ ~ ~ ('.1 (<) + Bht(_v) ) I( x,, shtow, the oserall character of' lie IHo'.. field around the
- - here radorne and the presence of '. %ater streak jrn drop

irpacts at the radonie suirf'ace. Figure 2 is a close..p t

Cl x is the erosion rate at ally radome thle sUrface of thle radonie that experienced 4000 f't of,
statton .\v faint. The damiagc sites closely resemible those obser.ed

I (x0 is the erosion rate occurring at the tip fi labor ator\ tests, conducted on plate saniples impacted
location (x, atid has parametric b -igl drops. "' The large size of the dlanage sites and
variation w\ith radorne shape, \vekci- their inftrequecnt distributioti indicate that only thle larg-
ty. anrd raitn rate;, est rain drops contributed to the damage. The potential-

01(x is the antountr of'. ater in the botind- 1\ darrauing effect of' thle more numer-ouls snialfer drops,
ary l aver at station v: has been attenuated b\ the f'low% around thle radonte

ht (.) is thre amount of' eroded mterial structUre ahead of the daniaged section.
similarly swept along the radonie I-igure 3 sbs.sthe sniall-dianierer coricA test
,ur face; sm~ uig etn.Tepa coi%%a 30IAI arid B are empiricall\ deterrinred coil- atj uit errg h ekeoivs.s501fand thle total rain exposuire s% as 6()O ft(. 'i riforituiarel\.

stanits.
his i. ,r itemn %k5as riot reco'.ered initact at te fienrd of the

Thie experirment, designed to determine thle sia- run because of' a structural f'ailure that occurred %er\
nion-deperndent erosion effects, has used the Holloriari nrear the end of' the rutri %\b ell the sled \\.as tra'. ding at
Al-13 Test [rack. The facilitv canl accelerate various sr/c about 800) frt s. Photographic coserage sfios.. d the test
payloads to speeds, beyond Mach 5 and then decelerate sartple to be intact af'ter leavirie the rain tfield arid to
theml ito a safe stop. The l0-nii-lorg, track has a 60(X)-ft i~ ,tt iicfred significant erosion (ie its einire sujrface.
sect,,ini equipped '..itfi sprinklers that canl approximate I e receF rd f'ragmnents (representing about1 one-half
rain storrms at rates, of' about 2.5 itt. /h. Three SCFS of, tile test sattiple) indicated that naterial s\%as rento'.ed
radorie samtples ,\'crc procured in cooperation s'.ith a o'. r the entire sujrface by impacts N..itli drops of all si/es
scparatel\ funded API program, arid preparations, arid that there is a snat iori-deptildet effect. Eff11orts to
'.sere mrade t0 test tIteri at Macft 3.5 arid 5.0. T\\o of' tile quantify\ these obser.ations \\ill depend onl assermbling
sartples %%etcc shaped rarmjen-tiose-iile comipressiorn

* - ~surfaCs '.Oii base diamtteers of' 19 in. They \\e.re suit-
able for resting inl\ upt to Mach 4.0. The third sample

Zsa a 20) Ialf-ariule colic 'sith a diarmeter of' I I itt. The
absence of the rief-iriciderice-atiele aft sect ion onl this

S l~atter sartple allos..ed it to be tested at Mach 5.0).

Thfe test precparations - irisol'.ed the designi arid
Itaiulfactutre oft rso .ibratiott isolation svystemns capable
of s.. inhstariditi ttp ito 30.000 lb of' axial drag force
s.. i I i sol at inr thle radotuc front aserage lateral acceher-
at ion s oft a rout id 100( g at f'reql tie S cisUp to 2000 Hi.
.. hfer exterrsi'. static arid &.ntantic testing at APL's en-
%irontenitaf test lab,' "thre hrard'..arc )xas shipped to the

H-ollornar test track and mut ed to the appropriate
rocket s ledfs . A chieck ont rurn uir i asimntulIat ed radorie
mrade of' steel %verified rite structural integriti oif tile %i
bratiott isolfationi systetti arid t he rocket sled perform-

Sarice. [hei rocket ti'onors provided a peak selociny of'

3741 f sari rie bakig sst brrtgit itesle to Figure 1 - A radome in fhe rain field. traveling 3775
28rest intact . Accelerometers mnounited to tile sled and tf/S.



uin testingg

rected at quantifying the erosion experienced in the tests
and developing the parametric erosion model for use in
preliminary- missile design.
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DEVEIOPMENT OF COMPUTATIONAL CODES FOR THE
ANALYSIS OF SUPERSONIC FLOWFIEII)S

M. F. hite, M. I). (riffin. and I). M. \an Nie

Recent advanc'ements in computer sp~eed, storage Axial
capcityt, and alorithmic wphi.stication have enahled coordinate
technique itt the ,ield of ,,,copututionalflid (ldYnamics
to hecone po werl/1 de'stgn tools Jor ramet engines. In oQ %.
piarticular. modern omputatiotal ietho /ls hace

proven to he verv valtable in the anali sis of complex Cowl inlet radius

.,%JlersWii, fl,0 welts that are typical of ramjet inlets. k.eaeo,
I hs article disctasses the decelopment of computational Air capture _

Codes lor the wlition of both iniscid and viscous inlet , radius

Ilow fiels.

B.A(I((ROLIi) Figure 1 - Axisymmetric inlet flowfield at zero angle

" (oniputational fluid dynamics is the direct nu- of attack.

ncrical Solution of the goserning partial differential
Cquations that arc appropriate for the particular fluid nomically efficient to use an inexpensise inviscid
d\ nainic recine of interest. Once determined, the solu- marching code for the calculation of this external super-
tion may be processed in order to obtain performance sonic flowfield.
parameters that are important to vehicle design. In the
design of ramjet inlets, inexpensive supersonic insiscid The important performance parameters relating

tloi code,, have been deeloped to obtain Ilowfield so- to the external inlet elo\%field are calculated as appro-

ltin', permitting the calculation of inlet additive drag priate. Figure 2 is an artist's conception of a chin inlet

and air capture and the qualitative prediction of inlet operating at small angle of attack. The additive axial

cticiency. Iii addition, supersonic viscous flow codes force, often loosely referred to as additive "drag," is

hasc been dcxeloped to obtain internal inlet tloss field obtained by a program developed to trace the stream-

solutions that result in detailed flosfield "pictures' lines impinging on the cossl lip back to their point of in-

and tite calculation of quantitatively accurate inlet tersection "ith the boA shock. The additive drag is then

cIficiencies. calculated by integrating the pressure along the surface
of the capture stream tube and multiplying by tile
tube's projected axial area. The additive normal force

ISCUS''SION is determined by multiplying the pressure by the normal
projection of the stream tube. If additive forces are cal-

Inicid " dI eculated as described above, the axial projection of the
F ode Ievelopmenl capture envelope determines the air capture. Howrever,

i mso- and three-dimensional finite-difference if only air capture is desired, a mass integration routine
codes hasc theen dceloped for the solution of steady is applied at the inlet plane so that the relatively expen-
supcrsonic iris iscid floss s. the codes essentially use a si, e streamline tracing routine call be avoided.
•tcad.%-state utiler marching technique such as that de-

scried y Ktle. One te fowfeld s otaiedtheOne 01 the most important inlet performance pa-sda br p red tOnyied tilet pefieldioained, tara- rameters is the kinetic energy efficiency, %shich is essen-
tcra arc procesed to yield inlet performance parame- tiallv a measure of hoss much of the f'lo,'s total energy

antdr sineich a rcaptr, adiiss ae dis recoserable as total pressure at the inlet diffuser exit
t r(i.e., the combustor entrance). Although \iscous effects

I icurc I is a schematic of a typical supersonic in- play an inmportant role in the internal inlet lo\kfield,
let for a ranicl itissile. \hen the engine is operating at much of the inlet flo\ field's total pressure loss occurs
los angles of attack at Reynolds numbers typical of becatise of the internal shock systel. In order to
rainjet applications. the external floss field is basicall', anal.ic those losses, a three-dimensional itsiscid
ins iscid itt nature. Fhat is. s iscous effects are effectiscl.v marching code has been dceeloped to solse the inlet's

confined to tle thi i boundary layer oit tile compression internal supersonic flo\. Fron such a solulion, tle
30 surfaces. therefore, it is reasonably accurate and eco- qualilalisely accurate iniscid kinetic energy efficienc

*1 S



Co ,vi hp (ivIii(J strtxirn SL,J

jxidil force C,CLI~t~itof

- . Sidepia,

-Bov surock

Sidepate trea

A g o ttacksurfaesuroectco

Fyur 2 -Chn nlt t nge f ttck
projecion fo

is clculted.I hi capbilt~ hs prs edto b er~am- s~ hreasour rintr nra foncerni oetmt h

Puc~ilsicd ta>5o a eetuist~ d> compaelatsram ~ihrslsotie
Fiur usn a tith-epndn sonliet to thel ful Nataer-

clmane eeffiomt abolet disusin butg als poss NtoSe e Ations tds it e(eitteteal easemets
seserea ainatatotd anr titele toalsi oad internal tlos~ s

N otiuttgt eFpec Cod Iscsi opaxsm ajor role it t n blresltt he pessuraied disrbto or rat jnet
ternll\ductd toss tt act t Ie bittlar\la\ r Ilaxilet. fihe\ comprineia rsuli ssre ' obtainedna

span th eitien% asaiolt tnarc haft l thedutlit% a-
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20 - -T TT- T -- F---Vr--TT from %itscous effect,,. It is obvious that %iscous losses

10- 4 0 can make up a substantial amount of the total inlet

Narvier Stokes PNS alt. - 50.000 ft losses. This fact highlights the importance of' a % iscous

analysis capabilitN for the accurate calculation of' ramn-

Expermentjet inlet performance.

Nivie Stoes The current PNS capability can solse flov fields

o in ramjet inlets, "~ith axisymnmetric geometries; ho~e~er,

210- most of' the inlet designs, currently being studied are

t; complex three-dimensional configutrat ions.. Efforts, are

* curreinl under A av to further extend the internal tlo%%

- PINS code so that solutions can be obtained for inlets

sith three-dimensional geometries.

0 REKFERENCES
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Axidl coo rdinate P' Kuer "(timpurain tit three-tDiniensionral (mi' ,cr Supvr..rrr.
1Ho-,-. in 5'rerivr~rr lrakIgIrr N'iriiP , l %oesl . 41. r,

Figre -Presur dstrbutonfora sraietinlt.ri-s in, %uirneiri(dl I lrud 1) farrrw, pp. 2S" -1'4 (19"5,
Plgurs ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~ ~1 1 rsuedsrbto o caitilt I ) (irittin. I > S. Billig. and %I tI %A hire. -Applkatinit ( urn

purarririat I ehrriques in the IDe'igri tit Rainiier. U-rgirie'.- it P~t

Table I - Mass averaged rle for the axisymmetric %1, 17 ,(,rihr.ti mrzid InternralIl~o~ield ( rpiiratio i(rwrtrrr/

1 - B, Stchi t Iarid J. I . Sier. -Nuilrer kaJl Stil 14at ion o I SicadNsSuper
(Cowl Throat sortie Vrscou. 1 -. .tI-.4 J 1tt, 1421 -1431) ))eL 19S)1)
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_____________________________________________________________I-eid I'rtir. Parr 2. Parulririei *%at ter Sitr I'rrrram. I Sl
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INTRODUCTION

The Laboratory's involvement in space programs began in tile postssar years
%%hen Aerobee and captured V-2 rockets carried Geiger tubes, magnetometers, and
optical spectrometers high above the earth's surface. The flights provided the first
high-altitude measurements of cosmic rays, the geomagnetic field, and atmospheric
constituents such as ozone and were conducted by James A. Van Allen, John J.
Hopfield, and S. Fred Singer (who were then APL staff members). In 1946, a
V-2 rocket carried a camera, installed by Clyde T. Holliday of APL, for the first
look at the earth fron an altitude of 100 miles. From those beginnings, APL's
record of accomplishments proceeds, and includes the conception, design, and

deelopment of the Transit Navigation Satellite System and the Satrack Missile
Tracking System for the Navy.

Space activities at APL have been supported by an active program of basic
research directed toward understanding the chemical and physical processes in-
solved in the earth's atmosphere, ionosphere, and magnetosphere and in inter-
planetary phenomena. Laboratory achievements include the design and construction
of one of the longest-lived scientific satellites ever launched (1963-38C), the dis-
covery of heavy ions trapped in the earth's radiation belts, the experimental con-
firmation of large-scale field-aligned currents in the auroral regions, the discovery
that plasma in the magnetospheres of Jupiter and Saturn has a higher tempera-
lure (300 to 700 K) than any other plasma yet observed in nature, and the de-
,elopment of radio astronomN techniques for predicting geomagnetic storms that
can disturb terrestrial radio transmissions. Adsances in remote sensing include
design concepts for future satellite-borne radar altimeters, the derivation of large-
scale ocean wave characteristic,, from satellite-borne radar data, and the develop-
ment of RI. and light frequency radars to monitor crop damaging insects. In ad-
dition, APL. has developed techniques to predict the disruptive effects of
tropo,,pheric phenomena , uch as rain, on earth-satellite communications.

It addition to the %% ork reported in this issue of tle A PL Selected Accotn-
fpihshments, there are a number of space actisities presently under %Nav at the lab-

oratory. lhe folloss ing list is, far frol inclusi'e but is intended to proside example',
of current efforts.

O* API is collaborating ssith the Max-Planck Institute on the Actis.e Mag-
1ospheric Particle Tracer Experiment. 1 creating and monitoring an

artificial iot cloud within the distant magnetosphere, the experiment s, ill
ield information ort the mechanisms responsible for the formation of

the Van Allen radiation belts. I aunch is scheduled for August 1984.

W Work has begun it API on the Polar Beacon and Auroral Research (Po-
U lar Bear) Satelllite Program. T he satellite w% ill carry sce ral scientific in-

34 strunlent,: at ultrasiolet imager for observing the auroral disk and a
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magnetometer for measuring the polar magnetic field. Those instruments
sill permit a unique analysis of auroral phenomena on a global basis.

The Laboratory is collaborating with the Max-Planck Institute in the de-
%elopment of an energetic particle detector for the NASA Galileo mis-

sion. The instrument will be integrated into the Galileo spacecraft
scheduled to orbit Jupiter in 1990.

e An APL-built instrument to measure energetic charged particles in the
heliosphere will be aboard the International Solar Polar spacecraft sched-

uled to pass over the sun's poles at the end of this decade.

* API. continues to participate in planning for the Voyager encounter with
Uranus in 1986.

* APL is supporting NASA in the design of spacecraft to map simulta-

neously the earth's gravitational and magnetic field with unprecedented
precision.

Eight articles have been chosen for inclusion in this edition of the APL

Selected Accomplishments.

The first article describes the polar orbiting satellite, HILAT, that kas.

launched on June 27, 1983. HILAT was designed and built by API, and carried
experiments by APL, the Air Force Geophysics Laboratory, and SRI International -

"

for the Defense Nuclear Agency.

The next article describes API ', ultraviolet imaging instrumentation aboard

HILAT that was used to make the first daylight observations of the global auroral

display over a polar region.

-The Geosat-A satellite being built b-% APL wkill carry out radar altimetry

to obtain worldwide oceanographic data and a more precise determination of the
gcoid. Key components of the altimeter are discussed in the third and fourth articles.

In the fifth article, the redesign of the dri,,e and control ,ystem for the API-.

60-foot parabolic dish antenna is discussed. The s\ste % \as upgraded to meet
the pointing requirements for the reception Of S-hand frequency energ. from

(icosat-A.

The si\th artice reports on the preliminary system design and integration
snudy of an alternate fine guidance sensor to control and stabili/e the Hopkin,

Space I elecope. [le requirement that the Space ['elescope ma.iii a in a pointing 3 5
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stability of 0.007 arcsecond with respect to guide stars made this effort particu-
larly challenging.

The next article describes the Fault Isolation and Monitoring System

designed by APL for NASA. The system monitors both the quality and the quan-
tity of communication between the Tracking and Data Relay Satellite ground sta-
tion at White Sands, N. Mex., and the Network Control Center at the Goddard

Space Flight Center.
0I

Finally, to support the Galileo mission, APL scientists have examined the

thermal response of the spacecraft's nuclear heat source in the event of an off-

normal reentry. The results will be used to assess the safety margin of the design.

S
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THE~ HitAT SATELITEfl

K. A. Polocki. S. 1). Baran. and L.. If. schwerdiffger

Thre I I 1 sarelliiu s launched successful/ v
onl June, 27. 1983 into) anr 800 h1, 807 Ainz elliptical ,,rhjt
with an 82.0' inclination. ihe oliiectite ol this mision Gravity gradient
i.S to provide isitu andi remote- setising obseriationis (4 boom

- the plstna ieuisity irrc' u/anties in the high-latitude ion-
- ~ospliere atiil o.1 their eIreto RI /)ropagation.

B A k(R O I N

Naturalls occurring radio Asase scintillationSoa

caused bk struc:.tured plasmnas in the ionosphere can Xmennul

hinder I)epartment of* Defense conmrUnicat ions anid wheel A Magnetometer
*surs cillance ss stcrms. The Defense Nuclear Agency, sno

shich itvestigats these effect, has sponsored iono-
spheric research to measure and characieriie such phe- aDrPAt meners

* nornena as signal fading. temporal and t'requeIIn CO-

herence. etc. [his article descrihe,, the HIIAT (high-lat- setoee
itude ionospheric research) satellite, ss hich "sas built for setoee ___

the l)efense Nuclear Agency to pro% ide measurements, Beacon uroral
of both ionospheric parameters and R<1 propagation antenna Ionosperic
effects. Mapper

Figure 1 - The orbital configuration of the HILAT satel-
SrACi;CRAI[ IWSCRIPTI()N lite Earth is always in the - Z di(ction

HIlIAl. desivtrared 1'81-1 atnd depicted ii Tronso. Norssa%: Belles ie, Wash.: and C hurchill,
IFig. 1, is an opcratiotral-class. V.S. Na%) T Iransit tia'i- Canada.

- uration satellite modified bs. AN~ it) carr\ the instruj-
trenitation listed in able I- To mecasure high-latiltude It is important to the itl Al objecctives, that the
plasmia structutre. it carries a unique complement (if e\- s arious e\perimntts operate simutltaneouly1. Ho\%Cecr,

pcriiett to perform itt situi and renrote-senising, obser- the spacecraft's solar arrass, and batteries cantnot suls-

sat ions of the ionosphecre. T hese e\pcritlient s itnclude tamn such operation corit itmuIousl. Therefore, a timer,

(a) radio beacons to mieasure sciti llat ions Caused b\ desivned to control itlie e\perimnnts. allots sm-
9iotnospheric irregularities: (b) it) stil iidtctors to oh- t aneous operation for one- fourth of anl orbit. The orbit-

sers e precipitating elect ron 111.u\0, plasmia deCInsit - dCC- ~il phase of the timier is adjustable bx ground command

tric fields. aiid magnectic fields; anid (c) an ulas olet to permiit operation oser anl\ desired 90' sector of' thre
imiagiti systen ssith ftsisible photortieters ito pros idc cart ft. ( out rol of ITI A [ is pros ided through the

urlobal sics s of thle atroral regions. T ratnsit AiijiliarS ( omniand System. [\perinment mode

III rderto ro~ic i stailicd patfini ot selection, imenr adjustments, and housekeeping telcm-

imagng.FillAl sastlire-ais sabii/e bs icais tr. trouitoririg are perfomted h\ the Nass Astro-
iinannV HI A Ika 11rccams tabli/d b\inens f nauitics ( roup.

the T ransit gras it\-Lradietit bootm and an added nio-

tnentinini s he lfor %aA stabili/ation. ]here is, no onl- Prior to launch, till AT\ underssNrti art e ceri

board data storage. [Ihe In stil and iiagingL data :ire test andi ens irointtal qualifIication progran Al I cr Iin-

iirmnated atnd teetneterecd in real lttie at 40t98 bits s otl teg~ration of the spacecraft atnd the e~ei c. lecito-
lie cohiertti beacoii c\perinietit traniirrsiott to vroutid tlitagnetic comipatibilis and s ibration tests \%erc per-

rccis ing stations. I hie acitual Iurouti c Ier depends fornmed at APN , and mlagitetics calibration and hrctn Il
upon [i oill of the fciii, Ilolsai onl sh acuinnii -ctng" perfornid at file (oddatd Space
~pacccralt orbit.- \Iecasiirenieiis ssill bie made fromi I light (center. IFigine Iisosks fill AlI it prepauraruori

38~ Sorrdr: 'stririil lord, ( reCttIlIrnd kiruiia. Wsen;r for testingi at AN\I ll of thesec test, supportd t readi-



Table 1 -HILAT exn~etiimenis

.... IIIir Oplion'. ( Iualric Ixperimeenrs

( olici) lilt I~ 1iiiill'i IlIa~c colicrcii radio titc~tia\ lrciioiit ( Phn,jcal

I otId Ceiioii rii1-hand chiluiilpolaini/itioi Rilo (SRI Iiiiihoi)

P*ili I ol'i i'l :lxililil I aniltrltlir proble: .pcctrai dcli~ii'. Rich (Air Ilorce nicophy~sic.
-Illioiiior ot con1centrattionl irlcmulavilic Lab.)

Dlitilaiil tlc a(ei. 3, 10, 3*; 500, 2S( inl Hcelis, Hanson (Liier,,it %
\t a elcgthof -1 ca,,, Lallas)

Retardingt poteintial aiial\ /cr:
I ICI IcI t IVLd ion conceentration, 3.5 kil le'olu.-

tion: IC11"ICnpero1 ird mali~ of

* Jon drift meter: cross track electric
field wkith 880 m resolution

C00 \ coi\aenicic hield IfitcC-k\ tlti\12iatc: 12 it I Poteinia (Jik Ati'
ila icoilIeICi I lec I ic Ctif I cili alone. qtiaitii/aitiin., 400) inl rcoltioit

miaycii ie titleic

I cciioii lcctroii 1111s and I nitcLr\ aiiuc: 20) e\ to 20) keY: Hard% (Air florcc

oiiiete I M I cicre\ Jpc:t ra I (irce look dircct itn : tip. dott Ii. (eoph\ \o I lab.)
45 tfromt /eiit I

300, 600, and 1 800 ill

\iii olal \W111i and dal\ atilolia 1150-2000 A illialeiii Huffmn (Air -lrcc

Iilappcr I -klasCi c1iii 1i0n1 \Ilctiw OIHL' AN~
39 14 and 630)) \ adii- ic\% iii.

Pholo iiiCI ci

ae~lut h le~oliiioii 30)A

spat ji 1c i l'tItill Iin 1 0
!cr 1, '5 -)) 13) kill at

tic- e~ prior it, siipmenit ofthde pacccralt to tlte at ihe ground rceis ing ,tations. Grond nmeaSnremenk 5
\ aiidcihiber \It Foicc Bawe. ( ahl. alter latinich inidicated (that all spacecraft ~i~~en

%%ere operating properly and ihat all of' the c~perimlenetN
I.' - ~~~(hit .little 27'. 1983, 1111 A\ I -,a, latinched sticccsN-- ticl bj tie

tilk on a <V~<\ 11i rockct Itlo anl 80)() bt, S07 kiii ci- \ccnetii hi e
lqip al orbit stilt an S2.0 inclmat ion. that altitude

5%%a, ,elcted bct.anue in %%a hight enougmh for imager glo-
*hal e %1n1itr 0Mid 0oA iiotiili for the %ariou. inl situ nica-

'tircient'. t he 82.0) iinchna un %%as Choisen to tmise [he lilt AI ,pacccralt i, at VS. Nas\ ria' a-
,nlie oscri ead 1asses alon110 fie geoniagnetic iieidiaii 6i11 1 raist atllite OniVIiial% deieiMicd jiid fabricated9



Figure 2 - HILAT being prepared for electromagnetic compatibility tests at APL

and subsequently modified by AP L. The engineering by APL; and the Auroral Ionospheric Mapper experi-
success of HILAT is due to all members of the APL ment was built by APL for the Air Force Geophysics
staff who were part of the Transit and HILAT teams. Laboratory.
H411AT was funded by the Defense Nuclear Agency,
and launch activities \,ere coordinated by the U.S. Air
Force Space Division. The beacon experiment %sas built REFERENCE
by the Stanford Research Institute. International; the ThHiAtSineemheittrga. 0.6.6-

plasma monitor and the electron spectrometer experi- 170 j 1993.

% rments wsere provided by the Air Force Geoplhysics Lab-
oratory; the vector magnetometer experiment was built I hi. \ ork %a, utpported b\ thc Dclcii~c NticIcar \gciirc\
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ULTRAVIOLET IMAGER OF ATMOSPHERIC
EMISSIONS AND DAYLIGHT GLOBAL AURORAL.
IMAGERY FROM SPACE

(.-I. Meng and F. W. Schenkel

The global auroral display over the north polar toring atmospheric emissions of the proper VUV wave-
region has been imaged /r the first time in Jull suin- lengths. The first successful attempt to do this ",as
light. This was accomplished by means of the Auroral made by the VUV imager aboard the HILAT satellite,
onospheric .apper, designed and built by A PL in col- which was launched on 27 June 1983 into an 830 km cir-

laboration with the Air Force Geophysics Laborator.v cular polar orbit with 82 ° inclination.
The instrument was launched on 27 June 1983 aboard a
low-altitude, polar-orbiting, high-latitude research sat-
ellite (ttlLA T, P83- I) as a joint venture of the Deje'nse
.\uclearAgencv and the USAF Space Test Program.

Imaging Experiment

BA(K(ROUNI) Figure 1 is a schematic diagram of the Auroral

Ionospheric Mapper on the three-axis-stabilized HI-

The spatial and temporal variations of the global LAT. The mirror shown in the nadir viewing position
auroral display reveal extensive information concerning can scan 67.20 in either direction perpendicular to the
the configuration and dynamics of the magnetosphere. satellite's flight path. The light input from the mirror is

Because the polar airoral phenomenon is the only " is- focused on the entrance slit of the VUV spectrometer by
ible" consequence of the solar-wkind/magnetosphere an off-axis parabolic telescope. The spectrometer is a
interaction that can be sensed remotely, the monitoring 1/8-tn Ebert-Fastie type and the detector is an EMR
and understanding of it has been of major interest to 510(1 photomultiplier tube with a cesium iodide photo-
geophysicists and space physicists. The ability to ob- cathode and a magnesium fluoride sindov,. The en-
sersc aurora on the sunlit hemisphere will add impor- trance slit of the spectrometer is 1.5 mm, shich corre-
tant information to the understanding of solar terrestri- sponds to a spectral resolution of 3 nm; the spectrome-

al proccsscs. ter cover,, the w&avelength range from about 110 to 190
urn.Thead~atag ofusing the spectrometer as the sen- •--

*Auroral atmospheric emissions. cover s ery broad tun. The advantage of uigtesetoee stesn
sor of this imager instead of a more common photomul-

%saselcngth range,, from infrared to extreme ultraviolet tiplier tube with a filter %heel i in its ability to provide

and the short-%%,aclength brcmsstrahlung X rays. In the measurements with a naer we iaelength passband. tpv:e
,isiblc and ncar-ultra% iolet ranges, the most intense au-

roral brightness can reach a fesw hundred kilorayleighs With this combination of scan mirror, telescope,
(kR) per nanometcr, sh bile the Rayleigh scattering of and spectrometer, the imager can be operated in three
the solar radiance b, the atmosphere is about 10" kR, different modes. In the imaging mode, the instrument
nm, making it impossible to detect oplical auroral emis- provides global-scale imagery of atmospheric emission
,sion, in the sunlit hemisphere. lorlunatclv, the atnio- at a selected wavelength in the VUV band. The pictorial -

spheric effect is drastically diflCrttl itl slightly shorter svath of about 5000 km width is prodIed b% the com-
%saselengths. Radiation belo% about 2X) nm is tolally bination of the *.s cross-track horizon-to-horion scan

absorbed by atmospheric molecule,, and atomls. Thus, and the forward motion of the spacecraft, similar to the
the corresponding solar radiation, can neither penetrate raster scan of a television tube. The spatial resolution
the earth's atosphere nor be reflected b% it. near nadir is about 20 ktn along the satellite track and 4

k n perpendicular to it, and it expands to about 90 b% 20Aurora] Optlt.al Ci,,,,ion l ov 3d( 01 nin %%,l
o urdor1l opt casl mis(s ,in elos). 5n5aka kin near the horizon. There are tsso other mode, of -

fouind in 1960) b% lasNtic.( Crossbite, and Markham operation s"hen the scan mirror is locked in the nadir
during a sOlnlding rocket cpernenl, SubsetUcil, It direction - the photometer ode s, it the spec roneter
has hecn demonstrated that s acuuim ultra%.iolct % tI I i\ed ai a tselected as length and the spectrometer . -

dutroral emissions are sonicinies dtctible ill stilt- node in \% ltch the granie rotates.
light and that te tllaxinmimt comttramst b ,tsen the ai-
rora and the da~glow background is in the 135 to 15 In iILdthiott to thi, \1. \ inagii dsc.ice, tlhere
nin band. therefore, it should be possible to iniaive the .1tc tsso M Tadi 1r-poii1ITn p olotltlCters s isible ,,,asc-

global auroral distribution and actisits oser the polat I1, lh (391 4 amid 610 tim) \kth a I nim pasband (full-
reciomis Ill both suillil and dark hemispheres b,, mioni- sidlh. alf nWtilstiinil I heir .Id ot etic is a 25-kni- 4 I

• . • _ . . -• - .
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bx solar t'V radiation. I lie dark bslute an1d black Onl thle
I I!hl 11CIIrrsoFItd to thle tratrsitiitir IrtO thle dark, heiri1-

sthere. thec calcutlated ireottir terinator onl the
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cause11 of ettltaircd x olitite per solid aiile as tire

* mitaLme f ireld of1 x cxx tiloxes toxx ard tire liortirri. Ithe
most cititit' part, tire rrbserxaioit of tile exettiir an-

-OW oral oxal entditrg acr:oss Ifudsonl Ba\, is slroxx tr as
\elloxx sli-giceit strrtcttrr s abirx e tire dateloxx\ back-

lIotitid. I lire sirutrLires are clearl\ i(Iet1tibable c\Cx eill
r~telirrb-rrxlrtirirxrreeoi. I liese optical atlirrial lea-

tires ate de~tcted rtore tran 30001f Kiir itrto t11re d>ltu\lt1
lliott: tftx are slrrxxtii etarireif Illt tiL. I3. lie itarI tea-_
tire Is a1 dercrrerrrti riestard traeliti awrriral wlreic
tat .ilplec' i , a' ktrol %%it iii' arallcl alcs alomiti thre

ox aul.- I irtrir n111V101(t tlte sNC is, aibrUt 2001 kilr. anrd

tire ilisi tc .1ies ate about 20f kilr xxrdeC atrd 210 kill
4 apart I.

I lie secoind evmoirtpc 0t Ic. 41 is air rittaire oft tile Figure 4 -An image of the major part of the aurorai
111101PtllOf[le lll~l \a tCICILIoi 2 ]lk19" val, indicating tile progress ofansrarsbiri

at .tbott 160011 t I. I lire data oit this satellite pass xxere

rcccxcd at Kirurna. Sxxtfent. [tie etrtire amroral o~a *j as IC11111 e11111ths1 coiu xobserxed oxer dark polar itgoits b\

ilt dfav bLrr I lie atitospieric enrissbonrs motnitored xxere earlier spacecitl.

at 1-41)3 ( r 1.5 rrttr, froi both atoriric aird itrirlecrilar

it11 r 'Cei. fIrl 1fr1s icture1, t1re still Is tuissard tire left. I ltc CO)NCLUSIONS
or1,1al ox al frotir aiterttooir to fitdiit xxas inruired

rhox e! tire dI\]av clo I ba1knrrotrt: its ifisla~k itniicates thle Fire \Li ittiager oti boarif ItitI A I clearl\ deit-
* pl)IC1 ()Ic or a xxcak ant tial usirm. Actuse auroras trust rates thrat file' global atirirral displax iii the loc:al

xxerc oxer celtral arid xxest Siberia inear tire Arctic coast stitritrier ptrlar regioni nuderC stirtlit L-Onliitot' carti he
rf te 'Sin ret I ittort. IFaint dis~cte atid ififuse auroras tutiaced h\x ttstilrg prift Icli Aoseu xxax letii I fIre

extitued liuig iteabe ijotiairl eettuti li al thse atilrs albedo anti [ire daxnrlitx baAkgroti;1d catised by
n0stx i hhlru aI fete in Ar sititit polar re- solar radilarrirut eltre ll 'i.11l prexo'l lc fi ex etiteif auiloral1 tib

L!i11tire srt1iily 10n.tiroral featres Of' tire x isible xxax e- sirs lll at il itire x isIble attif rear LV \ tiie. I fiat is trot

a fortridable obstadc to rte described opt re:al urrea'rni

rireirT . It is be10liee fiat r ft' %\as tilre fr11s stl,cssil 11

teit to ii inagc t ire ;tlt oal d lpa\ ill frill da tc~l!~ 1t1ai1

(flat Colittittuots1 .ritd cittirplCic ariroral iit(oitrior1L ii:

poissible ft urn space platlo iii ir

* Figure3 - -r'r ci I cii:: w'' I I



l)(U A l Sl(1NAL PROCESSO)R FOR I III.
(1 L0SAT -A RAIAR AIAIN'WUE lR

.1 . A Ptersch% and 1%. I Medn

I I. pl I,'' I' r,. 'f:Iala'Iffl/to (&, i-iott rcqimniuitx of (aoxat-A required it rcvics% of
N, be, 0rhiud pin /x'ai I ii, ,\~xat I 'pa, cPaI t mi laft, pu ix rliahilit\ and] radiation cix ironmnrt Surx ixahili-
lY,84 11ill pfitide tlc z1'a; ffil' hiil. If I. I he vxaxeiortn xatnpler unit Ika completely redc-
,li,,imiL seax~j~ \tutt .fl,itu't , i~ r- ii!t -,tw iII '1ietted to Mnake uxc of larg'e-scale ittiecratedl circuitx .

. /1 Ihei ,tiua/ luil p'r, 'x-i p' ' '! , -; &Lteb I hc radciatitn-xenxitixc 8080 mnicroproccxxsor in the Sea-
ithix CN /lhf Ihx 'tH. .010 11 1' ',, I' at 1/1 f('C 'at1-A- adaptix e tracker unit \\a,, replaced h\ the cx en-

/'(tlxii. t, P, !" 'It:'1xh i .Ic 1,w1wiMI x1ixc 88ni 11ctoprocexor. [he acquixit ion, (rack, attd
ian iiiIa al 'h-ru '.u. I..! i i~ii.L'i~/'Ii( alibialiotn alteorititnix in the adaptix e tracker uinit \%erc

edcxie teil ott the haxi of in-flight Seaxat -A e'.-
'etI letie.

RAC(k.Rot NI)
IIt I ION

*~~~ I e~litical pio~exxoi lt the ( ,e'at-..\ iadat al-
I itictci i, aii c\teitii'i of the Sea'.at- \ radar alt meter 1 hie altimeter tx, coniprixed of' t%%o major xuhxvx\,-
xLIcxetil. I lie ttatitittt pulxe lettgih of the altimicet %%iax temx: att RI xectioti atid a signal procexxor xection. I he
111Cie1iLcd I tottt 3.2 ito 02.4 It, to accotmitodate at mtore t\%o IIIittar\ oLi(pltx of the radlar altimeter are the pre-
ll'l hu I)I oxxei-posxeitrxliesacth trartxttit- cixiott height front vi Iich (he ocean geoid atid xurt-ace

wi .I oacconiwioklatc thlis- chantc, the dixperxix dela\ topograph\ are determined] and tie oceatn xi axc-height
1111 tixedI Iot Icaxat-. to vcnitate a 3.2 px linear I \1 ext itit. Int addition, recixer gain control xettitts are
'1h1rp pI)IIL: xxax, replaced b% a digital deigtt that getter- prox ided in the operate and calibrate modes for the de-
atex a 102.4 px cnirp pttlxe. I ltc cituohix xiae I( \\ I termtinatiotn of the ocean surface retlectiIxit\ . [he xigntial
acqtuitioti imode detectiont circuit xxax, redesigtted and prtexo iI patiioe inoitetot tt (see I ' .

* - ~~~~iti'x d ttott the xtilrtIiito [tc %%axeforti sarttpler. I), each of' \% licli ix defitied by perfortinanice and itfer-
I lie ~xiichioiit xxax redexiid to acconmtmodate the lace specificationx,. f ig rc 2 ix, a photograph oif file
tiexi loni-pulse radat titiite rcquiretitt. [hle lotnger completed xiymal procexxsor.

Chirped mode

FI F section Video Waveform data samnples Digital filter

synchonier corecio

Sample CWacquisition rpentra

S ~~~~~~ e~cc a a n5at mo de videa Comand

Pha rasmt eciv, etctsacaflCmmnd
modl~iia and coontrol

44 Figure 1 - T~hir gajite pi~o~ rtrAcqui hestion an thAdaptivec

-. .- ~~~~ng - -- .. . . . . . . . . . . . - tracker



i therr b> appropiriate tile anti corsitne icriris, arid at:-

eurniatirig the resuLlts'. I inail>, the I arid () frequeric>
cerrri are squia red to torm Iii por rsall ies arid ac r en r

added 1tt is e thle riea'sure iii signal eleri'> re iceis id at
that partierrlarfgierrIUqIes. inc remtrir. As iaJ fliller

salueC is corrIiputd, it is sent to tire adaprise tracker for

further arialssis.

line1 ireighir Correcriorn is also aceormplished ti
the filtl't hank. Iriformiatiori supplied b\ the s> rrhrorr-

jo0 cr is used to muodurlate thle phasors in thre mu tilpl iers.
thus situint tire enitire filter batik in frequetrex . T he
iLiial filter bank mrodule (shosrir in Fig. *3i is air e\-

Figure 2 - The signal processor.anl f \pclcntuto t h inlpoc~i

Adaptiv e Tracker U nit

%%aieform %sainpler T-he adapntis tracker unit is a mierocomputer

flIFLH~l (t th %%~clrm smplr i to built around art 8085 miciroprocessor. It eontains 8192

iLll ii t iri run)MS a ond LIl t r I as d tir ) saipe iS O - b> rs of read-onl\ progran rnernorv arid 2048 bs'tes of'

(iici i i t ii i it~rs a nd qui) iora e imeQ domin e read-,',rite storage ruienrors. Dual inpurt storage bruffers
urn tt oririt rcei e ariltostrfetir ttir iirtrati altertratlvl accumrulate radar return ss aseforni saniple

s~rltpes ot rocssriebs he lintalijterban. lurirg data fIrn tire digital filter band for 50 pulse returns, aird
eac talo puse rier' a. t,',,r5-bt rraoc-o-igial hold thie data for processing by the microprocessor.

coinscir take 6-4 samplcs each at a rate of 625 k,1/ Hieitt tracking, autoiaric gain control, arid s \are-
Mu ch cos ci' tire 102.4 ps reeis e gate s (ilo'' ire irciehi esirriatiorts are their perfornied at a rate of' 20 in-

sailes[ are storeid terriporaril> iii is',o 5 64 bit reg- Punts per second, based ott tire snmoothed sAas eformr
sters At ii end of (tie rceis: gate sarrplitrg.srorring __zl;~cs

inter',;l, (tie dtiial tfilltr batik begins reatdirng out tire I
rid () dat a sairpies ill a repet irisc e niottdest rLItiiCei Icctr s daut a iformrat iting, intterpret at ion of

- rrtMillrner nit11 pr okcssliiz is coliplere. \ihen tire nest re- commrranids. arid control of' the altimreter mode sequene-
'Ces 1c are irersal betgirs, (tie ries data satmples are ing betsscrr acquisition, track, and calibrate state, are

* ~ % siI ic err i itc pr e\ tonisl\ It oreCi dal a. acetiriplished s itin the adaptive tracker urnit . F-or that
Purpose. interfaces are established ','irh tire inter-

Ilint %'S tcorl 'arnipier pertriris a secotidats fa ce conitol unit arid the svrehritier niit.
tint101 dirt rii c -,rniisir tloli Mroiie trf operation.

Ie tIrrr1,01ittti I Mriii Q s idce is LIICtICdi b1% a ftrll-ssase Procissinge %kitiit tire adaprise tracker unit is,

- i~Cr11V iii tt d dii tctkelt aripiitier crortibiiiation: tire otw- kesed to tire radar transmit pulse that outrs es ers 980
- ~ ~ I11 ~ itC 01111tt',11CLI t0 isro titresirrlds. andril reluis e\- its: thai is tlire higiresi-prioriry nrormral interrupt to the
* "cdn1111 os 11 r'st Icci',r el reported 10t lies rtIctlroiIr riicroprocessor. Thec iterruipt initiates tire data trants-
* ~ ~ 111 Miii 0,1ete 11t1n Aintii'iflrnt range i'srtrrtes. fers to arid fromti tire strcirorrimer tinit arid titler-

f'ace econirrol runit that tMuist occur each radar trigger. Itt

iitial I- iller Bank addhitionrt amioduilo 1001 conit is mraintrained of tire

Ilie ,uiial tihiet hink ptrrsidesz a pecirarl anal\-
tie sf dIeilo tcfi it divit tied his rue %tateiforrr

"Irtitlet tei tire: r.da ,ri~t vi i I riretuic\ titroil-
litcr1. tii 'periiar imiio mttr ori prrsiiii' range trr
lr,ickit' rind di,i~ tor ireic r ois ox cari sturfaci'e

irnri ii stir I)tinci (tie pi tri betseci rce:is i'Late

-11~ ,11J 11 titer Ii 1rp ro 1i a'is S_ A,'), tile diVIict l fillt per -
riisr d iii I rrit i ttl t rr i i i ti lii 64 I arti ()

* IWilt rJrir'1t,t1 AII 111i r1ist.- t110 (63 posiC it sp :i l n sarilesC

Nw wlitlr tlciiriitr Icilit' att' tiiii lliipls tihree

* ptrrsttiommtei It0 kit/ I .it mt li 61 fitrhi i's~rnrs is
ditttt111itrrl h\s rIn~HInr 01n1 111C aI111ipCd data, rtnip>.Figure 3 - The signal processor digital titer bank 4 5
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1- . I.f vieriniller and .1. IhNnieI%

/ilr' (n'rrsAtl-A- Iis~ion reut erk'tA' t' sallsli I ii: I a, thud renal block diagram tiolie RI

L rial/iic al in/ururatioti- 1:nerrni trd I/it'J rt t i t clic rigtt 11ciihe I \% l L11t aha o rji c tre up sc tncr-
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bhnu I .1 lir lrlltttax rrallsrrisslc' HIll N I I.', arid tire rc-
teit unit \111F i cstaI osc:illator retererree signal,
urpphicd t,\. rutspa~xecratr, i, tire rrrpt to tire t('1NI.

(IR nt)II (11pu (elit I ( I \l1 is Useti a' tire! inrput carrier

lV kt.ROt NI) rt'ttw'ICtor [liet cirmp iClerator (-'( irirp'' i tire :

tiviin usetd to, titiel a lrrt'a I \1 applied ro) radar
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unit where it is adjusted to a particular amplitude bs an Micro~uve Transmission Unif
automatic gain control (AO() and down concrted The WITU perloirms tihe necessary S~iiching of
again to extract t,,,o channe.ls of ideo se,.parated inh ~!protm h eesa>sicigotransmit and receive sigials, including isolating the re-phase by 90°. Those signal,, are then output t0 tle Sig-
nal processor section of the radar altimeter. cei.ing channel from TVI amplifier noise power while

the altimeter is waiting for the ocean return. This new
Although the initial plan called for an altimeter function was needed because the Geosat-A TWI" amupli-

using the Seasat-A design, the I8 month mission design fier, unlike its Seasat-A counterpart, cannot be
goal of Geosat-A was not compatible with the 2.5 k\ switched off between pulses to cut out T%"T amplifier
M-.,T amplifier used as the power amplifier in the noise.

Seasat-A altimeter. A space qualified TWT amplifier
having approximatel 22 W of RI output power atid The MTU, as noted earlier, also performs the in-

easily able to meet the (eosat-A mission life goal \&as itial functions of a receiver (i.e., signal amplification

located, using a low-noise preamplifier and frequency dowtn
conversion to 11.).

A technique long used b, radar designers to re-
duce transmitter power while maintaining maximum Other MTU functions include providing a chan-
detection range was the primary way to compensate for nel to monitor the IWT amplifier output pow.er and a
the loss of R. pow~er. The width of the transmnitted pulse way to calibrate the altimeter. The calibration is done

was increased so that the total amount of energy in the by coupling the transmit signal through a channel

pulse (i.e., the product of pulse amplitude and pulse known as thecalibraiion path where it is attenuated and

width) remained unchanged. A system design problem then injected into the receiver channel. The calibration

is normally associated with that technique. An in- path includes a programmable pin diode attenuator; by

creased pulse width usually results in a decrease in range varying the loss in the known increments of the calibra-

resolution; however, because the (ieosat-A altimeter tion path, changes in the operational signal path can be

makes its height measurement by operating on the chirp simulated and the system calibrated. The greatest chal-
modulation rather than ini the time domain, the resolu- lenge in building the MTU has been to isolate the cal-
tion rather n th pply ibration signal from leakage through the normal opera-

trade-off does oapply. ional path and from RI- interference iR.) from parallel
Several modifications to the Seasat-A RI design paths of unknown origin.

became necessary in order to accommodate the substan- Several modifications have been made to the
tial increase in pulse width. They are discussed below. Geosat-A MTU to improve the calibration path isola-

tion:

TWT Amplifier I. Separating the MTU switching assembly into
The a ithree components to better isolate each por-

; The (eosat-A TWI,' amplifier was procured tion from parallel path RtI,
under a subcontract from Watkins-Johnson. The unit 2. Using an iridite (conductive) finish on the ex-

provides approximately 22 W of RI output power at the terior surface of the waveguide components
13.5 GHi transmission frequency. rather than the typical painted finish that

might protect surface currents from attempts
to break them up,

C'hirp Generator 3. Adding a metal enclosure to isolate the MTU
from potential external leakage,

The heart of the chirp generator, which was the 4. Using ia ateral taen

unit most affected by the increase in pulse width, was a R a

surface acoustic wave device supplied by Andersen Lab-

oratories. A similar device capable of handling the RI absorbing material was used to line the enclo-
compression ratio associated with the large ( - 100 ps) sure and baseplate. It also was glued to sheet metal baf-
(ieosat-A pulse would have been beyond the state of the tles placed between the channels to break up radiation
art; therefore, a completely different design approach within the box and was used as a wrapping for key

.~was taken. The (ieosat-A chirp generator, referred to as power and control harnesses to attenuate any RI.I on the
the digital chirp generator, was a joint effort by wires.
engineers for the digital and RI parts of the altimeter.
The linear frequency was generated digitally and then, Receiver Unit
by means of RI techniques, a chirp pulse with the
desired pulse width and carrier frequency w&as The receiver unit consists of an AG( module, an

48 formed. in-phase-quadrature (I/Q) module, and matched
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Figure 2 - The flight model RF deck.

phase-quadrat tire video channecls. The .\(i module IWIT amplifier, the 13.0 GH/ first LO) signal used in
C etmUrces that a li\ed signal amplitude is sent to the signal the initial dos n consersion of the radar return in the
processor section.[h I ti Q module use tile 500 %Ili/ NI1TUJ and the 5(X) \i H/ 1.0 signal tor the second (I /Q)
I ( ) sinaI fromt the t CI- Ni to perform the second fre- doss n consersion in the receiver. This unit v~as oriainal-
quecncv dovt n cotnersiott. [he do%% n con' ersion pro- N, procured under subcontract fromt Zeta Laboratories

* duces t ss i sidco siginals that are itt phase quadrature. for the Seasat -A Program. OnJly~ minor design modi fica-
IThe signal,, are filtered attd atmplified before bing sent tions, sere needed for (ieosat-A.
o th 1 igttal processor.

Iline .. (I( and I Q modules have been designedg Inerio
using otf t -sh-lelf muicross ave integrated circuit conipo- Fngineering and flight mnodel Ri units has e been
lnnt s rat her than the discrete cotnponent s used ito build built. tested, and integrated into the engineering and

*the Scasat-,A rceiser. Such components are readily flight models of the (Peosat-A radar altimeter. The
asailable and 11to11nt dlirectl% to prittted circuit boards., flight model RI deck is ,ho\%n in Fig. 2.
hereby siyni ficant I reducing module si/c and ss eight

comparedl to those of a discete :omnponent -AK O L) 1  II

[he authors ss ish to acknowledge the efforts of
I p (Cnmertr Fretitacnci Multiplier F. A. Beck, .1. P). Jones, J. I . MiacArthur, 1). C. Marth.

.1. .1. Maynard, W. C.Pois C. Ni. Russell, G. F-. A.
* ~~~~I lie I I \1 uses [the S \111 reference ])inpu to Ihmn.1..No ehm.ad.(.Wl.

generate loin output sig~nals: at 125 M~li/ cotitinous sig- I inaU.1\o Mhe.adJ.GWl.

n1al thalt is used as at cltirp generator input, the 13.5 (J1,
* pulse (suth or ssitltout chirp niodulation) that drises the I Iu, koik \kab tipiiricd 1hs ticoIIlicol \,is.n Re'ca,i 49



UPGRADE OF THE APL 60-FT DISH ANTENNA
CONTROL SYSTEM

R. I. Konigsberg, t. F. Neradka, and T. M. Rankin

The drive and control systen for the APL 60-ft Western Development Laboratories. The facility has
parabolic dish antenna has been redesigned in order to supported reliably the development and operation of
ineet pointing requirements for the reception of S-band the Navy navigation satellites at 150 and 400 MHz. In
j requency energy from the Geosat-A satellite following the summer of 1982, it was proposed that the antenna
its launch in 1984. Using the Landsat-D satellite as a be used to acquire data from th Geosat-A satellite,
test target, dish pointing errors of less than 0.05* and which will transmit data in the S-band frequency. The
peak RI pointing errors of less than 0./ have been
demonstrated. -he sy stem was used successjul/y to sup- reliable reception of data from satellites of opportunity
port the ldat satellite launch operations during JulY at that frequency proved to be impossible. A detailed

and August /983. engineering evaluation showed that a complete drive
and control system redesign was necessary.

BAC K(ROIiN )

Ihe 60-ft parabolic dish antenna (Fig. I) has
probably been the most readily recognized facility of DISCUSSION
the laboratory since its erection in 1962-1963 by Philco The task consisted of (a) redesigning and fabri-

cating new control system electronics using modern
technology, (b) completely rebuilding all hydraulic
components, and (c) rebuilding all mechanical drive
components (including the 2.5 ton gearboxes).

The newly designed and fabricated servo elec-
tronics were connected to a complete single-axis hybrid
simulation of the antenna in the APL Inertial Labora-
tory using the actual antenna resolver for feedback
from the servo rate table to simulate antenna axis

rotation. By means of the simulation, the antenna servo
rate loops and position control loops (which contain an
imbedded microprocessor) were tested, debugged, and
optimized before actual integration into the antenna.

The antenna's main bearings were found to be
in excellent condition during an on-site investigation by
their manufacturer, but the large gearboxes showed
excessive wear. They %ere removed and shipped to their
manufacturer for overhaul. All hydraulic components
in the drive system were either overhauled and tested in
the APt. hydraulics laboratory or returned to the manu-
facturer for overhaul. The large hydraulic snubbers,
which are required to preclude the possibility of a run-

away antenna and are of particular concern, were com-
pletely rebuilt. To generate the equi'alent of the maxi-
mtum torque of' I ,00000(X) ft-lb that tua\ be required of
the snubbers in use, they %ere temporarily plumbed
into the antenna's hvdraulic suppl\ and tested for
proper rate control and snubbing action prior to rein-

stallation on the antenna.

Figure 2, a block diagram of the attenna control
system, shows the dedicated HP 9836 pointing comput-

Figure I -The APL60-ft dish antenna er that compute at I H, the predicted posion com-
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automatic if the error angle exceeds 0.90. At that error target. The total RI boresight pointing errors were mea-
level, the system switches from type II to the sured by scanning mechanically 0.25' at I Hz and ob-
unconditionally stable type I system response. When serving the received RI automatic gain control signal.
the error drops to below 0.25', the system reverts to the 'The manual closing of an RI. track loop around the
more accurate and responsive type 11 system. The elec- pointing system during the satellite passes enabled the
tronics are also designed to be antenna-rate and acceler- measurement of the amount of manual correction
ation limiting to preclude undue stresses on the drive needed to null track errors. Analysis of the data from
system mechanical components, thereby extending the about 30 satellite passes has shown that the dish servo
expected life and reliability of the facility, and reflector are dynamically better than 0.050 and that

the overall RI pointing error using satellite orbital pre-
dictions is less than 0. 1 *. This performance exceeds the

servo electronics are not dictated by actual satellite line-
of-sight dynamics but by the disturbances caused by
Aind-turbulence-induced torques. To study the effects During the summer of 1983, the APL Satellite
of those disturbances and to serve as a guide during the Tracking Facility entered a new, era of reliability with
development of new circuitry, a nonlinear, discrete automation by digital control. Beginning with the Geo-
computer simulation of the antenna was developed. The sat-A launch in 1984, the facility will track four passes a
servo dynamics were designed with as broad a band- day until approximately 2200 passes have been accumu-
width as reasonable, while retaining adequate stability lated. It is estimated that over the next two years the
margins. Figure 4, which contains typical Bode plots of total use of the facility will exceed its use from its
the measured antenna performance, shows phase and inception in 1963 through to the 1983 upgrade.
gain margins from the open-loop curves.
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NASA GROUND TERMINAL
FAULT ISOLATION AND) MONITORING SYSTEM

1). E. Buchholz, A. J. (Cote. Jr.,
and P. J. Grunberger

NA .- 5 reptlacint! iost of itsi Space/ light Track- nection in the main data path between the Tracking and
inig and IData Vwetwork of iround stations with iio Track- Data Relay Ground Segment (TDRS-GS) and the NASA
ing and D~ata Relay" Satellites operatin.v at synchronous Comminunicat ions (NASC'OM) data path. The monitored
altitudes anti a single igrouncI station situatedl at White data are routed within the svstem to the frame analvier
Sands, N. Mex. The Tracking andi I)ata RelaY Ground hardware whose outputs are routed to the system comn-
Seinen t (TI)RS- GS) of thegiround station prov'.ides the ue.Trdaareposedfrtnmiso bc

in tr ,lifes etwen he atelits a(] he etwrk.The to the Network Control Center. Data characteristics are
N\A SA- Ground Terminal provides the inter/' aces amnong
thet i'RS-GS. NASA. (oinmnunicatioais (\'1SCOt), and observahle at an operator console.
the Vetiwork (Control ( 'trat the VA A Goddard Space
Ilieht C enter.

AP'I was given the responsibility' for designing a Operalional C'haracteristics
* 1ault Isolation and Monitoring Svstetn as5 part of/ the

Ground Terminal to pro vide qualitative and qu~antitative I illie 2, all operationtal les ofx tithle sS Icllt. Coll-
ofi'~met (/lte comm~nficationl between the TMRS- ev.\ tie dtai fio\ and ideiltities the mano fittles aiid itperil-

(PS and fte .Network (Control ('enter. Monitoring takes liiiial fniie ons.
place hot/i before andi after the interfaces to the NAS-
C'OMf lines. APL. s, ef/hrt fftcluded the development of [lie \sstcmt i, .isiL'tied itiim titiL taks I,\ init~tis
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otIt ;I select ion miade by potsiti liiig Itie cii sor ott f ile left.- anitd to imanage thle present atiott attd com mu nicat ion of'

*I unction kes labhels at time boiotn of lie screen indicate thle s ~ariotis data products.
* lie eirretit role of cerlaini keys, ottl tile opecrator cotisole.

I hte. are usted to clhatwe the ttervice. the triatite ss ithin ile
tirrent .ermcte. (it the tate of tile sstr.A(I(NOWI.II(MKNT

\kc twini operaor ItItIIAlcs,u .1Hattle .als i\Cr is, Matn\ indisiduals cotntributed to ttte JeseloprItetit
tue su a. sets Icet-. tle scr% Ice piocpratin lorss ards the sup oft thle capabilities, described there. incluineIII I N/11,ii 0 1



T ) 1 1 1 1A 
i nu 

n 
n t a t y

FAMA FAMATZ) (i

[Datart BlckedA~ministrative

Messadge

ii. nlir~iitreceptionr Alerts KMessagee

IMSGPRC. RCVRI kc-tIlttnt

updates Udt et
IAAMA] ed pae

inn - T~v amService Suiotscr\
n-i j ai.'St inssnim nenlo data /rupd(ates(OS EX,

r) erator
Update Support Strings
trigger requests and alerts

Keytroes conol

Figure 4 - The system software.

J. Boyd. C. Brown, P. J. Clark, N. V. Coon. D. B. Fried-
man, R. J. Heins, J. 0. Jackson, E. F. Kiles>, F. N.ILee.
C. Nla%. T. L. McGosern. R. Myinarczyk, R. Pacheco.
C. T. Pardoe, J. A. Perschy, J. Roche, C. Schroeder,
A. Somers, R. T. Stellabuto. G. F. Sweitzer, (G. T. Trot-
ter, H. K. Utterback. R. L. Waddell, NI. S. Waltrip, and
H. D. Zink.

* ~I hi, s\ i sas supp,)rted b\ thne NA\SA (Ooddard Space I ligh't
Figure 5 -An example of an operator display. Center.



RF;F:N 1RI'[I-fl:RMI-R:SPO.\SL: PREICTI~IONS lORTULE
( 1 lNERAI -PURPOSE HE AlSOURG:E

lI(K~ot t I 1/,1/11 tOl1rottldlo .. , itol H CsI' 1110 cIi cl PI)TutLic Ao c"Id d111 c-t0 cIr [iid kcci-

- ~ ! c t/i 1 .d I It~dI thuo ic/ '11111, s. Ii oill~sitpC\ 11IC(Ii cUi1 I taiiic ii C IL11IIII!hI-. an ltac tci i n ttth coni' iucniV I

Ii'ai lo ,IrcCl~ ( 1 ( I /Whsc mod)itc 11 iii' ..tcsiiiii.'d ithi

11i'itli 0(11 /0 (i tilt( Nt//Nl sN ( , Io ).t aad t)( IlII) 11C Ic IIt lit.',0M Rccukr lrA.cdor ISIL
,lhim aial (c .uii..t1/1. //W tic iiiaUI kil 'It- upptc a rwill

* ~ ~ !t I'ij Id CIIii it1 tiio l Itail k1 (t CIlil~i \I'I s i to 5 Iill Cii 'tilt tttiit 1 cttstiilai t .ib i s~.IiiiM I sI i r'i~c l dcc.a\il 111

MO "M s r II'r olc /I I, u o i iro ' c st,1 id't'l" a ,)d 1 iciip Iu IC otiti 1 la Id 11 1ic 11u11 110 i 1 ti '.uuhs iu 10

* ~ ~ ~ M 11111 I/i?,' R (drtioittc icl il t.ti (/ II 'i, Crati Oc diir Icaai rIIIC i iC C iii.' thusII)IC iCticii tIic)M C11 iciip i .llc.I tc
.ini'. .i! oIf~ 11 d I /III t ti I/it, lcs I c ic t I VINI '.tttti flci iiciuic o i cd i uIS0 t'.iJ 0 1Iii'.L (ciiti toc1101iiII/o

iid/ i d iiptiir.aidit~i.rc.lo tc aciiilc iiciisi 'Ciii il.i~Issi nltcit,~ricta-6

11welial Renlo ailre ode



Flu tig membrane

4 GI jl Aerosheil cjip
Gir'lphite Impact Shell GISI

FueleIS zd G)
Fuel pellet. CBC F d,,,

----- QLockmm

CBCF sleeve

'Aeroshel ICCF10

'~- ~ Lock scres

9.5.3 cm

9.7 cm9.32 cm
x

Figure I The Goneral Purpose Heal Source

"5"'~~~~~lI ~ ~%r'I Oltl~ts'l"'ll~s 51 I'TCCTIIt CIISIlillI sCitaIlllts tt l ha~ed l 1 the C ICCtCdi fessllX I rlalsctm

Io e sic. \tC Ills C C\aIIIICs III,: iLIIIlit~aIx o 0111C
I herinal Rcsponwt Sensiilk ifi AgiaIl~s IITIl:CIlliIItS% lot 16 factors. ilolllsin acrod!,\ III lCtlt -

I h1w I Ils ~ t~ s' ls'h mai lls 'IC ' .lI ilt lls 11C.I sl~ti 1151 IlIIl 2tlt Il'.ls
s~il~ll 115 l~lll~ss \'\t Ils ssI~stls t\ ~lil~sl 55) pC - ollta III CIiClt Il th1i11111 toIsIs)III CIllsl\ 11tlitls Iflcitlial

II ls' ls IIlli 01(01 ll~ lt II I Ic01CII IL tIllIlll C d~.Ii I 21s115CIClst~~~sI~stICsI~ I

1,,Illll' 1i0ll 21111111 20CI IC I 111C'l CI~~'~t~i'il ls

lillss. ilsi Is Sl i C IlI s AI It' ltl \ 1 (1 331 Illidl IIII 111C 115' Ills ' i' per ldsISS11l sICIs I s' \Ns 11IlsI l I 1 ts'' I 11 I lls

*W II - i, .k t c ~ ,IIL 1 l l'c l il.T ' ll l l l



- -Baseline
- 0 150% supersonic

convection

)*----Supersonic- --- -4-- Subsonic OL I I I
160p - 16000 10 20 30 40 500 100 200 300 400 5000 10 20 30 40 50

R'eentry time (s) Reentry time Is)

Figure 2 - Clad tsiiirlie. bascline versuJS 150 Figure 3 -Clad temperature. baseline versus broadside

H stable

bliiie 0111 i IIML tidii\ i lle iIs persOltic sup11i sOIiicp: IOtiOlt xiltaitt tactors are a uIseIll tool for the salet\ rce\%ess.
sII tlie 1IIti 1 li1is. lieSe'eC OCull ecictattite rate %%a, I hese anals ses resealed the tactors., such as eons ectis e

i sII~ dI IilHiiid MI HIL-0A lieiiiti n a1c rI lie tetl) heat nut rate. dixa are ciical t o the reent r t hertmal per-
iii e1HI Ilisiu % kit lic I'ii. thal s less flie se cr heal - tirntance anld resealed those that ate not, ,LuCh as the con-

II tesI lIII)\% iettipeicrilines wiefillicatils tiiere thanl thle duet% 1\ of thle hteal shield material. As at restilt of these
basICliiic s.iCi ie II l!ie C lii CieIIIC,11 etie ttscaINsd thle stir - conclusions and to ensure that thle thermal response is
1,ice 10 Il 1 i'11 itt el lttIadiatort becauise radiatise heat predicted as accuratex% as, possible, thle s alIieS of the Crit-
tfIatte is 1110i0110141 pioi) fita oile 1f01111t posser of ical faclts becotne thle subject of closer scrutin%. first
ICIIIatpi ,i I lie ieicl lcci \\a, thlat less tecat soaked into titrotwh imore refined theoretical treatmelts anid later, it'
IIle H11ii0i III Iilie itiilkiilV dtirtttgtile l\ixcrSoniC sit- ticcssar\ , titigL c\perinietltal %erification. It addition,

peiii iiut I ilie llilii. t estili ifit a colder tttil- tle cotttec packagte (it results lortis the framiessork
1CIdatilieCiu t)IO1c IC ICIIItctttper1iiiircll tile Clad, lihe fil t statistical error analysis that Cart be Used to assesss

(11ipc iitic it lclad 011 1ttipact1 . Itosses c, ,s as ealk thle satfets tttat cutl built inito the (iPHS.

(seIIIIII!k lie il s tice.li e~ lic tl u l c

ho el''1 ' 1its c l duu ielcl I ha the seiit p i it', ~,ptixsc

65



COMPUTER TECHNOLOGY

07,



INTROI)UCTION

Computing technology at APL is an essential, integral element of all tech-
nical, systems, and administrati.e functions. The computer is so necessary to scien-
tific achievement that the scope and magnitude of its contributions to space science,
medicine, energy research, naval fleet defense, missile guidance, and other prob-
letrs of national importance are often lost in the rigors of daily computer implemen-
tation activities. Yet the importance of the computer at APL with its myriad
technologies and applications cannot be oseremphasized. To this end, the Labo-
ratorv conducted a major reiew and assessment of computing capabilities and

* requirements for the future. Several areas that received particular attention in-
clude intelligent work stations, data networking requirements, central computing
facility user groups, (lass VI computing effort with the impending acquisition
of a ('ray I Ni system, and technical planning, policy, and coordination of com-
puter systems,.

Extensise computational facilities maintained by the laboratory for use
b, its scientists and engineers include a major digital computer; an integrated com-
puter-aided-designi'computer-aided-manufacturing (CAD/CAM) system; ana-
log,' hybrid computer laboratories; a computer-based image processing system; rapid
real-time data reduction systems: fi',e major stand-alone computer-aided-
engineering workstations for electronic design; and hundreds of special-purpose
computers, s, ord processors, and computer-cont rolled data acquisition systems.

The central digital computer facility consists of an I 1\1 3033 multiproces-
sor ssith high-speed, large-scale, dual data processors. The 3033 uses a s, irtual men-
ory operating system that accesses a 16 million byte train memory and up to 115
billion bytes in auxiliary direct access storage (disk and mass). [he central com-
puter serves a wide 'ariet. of tasks, including large-scale simulations, complex
analyses, and data processinig and reduction. Tile 31)33 and its associated con-

* puters in tile linked API computer net% ork proside extensis.e facilities for inter-
actis.e real-time processing, image processing, large data-base transfers, ads anced
graphics processing, and resource sharing.

The (ionputervision (Al (AM sstemit has prosided AN1%1 s ith a mod-
ern design, drafting, and manufacturing capability. It is a flexible s\,tern. pro iding
thiree-dimensional design capabilits ftor mechanical, electrical, and electronic ss -
teins. Output fron the system. in addition to the normal hard copies, includes
ph utoplot ted nraster nask,, and nuiiericall controlled machine tool tape,,. Resi-
dent systerr soft ,%are, along ssithl data links to larger conmputers, cair provide de-
Sign aialses including finite elerent modeling, logic simulation, and design rule
checking. Stand-alone coirrputer-aided-engineering station such as the Mentor

(irapiics S,sieni recentl installed iii the (Al) (ANI center, are prosiding tile
I aboratorx s idh tie capability to do conlplex electionic circuit design, ,imula-

tioni, and test \ ctor eIreratioin necessary for the fabrication oi gate arra\ss stain-
68 dard cell chips, atild (tiltiratelv) full cuisiour integLated Circuits.

,411.- . - .. . -



A PI. also supports two analog. hybrid computer laboratories: the Interac-
tive Simulation Laboratory with EAI 680 analog computers and the Guidance S\vs-
terns Evaluation Laboratory with the EAI Pacer 6(X) system. Analog and hybrid
computations are essential to the solution of complex problems that require the
simultaneous solution of a large number of differential equations. The hybrid
laboratories provide simulations for large physical systems and are particularlv
useful in the missile and missile-guidance fields.

Because computers and computer applications at API are so intervoven
wkith all Laboratory activities, it is impossible in a limited section to provide arti-
des addressing all the yearly accomplishments in this field. The selected articles
represent the generic type of activities that one may find in all parts, of the Labo-
ratory. They range from special-purpose processors, emulators, hardware, and
data information facilities through standard modeling and simulation acti'ities
to specialized graphical outputs and e\en the solution of problems at the graphics
level. This trend toward specialized computers-especially engineering work ,ta- 
tions, novel methodologies, and emphasis on graphical display and interaction-is

expected to continue.
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fl 511)1-LOOK SONAR IMAGE EXPLOITATION

D) . I )oi.% and (.4 I " ig

i t 1~)/ili/f s1 tii i/0Itar pl itu (I mIs 10r i coil- c\pIi dCci tea11 ii tde tini ci cit hou ithard cc arc mod it ea -

hI I t I)fIIt( iirvon.iu t sit //s1ow pr Itv vi'tonal// /?t'fItr/ loIn 111. I'tO101cst tttttdttics III tile cLtrrCIlt s\stcttt inctude
cuhmc ilisl i/ /Iii'-ilii/iitssiI,, SIl/ f/rio/t II vl! oftt svlt/rsi it lljr -1Uini/it, otle-dittiola digital tiltet', \idci

i/ila l /f/l lil /hts lis Jli/ii' tli'sitil'S (III t//pitt/lltli ilitpu ltiic a idirect jolla Ine tracc to aI Itt ticinttputcr
vi tit ili//it'ilt/I sIC/It/di /I i//ldt' wil /ft'1li lv d UICI ii' i aioii tn dcc coititctit and e\pcrirnetttatiott - 'ti-
lvi4 soi ir data ti i/I twar /liif lI- ti/Pc ri/It o it //f ftit' :c'sIIIL, Mirae, of tv/n r c titera] litfile Itla\ c bee it

'4iicomitt i/u/itt it/ill li/i/t'c I/It/frt/i/laI'i detlliOTlr rt ii I.

M KR\[IN\~ I)IS( 'SSI()N

111I 11C Ins p ,ipc'r pr'ctilIc t, t iitt llica vItiI Inhancciient Filtiers

iItlit) tc/ looeIick soi/t SI S ) ittiatcx I tie pi/otect had \\ ictent Ifi ed t itee classes oetih rlattemi tittiler-
* ti/itt cIt is \Cs: t11L aiuortthtnsl to appif ito thle SI S imattes:

I. t)esettp alitt tc'tiitlsttc a c:apabili1% (o pcet 1. - ctcttatiott aigoriltittis to etttpiiasile potenl-

tottt c itk-d11ltttcitsii/tl,tIla andtzittc ittiac pl tla tat aret ctaadel tids ch as tines, edes.

ac'te.t i/f lcar real little rates. anid pot/mis

2. lfcti nicsataeilltr to ettitane tit us 2. 1 sst-ctintettsiottal ttoise reduction techniiques to

itt SI S tttaecs lot scaler ci/intinl and holtotni etiltatice detail' hs irtereaing thle signial-to-

U 'carcit tpipeat i/Its noise ratIo:
3. ~cetp ;ttt saic atl ;ttiictititt toc/r.t ( imirast ettliancent techniques to redistrib-

'-,t ) llIttuics tilt ststi'li/tls caiisc'c I'\ plattitrt Lite ttte Imtage intfourmationt itl torder to utili/e

Itti/t hut, 'Itiit the ckrati:trangeoft ttedcispiax des ices.
4. tDemtonstr Iatc Ile itII c c11t tic ' Ill I soi/t sitttmt Iw aklertliltntl decrIIibed heicc% itas becit ittplenmented

Pt iCc'sltti 5 sc'tl a a c's';ciiti//i.ill soft\%C t10 process opcratiottat data.

filIe secimett t a itt iitecc %ere inmplemen ted as cc/Il -

B.-%(K( IU 1 N) c oittiotts otf the iniacte ci.%itt 3 h\ 3 maks achit ask \\as

ciiisett it) ctttpttast/e cote ctass ilt teattire, bit scl erat
Au I 5 5 tctt uc' ~citisicc'lcrt t/ ridicc tastss couldic he applied sititaio to t a ciccitimage.

.ii itttigc i/tt i/ ccitt1011 Itititt \ tt/ttscli:c' illtiitiatcs It tItte csilt /st eft1elll cICtisc Mcc I en sct as ant edc
ic' hoit/ l/i5 itt11 a llttlri/ mislc oft atci/tttic c'ttc'tg scccrtilctiti
ittlc' e r ci tc t ll . I ott ti/cc lu cacit it It ttiiat ilott a tratls-

kuitic aia\ is ccc'isc' tilec c'ti'L'5 reficictfotit tlic boit- I tic' tio-ditttettioniat tocirdttcTicn tecthnicqies
ttiti .1t1dtount tiic rc'IIrtt itto a ttIics heatti. I tic'sei \ctc fttc' ti/al t3 h\s cc ~tiocc ) ritan and tttc miectian. Itle

c't'c t/ttcstpi c/ic-cittc'isi/tSiLststtt plixc'siici atid ictcai licatt cc s tItmpclmetdc'itlii tic' 3 I'\ 3 I/tct

l~cttt'siicsc c' cits tt lii/ 111 i itt1gc 1111,10 il ictcp lit/ti iic'sciiheci atstc' Ittec'c teciicpes pritcc ito be ittost

cilsitti> lisit iiias ptc'pficcsscs fl tile trtiavc seiiitc'ttttt loll andi

t ic' '/1 I Itstitiat pticc'siic. s \s%'a, sits 1C itc'cc'iutltc'ctlll t~olIIII\ llouhth a~ po

"4xsc f i t''liht s plit'cd l l til it l till tcil/i o i l's Iu it oi lit[c ttc'tcitc isti/Uiti tttiitti-,ttc tiIc
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U ~Figure 2- Histogram of the SILS image after contrast
0 enanceent.Notice the quantization of the result. cor-

responding to the 6-bit quantization of the original
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Figure I1- Hi stogram of an unprocessed SLS image This 20 U
graph shows the frequency Of occurrence of pixel inin

-. city versus intensity in a real SLS image bePfore contrast Z fiiy) I Mi.) + R(nuv)
processing. Notice that Virtually all the imiage informia
lion is contained in the low-order 6 hits- of the 1iD tit Hiv
itynrniic range
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ItI~Li'r of iiiiiiiiiiiiii iti iele ~iie 1 ikirie 11 l I 4---- q/k~y -i 0 lxy) rj(Ay;

inl lorere iiiiii r~eiieIiri10 e i Figure 3- The homoiirphic_ hitering process

lIre reljii lr111m1I i itl ItckjIIcII't I, %% l li li rIL 11iminrit, nr int reflei-tarir-, The tAr, componients are
1,il III ri t' 1,i11 1 Oiii IC Ii1 i11t10 iiietl AIMi e\lOTlieIiO -I-rrti t I hnr the rtziarithn, tranisfurnier to the fre-

eel, ~ 0 lie11 Wiiitiiii'i it11 n1one 111r100i rr H iii rtj,nr tu tiltered itlh a high or band pass filter

tin reitri fthe lrw-froqrerr, irn(ininato n and enhance the
lirnriirrii riikc' rilitr rT1111 core I vtine 1, .1 ;rh fripni- rtieo e' re'turrt~ 1( the, space domain
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Plalform M~olion ('ompensafion a factor of' the plse repel ion 1rCetLJIIet I lie
pulse repetton lrequencs for opei3t onal

I lie utilit of the precedig tso-diiensional f'ier- s~stetis ranges bet%%eni I anid 14.
Ing dependrts otn hlas ig all image s here niihlboring lite,,2 Present s ' stern, are trot fully e\ploiting the in-

lie ia e cr rspon toleih ho neslics o theocert ormiation available in thle iniages. (a) P fatlor ii
floor Ilcaulse tire SI S irrtaees are f'ormecd one line at a inition effIects should be remnos d before arts
timre, ali% tinarielisering h (lie sonar platform canl distort enthancemnent processing is applied. It' thle cor-

tic i iage hew urlrecotiltion. -There fort, thle i mages imtust rect itt i are ntot made, thle hot tom fear U res, of
he correctid for tfte distortions before enhancement interest mas not he recoinjiable. It addition,
ilgot i art he appliedI. thle correction canl make the operator as% are of

ek JeCt.eloped at Correction algorithml ulsinrg thle areas not insonified or of' multiple insonifica-
ta itoi%'V11 iiitorrilatiotr as ailable ot) typic:al platformrs. tiorts, and it allows for real-time correction of

t , est t fit algor ithinn, sN e des eloped a sitrrulatiott to take thle search pattern. (hi Application of' thle
A riotsl riM (ai et ectangular grid) aid 'itisottif it f'roirt enhancemenrt algoritfhms cart significanitl imi-
at - pa tort i- ' t f tyxpi cal dynitam ics . The simitulaition itk~as prose t he initerpret abi lit x of'the imiages and can
ricessars behcause irle SE I, 11 systemi does trot curreit lead to thle automat ic or seiautomnatie detec-

piot5ide an initerf ace betskeett S1.5 anid iravigatiort daita. tiont of* targets.
I I esperirIeintatiI ttsirOs%etlI that t \ecould, aiseti a hard- 3. Thle archritecture of tire SET I I s~sten makes
at%.'It ii IIICI I rtirlt iolr arid slifficieirl t ita i eatioi data, cor- it ideal fttr e~spen inen tation Itt signal and i in-

tct: tot plait orit rto n Sariatitoir inl real tire, lie age processinrg, eithrer in software or hards~ are.
S ~ ~ 10 co tIL eetImiages cmmuldl t lieir be enhaircemrenrt filteretl a, aid it cart be used as a base for operational

iecji bed abose. s\ sterrrs.
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C'OMPUTE1RS

* B. RA allard. R. %1. Illen,.hJ% andt I . iuremha

I/ ha l tisiti, bit, alul tet'/ f)r(Llt rfis language. I his articie dt:'tcr i l e designi and des.elop-
/Of trlt' I 0 i I omfuJi ter thatl willtii ctrotan tiit (01itlr filet ii ot comiiputeCr %s~tin to in ect i le dat a prticeomi ig
I/twAins I Iraitol/t lt'lL'i~tif'. a I9X~6 Voice(LOhwt ,%A rcquiretinciti' of lit' I .Iabication) and tC',t of the flight
fi(t rioit . iflit' pt' ' tt pt' art, tiit' first I Oemi tri. Ofi a cot puIer bi et ased oin the alIread% comtipleted pro-
fatuity Of lastI, riwh'.~ latanet-tiaisd (oipu'rs t he lot% pc s% .teni s%~ ill he completed fin Apr il 1984.

S~%lem Architecture,

-1M, 'ipac 111i11iC C\P)IIC Iiin &sI'IeItCdi ili,n 1(th ie ,ir -III I iaurc I .lo.~the inierface thiat connect the

Ia%.IC til pcola ofl a~irion11ai olhrej' 1, 1,aint ., lit I Hlighlt comtiputer .. teiin to the other component,,
10e1enTee11 rra1i1 d \5 crrr11kl~k ,u i 111 eatI)I(I 0i1 fil~~a ohte tIcICkOPC atnd to the Shiuttle'N experimetnt sutp-

* ~ ~ ~ 1,1 011.t the ofa cli' i a,1 hi l hbtti ferc il e port eqnIMpIntl I %%o~t itndependenit proceisior.,, the ,pec-

IfII I dclceioi .~rie "111c e~tal jI11C1II i'1e''iirs tioss in ai 1 tritieter prticeN~ot anid the dedicated esperitnent pro-
A% ik 11,111 111 111% e kiltIed r11 01)l 0s.CNN~tr heinel c..Or, prtI.id thle ctitputaltonal po\.er for FIT. The

pfohries ci ijne Lii.In atdhiltin, Ire. "ttinphei and spectiotietei pttice..or receti~es data generated h\ the

Ml I di'ratr Ire ire it 11 .1~e (11Niii and t1LieiNh conI ultra. olet photon defected Aiuih a high-speed centroid-

tinir ' 'irrrIrt -i11 i~rii5 'lrrrrrrrrel [It j li-leI tCl ine algvoritlint. and peiodicall. tor%%ardN the accunu-

tperitnet D itodt instrument

system syetecto
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aILec sjtc1:tl tiatat i0 tire dedic:ated e'.peritieri~t 11rt1Ce'- (umpter Architecture
()I I lieta lifr j proce'M I(~k: Tiee r e e tiar , hianrdles Iele-
k:cope :orirol anti nloiroririe iinciroi-. iteripret' Ilie ito pr Ote-.'ti ha.c eidenltical kcntral pr-

L~titt~titi\ari Ititlit' thj'it ii tlt irurieair CL''ti HIMii anti in1Cui0 hoar d deCrNILN. 1 xiiidditicinal

I ligiir tick tor Ml I a'rrtoraiit-opt-rator. .al:llr\ hoarlds to 1handle Mirriqut irOCt'OF inpu1.t ourput1.1 re-

ari aria!>C /e' sta-iltil pice- It, ,i'si't III t-It--cope tjLITeiiriti~it. 1hte tt~t~ procetssot contains one

poitititict.L! arid trIMItrIII- .tiiiN, \LICO, anti 'petCid ai a board t ot Ilnt iterF aCe' cii lIt 11Ie(iecopeI detector arid

I ahi' I rid tirriar U' I o'e ik-i ro> trirritrt proct--r ha- c.ectial hoard' orF \IICO Iiernro-
IA,~c I. ideo- conirnol./c~lo ftlpiiti torrrtneard onro i

pill1 outputl, arid IItCi a'e' to Sliitit [.-trr-Iahie 3
liis-. 'cteot ticlt raitte reatilit-'t I liei ptocts'ott

* - ~~Table 1 - HUT mIgt, ,otm tillS ri',,-h- I hie Lt'rimal pio c-'i l ie l Ii ia W6-hit rrictopt 0-

1 enarriniecd rItaciii 'tritailiiiit tour \rr1i903 4-hit1 [ui-

t- unction JRate cropicc o 'lice-. air \1121 iii Vi -q irici. al -\111290t2

eta r\ look dhair-t int.I 111 .\it1i904 -. 11it Mid i 1n11 'irli rt-
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tierco ar0 on> erionrN per to il n r,,amhcJ~ mca
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(orripute photonl tta% - Once per phoroni. iill 10b urrrrhir,ttl-Oi I 10% iMerii aid tlie riii~roit'ru-

lenrgth 9lXi) per -.e:orrd 11on t-\ecAiio irrit 1 111 1ICt tomr 2(K) to 400) [1' rrit~C it-lm-

Send nitratioier spectrurm 206' A ord, c eet \2' cropor tillintol. %%lili atitlialt' icJ a1 'tate' nor it%

to dedicated experirieri ptr pierl' -t

irrerprer fit e commrranid On)ce plet oliirirnid
type' trornt dedicated Table 3 - HUT uoitputi -att
experirrerit proceN-oi

DIhditanett

Table 2 - HLJT 1 LIt tlt i ti ~ -ls 11t '1','- 1'. 1 1-1?

filk-ritt ''' III -, l

tFunction Rate
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speertromneter prtrc-.r

Coinrrol 8mtr. 6~ p er as-in~ . enimnrded ~1 ''n
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TEXT PROCESSING PROMPTERS
FOR THE IBM 4341 VM/CMS SYSTEM

S. M. Schaaf

-lexi Jroessin solivs-are has /ieln aL-adil/e for i'atze( shouild look Mi en t oritatted. I- or anl ordered list
several years at A P1- '.s McClure Comnputing (Center, but (like the folltm~i ug one), the t pist might has e to
fvpicallr it has been difficult to learnt and cunmbersomne
to us-e. User interfaces have been dlevelop~ed at the (enter I . I.se hie -'space'' control ssord to create hlank
to pro vidle a vt' v productive, eas-t-s en vironnettt for line,, before andt after thle list
tel-I processinig on the iBA/ 4341 conmter. 2. L Ne tire "indent" control Asord to indent each

Itetn in the list fiotice that the text of each list
Itern i Idented. ot off(set, to tlie right of the
number l.

BACKGROUND) 3. Number cacti Itent esplicitlx A hich makes res j
siotr difficult if additional list itens are lin-

Whtile cornputeried text processittg has many skcl- serted:
recogni/ed advantages oser the "old fashiotted' manual 4. Reset the Itidentiont tor thfe test that lolloll s the
mtet hods (ease of resion amtd spellintg %en fication, for list.

*examiple), it also has somec disad% antages. W\ ill manual Ihsi nna pcfcmru rdi o i] eiu
tx ping, one onl% had to learn hos ito t spe; on a con, IIi skto~t sseitc ta ~ai sntol eiu
piiteri/ed svstetni atn irexperietteed text processor has a t s ildfiutt cie

great deal ito learni before es et startittg to process test Wkith (..\I1 . tags are used to tell the formatting
Most significarttl, orte titust learti ho% toi use a text editor program, S( RI 1.f s\&hat the text is, niot from, it should
for textunal data etitr\, at text formtatting cotttrol language look; SCRIP-I alreads. k nows ho\& it should look and
for rnarkittg uip text to be fornmatted. atid thle commantds takes care of all the details to format it properly. For the

anid options, required to execute fte test formtatting pro- ordered list, ottlN thle foffo ittg Three (Mi., tags are ne-
graitt, i.e.. to translate thle marked-up text intto fornmal- eessarss: 01., ito tag tire begittnitng of the ordered list; Li.
ted text suit able (or prinititng. to tag each list itetri and 1-01 . to tag the end of the order

Iwo xceleti tet preesitt toos ae asailble list. S(RI PT Inserts the blank lines, indents A~here nec-

ott thle %AM (AslS sssem (ant operating mrontitoring systemil essar\. attd ttutmbers the list itemns.

for itteract is ecotrputing onl the 113M14341): XI F[, the Isso sets oft (AIll ags are as ailable on the
NI (AMS full-screett editor used for textual data entry; Mc(lure (etnter's 111\1 4341 computer:

anid (Mll . thce ittrali/ed Markup Language, a text for-
niat t i lantguage supported b> the IBM Docutment (01rn. 1. (;eneral documnt tags. Ihlese tags 5%kere sup-
positioni Iacilits (cotrttiottl knowkn as SCRIPF). plied h\ 11\ vo s th the S( R I IT text tortuat -

[sso user "protupters'' (%IE\10 for interntal l ing progrant. I lt\ ma\ be used ito ntark tip

tttetttrattda artd (O )( C for larger getlial documernts) largte Paguet .\bstract , f sue h acI bl o (oiCs

li1ase beent des eloped at the ('enter to combinec those toolsasIflPgeAbtcPrae.Ibe 1((i

Ito att eass,-to-leartt easy-to-use text processing system. ets s tlgtrs h nat o~o h
- d~LOCIMitneItI Appettdixes. ( lossar\s arid Intdex

Itt tltis cotitest a promtpter is a user Initerface that pro. [ here are mtant additiottal tags (or text corn-
sides assistanice anid infotrmtation to thle user o1 a sstern potcieti founid intt le hod\ ot the documntt
ssl (ti(e is uisinge it. With lth(e NI F-I()and (itXC prontpt.IargptsHedti.Iits*Iiire,(ot
cr5. 0ellt sottteotiec ssitt tnt experiettee using cottpiittt n otes, and so tortl It s iue, o

* ~~~~~ici text-forttitttt lateagecs catl, %kitht %er\ little eftotrt litttdititg.I(et ag c dseoe
prorduce tiice-lookitig, %%ell-(orttaitet docutnietts. BelorQ bs\ thle \,( litre (' cutel to) lipport thle tattitliari
deCibitig thle ptotttpters, a brief discuissiont ot the tools ititet uial uItiettioatttiiiti sts It I hk!s iticltie1 01.

oti sliji ltt' ar baed i ii orer.a. I rot, ~Iibtect, I ist ot Retceettcs. I ist

ort I riclostires, 'stgrtatiirt' arnd Iwisibiitio
The (.enerali.ed Markup I anguiae I ist, itt addltIou1 to lhose used itt thle bod t

V \%fill tInamt text toritattitg Ilatilitages. life i'cisticfal dociiitit'tit

tist iste special conttrol s%ords to sptcit\ t'xactk to chk t 1s ill Of rt'C (All1IIV Id ae ' tatIA- ii III
test comrponet'nt e.- Iaragraphi. Headintg, I Ill, anld I tilt- ie both1 eCiss !o lear1 iArid Ctiss to rIttetttbeCr illbu. \k ll
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the MEMO and (DO(" prompters, there is little need to DISCUSSION
learn or remember them. They are generated by program
function (PF) keys-special programmable keys found MEMO and GDOC are VM/CMS commands that

on many terminal keyboard,,. create specially tailored text entry environments for the
creation of memoranda and general documents, respec-
tively. With them, the typist has the complete capabilities

The VNM,'MNS Full-Screen Editor of the VM/CMS editor, but the PF keys have been pro-

The VM (MS editor, XLI)IT. and the EXEC2 grammed to correspond to GNIL tags. When one of those
keys is pressed, a program is executed that causes the ap-

" command language give the program developer extensive propriate tag(s) to be inserted into the document, leav-
capabilities to tailor the full-screen editing environment ing the cursor in position for the typist to enter the
for a specific application. [e can program new editor corresoin text. ecu the tist ene theo

corresponding text. Because there is a menu at the bt-
command,. knov n as, XF-IT macros; assign commands, tom of the editing screen describing the function of each
to the 1', keys, to be executed by a single keystroke; and PF key, there is no need for the typist to remember the
reserse lines on the full-screen display to be used for con- "
stant (i.e.. nonscrollable) text, such as a menu describ-
ing the functions of the PF keys. The McClure Center which they correspond.

has taken advantage of these capabilities to develop the The menu shown in Fig. I is the first one displayed
ME\1() and (DO(" prompters,. at the bottom of the editing screen when a new memoran-

PF keys for APL Memo: Standard Header Tags
. . ELP EDIT 2= Ref ne : ' -LE !"eno and Quit

4- To: 5: Re-tr nce LIst 6 7 :
7 From: E Ecio'u-e: 9= Title Citation

10= Su 3ect : I1 Enc osue List 12 Body of Nemo

Figure 1 - The MEMO prompter's first text entry menu.

FcriThtted SCRIPT OUI)LJT fi!f printed on
fettnr qujhtV system printer

S F~ -CHIPTli

Figure 2 - A sample memorandum entered with the aid of the MEMO prompter formatted With SCRIPT and
printed on a letter quality system printer NI

'0
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dum is being created via the MEMO prompter. As call on a disk) and then formatted Aith the SCRIPT corn-
be seen, the functions of most of the Pf; keys are sclf-ex- tand. The output may be viewed on a terminal screen
planatory. When a Pl- key is pressed, the corresponding or sent directly to one of the system printers.
(NIt. tag is inserted automatically into the document, and
the cursor is left in the appropriate position for the typist Figure 2 is an example of a memorandum created
to enter the required text. After the tags and text of T ssitli the MEMO prompter, before and after processing

From, Subject, References, and/or Enclosures hase been \i) the SCRIPT formatting program. The (i. tags,
sshich begin w~ith a colon and end with a period, s, ere

entered, Pl12 is used to tag the beginning of the bod I d b
inserted byv the prompter \,&hen the typist pressed the ap-

of the memo. It causes a nes, menu to appear (because
the tags on the first menu will not be needed again). Ad- propriate function keys. SCRIPT has been programmed

(he tagsw ol tat firsth lan AiHal, nod be neededa agan) Ad--

ditional tags such as Signature, Distribution, figures,. t knoss \shat cach tag means and to format the cor-
responding text accordingly.

Footnotes, and Paragraphs are assigned to PI kess kl r td
the second menu and also on a third menu that is accessed
%ia 111:12 on tile second one. REFERENCES

file 0 D(O)C enr iron inenit is functionall siinL I(ar to
tile NILMO ) ensirotitient, but tile PI kes s are pro %far ul, p.;l' I in;,; ( ppn ti h ' r Star i t crrp Iionl uinT.,

grammed to correspond to text cottponents t pi calls t.Ph h .. orp . sI20 9IS6 0 ch 1981)).
found in larger document,, eg.. litle Page. I able o ( oni ,I I .', I , .. ' I" orp . S( 24 5221 (S ep 1'np.l

tents, and Preface. Vi s.1 xh . S R11 1 l la; .Siqfpul rtpt tts +t PI '-I'/%fm ran
.; '',, .' IHI XiiPI .S P 05 iR (lull 19Sil

U Using the M i N() and ( O1))C proniptrs. iNll cass1

to enter the test (i a doctumetit I he tpist c.an .onP.ti
trate oil typing rather than on torrnattill. ( )I,.c tie lest
has been typed, the documnent tna. he tiled (i.e. IorLt d I iI, .ok a, supporicd h% \ \ I.\SA SN( ()W

'ilE (OMP'TERVISION (ADDS 4
FINITI'; IL;EMENI MODEL.IN(; PACKA(E
1). 1,. Pe'rsons

I ' ts p lip I/[ ' 111h \('w/j p (Itlp 1(-i//p ( ol). \ I S I I/II l,, '/ L't i/iP ( p/N P/P/ pi/ ippi' i/U' t c mp't lP l It PP' o

Slrit (1ti / .-Inip/I l\ ( %IS \ .I l \ ) I "R, I lt p / t'1, ip/h iphlt i-

iltipi p101/P Is /Pl'Ip.-t' I]1 i ll 11) vl t t I op/ollpP iV S

\INIfisp' iP i 'p'p'r i tp'p A ltIl rrlt til U ttitt II I C'/p'pith'P 111-1 e 1

Id lit ( P lit/Pipt('riliitP i (11N/)1)/ 1 t p'p 'lM'it',il q %k li t (rk(l( )I o I)1
S IS I. S iN/PIt plOht p/pp A tppt ili' s[riipp rttiiphi l pu t// 1 ilt' dcl it ippl i 'l .,ii l i .pnist ti '.l pP I It)
St/ tlip' p'/p'tftpPtth 5 PuP p/tdp' ip' pl Pt u'll ti , [l */1 l ( [liii I ittt " tIp Pt-P' Put ii " i ',1 s Itt Itc LisP.' t t {llt t.'-P.'lP'iiP.'tI I iiil 'l c

tic f/' p'/p's 'op t Ill itlt'p'ti %Is( Cl.iip', 1h1lti IsliCH buhll 1,111t,illJ% lIhe UIC it 011t

N I S IR.I \ €i(I ( ,I1)1), 4 lp b e dp'p'p i p/pt c/ lqp pi't 'ii(lc PI .'d CIleIpIiii1111 oil 111 tip CC. .I iphi1.' ti/P t.l ikl cp0s it

N 2 p1t/ ' tip' O ltth/ St to dp ,la i w (lip''sIPPiSp' (Of Ilip ptppc/ on of lic I lopkii, I lni% iolIct I clcopc pi o ideld a Ioii c

I 4, 'a ..
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%i iiiil ' it 101( it JIdC(I tWiiiCIe iii IH , Ia h eeti) incd 1n(mino~i nl th i~sll i ~tIls ho lel c Irri111d llit' letS Iii
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It I U I (fV lie it-to-c ltijireii del ief10 1 i'lil eC ici

- iiit'tthii ic 181 ~iil'oit'l'dii dtiai~'d (graphics and IData Input

C11ii1i0li Ito il: id I e II ililiit toI II the ea- I ) iep ie'iiaiiloll

oifciiie il le11 tie'iull1. I 1le tiiial \I's( NsA I R \ iii-ittii tkwStitiiid nxb
mo1del of li i Oti 0I iL' I) 1:tili11-ICd 111 2.16 et Idp"oii nu xi'tw h uIttopc iir

an1d 4012 hCeani 1tid 'hellI eieiiiii. Iliiilditiizla I itite-ele-tintitnen.

i11litltiiidl of Tisi 'l/e h l iatiti I olilti hlase takenl ap 2. tiiti id -b iii-
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ii' in A l ie 0 t1C 'iile -1,1111C lir tixIC 0 ( ADI 4\ Lt11ilC 111 C\ltll tiC ( I)),311(,1,) 4d~t

!111' eeCl: ljJV 10:! K 1CC aIlo el, iii leeti' Mesh (gene'ration andl Preparation of

t he Anal% i% I )eck

I lie \1S-( 's\I VI R-\\., \\NS" Is, ,t I Mi

J011UC 1I1T \l1111, 1111 k\ 4\IICI 1ti\ eliilil ile~t'e at% 0tua-eo tdMieVto
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INTROI)1CIION

I 101t 1.1 I pedI haNN toI 1 iheItIC-aperitire I adar, h e ranee of tfie I hurato-
I ' \,L, ork inl niatterN thtat relate to thle oceans is A ide indeed. .\t thle one emtremle.

%te it ito fathomn processo that are at tile core of tile decline of tile toothsome
rockliti li; at thie ot het, \% eNeck to ex\ploit thre capahilit ies oft adt anced radarN to
mna p tre in eoNcai fc eat ures o! tihe ocean's surface.

Rceter tiNclt cotitra~titte Pursuit% heo a great dii er'it o4 effort here at
AIII in thle tfields of oceanl NCiennce attd ocean tQchntoloiiv\ . Ili commiton threcad',

that11 tlt1111n11111 sch aiiedl endeaxorN are, first. thle NCatL1 for iderstattditie
0 and. seconid, tire applicatiotn of that uniderstanidiniito practical irpoles - tile

Namle threads that lim'e beetn \iiie ito tite \er\ fahric ot tile I aholatot ' or ik
sIince its Iniceptint.

As ittiulitli he \pected. tttanl\ of tile rIttOCLtN i1n k),Cait inc tdclt

\(( SI I) conitribtit directl\ to tite suppoirt it \~\ prnngiaiit, 11h 11 ic tid~
Niih~irlacc oceati prioceNse atid propcrtics are to enticited. 111d !111 ii"At-I ede

alllted I, put 1tile itt ai \arrit\ of proguramsi. moslt tiotahk !Ii c' : : i
Sca \%artarC. ('1rrCIItlN thle I ahorator\ NiippottN ce~cral dilt!ciceit \. ci

Itt ittinr tlt1ti a ',cinr of suichipin t

Not si %cli knlo\%I ii t hat tilie I abil'nt a i\ N' otk Ill 'iuii t 1 iii I I p "

cI~ittltN a of \dit l poni'iit N intl t11,itt Ilie \,I \% 11tc\ iiijidc lie I1lk),LI t

D tetinse' Ad~ atced Re~earchi Pt n ted, \Lcnti\

l'iic oct ieIlcrcai d ' o e c'e

i Tililed tieN\i 1mi

.9~~~ ruitld 'staitL' I It antd \\ Idlite1 sr cex

\ 'atall Na111itipi ot ( is I \oitk dote itt Na\ Npoir iplpeat ' ill thiN 'cc-

(Ion. \1,n't Ni'lil tlirt', titot vo kinitetiti k.d tot teJ11 Iti it NLitt\. 111t thle ic-

lieIC ahti iNa'' c xclil I 011MT 11, at \d lieC osiloll ot occallit led pi oh-
1i'1 0t i111i 11111t 1iic t O CIl 01i1i11 )01po cilll Of 11i1i 101ICT\



A NIM IIi INIQtI L. ORTH I I.FN(AP'4 IA ION
OF I IIRII OR'S

( ' iidt'rson and G.A. I a rrugia~~

I lit i It Oiti/ut, il l /tlkt (IN e Ikke rio ctl /Iidult It' tileI littiii lIL! I a tt kit "lof l 1C O fll~iililt ie fabr ica-

(jit'Trmoikrs list,(/ wki It (ittk ltiI,'fIiiwd ocnv-p i,) kimiIt'in tili techiiiqne" then a~ aitablc mi111ltatd ial'ai a laI C
wraI.ic It,( ('iiik/t hask kiiif it klil I t' awdi Ilit' str- iicrca'e Ii ttie '/c (it ali arta\ bcause kt the bieli :o't

iet'al't' hkf' ()/ te ikcit'oio- It'kn/Ibit' h redm ilt!i 1) (it eadichneor a-ertibk .It hecattie :cai [flat tu-
,Il tirr t)/ mlnitiIild tIit(' Ift'k/nwiV I ttJA s ( ait'd /o i ~ ~ 0 dCl~pllOI ciiu,, icncc l

has rei'itke'k the lub/f itIwili imi 1 1 11,,Of d and Ow o/ tl to I eld a ties% l arger s kteni in a relitable 0111 tiU-
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overlie arteries, capillary-free zones eventually form as ltealth and Disease. J. S. Cant, ed., C. V. Mosby, St. Louis
(1969).

the arterial vessel gradually moves into and occupies the 21. C, Michaelson, Retinal Circulation in Man and Animals, Charles
capillary plane. We speculate that capillary atrophy C. Thomas, Springfield. 111. (1954).
may, in fact, be initiated by displacement of the 'G. D. Aguirre, L. F. Rubin, and S. I. Bistner, "Development of the

Canine Eye," Ai. J. Vet. Res. 33,2399(1972).capillaries. "N. Ashton, B. Ward. and (. Serpell, "Effect of Oxygen on
Developing Retinal Vessels with Particular Reference to the Problem
of Retrolental Fibroplasia," Br. J. Ophthahnol. 38, 397 (1954).

Veins M. Wachstein and E. Meisel, "Histochemistry of Hepatic Phos-
phatases at a Physiologic pH (with Special Reference to the Demon-

Veins are formed by the coalescence of embryon- stration of Bile Canaliculi)," A n. J. Cin. Pathol. 27, 13 (1957).

ic capillaries into lacunas, which then remodel into
veins. The pattern of venous vessels appears to depend
passively on the earlier developed pattern of arterial
vessels, the shape and size of each vein being a con-
sequence of the total blood flow and pressure it must
accommodate.
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SEM STUDY OF THE HYALOID VASCULAR SYSTEM
IN NEWBORN MICE EXPOSED TO OXYGEN

P. M. Bischoff and S. D. Wajer (JHMI)
and R. W. Flower (APL)

For a significant period during their develop- BACKGROUND
ment, the vitreous and lens of the eye are nourished by
the hyaloid vascular system, a network of blood vessels It has been suggested that the hyaloid vascula-
that consists of the tunica vasculosa lentis (vessels that ture of newborn mice undergoes vasoproliferation after
surround the immature lens) and the vasa hyaloidea oxygen exposure and therefore might be used as an ex-
propria (vessels that permeate the vitreous). As the eye perimental model of neovascularization. A scanning
matures, the hyaloid system gradually atrophies, and it electron microscopic (SEM) technique that provides vis-
disappears shortly after maturation of the eye. Several ualization of the entire hyaloid vascular system was
species of animals, including cats, dogs, and mice, nor- used to study its response in mice exposed to elevated
rnally are born full term with immature eyes, providing oxygen levels. Marked differences were found between
an opportunity to study the hyaloid system. It has been the hyaloid regression in oxygen-exposed mice com-
reported' that neovascularization occurs in the tunica pared to control mice kept in air, but no evidence of
vasculosa lentis of newborn mice reared in environ-
ments of high oxygen content, but our study produced neovascularization was found in any group. It was con-
evidence that indicates instead that oxygen exposure cluded that the dilated, persistent hyaloid vessels and
delays the normal atrophy of the hyaloid vessels, accompanying exudates may have been misinterpreted
causing them to persist for an abnormally long titne previously as vasoproliferation in the histologic cross

104 postnatally. sections of the earlier studies, indicating that the new-
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born mouse is not a proper model of neovasculariza- India ink suggested a "profuse proliferation of new ves-

tion. sels" in the hyaloid of newborn mice exposed to oxy-
For a significant period during early develop- gen for 5 days and then returned to air for 5 days.' Patz

ment of the eye, the hyaloid vascular system constitutes first suggested the SEM technique to study the oxygen* met o th ey, th hyloi vaculr sytemcontittes effect on the mouse hyaloid and found a "second layer
the main blood supply for the developing lens and vitre- ofes oe he hyaloid owever

ous. As the eye matures, the metabolic needs of the lens he s ol inguisten "al per-

and vitreous gradually decrease, and the retinal vascula- sisnor pble o lieton"o e .

ture matures concomitantly with the atrophy of the hya- sing te s iue pro eue bt emnin
Using the same technique and procedure but examining

Ioid vasculature; yet both the retinal and hyaloid vascu- mice it! different age groups during and after oxygen ex-
lar systems share a common arterial supply at the opticnerv hed. I ha bee log rcognzedthatbot of posure, we attempted to determine if the hyaloid vascu-

lature in oxygen-reared mice truly develops neovascu-
these vasculatures are affected by prolonged exposure larization.
to elevated oxygen levels.

The mouse eye is suitable for the study of the hy-

aloid vessels because these vessels are fully developed at
full-term birth (Fig. I). The retinal vessels, on the other METHODS

hand, have only begun to form near the optic disc at One-day-old albino mouse litters and mothers
birth; this vascular development is comparable to that were reared either in air as controls or in 70% oxy-
in the human embryonic eye at about three to four gen/30% nitrogen as test animals. Test mice were raised
months gestation. The changes seen in the newborn in isolettes ventilated with the humidified gas for up to
mouse during the first four weeks of life may reflect (at 14 days and then returned to room air. Mice from each
least approximately) human eye development between group were killed on days I, 3, 7, 10, 14, 21, and 28.
the fourth month of gestation and birth. Specimens were prepared using a standard biologic

In early experiments, the hyaloid vessels of oxy- technique for SEM.
gen-exposed newborn mice were examined by histologic
cross sections made of whole eyes. It was reported that
a persistence and probable proliferation of the retrolen-
tal hyaloid vessels occurred and that the retinal vessels RESULTS

were constricted. Later studies using eyes injected with In contrast to the vasoconstriction response ob-

served in the developing retinal vessels during continu-

,'" ous exposure to 70W; oxygen/3001o nitrogen, it is note-
worthy that the hyaloid vessels remained patent. While
there was little change in the vascular pattern during the
first days of oxygen exposure, by the second week of
continuous hyperoxia a vascular persistence of delayed
vascular regression accompanied by increasing vascular
distention occurred in the tunica vasculosa lentis
(TVL); this occurred to an even greater extent in the
vasa hyaloidea propria (VHP). These oxygen-induced
changes were even more pronounced when the mice
were returned to room air for one week following 6 to

14 days of oxygen exposure (Fig. 2a). In addition to
vasodilation in both the TVL and the VHP, there often
were exudates in the primary vitreous that partially or

*totally masked the posterior surface of the lens. After a
second week in air, those vessels always became smaller
and continued their regression. In no specimen exam-
ined was there ever a greater number of TVL vessels
than was present in a normal newborn eye, and there

• Figure I - Anatomy of the normal hyaloid vasculature was no indication of neovascular tuft formation.
from a 3-day-old-mouse eye: hyaloid artery (short white Our interpretation of the data from this study
arrow), hyaloid vessels nourishing the posterior lens
(black arrow), and vitreal cavity (long white arrow) (bar leads us to the following conclusions with respect to the
gauge = 100 ,m). mouse eye as an experimental model: 105
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7X 1. The mouse hyaloid vasculature appears not
to be a model for the formation of intraocu-
lar neovascularization.

2. Oxygen exposure of newborn mice leads to
pathologic persistence and distention in the
TVL and also, to an even greater extent, in
the VHP with subsequent bleeding and exu-
date deposition in the primary vitreous. Con-
ceivably, pathologic changes of the vitreal
branches of the hyaloid vasculature could
play a role in some of the cases of advanced

stages of retrolental fibroplasia (a blinding
retinal disease of premature infants associ-
ated with prolonged oxygen exposure).

3. The hyaloid vasculature is an appropriate
model for studying the relationship between
atrophic vessels (the hyaloid system) and a de-
veloping vasculature (the retinal circulation);
these two systems are hydrostatically coupled
to "active" vessels capable of responding to
changes in the arterial p0, level. Such vascu-
lar combinations may exist in human dis-
eases. Examples of the relationship might be
found between extant preretinal vessels and
the normal retinal vasculature in diabetic ret-
inopathy following laser photocoagulation
therapy or even in cases of regressing retro-

F ilental fibroplasia.
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a I N. Ashton, "Some Aspects of the Comparative Pathology of Oxygen

Toxicity in the Retina." Br. J. Ophthalmol. 94,715-743 (1982).

from a 10day-old mouse reared in oxygen for 6 days and
then returned to room air for 3 days. (a) Note huge vas-
cular distention in vitreal hyaloid vessels overlying the
hyaloid vessels of the posterior lens (x 75). (b) Higher
magnification view. Note the open and distended
overlying vessels embedded in exudates and cells This work was supported by U.S. Public Health Serice Grant
(x 370). EY-02482 and Independent R&D.
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STROMAL DAMAGE IN RABBIT CORNEAS EXPOSED TO
C02 LASER RADIATION

R. L. McCally, C. B. Bargeron, W. R. Green (JHMI), and R. A. Farrell

We have found that threshold damage of all RESULTS
types of corneal cells-stroinal, epithelial, and endoihe-
lial-is correlated with their achieving similar peak tern- A CO. laser operating in the TEM,,,, mode,
perature increases that have similar dependences on ex- which has a Gaussian irradiance profile, was used to
posure duration. This suggests that all these cell types produce stromal damage.7 With the laser operating at

" have the same thermal damage mechanism. 0.27 W, the Ile radius of the beam was set at 0.94 mm
and the peak irradiance was 9.7 W/cm2 . At 1.2 W, the
Ile radius of the beam was 1.2 mm, and the peak irradi-
ance was 26 W/cm2 . The exposure durations for these

BACKGROUND two power levels were 2.5 and 0.4 s, respectively. Both
exposures are about four times longer than that re-

The cornea is the transparent front wall of the quired to produce minimal epithelial damage at the re-
eye through which we see. From front to back, it con- spective power levels, - and both produced similar
sists of a tear layer (about 6 /m thick), a cellular layer damage to the cornea.

five to six cells thick called the epithelium (about 40 jam

thick), the collagenous connective tissue layer called the Figure 1 is a slit-lamp photograph taken 48
stroma (about 350 pm thick), and a single layer of cells hours following an exposure of 26 W/cm2 for 0.4 s. It

called the endothelium (about 5 /Am thick). Cells called shows the profile of the bowl-shaped lesion at its deep-
keratocytes are interspersed within the stroma and est point. Figure 2 is a composite light micrograph of
occupy 3 to 5076 of the stromal volume, another cornea exposed the same way as the one in Fig.

1. The sections were cut as nearly as possible to a plane
Because the cornea is about 80074 water, it passing through the center of the circular damage area.

strongly absorbs infrared radiation. Indeed, 99076 of the At its deepest point, the essentially cell-free lesion ex-
10.6 uim radiation emitted by a CO, laser would be tends about halfway through the stroma. Higher mag-
absorbed in the first 48 jim of penetration and would nification electron micrographs of this lesion (not
therefore raise the temperature of the cornea's epitheli- presented) show that the few remaining cells are dead.
um. Thus, most investigations into the nature of CO, They have small vacuoles and show a loss of normal
laser damage and the threshold conditions that cause it
have concentrated on this cellular layer.'" However,
heat conduction causes the spread of the thermal insult
to deeper layers. In this regard, we recently have
reported the threshold conditions for damaging the en-
dothelium 4' and have determined the temperature his-
tories at the endothelium following such exposure. 5-

During the course of those investigations, we
noted that corneas that had been exposed above the
threshold for epithelial damage, but below that for en-
dothelial damage, developed characteristic bowl-shaped
lesions in the stroma. Examinations 48 hours following
such exposures showed that the edges of the lesion were
sharply defined, and histology showed that the injured
area was essentially devoid of cells. Furthermore, the
keratocytes just outside the cell-free region were found
to be normal. These observations suggested to us that
the keratocyte damage depends sensitively on the
thermal insult. Thus, we designed experiments to deter- Figure 1 - Slit-lamp photograph of a laser lesion 48
mine the conditions that produce minimal thermal dam- hours after an exposure of 26 W/cm 2 for 0.4 s. The slit
age to keratocytes in order to discover how their dam- lamp was arranged so that the light was incident per-

pendicular to the surface of the cornea at the middle of
age thresholds compare to those of the other corneal the circular lesion. The bowl-shaped profile of the lesion
cells. at its deepest point is revealed. 107
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Figure 2 - A montage of light micrographs of a stromal lesion 48 hours after an exposure of 26 W/cm2 for 0.4 s.
The essentially acellular lesion extends about halfway through the stroma. The lesion is bordered by normal
keratocytes.

intracytoplasmic organelles. The electron micrographs 400 I .
also clearly reveal the sharpness of the demarcation be- = 40 C "
tween the damaged and undamaged stroma. 50'2001- C.

Figure 3 shows the profiles of the border of the 3 •0 _

bowl-shaped lesions that were obtained by carefully , (b) 'IT I I ' 60-C
measuring enlarged slit-lamp photographs like the one 200 "

i4 in Fig. 1. The curves are the calculated profiles of sur-
faces having equal peak temperature increases. For the 0 800 400 0 400 800
9.7 W/cm-, 2.5 s exposure, the lesion border closely r (pm)
corresponds to the 47°C surface, whereas for the 26
W/cm, 0.4 s exposure, the border is close to the 52"C Figure 3 - Measured position of the border of the bowl-

shaped lesion compared with calculated surfaces of
surface.- equal peak temperature increases. The points are ob-

tained from highly magnified slit-lamp photographsThe calculations also reveal that the temperature taken 48 hours after the exposure. In the figure, r is the
- history is nearly the same at any position on a given radial position from the center of the beam and z is the
- peak temperature isotherm.- This is illustrated in Fig. depth beneath the anterior surface. (a) The exposure

4, which shows the temperature histories at two posi- was 9.7 W/cm 2 for 2.5 s, and the lie radius of the beam
tions on the isotherm corresponding to a peak tempera- was 0.94 mm. The points are from a single cornea. (b)The exposure was 26 Wicm 2 for 0.4 s, and the lie radius

- ture increase of 45 0 C. As expected, the temperature rise of the beam was 1.21 mm. The points are the average
occurs later for the deeper position, but the shapes of values from two corneas.
the two curves are nearly identical.
." " ~~~~50 1 I I I I I I I I .

DISCUSSION 40

The experiments show that the border of the .0 / -
stromal lesion produced by CO. laser radiation is 2
sharply delineated, that it corresponds to a surface of 20
equal temperature rise, and that the temperature rise de-
pends (but not strongly) on exposure duration. The con- 10
ditions on this border represent the threshold for kera-
tocyte damage, which is at a slightly higher temperature 0
for' short-duration exposures than it is for longer Time (sI

I ones. Figure 4 - Temperature histories at two positions on
the surface having a 45°C temperature rise following a

Thermal damage of the epith ial and endotheli- 9.7 W/cm 2 , 2.5 s exposure. The solid curve is on the
al cellular layers has been correlated with their achiev- beam axis at a depth of 243 pm. The dashed curve is at a
ing peak temperature increases in the 30 to 50"C point 695 pm from the beam axis. 50 pm below the

" range. ' Epithelial damage resulting from exposure to surface.
% arious sequences of subthreshold pulses also is cor-
related with peak temperature increases in the same tend to support the use of the peak temperature increase
range. e%en though the temperature/time histories were to correlate threshold damage; however, the required

i 08 saried widely in the experiments.* Such experiments temperature increase does appeai to depend weakly on

-. . . . . .. ............... . ,... ........ ..............
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exposure duration. For example, Egbert and Maher' re- -A. S. Browrnell and B. E. Stuck, "Ocular and Skin Hazards from
ported that epithelial damage thresholds were associ- CO, Laser Radiation," in Proc. Ninth Army Science (ont., pp.

123-138 (1974).
ated with peak temperature increases (above the am- 'D. E. Egbert and E. F. Maher, CornealDantage Thresholds for In-

bient value of about 35*C) ranging from 50"C for a 10 jared Laser Exposure: Experimental Data, Model Predictions and
Safety Standards, USAF School of Aerospace Medicine. Brooks

ms exposure to 39"C for a 100 s exposure. We reported AFB, SAM-TR-77-29 (1977).
similar results for endothelial damage.' .' For exposure 4C. B. Bargeron. R. A. Farrell, W. R. Green, and R. L. McCally,

"Corneal Damage from Exposure to IR Radiation: Rabbit Endotheli-
durations between I and 5 s, damage occurred when the al Damage Thresholds," Health Phys. 40, 855-862 (1981).

calculated endothelial temperature rose about 48"C C. B. Bargeron, R. L. McCally and R. A. Farrell, "Structural

for a 240 s exposure it occurred Corneal Alterations from Exposure to Infrared Radiation," in De-
above ambient, whereas t'eloptnents in Science and Technology, Fiscal Year 1980, JHU/APL
at only 320 C above ambient. DST-8.t

'C. B. Bargeron, R. L. McCally, and R. A. Farrell, "Calculated and
The temperature values on the damage border in Measured Endothelial Temperature Histories of Excised Rabbit

Corneas Exposed to Infrared Radiation," Exp. Eye Res. 32, 241-
the stroma, and their weak dependence on exposure 250(1981).

duration, are similar to those required to damage the R. L-. MeCally, C. B. Bargeron, and R. A. Farrell, "Stromal Damage
in Rabbit Corneas Exposed to CO, Laser Radiation," Exp. Eye

epithelial and endothelial cells. This suggests that all Res. (in press).

corneal cells have essentially the same thermal damage 'R. A. Farrell, C. B. Bargeron, W. R. Green, and R. L. McCally,
"Collaborative Biomedical Research on Corneal Structure," Johnsmechanism. Hopkins APL. Tech. Dig. 4,65-79(1983).
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MOTION NOISE REI)UCTION IN
NEUROMAGNETIC MEASUREMENT SYSTEMS

I1. 1. Ko. J. S. Ilansen. and I). A. Ronser

Sensor s Ist')? that Inetirt' ttinttue tagntlic BA(KGROUNI)
%Ils.Ptin . n the brain are suscepl''/lhh' to noise conlatni-
ntton lr)~tn senlsor ltnion, /iS noise' h /)ee(f re'dedRecent neurological investigations of responses

/i (s t . t/i as 40( dlR tn otse power h idat(it' filter evoked by visual and auditory stimulation and by epi-

S'tnul procestnt. /ht proc'wssin' technittue also shows lepsy use a sensitive, noninsasive magnetic sensor called

jrotttti or the itlntilicotin of o/ther noisem ignul thal a SQUI) (superconducting quantum interference de-
.m"tht h' tnticonsrtted (is purl (f /lte hioloy~ical vice). Neuromagnetic signals are generally about 100 fT
'respon '. ( I T = 10 gamma) in amplitude, which is about one 109
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part in 101 of the earth's static magnetic field. In order Experimental Apparalus and i)ala Acquisition
to cancel the relatively uniform time-varying geomag-
netic field, the SQUID is used in a configuration called To support studies of magnetic background
a superconducting second-derivative gradiometer noise characterization and cancellation, data were
(SSDG). This sensor is housed in a dewar cryostat and taken by APL in an urban environment at the Human
is cooled to 4 K with liquid helium. Neurophysiology Laboratory at the University of Cali-

fornia, Los Angeles.2 The biomagnetic sensor was an
Because magnetic fields evoked by sensory stim- SSDG with a noise floor of about 50 IT • Hz . For

ulation of the human brain are orders of magnitude the results presented in the next section, the gradiometer
smaller than typical environmental and biological noise dewar was mounted by a triaxial fluxgate magnetome-
at los frequencies, some technique of noise reduction is ter with a noise floor of about 101 fT - Hz to moni-
required to extract the biological signals from the mea- tor environmental magnetic noise. The gradiometer
sured data. Previous noise cancellation efforts applied dewar also supported three orthogonal linear acceler-
to similar data usually have consisted of signal averag- ometers, each with a noise floor of about I 1Ag (about
ing, which requires large amounts of data to achieve ad- 10 m/s2). The accelerometers measured only dewar
equate noise reduction. Tha. technique imposes a seri- motion noise (see Fig. i). The data were taken in time
ous limitation on the investigation of evoked responses segments of 2 or 8 s. All seven sensors were bandpass
when the concentration of a human subject on a repeti- filtered at I to 35 Hz with a 60-Hz notch filter. Data
tious stimulus is required. Its use might alloyw a hazard
to develop in the case of medical monitoring by wasting
precious time determining changes in vital life z

functions. 3-axis

This study has implemented alternative tech-
niques of noise cancellation with the goal of reducing RF headv X
the amount of data required to characterize the evoked
response. I 3-axis fluxgate .

magnetometer

DISCUSSION

Noise Sources

Several kinds of noise contribute to the output of
the neuromagnetic SSDG. One is the inherent noise of
the SQUID and its electronics. The noise floor for the
de ice used in this study is about 50 fT- Hz and, in Dewar
general, is not reducible. Another type of noise is that
caused by motion of the dewar and the magnetometer in
the ambient magnetic gradient. Motions of the build-
ing, support structure, and dewar are easily measurable
by linear accelerometers.

The third type is environmental magnetic noise
caused by changes in the ambient magnetic gradient
(e.g., operating motors, moving metallic objects). The
large,.t environmental magnetic noise, normally re-
moved by a notch filter, is that from local power lines at
50 to 60 Hi. In general, ambient gradient changes are
proportional to ambient field changes and can be moni- Magnetic probe
tored by a triaxial fluxgate magnetometer. When they
are attached to the dewar, fluxgates will also sense
motion noise because they move with respect to the am-
bient magnetic vector. The fourth type is biologic noise.
The gradiometer senses magnetic signals that originate Figure 1 - The mounting locations of the motion moni-

toring sensors (triaxial linear accelerometers) and thews ith the subject but are not related to the evoked ambient magnetic field sensors (triaxial fluxgate magne.110 signal. tometers).

"I.
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were taken in real time and digitized on 12-bit analog- 400 Accelerometer Y
to-digital converters at 256 samples per second by a -40
PDP 11 /34 computer. -400P :

-a 400 Acceleromr
The multiple sensors capable of distinguishing 0

different noise sources and the short duration of the bi- C -400
ologically induced signal are amenable to adaptive digi- M400 Gradiometer

tal filtering for noise cancellation. The adaptive filter . 0 radiomet

. parameters, and hence the frequency response of the Z. -400cc
filter, are allowed to change or adapt in time. Thus, if 400 ANC filtered gradiometer

"", the noise is nonstationary, the filter also will vary, in an 0 , / A t

. attempt to follow the changes and provide maximum -400
noise reduction. The adaptation process itself adds 0 0.5 1.0 1.5 2.0
"'misadjustment" noise, which can be minimized by TimeW

an appropriate filter, although it cannot be 0 Magnetometer data

- eliminated. -- ANC f iltered data
The adpative filter, called the adaptive noise 

radinata
~Gradinmneter

canceller (ANC), uses the algorithm developed by o -20- noise floor
Widrow et al." Two parameters are chosen by the user:
the length of the filter and the feedback constant. The
filter length determines the number of samples required E -40-
to specify the filter response and is also equal to the
number of filter weights. The feedback constant deter- 0 -L
mines the gain in the feedback loop that governs how -60
quickly the filter weights are allowed to adapt. The 0.1 1 10 100 1000

choice of appropriate values for the two free parame- Frequency (Hz)

ters is based primarily on experience with the particular Figure 2 - (a) A demonstration in the time domain of
data of interest; in this analysis it was based on experi- the effectiveness of the adaptive noise canceller. (b)
ence ,kith parametric studies. Spectra of the gradiometer output before (solid line) andafter (dashed line) the application of the adaptive noise

canceller.

RESUILTS

Although the mounting and laboratory location gradiometer data (about 40 dB reduction in noise

of the gradiometer were chosen so as to reduce motion power) shown in Fig. 2b. Misadjustment noise, which
and magnetic noise, the UCLA instrument was still sen- shows up as increased power levels in the power spectraSsitive to that contamination. Simultaneous measure- of the filtered data, is relatively minimal in this case, in-

ments from the accelerometers allowed the identifica- dicating that appropriate values for the feedback

tion and reduction of motion noise from the gradiome- constant and filter length were chosen.
ter. Similarly, simultaneous measurements from the The results of this study show that noise can be
fluxgate magnetometers allowed the identification and reduced in real time and that small signals can be ex-
reduction of magnetic noise. tracted from the ambient noise. The next step in the

Figure 2a shows 2 s of simultaneous time-series analysis is to apply the adaptive filter to data with an
urote aevoked response, in order to determine if noise can be

- ~~data from the gradiometer and the two associated accel- reudtoscanxetththeumrofvrgs
erometers. Only noise (no biologic response) is con-
tained in these data. The obvious correlation betw.een required to study the evoked signal is reduced dramatic-
the s-accelerometer and the gradiometer time series sug- ally. If an appropriate biologic noise sensor is chosen, it

gests a large amount of motion noise at a nominal fre- is possible that one might obtain the evoked signal from

quency of 4 Hi in the gradiometer data. The bottom a single response to a stimulus.
time series of the figure sho%%s the result of adaptively
filtering the gradiometer data using the \- and y-acceler- ACKNOWLE)GMENTS
omelers as reference sensors. The presence (and sub-

sequent removal) of motion-induced magnetic noise in The authors would like to thank M. H. Fried-
the gradiometer is esident both in the time-series data man of APL for his advice and support. Appreciation is
and in the power spectra or the filtered and unfiltered noted for the collaboration of J. Beatty at UCLA and !!
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line, "Adapti~ c Noise (anceiling: P1rinciple, and Application.,,REFREN ESProt. IEE63, 1692-1716 (1975).

J . S. Hansen, D. A. Bo~ser. H. Nk Ko, D). Brenner, F. Richer, and
J. Beam, '*Adaptive Noise Cancellation in Neitrornagnetic Nleastire-
unent S~stmsn..' \uot o Onte(nto 21). 203-213 0983). Fht'. \%ork \%a% supported b% Independent R&tD.

SUTURELESS VASCULAR ANASTONIOSIS SYSTEM

J1. J. \Nozniak

7h 5ctiv of this project is to develop a tact). Either individual or continuous-running sutures
/ttC'dtt virelviniin' seered vessels (end-/v-end anaslo- are used.
tno0sis) wit/hout using sutures. Two essential elements itt
the concept, an instrument to evert the tessel and a hio- Typically, for an artery with a 3 mm lumen, ap-
cottipatihle sleeve that conttracts to bind the vessel to- proximately 20 stitches are taken around the circumfer-
vether, are currentif"V utnder development. Personnel ence using 6-0 (0.1 mm diameter) thread. Usually, an
f1romn A'PL, the Johns% Hlopkints Medical Instituitions, end-to-end anastomosis on a vessel of this size cannot
andl the LniversitY of Mars~and, representing talents itt be performed in less than 20 minutes.
the disciplines o f entgineering, vascular surgeryv, and
povtner scientce. arc work ing on the protect. The greatest success is achieved when the anas-

tomosis is performed in cases where a good collateral
blood supply is available or where loss of blood for
moderate periods of time can be tolerated. If the intima
is not approximated properly, vascular occlusion may

BACK(CRO NI) occur, with disastrous results.

Severed blood %essels are frequently encountered The application of sutures on intracranial vessels
in penetrating sounds inflicted during combat, civil presents additional difficulties. Differences in the struc-
violence, and accidents. WNhen this type of injury is en- lure of cerebral arteries compared to that of extra-
countered near Center,, in which the required skills and cerebral vessels with less adventitia and reduced media,
facilities are availablc, the blood sessels can be rejoined the presence of many perforating branches that pre-
w~ith sutures during %ascular surgery . Under combat or elude rotation, and the limited time of vessel occlusion

* emergency conditions,, the pr.-requisite skills, facilities, hamper the application of sutures to these vessels.
and time ma not be as ailable ito pres ent loss of limb or

Fe. The sutureless concept attempts to avoid some of
these problems while providing the benefits of a high

At the present time, sascular anastomnosts is ac- patencN rate, the virtual absence of post-operative
complishcd using a cursed needle. 'Ihe sutures must be bleeding, and a laster procedure. Additionally, the skill
placed precisely, piercing the ad% entitia (fibrous sheath) required for this technique should be less than that re-

U from the outside and the intima (elastic tissuc layer) quired for stuturirtg. Therefore, the wsork can be done at
from the inside in a number of locations, for proper locations, other than centers that specialize in vascular

I 1 2 vessel approximation (tissue aligned and in good con- surgcrv.
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DISCUSSION tered over the junction (Fig. Ic). The sleeve is heated
with an instrument that provides a controlled warm air-

Figure I shoss.s the steps involved in the suture- stream or jet of warm saline. Heat causes the sleeve to
less anastomosis technique. Figure la shows the severed contract and assume the local contour of the everted
'essel, vnich characteristically constricts and retracts vessel (Fig. Id). The sleeve also contracts 5 to 150o n
because of the smooth muscular structure (media) with- length, ensuring good contact of the vascular intima.
in the vessel %%all. Temporary clips are applied to the
transectional vessel, and the lumen is irrigated with hep- In the completion sequence, the proximal clip is
arinized saline. The vessel diameter is sized, and fer- removed (Fig. Id), and a hypodermic needle is inserted
rules are selected that approximately match the outside into the vessel lumen to relieve entrapped air. When a
diameter of the vessel, steady flow of blood through the hypodermic needle is

achieved, the needle and distal clip are removed.The ends of the vessel (Fig. !b) are then everted

oer the ferrules. rhis process opens the vessel fully for
flow, and ensures continuous intima contact, which is Vascular Everting Instrument
,ital for preventing thrombosis when the anastomosis is
completed. The proposed anastomosis procedure requires an

efficient way to evert the ends of the severed vessel over
In the next step, the outer sleeve, fabricated the ferrule. For this purpose, an everting instrument has

from a heat-shrinkable biocompatible thermoplastic, is been designed, fabricated, and tested.
placed on one section of the vessel. The two sections of
the vessel are brought together, and the sleeve is cen- The everting instrument must cause minimal

damage and displacement of endothelial cells lining the
lumen and must be flexibile so .hat it can evert vessels
of different sizes. Three devices were developed for
bench studies. The most successful of the three uses an
iris-diaphragm mechanism to expand the leading edge
of the lumen and a balloon, inflated within the lumen,
to accomplish the everting action. With this apparatus,

(a) excised pig carotid arter'es were successfully everted
over thin-wall cylindrical ferrules. On the ba.,is of this
success, a prototype clinical configuration of the everter
(Fig. 2) has been designed, built, and successfully tested
in vitro.

. Heat-Shrinkable Sleeve Development

The second essential element in the sutureless
(b) vascular anastomosis concept is the sleeve that con-

tracts to bind the everted vascular sections together.
Work began in this area with a literature study centered
on identifying semicrystalline polymers that could
undergo crosslinking (especially by ionizing radiation)
and thereby attain elastic memory properties. Other re-

. ,quirements include biocompatibility, low-melting tem-
perature, and reasonable crystallinity.

(c) Polyethylene oxide (PEO) was the first polymer
selected for fabrication trials on the basis of prelimin-
ary radiation-chemistry experiments and the knowledge
that the material is highly biocompatible. PEO was
successfully processed into a low -temperature, heat-

r- : ". shrinkable sleeve, but the sleeve swelled in water and
therefore was unsuitable for the application. Coating
the PEO sleeve with elastomeric materials and grafting

(d) a monomer to the surface of the PEO were the two ap-
Figure 1 - Sutureless vascular anastomosis. proaches taken in attempting to waterproof the sleeve. 113
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Figure 2- The prototype clinical vascular everting instrument.

Four different coating/graft attempts %%ere made, but FUTURE PLANS
none pro% ided the required degree of protection.

During the next year, the remaining components
Recent efforts to develop the sleeve have cen- (biocompatible ferrules and sleeve-heating apparatus)

tered on another polymer, synthetic trans-l,4-polyiso- needed for in vivo trials of the anastomosis concept will
prene. A reinforced form of this material has found use be developed. In a concurrent effort, a primary acute
as a los-temperature (130°F), moldable, orthopedic toxicity screening test will be performed on synthetic
material. trans-i.4-polyisoprene to assess its biocompatibility. If

An in vitro trial using a sleeve fabricated from it proves to be biocompatible, in vivo animal experi-

trans-I ,4-polyisoprene to anastomose a freshly excised mentation of the sutureless anastomosis concept will be

pig carotid artery proved highly successful. Figure 3 initiated.

shows the ferrules, sleeve, and anastomosed artery. Vis-
ually, the lumen remained patent throughout the artery, ACKNOWIEDGMENT
and the artastomosis remained intact when tension was

applied. Unlike PEO, trans-l,4-polyisoprene is unaf- The author would like to acknowledge the many
fected by water. contributions made by Eugene Walters in supporting

the implementation of the sutureless anastomosis
concept.

Figure 3- Sutureless anastomosis applied to a pig This work ,as . ,upportcd b\ the Naal Medical R&D
carotid artery. 
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A SYSTEM TO INHIBIT SELF-INJURIOUS BEHAVIOR

A. I,. Newman

APL has designed and developed a system to an almost immediate or, at least, quick cessation of SIB
inhibit self-injurious behavior (such as head banging) when the child was shocked with a hand-held "shock
in seterely retarded and autistic patients. Most of the stick" by his therapist or attendant. The shock used as
functions of the device are controlled by an integrated an aversive stimulus for SIB is described by J. Carr as
circuit designed at APL. A working prototype of the an "electric shock of sufficient strength to give an un-
chip has been fabricated and tested pleasant, though very brief, sensation, but not to cause

injury.- However, the behavior returned when the
attendant who had delivered the stimulus or the child
left the therapy room. Suppression of SIB was only

BACKGROUND effective in that room, not elsewhere.

Self-injurious behavior (SIB) is a hidden prob- It is thus clear from the literature that therapist-
lem. Most people have never heard of it, and yet as administered shock is not the optimal therapy. The
many as 150,000 mentally handicapped patients com- shock becomes psychologically paired with the therapist
pulsively beat and abuse themselves. Starting in the and the environment, and there are variable delays be-
crib, a child may eventually beat himself so severely as tween head banging and shock. In such a situation, the
to threaten blindness, brain hemorrhage, and death. inhibiting stimulus cannot reliably be delivered auto-
SIB is a horrifying, life-threatening problem of psycho- matically and consistently.
pathology with no known cure. To address the prob-
lem, APL is working under the sponsorship of the A further advance in behavioral conditioning of
American Foundation for Autistic Children to develop SIB was made when the American Foundation for Au-
a system to inhibit SIB. tistic Children (AFAC) developed a device that sensed

"abnormal" accelerations of the head and delivered a
There is a great need for successful, less expen- shock to the arm. 'uch a device obviates the need for

sive SIB therapy. Current SIB patient care is very ex- the therapist to observe the SIB and eliminates human
pensive, labor intensive, and time consuming. It is also delay in delivery of the aversive stimulus. It ensures that
emotionally demanding. Physical restraints for immo- the stimulus will be paired automatically with a specific
bilizing hands, arms, or legs ar, protective shielding behavior (head banging) and also will be delivered
and padding are often used: -his protects the patient but consistently.
neither eliminates the behavior nor permits rudimentary

* education and sociai interaction. The AFAC device consists of a helmet on the
head connected by wires to an arm electrode. The hel-

Behavioral conditioning is a form of therapy met contains an accelerometer and also protects the
that has been used with some success in the treatment of head. The accelerometer switches a power circuit on the
SIB. In this paradigm, an aversive stimulus is delivered patient's back that is connected by wires to the elec-
to the patient in close temporal association with the un- trode assembly on the arm. Several of these devices
desired SIB. The patient responds by decreasing the fre- were built and have been found to inhibit SIB success-
quency of the undesired behavior. Ideally, the inhibit- fully. In fact, patients feel so safe and secure with the
ing stimulus should be delivered automatically and device that they struggle to keep it on when one tries to
consistently. remove it. With these successes, AFAC came to APL

The initial application of behavioral condition- with the idea of further developing, through the appli-
ing as SIB therapy used a therapist to close the loop in a cation of state-of-the-art technology, a Self-Injurious

simple biofeedback system by administering a stimulus Behavior Inhibiting System (SIBIS).
at the onset of SIB. Aversive stimuli tested for their
ability to decrease SIB included loud noises, hair pull-
ing, slapping, noxious odors, and aromatic ammonia, DISCUSSION
but none has been as effective as electric shock. Lovaas
and Simmons concluded: "First, the use of shock, given The basic configuration of SIBIS i,, ,,hen in
contingent upon self-destructive behavior, brings about Fig. I. When the sensor module, contained in a head-
an immediate cessation of that behavior. Second, the band, detects abnormal accelerations (2 g or more) re-
effect of shock appears specific to the situations in suiting from head banging, it transmits a digitally
which is is administered."' Investigators have found coded signal to the stimulus module on the arm. On rc- I1 5
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ceiving this signal, the stimulus module checks the sig-
nal code A'ith a stored identification code and delivers a

Sensor module Transmitter shock and sounds a buizer if the codes match. The sen-
coil sor module electronically counts each transmission, and

Sthe stimulus module counts each shock. An equal num-
.-._ , ...,, ber of counts in each module, as shown on the displayH unit, .erifies proper s,,stem function.

The design goals for SIBIS w'ere as lollo~s:
SIBIS display unlit

e Miniaturie the des ice
* Deselop a vireless communications link
e Pro% ide for data recording and display
a Keep thc de% ice inexpensise

Stimulus
module We have accomplished these goals through ex-

-~ tensie use of microelectronics and no%% have a working
" -- unit that proves our design. At the heart of SIBIS is a

custom-made, large-scale integrated circuit called a gate
array; that contains the bulk of the communications

4 'and control circuitry (see Fig. 2). Instead of designing
two integrated circuits, one for the sensor module and

one for the stimulus module, swe designed one with all

Figure I - ('otfigturation ol the SIBIS de icc a, .orn b% the circuitry for both sensor and stimulus functions.
an indisdual. The chip's identity is one-bit programmable: i.e., the

28
kHz

• 12 8 kHz ..........I..... 09
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12.8 1.28 80 100 200 400 1.6
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logic state of input SEN/STINI determites whethcr the without a shock. A goal of SIBIS is to develop a psy-
chip has a sensor function or a stimulus function (Fig. chological pairing of the shock with the tone so that the
2). This approach not only minimize% dexelopment tone itself becomes aersise. 1he circuitry providing the
costs, but also simplifies the %hole manufacturing limited choice (OM0 is, 200 ms, or no shock) is
process. "locked" on tht -silicon of the gate array in order to

• aiprevent abuse ot SIBIS. Shock duration is programmed
Hybrids are microminiature. mltilayer printed through the input DUR. The device cannot produce a

circuit boards. To swere designed, one for the sensor more painful shock than thcone lasting 200 ms.
module and one for the stimulas module. They contain
the gate array as %Nell as the discrete components (re- An esentcounter register in the gate array re-
sistors, capacitors, etc.) and circuitry for supporting it cords the number of SIB events that have occurred.

and defining its function. Data from this register are read out on a display unit,
and it is then reset to zero (Fig. I). This data logging

The gate array has circuitry for a los-posser, provision %ill be important for the clinical evaluation
crystal-controlled clock (12.8 kHz oscillator) and an as- of SIBIS as well as for the ongoing monitoring of a pa-
sociated diside-by-4096 counter for producing the dif- tient's progress.
ferent clock frequencies that are required bN sarious
parts of the circuit. We expect to have a working prototype of SIBIS

by the fall of 1984. The packaging of each module has
b-an hcelesoer modeh ainput digal nesho i .cbeen kept simple because the electronic complexity of

by an accelerometer switch (input signal ACCEL., ig. SIBIS has been limited to the gate array and the two hy-
2). This enables the alternating magnetic field drive cir-
cuitry on the chip that, concurrently, is digitally coded brids in which it is placed. The manufacturer of SIBIS

simply orders the hybrids as part numbers from the hy-by the modulating input signal SDO. The different
eice are connected by brid manufacturer. The final electronics assembly and

parts of the original AFAC deve packaging is simple and inexpensive, for yielding a mar-
wires, an approach that is unwieldy and unreliable. In
SIBIS, the coded alternating magnetic field serves as the paets.

communication link, and connecting wires are avoided.

The code, different for each patient, prevents a patient
from receiving inappropriate shocks because of another

S. patient's SIB. It also keeps SIBIS immune to electro- ACKNOWLEDGMENTS
magnetic interference, both natural and man-made. A

- digital comparator on the chin is used in the stimulus Fhe author would like to acknowledge funding and
mode for comparing the received coded signal on the support for SIBIS from the following organizations: American

Foundation for Autistic Children; APL Development Fund; C.
data bus with that stored on the identification bus (Fig. R. Bard Corp.; Oxford Medilog, Inc.; and Public Welfare
2). When there is a match, a clocked one-shot enables Foundation. The important contributions of Robert E.
the output stimulus drive to start, via signal FGD4, the Fischell, Kim Fowler, W. R. Powell, J. Patrick Reilly. and

shock-producing circuitry contained elsewhere in the Henry. Riblet are also ateknowledged.

imodule.

In a series of experiments, we found that the sub-
jective intensity of pain from shock is a function of REFERENCES

shock duration. We allowed a choice of only two shock 10. 1. Lovaas, and J. 0. Simmons, "Manipulation of Self-Destruction

durations: 100 and 200 ms. Each shock was accom- in Three Retarded Children," J. Appl. Behat. Anal. 2. 143-157paie byabze on.Tebze a epo (1969).
panied by a buzzer sound. The buzzer can be pro- 2J. Carr, "The Severely Retarded Autistic Child." in L. Wing, Early
grammed by means of the signal BUZZ/STIM to occur ChildhoodAunism(2nd Ed.). Pergamon Press, pp. 253-258(t976).
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ENERGY, ENGINEERING, AND CIVILIAN TECHNOLOGY
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INTRODUCTION

Included in APL's tasks are specialized investigations in which advanced
scientific and engineering technologies are applied to designated civilian and
defense-related needs. This section includes selected articles in those categories.

During the past six years, the Laboratory conducted programs for both
the State of Maryland and the Federal Government associated with the genera-
tion, storage, environmental impact, and efficient use of energy. The work has
been extended this year to include an assessment of the potential use of geother-
mal energy at Naval facilities on the East Coast. Other special engineering inves-
tigations conducted for the Navy include the design, fabrication, and successful
use of a compact data recording system for special field operations.

The APL Transportation Program, active in urban transit technology since
1969, has developed and evaluated concepts for the rapid transit of the public
in vehicles on automated guideways. A computer simulation has been developed
and used this year to investigate the performance, control, and network manage-
ment of such systems.

The development of prototype electronic systems at the Laboratory for strin-
gent applications requires the use of highly reliable, miniaturized circuit assem-
blies and associated packaging. This necessitated in-house qualification of the
pertinent assemblies. Related articles include epoxy characterization and qualifi-
cation and the shear testing of ball bonds. Also, in-house computer-aided design
tools have been developed for the design of custom very-large-scale integrated
circuits.

11
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GEOTHERMAL ENERGY ASSESSMENT
AT EAST COAST NAVAL FACILITIES

R. I. NeA man

A ilantic toatst .\aal tac/ility r.sites hate heen ecl- top of the solid rock basement at 27(X) ft. Current,
uated to determine their potential to henefit tom the Norfolk's primary energy source is steam supplied by
in.stallation ati u.se o/ geothermul wells in order to re- four poser stations. Most of the steam is supplied b%
dutce enerey costs f.or hot water anti steam lewatin.g. Of power station I, skhich uses No. 6 fuel oil at a cost of
the 130 sites reviewed, si were selected .or detailed in- $6.36 per 10" Blu. As a result of our study, a geo-
test ation and tw) (the Jacksonville and ,\orblk thermal system has been proposed that uses 107' F geo-

.\ual Air Rework tacilitie.s) hate been recommended thermal well ,.ater to preheat make-up ssater for the
to the .\ . as promisin cantlilte.s. posser plant (Fig. I).

An electrical pump brings geothermal %%ell %sater
up from a drasdosn depth of 4(0 ft: the isater goes

BA('K(ROL'NI) through a ssater-to-ssater heat exchanger and transfers
its heat to the incomini feed ssater. A 51° temperature

[he Arab oil embargo of 1973 underscored the difference across tile exchanger surface is a reasonable
nation's sulnerability to a sudden interruption of its oil trade-off betsseen heat exchanger costs and the atmount
suppl} and indicated the need for etisuring that such in- of energy extracted fron the geothermal water. The
terruptions do not jeopardiie the integritv of our mili- spent geothermal ssater is reinjected at 2000 ft, sN hich is
tar% capability. Consequentl, the Navy began a pro- just belo the potable ssater table. With this s\stem.
gram to assess the feasibility of replacing some of' tle geothermal energy could pro\ide 3.4" of Norfolk's
petroleum used at its bases throughout the world vith yearly enerps needs (equi\alent to $918,0X \orth of
geothermal enerv. fuel oil per year). Ho\e\er, an aserage geothermal

e our pein en- \ater fRoss rate of 690 gal mmin \ould be required. It is
Because past experience geothermal unlikely that this flos rate could be supplied by a single

ergH' and our large data base associated swith geo- sell, but five ssells producing at a reasonable "loss rate
thermal actis its, the Nasy has asked API. to reviesw the of' 150 ual,mnin could supply the necessary elnerg%.
Nasal and Marine facilities along the Atlantic coastal
plain as possible sites for the use of geothermal energy. As an initial step in the deelopment of geo-

A surves of the facilities showed that the most promis- thermal energy at east coast Nasal facilities, a single
inc facilities are in Norfolk, Va., south-central Florida, sell system has been proposed that \ould pro\ ide geo-
and Charleston, S.C(. The following facilities were thermal swater at an aserage Iloss rate of 150 gal rmin.
sisiled in those regions: Because of the relatisely high inlet temperature cit tile

make-up sater in thlie sulltnler, o\er 901" of tie geo-
I Norfolk Nasal Air Reswork F'acility (NARF); thertmal energy is prosided during (te colder months
2. jacksonsille NARF, Cecil Field Nasal Air froni October through \la\. (onsequenl\, lhe limited

Station, and Orlando Training (enter; ssater supplh is better utili/ed in the sstiter mnonths.
3. Charleston Na\al Shipyard and Charleston WAith a sseiehted tloss, that ,ingle sell could replace

Polaris Missile Facility Atlantic. $229,000I ssortlh of fuel oil per .eat.

[he Norfolk and Jacksonsille NARI's appear F ePdwater
to be the best suited for geothermal energ. use. (onse- 690 gal m 690 gal rmlitl

querntl, econolmic anal ses hase been pertorned ont
proposed geothernial systellis al those t so facilities. Boiler exchanger

[Steam [etemd renet~

328 F690 gal nm 1690 gal min

Proposed Geothermal %slcm at Norfolk NARF 10 5

[Ihe Norfolk NARI is Iocated il a region (t 400 ft drawdown (15, of 2700 fto

ahosc-as erage tettperature gradient. Ati extrapolati n Figure 1 - Geothermal system to preheat teedwater at122 o tihe cradient result, in a teuprerailure oflt 1)71 at the Norfolk NARF
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A net-present-s alue economic analysis has been ing costs are based on estimated current costs. At 150
made of the income fromt this %%ell, using the conditions Vall mln, the system cost is $929,000 and the net present
presented in Table I and assuming that fuel costs aiid '.alue is $2,600,000. In Fig. 2, values of system cost and
operating expenses increase at the inflation rate. The re- corresponding net present value have been) plotted as
suilting nlet present %alue is $2,600,000. which means function,, of average ssell flow% rate and %%ater tempera-
that the net income, over the 20-year life of' the well, is ture. They shov, that even at flowt rates as loss as 60
eqialent to ha% ing S2,600,000 today. In other wkords. gal/mm., a geothermal system is still economical. In ad-
One ssOuld be ss illing to spend uip to $2,600,000 today to dition, eothermal water temperatures as loss as 80'F
obtain the energy savings of a geothermal ssell over the may still be practical if' floss rates greater than 110
next 2(0 Nears. gal/mmn can be attained. The results indicate that a geo-

thermal system at Norfolk is very promising and should
Table 1 - Estimated geothermal system character- be investigated further.
istics for Norfolk NARF.

\\ aler Ikms railxi nal 11 fill Proposed Geothermal S-, tem at Jacksonville
* trav% dossin depth (Ill 4M~i 0S i ol el depilIII NARI
- - .'.% icr ieiiiperdiiiref 11 1t

( k)i ol niloiiex C.0li A similar analysis was performed on a proposed

tnloo l e ultI'll)o tui' 36gothermal svstemn at the Jacksonville NARF. The
L 011 01 elcCIi\ 11 (1i111110i Ili SIS major differences between the two sites are:
\in1lul ope aiiiig .and nai-

Present value of a
S3500- 107'F well

Ceothermal Ssslem Costs 0SFwl
> 3000-12Fwl

Estimates hase been made of the capital costs, of' C
a cot hernial s~steni. IThe\ base been di% ided into four '

- ~ 2500-
cale~ories:W0

C ,t

I . Produciion %%ell depth-independent drilling C 2000- 80- F well

2. P"roduction %%ell depth-dependent drilling E__ 0

costs,
3. Reitijeciion "sell costs. c 1000 zL - zSystem cost
4. Hecat exchanyer and associated pipinL costs. 50

0 100 200 300 400
I hee cstsare uinian~ediii abe 2br sell 5~ithAverage weighted well flow rate (gal/min)

p Wcot ated rani I mii 1111 4 tor 2(14 ga oenn t~elI Figure 2 - System cost and net present value as func-
coss ae bsedon riliti cots om eoterml tst tions of the average weighted welt flow rate at Norfolk

hloles drilled oin th, east :oast. Heai eclhanger and pip- NARF

9Table 2 - Ger- . 'mal systems costs and net present
value

_____________________JIM)Ngal min 1501 gal min 211 MIga min

60.IN 1 ________ 123

\1I 1t\ 11 1, .Sl( S .w Xx1 l11 0( X



1. The %%ell at Jackson~illk i deeper (49MX fti 2000 - 1 1
compared %%ith 2700) fl) and has hotter %%ater Q

(124'1: compared %% it h 107 *F). 1600- Net present .,10
2. Jacksons ilke uses gas to fire its boilers and value/

currently gas is cheaper than oil ($3.11 per W ;6 System~ cost
10" Btu compared s..ith S6.36 per 10' Btu). 1200 - //-

The analytical results (Fig. 3) shov. that at a tlow rate of'-

150 gal/min. the geothermal system cost is S,200,00( Bo800

only $817,000. Flo%% rates over 200 gal/tuin are needed E -
to make the systemn economically viable. Consequently.40
a geothermal system at the Jackson% ille NARF is not as U
economically attractive as one at Norfolk. 0

50 150 250 350
WVe conclude fromt our analyses that geothertmal Well flow rate (galmin)

systems at both Jacksons ille atid Norfolk are economic- Figure 3 - System cost and net present value as func-
ally v iable. The NavyN is using these results, to determine tions of the average weighted well flow rate at Jackson-
h ow best to deselop geothermal energy at their east ville NARF.

* coast f'acilities.
4Ri. W. Newman, Potential Geothermal Energy Use at East Coast
Naval Facilities, J HU/APL BBE/EM.5093 (lI Oct 1982).
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TAPE-X DATA RECORDING SYSTEM

R. A. Quinnell, R. I. Nelson, and (. A. I % Xi

alape-X tis a (hitul data re(ordinl .stein hased the best estimates. Tape-X "as devised to record the in-
on a con~siioer-grade rideo cassette recorder. 1t w. de- puts to a large signal processing system.
tiseid 1or an ap/plcalton where conventwnal data re-
corders had repeatedlv proven utnahle to ieet the ,.,- Data collection consists of data recording and
tern constraints. lakin' advantage o/ the hith hand- data recovery. The data-recording portion of the Tape-
width and /onl recording flites on a video cassette re- X system is diagrammed in Fig. I. Selected data from
corder. Iape-.A met svsteoi requirements in a conpact. the input data stream are held in a first-in/first-out
ea.s v-to-use tt. It wav used succes.sufltv to acquire the (FIFO) buffer and then are converted to a serial bit
lrst ield data ever 'oll(ted in itt intended stream that is combined with a video sync waveform.
application. The resultant waveform is similar to a standard com-

posite video signal, although if displayed on a television

RA('K(;RONI) monitor it would appear as snow. The waveform is re-
corded on an unmodified, commercial-grade VCR.

Post mission processing of data collected on
Nas.N electronic systcms in their operational ensiron- The format of the data recording is shown in
ment prov ides valuable insights into the performance of Fig. 2. During the portion of the composite video signal
those system,. As, part of its, continuing ,aluation of that corresponds to the visible image on a monitor, data
,,tem performance for the Nav y. API. required data are encoded as white and black streaks in each scan line.
from an uninstrumented signal processing sytem. The format consists of two blocks of 50 bits, each block
Attenpts, to collect the data using consentional data being divided into five words. The first word of eachrecorders tere unsuccesstul osing to the bulk and dell- block is a salid data indicator and ,ynchronizing word

cac. of such units and the difficulties in their use by un- that designates whether or not the remaining four
trained operators. words in the block are meaningful. A total of 80 bits of

input data can be recorded on each scan line.
In response to the need for the data. API. de-

ised the Iape-X ,,%.tei. In order to take adsantage of The average data rate available using this format
the spare video casselte recorders (VCR's) in the svs- is 1.2 million bits per second. The instantaneous data
tern, 1ape-X was designed to interface with an unmodi- rate varies because data are not added to the composite
fied, consumer-grade V'CR. The high bandwidth, long video during the vertical retrace interval. In addition,
recording time, and ease of operation of the units made data are not added during the scan lines just prior to the
them %sell suited to satisfy the system constraints, beginning of the vertical retrace interval. The gap is left

in order to avoid the data distortion caused by the
VCR, swhich switches its recording heads for alternate

DIC(j ,,ION television fields. The FIFO buffers hold the incoming
data during those intervals.The performance of complex systems can be

studied s,ith the aid of an accurate estimate of their ex- Recording the data is only half the job. The
pected behasior. To prosvide this estimate, the system data-recoery portion of the Tape-X system is dia-
input,, must be known or modeled. Recording the actual grammed in Fig. 3. The recorded data are detected and
system input%, in field operations pro%,ides the basis for svnchronized to a high-speed clock. Transitions in the

Serial input data +p

Serial- ufrB Parallel-
to- DtBufr8to-

paall selector serial Video I

converter _ ' 7Buffer C converter syncI ~ l Bu~r o generator
Figure 1 - The Tape-X ,ecording system. 125
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White Block 1 Block 2
level
(1)

Black
level
(0)

Data Word Word Word Word Data Word Word Word Word
valid A B C D valid A B C D

Blanking

Sync L -- Horizontal scan line (63.5 ps)

Figure 2 - The format used for Tape-X data recording.

40 MHz

Figur 3 h omtue o aeXData reory

resampler es er
40Mz40 MHz

, 
S Serial-

FromaData Edge Resmple Wordto- "

Level -[detecto clock cokparallelr 0
detector Vide nc , converter

Figure 3 --The format used for Tape-X data recovery.

data are used to synchronize a data resampler, and the errors in the recording medium. The nature of the data

resampled data are shifted into a parallel output regis- being recorded in the design application is highly redun-
ter. A word clock counter provides a signal whenever a dant. Because of the immense quantity of data record-
full data word is available. ed, error rates as high as 10 4 have little effect on the

usefulness of the collected data. Field tests of the Tape-
The data-recovery portion of the system is the X system have resulted in very acceptable data integrity.

most critical. The choice of data format is critical to its The true bit error rate of the system has never been
success. Bandwidth limitations of the VCR require that measued.

measured.
simple binary coding of the data be used in the record-
ing. The resampling clock depends on data transitions The system has been used successfully to collect
to determine the beginning of a data bit interval. Those some 36 hours of data from the field. Those data, the
two factors lead to the use of the valid data word. The first ever collected on the system, are being used to eval-

valid data indicator distinguishes between no data and uate the system's design and performance. In addition,

zeros, since both result in an all-black line. The valid the Tape-X data have allowed for post-exercise experi-
data indicator also provides a guarantee that at least ments in processing the data by means of direct corn-
one transition will occur for each 50 bits of data. Exper- parison with field processing results. These new capa-
iments with the VCR have shown that this transition bilities are yielding significant results in the evaluation
density is sufficient to maintain synchronization of the of the system.
resampling clock.

Data integrity is an important factor vith all
data-recording systems. The Tape-X ,ystem does not

1 26 usc special formatting to correct for data dropouts or I hi. vork si suplortcd h\ the )epairtmcnt of the Na\\.



A NETWORK MANAGEMENT SIMULATION OF AGRT

SYSTEMS UNDER VEHICLE-FOLLOWER CONTROL

'..- H. Y. Chiu, D. L. Kershner, and P. J. McEvadd-

A computer simulation was developed to provide time-step, modeling approach was selected to simulate
the first capability for efficiently evaluating station op- the movement of individual vehicles through the net-
erations, vehicle management techniques, and vehicle- work as controlled by VF logic previously developed at
f follower longitudinal control algorithms in a full APL.' The simulation of off-line vehicle movements
Automated Guide way Rapid Transit (AGRT) network (i.e., on station ramps and through the docking area)
context. The simulation was then exercised to investi-
gate the performance characteristics of vehicle control, was accomplished by using a discrete-event modeling
network management, and station models and their approach for shifting vehicles from one location to the

interactions. next within a station because it required substantially
less computation than continuous modeling and still
preserved a level of fidelity sufficient for the purposes
of the study.

BACKGROUND To keep the computational burden from becom-
ing excessive and to direct the focus of study toward the

The use of AGRT has been proposed to alleviate management performance of vehicle-related opera-
many problems associated with conventional transpor- tions, the modeling of the passenger side of system op-
tation modes in urban areas. The concept requires the erations was omitted. Although passenger arrivals and
deployment of remotely controlled vehicles carrying 10 associated trip demands represent the "driver" in
to 50 passengers in a dedicated guideway network, most network simulations, a fixed route type of service
Many strategies have been developed to handle the si- structure (based on the anticipated demand) was
multaneous longitudinal control of possibly hundreds assumed and was used as a way to maintain the flow of
of such vehicles. One generic control approach is vehicles through the network. This form of service has
vehicle following (VF), in which vehicle spacings and been used in many studies for peak period operations
velocities are determined only by status information on and, because of station operation complexities, may be
the immediately preceding vehicle. VF has been ex- the preferable mode of operation for initial AGRT
amined extensively at the individual vehicle interaction deployments.
level.' This article describes the development of a net-
work management simulation (NMS) to provide the The resulting simulation product, shown sche-
first capability to evaluate the operation of a VF control matically in Fig. 1, is a combined, continuous, discrete-

, system in a full AGRT environment. event simulation incorporating VF logic to control
mainline vehicle motion and using predetermined ser-

With NMS, the network-level behavior of the VF vice route frequencies (i.e., vehicles per hour per route)
approach to longitudinal control in AGRT systems can to drive the vehicle flow in lieu of system passengers.
be examined in great detail. A typical AGRT system An event-scheduling approach characteristic of
was constructed for an initial application of the NMS. discrete-event type simulations was used for primary
The following study objectives were established: control of the sequence of execution. Vehicle mainline

I. Assess the practical link flow capacities as operations, simulated using a continuous, or time-step,

a function of system demand. approach, were integrated into this event-based process
2. Determine the interactive effects of VF by simply scheduling the state-update events at regular

with station operations. intervals that equaled the selected time-step interval. As

3. Ascertain the energy consumption and indicated in Fig. I, the types of events that were

power demand characteristics of VF. scheduled included station-related events for vehicles in
the discrete-event mode, state-update events for vehicles 7-,-7
in continuous mode, and state-related events to transfer

DISCUSSION vehicles from one mode to the other and to actuate logic
for merge-control and network-path selection.

Simulation Design
Network Configuration

A key simulation requirement was the ability to
retain the dynamics of vehicle-to-vehicle interactions The initial network configuration is shown in
that are fundamental to VF control. A continuous, or Fig. 2. It consisted of approximately 8 lane-miles of 127

. .,. . .



.4

Scheduled events order to resolve merge conflicts. All stations were
assumed to be single-channel, serial-berth configura-

Update vehicle state tions with an entrance, a dock, and exit queues.
event (continuous

Do while T < Tw x  mode)
*Take next event Station processing Simulation Results
*Advance clock events (discrete
E*Process event mode) Several runs were made with the NMS with sys-

End Vtem vehicle fleet sizes. The duration of all runs was set
event to one hour of simulation time. Some of the following

observations were made:
Data sampling/
output events I. With vehicle flows close to theoretical

Simulation system capacity, the NMS did not show
initialization 1 any dynamic vehicle string instabilities,

State events such as "bunching," that were due to
Vehicle mode changes vehicle-follower controls.

a Station arrival 2. For heavily congested network segments,
It Event calendar o Station egress a constant-safety-factor spacing policy

Divert junction arrival gave better system performance than a
comparable constant-headway spacing

Merge junction arrival policy.
3. A vehicle management reservation strate-

Figure 1 - Network simulation control structure. gy significantly reduced station entry
rejections of mainline vehicles without
degrading other system performance
measures.

oittnk no4. The energy consumption per vehicle-mile
traveled was found to vary by as much as
3076, depending on the spacing policy
used.

The NMS was written in Fortran and executed
on the Laboratory's IBM 3033 computer system. For
the assumed network configuration, the NMS provided
ratios of simulation times to computer processing unit
times that ranged from 60 to 90. The efficiency of these
ratios makes the NMS a potentially powerful tool for
performing sensitivity studies of previously unacces-

H - 1 mile sible network performance measures.

Figure 2 - Test network for traffic management
* simulation. REFERENCES

unidirectional guideway connecting 20 off-line stations. A Pue. Control Law nptemen aton for Short Headway Iehle-

The network was representative of an activity center cir- Follower AGTS.stern. JHU/APL TPR 045 (Oct 1979).
culation system that might be typical of initial AGRT -H. Y. Chiu, D. .. Kershner. and P. J. MJ:FaddN. A .etwor A Aan-

agement Simulation (vfS) of Automated Gutdewav Rapid Transit
deployments. This configuration was chosen because it (AGRT) Systens Under 'ehicle-Follower (ontrol. JHU.'APt TPR

had many of the characteristics and complexities of 048 (to be published).

larger networks (e.g., alternate paths, full intersections,
multiple service routes) but was still amenable to simu-
lation at a reasonable cost because of its limited size.

The configuration of the NMS included 90 links
with line speeds ranging from 7 to 15 m/s. The links im-
mediately upstream of merge junctions represented [hik %ork waN supportcd h% the Urban ,Mass lransporation
parallel data regions within which vehicles maneuver in .\dministration.
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EPOXY CHARACTERIZATION AND
QUALIFICATION STUDIES

I1. K. (hares. Jr., E. S. I)ettmer, J. A. %N einer, and R. C. Benson

-In extensive epo.-." analysis, characterization, microcircuit-designer/de% elopment-engineer with many
and testing prograin has been perf.rmed at APL. New advantages including lower temperature processing (less
epo.vies; have been qualtlied jor use in high-reliability stress on chips and other packaging materials), ease of
mitrocirtuit environments. -Idvanced materials testing use (screen printable, amenable to automated assem-
and.sur ace anal vtical techniques to determine the elec- bly), rapid assembly processing (fewer complex and
trical, mechanical, and chenicual properties of epoxies high-temperature processing steps), rapid rework neth-
hute been used to certify an adhesite type o./epoxy and oiesa tatelpr o wercosts. isror or-

- also to develop optimum processing parameters and ultimately lower costs. Historically, or

method~s/or lot-to-lot quality assurance. The new adhe- ganic adhesives have caused many reliability problems,
sites hate been used in several ongoing programs, both at APL and throughout the electronics industry.

Epoxy problems can be divided into three principal

areas: (a) mechanical strength, thermal expansion, and

BACK(ROU NI) adhesion problems; (b) electrical conductivity (resistivi-
ty) instabilities; and (c) chemical interactions (alumi,

Epoxies have played an extensive role in the at- num-gold intermetallic growth, aluminum corrosion
tachment and packaging of microelectronic circuits, moisture retention, etc.). Some examples of epoxy-re-
Epoxies (and other organic adhesives) provide the lated problems are illustrated in Fig. 1.

..

Figure 1 - Historical epoxy problems: (a) lited die. (b) sheared wirebond. (c) Al-Au intermetallic. (d) Al corrosion. 129
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In order to make use of the inherent advantagcs geotnctrs,). there is a distinct change in the failure mode
of epoxy die and substrate attachment, the APL Micro- sith thermal aging. lollosing epoxy curing, the shear
electronics Group needed to quality several nes epo\\ failure mode occurred in the bulk epoxy or else the sili-
adhesises that %%ere more flexible and performed better con die fractured as is shovn in Fig. 3a. Post-thermal-
than the existing qualified epoxy. Particular emphasis annealing failures \-ere localized at the interfaces (Figs.
ssas placed on a nonconducting epoxy with superior ad- 3b and 3c), indicating a loss of adhesion even though
hesion to gold and on a loss-resistance high-stability
conductice adhesise. Because epoxy failures (such as
loss of adhesion and ad\anced intermetallic gros th)
had been associated with seseral important Laboratory
programs, it ssas necessar\ to conduct an extensive de-
%elopment and analysis progratn prior to the introduc-
tion ol t-2 ne\% epoxies into the microcircuit production
line.' The program sas divided into three major areas:
bulk epoxy testing (mechanical. electrical, and chemi-
call, controlled hsbrid construction and process desel-
optuent, and the establishment of reliability and quality
assurance criteria and equipment.

IDISCUSSION

Bulk Epox-, Iesting/Anahsis

Mechanical testing has been performed using
both shear and tensile test methods on bulk epoxy sam-
ples and on silicon dies attached to representative sub-
strate materials. Shear test results for a typical epoxy
sample set are shown in Fig. 2. The top histogram was .. .
produced just after curing shile the bottom data sere
collected after thermal stressing at 150°C for 1000
hours. Although both distributions show that the epoxy
is strong and quite suitable for die attachment (NASA 2

indicates that the minimum shear strength for epoxies
should be greater than 7 MN/m, or 8 N for our sample

Failure between the epoxy
and the thin film interface E Failure at the chip and

=-Failure between the chip combinatipons of chip I"_-.,
jno the epoxy interface and epoxy
(a) After cure

4-
.2
0 *A

(b) After 1000 hours at 150 CT. T T T1 F

25 35 45 55 65 75 85 95

Units of force (N) I
Figure 3 - Die shear failure modes: (a) bulk failure, chip

Figure 2 - Die shear strength of Ablebond 36-2 con and chip epoxy combinations; (b) epoxy/die interface
I 30 dCLtiV; epoxy separation, c) epoxy/substrate interface separation.

4 + itJ
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the shear strengths are still high. A tensile test that tal pointts agree quite favorably vv ith the ,alte, obtained
stresses the interface strength in the norntal direction in a previous NASA study. Stability mcasurcrnctit,
(perpendicular to the plane of the substrate and/or die) have been made under various conditions of thermal
appears to be a more scnsitise response parameter, es- and electrical stress, as is sho\%iu in Fig. 4. s \pical % oil
pccialls after thermal annealing. All subsequent test se- age versus current curves for test samples %%iti ten cr
qtUences used a combination of shear and tensile force oxy joints in series are show n in Fig. 6. [he curc, atc
loadings. The tensile tests ssAcre conducted %%ith special linear (itnplving constant resistance) for the Ohrec tent
test buttons (about 60 m 2 ) u ith a surface plating rep- peratures indicated and for all currents less than 2 \
resentatie of the particular substrate metallization sys- (900 A'cnr ).

tern of interest (e.g., gold, aluninttm). Full mechanical
test floN, sequences arc presented schematically in
Fi. 4. residual gas analysis, the scanning Auger microprobe,

differential scanning calorimentry, and secondary ion
The bulk resisti\ity of conductive epoxy ssas mass spectrometry have been used to determine the

measured using a deposited four-point-probe tech- compositional and behavioral properties of candidate
nique. The results for tsso candidate epoxies are sho\,n epoxy materials both during and after curing as sell as
in Fie. 5. In the case of Ablebond 36-2, the experimen- for an analysis of residual deposits (from the curing

SDeposit epoxy]

Step for electrical stability Place chipsand die stress tests Plechp

lj
[ Cure epoxy

II

Di Bulk resistivity Electrical stability[

Tt ISolvent immersion] reitvt Wirebond

i 4 eh a Test f lse enest sc

tmeaue V versus II

atat 250°C laeitetsct
IUP~ ~ ~~~~0 t°10tmertr yle]Ts

Tes
V~~ versusIus

at -650C

Up to 1000 hours at 150'C I""

4@
lest
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0.22 I (a) CH

o Ablebond 36-2 3CO
o Du Pont 5504 Ablefilm 517

0.20 * NASA Ablebond 36-2
data report CR-161978

E
'2 7 2 0.18-

0.16

E 0.10
I0 1 f I I I

~0.08- . C

Cr

0.08 I~b I u I I I I

I b
S Ablefilm 517CHC

0.06 25 50 60 7'5 100 125 150
Temperature (C)

% Figure 5 - Bulk resistivity versus temperature charac-
teristics of conductive epoxies.

1 V

o Ablebond 35-2
ODu Pont 5504

100 - 1 at 150C

at 25 C 
I ",I 

I

3 at -65-C 0 10 20 30 40 50

10 mV Mass-to-charge ratio

Figure 7 - Volatile species from cured cpoxy after ex-
tended heating at 125 C (residual gas analysis spectrai.

1000 (a) Short cure 12 h in nitrogen at 150 C. bI long cure (4 h
1000•in nitrogen. 4 h in vacuum at 150 C.

100 2 the electrical properties of samples that %%ere cured

longer are equal to or exceed (in the case of shear
1,' strength) those of samples using the manufacturer's re-

10 3 commended time.

Secondary ion mass spectrometry and the

VI scanning Auger microprobe have been used to analyie
1 mA 10 100 1 A 10 not only the bulk material but also the residual sub-

Current strate deposits from the epoxy during curing. A typical

Figure 6 - Voltage versus current characteristics of Auger spectrum for a representative metalliiation is
conductive epoxies. shovn in Fig. 8. Carbon and fluorine signals appear in

the vicinity of the cured epo\y and are absent on the
control. Differential scanning calorinctr has been

process) on adjacent substrate material.' An example used to determine the glass transition temperature and
of a residual gas analysis is shown in Fig. 7. It \,as used the percentage of cure. Such information, s hen cor-
to determine proper cure cycles, and it can be seen that related with the residual gas analysis spectra and the

p the longer cure (twice tile manufacturer's recom- Auger and secondary ion mass spectrometrN re,,ults,
mended titn-, produced less gaseous products during can provide a comprehensie picture of the material

-.. I 32 subsequent post-cure heating. Both the mechanical and characteristics and beha\ ior.
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() Ablebond 36-2 Cont rol i& h -. 44

Al

~ (bIAblebond 3-2

C 0

0200 400 600 800

Electron energy (eV) '-

*Figure 8 -Auger electron spectroscopy spectrumn of
substrate (aluminum on silicon) exposed to outgasslng A

ilfrom Ablebond 36-2 epoxy during cure at 150 C (1 h in4

* Ihb0rid Fabrition V .*

I abrication ot representatis c hybrid teot samples, lector). (a) Multilfabrication attachmenlt systemn stan
formts an integral part of' the epoxN qualification pro- dard process. 0b all-epoxy system inew processi
irani. A- typical multitabricattion technologN hxbrid

(i.e.. one that uses three f'ornis of dic attachment cu- ticulark susceptible to the high t emperat ures, Cucoun-
ect ic (AuSi I. solder ( PbSni), and epoxy i% shos% n in tered during ecEic die attachment). Nn alI-epo\\ %er-

Iiye. 9ai. the use of coniduct is e po\s ss ould allo\ this ,ion of this hybrid is sho\%ni in I ig. 9b. I-ull In biid qual-
1,s hr id to be a sem bled in ait much faste r mia itner sil t a i fica tion has, beeni per fortimed on these 1 i bid samitples,
iyher initial Neld (i h matched transitor pair \kas par- and has, shoks ii that this met hod results in a better ield 1 33
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than the mulifabrication technology method. Detailed periods, on lots in ins entor. to ensure lot-to-lot

destructise physical analysis, long-term material,, test- integrity and iability. The tests should include:
* ing, and reliability studies are under ssay.

I . Viscosity measurement on conducti',e
Reliabilit, and Quality Assurance Considerations epoxies to pro% ide for optimum screen print-

ability, especially with epoxies whose sol-
An extensie qualification testing program to itn- vents esaporate in air;

troduce new epoxies into the hybrid manufacturing line 2. Bulk electrical resisti,.ity with temperature
consisted of three distinct, but salient, phases: (a) mech- (for conductie epoxies);
anical and electrical property determination; (b) fabri- 3. Mechanical die shear and tensile strength
cation, screening, and analysis of representative hybrid measurements (both conductise and noncon-
lots; and (c) the application of advanced chemical and ductise epoxies) to check the basic strength,
surface analysis methods to the bulk epoxy and to rep- arid to monitor changes in surface adhesion
resentative hybrid surfaces. Several interesting observa- properties;
tions were made: 4. Measurement of glass transition temperature

I. Although shear strengths remain relatively and an analysis of residual gas .%hen curing

strong following long-term (1000 hours) 5olatilespecies.

thermal exposure arid hybrid processing, it
appears that changes occur either in the If results are nonstandard, either the lot should
epoxy itself or at the interfaces. The changes be rejected or the full nes epoxy qualification plan

* shift the dominant mode of failure from bulk should be repeated.
- ." shear to interfacial separation, which sug-

gests that a technique for die tensile testing ACKNOWI.EDGMENT
may be a better measure of epoxy strength
then the common shear test (especially The authors greatly appreciate the efforts of the
considering the typical hybrid qualification following individuals: G. W. Edwards for substrate
test usina constant acceleration), preparation and epoxy curing; N. C. Kauffman, S. A.

2. Most electrical stability tests involve moni- Brigman, K. J. Mach, and D. E. Talkin for epoxy ap-
toring the room temperature resistivity after plication; D. P. Glock for all die shearing; J. M.
exposure to thermal arid electrical stresses. It McLean, H. S. Allwine, S. J. Mobley, and B. G. Cark-
appears that the entire resistivity-versus-tem- huff for electronic testing; D. 0. Cowan for use of the
perature curve should be monitored to detect DSC equipment; T. E. Phillips, W. A. Bryden, and M.
end-point (intercept) changes and changes in Lee for DSC measurements; C. B. Bargeron and B. H.
slope. NaIl for Auger spectroscopy; and F. G. Satkiewicz for

3. Although the basic electrical and mechanical SIMS analysis.
properties of an epoxy may appear to be ac-
ceptable, certain problems may occur in their
actual use, such as handling, dispensing, and RE.FERENCES
bleed-out during curing. Therefore, empiri-

, ca t h ,brid fabrication m ust be included i 11I K. harlc . it., 13. M . Ro mneno ko, (j D , w agne , R. ( Be tnon .
a and 0. N1. LM. ., - he Influence ol Contaniniaon on Aluninum-Gold

. -any epoxy qualification program. Inierrnetalic,. in Pro(. 1982 Internuttonal Rehabtht Phviws4 Advap.. San )iego, p. 128 (30 \I ar-t Apr 1982).
.4. Adanced method,, of' matrials analysis . .1. 1 icar., B. 1. .5eingand, and (.A. So ,kin. Det'elopment vi

nust be used to insestigate both bulk inpuri- Quat/wdton .5,andarel,r..tdheor ii Aid in Itlrid 'ti,,r ,.
NASA (ontracor Iinal Report, Cicori e C. Marshall Space tlightiies and, more importantly, adsorbed iripuri- 0cner. NASA (R-161978 (1981

ties on surrounding surfaces deposited dur- t S elinIer er. 11. K. (harle,. Jr.. R. (,. Benon. It ft. Nail. i. 6.
aurl d ub Jsequent hybrid processing. atke ,/. c. B. Bargeron, and T. F-. Phillips. "t po,, ( haracteri/a-ing curing ion t ing Mechanical, Flecirical. and Surlace Anal,, le,:h-

* Siuch arialyses sho 1. d include differential nlques. Int. ./1thri d.lcroehctrem. 6, 283 11983),

scallnlnl calorinetrr\, residual gas analysis,
.-\ugcr electron spectroscopy, atid secondar\
ion mass spectrometir\,.

I lie results oft the program indicate that exter-
'isC CoipIlex lt ,lllg and anal.sis are necessary to

* qualik an epo,, for high-reliability application,. Once
the\ are quali ied, certain basic tests cart be performed

134 routinels on1 inconiing lots arid, after specified time I1' i. Tk %\,I' u tsl)[11cJ t'\ ItrldcI'llidcnl R&t)
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HA~L-HONI) SHEAR I ES'ING

* ~~~If. K. ( h'arleN. r., ll. .%. ( IitI1g~,I .~.'ir

* and .). ~agner

I~ ~ ~ ~ lo101 to li)r/l' ir rrIt P It's/ Ira/I -b i r (at W, r e

* ~~it h // o [it( /l'Ilitrr n ii Ir/I -/ hire ti ro( ess~a*i5. Bond shnolde dc
Owri oli ,,r CU, 00 of boltiQu/ ,ia( 'I h'W (oldr ~sInterf oiacl conir

* f/h' prouctf i or of hi r Jr/ rei/b/ei' rtI ods / )t or i ro - hIra bnd 1 e Id w!e,r Ball bond Horizontal shear, nrj ram
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Flgu.e 3 -Histogram of wire-bond shear strengths of
gold thermosonic ball bonds to aluminum metallizaton

-(on silicon).

99.6"1 pure) and aluminum nietalliat ion on silicon.
l-iLgure 3 is a I1 pical hlistogram for the ,hear strength of-

4, rold ball bonds onl aluminum mietalliat ion A~ it h siliconi
(till) tvpe, 1100) orientationj) as the substrate material.

* , are skas taken to clean all substrate mialli,'a-

tions s% ith osxgen plasmia or ultras iolet light (U%')-

o/otie before bonding. The bonding machine paramec-
ters s% crc optiniied using the standard s% ire-bond pull
test. It %kas quite clear front preliminar% experiments

* - Figure 2 - Close-up view of shearing ram and test sub-
strate on the Dage-Precimna MCT-20 Microtester. that this set of bondling parameters - although produc-

ing good "~ire bond,, (by %isual inspection and pull test
criteria) atid adequate shear strengths - did not opti-

I hie MIL1 -2(0 Nicrotcsier is also equipped to per- ti.'e the ball-bonding process. With the ball shear test
forni nondlesitict is ball shear testing (itt comiplete pro\ iding a direct measure of* thle ball-bond/ bonding-

ail'\to lie ttondecsit md is e wic-bond Pull test). 111 pad interface st renigth, it %% as possible to construct cx-
le tion~desI ructisl cease, lie shearing ratii loads the ball perintns Ms ose results, pros ided specific guidelines for

botid \61itl a prede iiiied. load specified b% [tic opera- ball-boitd opt ini.,at ion. tin those es~peritnents. the effect
or. \\ heni hfat load tias beeni reached. tile lin autliiiiat- of botnditng palatieters onl gold-to-alun11ilni ball shear
calls\ ietiiriis to it, starting positiott. I lie displa\ itidi- \\ere insestisated usinL a fractional factorial design.
cac the precset load uitlcss the ball shecared before the

specified liit ss as reak1cd ilie ti lie dISplIa\ i ndicateS A- coniplete 2' factorial design table includingt
lie til Lie ~ -secotid- and third-ordler interact ons is, sho%%ni in Table

1.l1n thle (able, P is, the first bond posser inl millisolts, 1
A5 flaal chil-shlaped tool ( le. 2) \% Iil a shearitie, is thle stibst rate temperatutre tin degrees cetigrade atid I)

edie ditietis it 0. (1152 nm (6 ikls has beeni miosief - is (lie first bond dssell tin milliseconds.) Itlic responses
tctiseflot slicatit ball bonids Mtade %% tfil 25.4 ,tti (I denoted as -S 0 I to 8) are tlie iiaii strengths, for
1i111) diatietetC L( %\ ire. I tie it ael [tle of thle slica Inig
tam onti de W1 12 Isa stblliii1.tO61 Table 1 - Experimental design and observed
[iiii; es pIci ii hasc e ltios iiihat ball shca i dislii biil- responses for linear ball shear model.
iioiis ateC Lssetiiiall\ HiiCidpiideIiil sli 1CatitieL late Ill hIs -i
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each experimettal ireatment. I he calculation of any et- Table 2 - A complete 23 factorial design interaction
tect is ,inplN the sum of the products of each les el and table (unreplicated).

the corresponding response, all di% ided bN 2" %%here
A in this caC equals 3. F-or example, the effect of first . T+,Shear srenxth

bond pow er iP + (g" f)

-I 24.7
-1 S S ! SI +I +1 26.2
-l + I - I 37.8

+ S,, + S -+ S, ), 4. -I + I + 1 42.0
+1 -I -I 31.8
+I -I + 1 37.9

Experinental results on aluminum metalliia- + + I - 1 47.0
tions of s.arious thicknesses (I, 2, 3, and 6 pm) indicate + 1 + I + I 48.4
that increasing the first bond power by 30 mV (i.e., I 0 0 0 37.6
to + 1) has a significant effect (except for the 6 pm film) 0 0 0 36.9
on increasing the bond shear strength. The mean shear 0 0 0 35.1

strength as a function of dwell time is plotted in Fig. 4

for sarious substrate temperatures and power settings. "P ( + 1 290 mV, 0 = 275 mV, - 1 260 mV)

I-or the 00 "C substrate temperature, the mean shear t1 (+ = 150'C, 0 = 125°C, -I = 100°C)

strength is a linear function of dwell titne over the range TD ( + I = 45 ms, 0 = 38 is, - I = 30 ms)

* from 26 to 50 ms with a slope of + 0.25 gf/ms. At where the coefficients for the responses shown in Table
150'C, the linear relationship breaks down and the 2 are B = - 104.3, B= 0.29, B, = 0.27, and B,,heara stent increase rapdl wit dwell tim ti t.7,adBo
shear strength inicreases rapidly v ith dsell time up to 0.22. The equation simplifies the understanding of how
approximately 40 rus. the bonding parameters influence bond strength, elim-

inating the need for the usual complex three-dimen-
Ball Shear Model sional graphical plots. In addition, the linear factorial

design provides an efficient way to generate new modelsA linear model for the mean ball-bond shear should different substrates and/or substrate metalliza-
strength in terms of the bonding machine parameters tions be required. The linear equation's "goodness of
1', 1. and I)) ,,.as constructed using a 2' factorial cx- fit" to the experimental data was found to be within

peritnental design w, ith replicated center points, as 95"' for the range of bonding parameters considered.
sho%%n in Table 2. The resultant linear niodel for the,her shoni tae, .the rslalfor t figure 5 is a histogram of gold-to-aluminum ball shear
shear strength(s) takes the fort data for optimized bonding parameters derived from

S B1 +B B1)the ball shear equation.

Parameleric Test Results
* P = 260 mV T = 100 C & P 260 mV T = 150-C
aP = 290 mV T = 100 C oP z 290 mV T = 150-C The influence of the thickness of the aluminum

50 metallization on the strength of the gold-to-aluminum
Ss%%ire bonds ssas investigated using ball shear as a re-

sponse parameter. The test results clearly indicate a lin-

0 £ car reduction inl the net shear strength as a function of
film thickness for constant bonding parameters with a40- slope of approximatel. 1.9 g f/pm thickness of alumin-

m 0.25 f MS -- " ut. In addition to tnetalli/ation thickness, the effects
-f(it substrate surface roughness (morphology) and mate-

rial ere insestigated. Silicon, alumina, and single-crN s-
30 tal sapphire (AIO,) were used for the comparative

0.24 9" s .analyses. The results were considered for seseral metal-
Iliation thicknesses and a range of bonding parameters.

[he onl significant as-bonded effect noted was the in-

20L - I I flct ol film thickness (associated with a particular
20 30 40 50 60 substrate morphology). That effect consisted of an in-

Dwell time (ms) creased niean shear strength for the rougher alumina as
Figure 4 -Effect of dwell time on mean wire-bond shear the metal film thickness increased lile for the

strengths for various first bond power and pedestal tem- smootlher silicon and sapphire the mean shear strength
perature settings. decreased. 137
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20I I I samples. the sheer strength stas not restored to uncon-

Mean 48 83 g-f taminated levels, but there was some improsenent.

15U - Thermal wire-bond stressing experiments at ele-
% ated temperatures (125, 20 , 250, and 300() "ere
conducted to ealuate bonding mechanisms and alum-

010- inum-gold intermetallic growth. Actisation energies
0 s"ere determined using parabolic intermetallic growth

laxws. During the initial growth phases, a combined acti-
25 - ,ation energy of 13 kcal/niole was calculated on the

2 basis of ball shear test responses.

0 I I I
30 36 42 48 54 60

Shear strength (g-f) ACKNOW ,EIGMENT

Figure 5- Histogram of wire-bond shear strengths of Ihe author, gratctull.s acknotledgC the ettorts ol
gold thermosonic ball bonds to aluminum metallization . 1. Smith, N. C. Kaulman, and K. .1. Mach in sire
(on silicon) after optimization with the ball shear bonding; D. P. Glock and 1. I.. lalkin in ball shearing; ). ).
equation. Shapiro fin Slm microphotograph\ NI. S. Mandella in general

photograph\; and 6. S. Mitchell, R. N. Ncus, ille, and M. B.
Contamination and cleaning methods hase been Bender in substrate fabrication.

studied using ball shear as the parametric response pa-

rameter, Four different cleaning methods (hydrocarbon REFERENCES
solvent, acid, UV-o/one, and oxygen plasma) were used

to reno\e two types of contamination: photoresist and H. K. Charle, Jr.. B. M. Romenesko, 0. M. L \, A. 6. Bush. and R.
\on Briesen. "H ,rid Wire Bonding Testig Variables Influencing

epoxy gaseous products. Typical test data have been Bond Strength and Reliability," Int. J. litrd .\croehIerott. 5,

published previously.' Solvent cleaning was found to 26011982).
be the least effective \.av. to restore ball shear strength -G,. CG. Harnan and C. A. Cannon, "he Microelectronic \kire Bondht la t wPull lest - Ho" to Use It. tHoy to Abuse It.'" /1:1: 7rans. Com-

to the lesels of uncontaminated materials. The solvent ,onentO, tlyhrtd.s, V1aunt. ('IIMI-1. 203(1978).
treatment had little effect on cleaning either epoxy rest- 'H. K. Charles., Jr., B. M. Romenesko, G. t). Wvagner, R. C. Benson,

and 0. 1. UN,, "The Influence of Contamriiation on Alunminun-Ciold
dues or photoresist; the shear strength differed little be- lntertnetallics.'" in Proc. 20th IlEft Internutona( Rehiahiltv Phi-

t\een the cleaned and the Lincleaned surfaces,. In f'act.t, Svnip.. p. 128 (Apr 1982).
H. K. Charles, Jr.. and G. V. (latterbaugh. "Ball Bond Shearing - A

in most cases, the sample mean whas actually lower alter Complement to the wire Bond Pull lest," Int. J. Ilyhrtd .tcro-

cleaningt. et'tron. 6 (1983).
GCi. Ci. Harman. "T he Microelectronic Ball Bond Shear Test A (riti-

Cleaning both contaminants with a sulfuric cal Re\ie" and Conprehenstse (iuide to Its Use,'" It J. tihrid
.htro et ron. 6. 127 )1983).

acid/potassium persulfate solution did restore the mean "(c. i. Harman, "A Metallurgical Basis for the Non-Destructite Wire
shear ',trength to the level of bonds made on uncontam- Bond Pull Test," in Proc. 12th IU l" Retiahthty PhYsic.% .Simp.. p.

205 (Apr 1974).
inated substrates. The method perfortmed equally well 1. (uttnan, S. S. % ilk,, and J. S. Hunter, Introductory Aeneering

on both aluminum and gold metallized substrates. Unt- .Starnw. John Wile> and Sons. Nest York. p. 403 (19
7

1).
fr'this type of cleaning process is incompat- A. Wkciner. C. V. Clatterbaugh, H. K. Charles, Jr., and B. M.fortunately, Rotnoenteko, 'Cold Ball Bond Shear Strength: Effects of (leaning.

ible with tuany organic materials used in microcircuit Mtalli/ation and Bonding Parameters.'' in Prn. 33rd klectromc

assembly. including epoxy resins. Oxygen plasma clean- t wimlitent Cotl. Orlando, Fla., p. 208(16-18 Mas 1983).

ing, %%as also found to be acceptable for restoring shear
strengths for both contaminants and substrate types.
The UV-oione cleaning yielded the most significant im-
provemtent in bond shear strength for both contatni-
nants on gold metalli/ation. For alttminum on silicon I hi, stork \\as supported b\ Independent R&).
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CUSTOM LARGE-SCALE INTEGRATED CIRCUIT

R. C. Moore and R. L. Jenkins

.I custom lur e-scah' intekruted circuit desien ca- 5. A conversion program that translates the out-
lu/ilitv has heen ew'uh/ished at .APL. 1 . .j l/v integrated put of the circuit extractor into a format com-

set ol ituer-tri'fdl'v Aoltlware too/s has been placed on two patible with the circuit simulator;
(fI/ iht luhorutory' s computer systen.s to enable design 6. A detailed circuit simulator that simulates ac-
en'i tt ners to create ulnd atiutlte custlom integrated cir- tual node voltages and currents by modeling
ctll de.sikns. The.lhcilitv has been us.ed to create a corn- transistor parameters;
p/'. \. IOS design thu/t hu.s heen succe.s./ullY .fabricated 7. A design rule checker that checks the mask-level
hY a sct/((on 10ttorY. layout for design rule violations, e.g., the poly-

silicon too close to diffusion, the transistor gate
not extending far enough beyond the source/

BAC(KGROINi) drain region, improper overlapping of the ion
implant, or buried contact with corresponding

)ut of the current technological adsances in very structures;
large scale intcration (VSI) has emerged a potential for 8. A Versatec plotter package that permits hard-
the cost -elfectike, full custom design of high-density inte- copy checkplots to be created directly from the
grated circuits in small lots. The availability of sophisti- CIF files.
cated cottputer-aided desit (CAl)) tools and the
esistence of competing silicon foundries offer gosernment All of these tools are made compatible by main-
laboratories % ithout in-house [SI fabrication facilities taining files in particular predefined formats. File direc-
a unique opportunityV to explore this potential. The pos- tory maintenance is performed by the UNIX operating
sibilit\ nioss exists for solving problems in innovative sys- system, under which all these CAD tools run. Several
tens applications that cannot be accomplished with other CAD tools are available to supplement them,

t ff-the-shelf contponents or gate arrays. APL has reduced including an automatic, programmable, logic array

this possibility it) practice by designing a custom iote- generator.

grated circuit and haing it fabricated. The goal in the design was to include on the chip
all the major portions of the carrier tracking logic for
the digital phase-locked loop of a global positioning sys-

ISCUSSION tem navigation receiver. The most recent designs for
global positioning system receivers use microprocessors

Thc oserall goal of this effort was to establish a to control the carrier- and code-tracking logic. The
microprocessor performs arithmetic associated with scal-ing, integrating, and filtering the detected phase error

tems. The effort was limited to design considerations; test- signal. The microprocessor then controls a digitally con-
ing ol complex [SI circuits is beyond the present trolled oscillator (DCO) that is usually a form of binary
capabilities of the Laboratory. However, certain built- rate multiplier (BRM).
in-test functions were included in the design to facilitate
manual testine of the finished chips. The minimum required hardware functions for

carrier tracking in this type of design are two identical
The heart of the design facility is an integrated col- phase error detectors/integrators (one for each quadrature

lection of CAt) tools running on a VAX-I l 780 computer: component, I and Q, of the local DCO), a BRM to func-

I. A hierarchical interactive color graphics editor tion as the DCO, and some logic at the output of the BRM

(called CAFSAR) by means of which cell li- to produce the two quadrature phases of the local signal

braries are built at the mask layout level; at baseband frequency.

2. A cotversion or translation program that con- To reduce the overall scope of the chip project to
vcrts (At'SAR data-base formats into Caltech a realistic level, it was decided not to implement a com-
interriediate fori ((11-; plete stand-alone carrier tracking loop but to include the

3. A circuit extractor that creates a device file and major pieces with sufficient input/output capability to
tiet list, including estimates of parasitic capac- test functionality and to include the chip in a breadboard
itances, frot the (If file; version of a carrier tracking loop if that later proved de-

4. Two logic-level functional simulators: one sir- sirable for demonstration purposes. Included were an
tilates enhancement mode transitors as if thev 18-bit BRM designed to operate at a clock frequency of
were sssitches, the other performs simplified e-- 2.5 MHz and a phase error detector/integrator designed
timations o' system timing as tell; to operate at a sampling frequency of 10 MHz. Figure 139
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Figure 1 - The microprocessor-controlled carrier tracking loop.

I is a block diagram of a microprocessor-controlled car- chronize control signals with desired clock
rier tracking loop. The tinted area indicates the region phases;

* included on the chip. 9. A 2-bit counter module with a synchronous
"Two copies of the phase error detector (sine and carry chain, used in the BRM (the BRM

counter is formed by nine of these modules);
cosine) would be required in an operational receiver; how- 10. An output logic module for the BRM that uses
ever, only one was included on the chip. This permitted the positive derivative of BRM counter out-
the scope of the project to be expanded to include two puts to produce a BRM output that is rate
other functions: a control unit switch and an arithmetic controlled.
multiplier. The control unit switch is designed to control
the switching of a computer terminal between two termi- In addition to these cells, various others were pro-

- . nal control units. The arithmetic multiplier is an expand- duced for use in isolated places throughout the chip.
able, parallel two's complement design with wide Various test cells also were included; they A ill allow dit
application in signal processing. Figure 2 shows the com- ferent types of devices to be tested by the probing of un-
pleted chip. packaged chips.

aThe major function cells that were generated in
the design are: Processed wafers, each containing about 165 dice.were received from the silicon foundry seven weeks after

I. A toggle flip-flop used as high-order bits in the purchase contract was issued. Probe testing of the
phase integrator counters and in several wafers and subsequent testing of the packaged parts
divider circuits; verified that the circuits work exactly as predicted by the

2. A D-type flip-flop widely used in various con- computer design models. Pulses as short in duration as
trol circuits and in the control unit switch 20 ns were modeled accurately by the circuit simulator.
project; The BRM easily ran at 2.5 MHz, and the phase error in-

3. A generator of two-phase, nonoverlapping tegrator ran at clock speeds up to 20 MHz. The comple:ed
clocks with super buffer line drivers; circuits met all of their specifications with some margin

4. An inverted exclusive-OR with 20 MHz on speed.
response, used as a phase comparator;

5. A high-speed OP/NO-OP counter used as a The chip was 0.197 by 0.219 in. and contained ap-
lowest-order bit in phase integrator counters proximately 8000 transistors. Foundries can produce chips
and in divider chains; as large as 0.42 by 0.42 in. Therefore, using the existing

6. A binary full adder to compute the effective CAD tools and design rules, one could design and
up/down count in the phase integrator; fabricate a circuit that would contain 30,000 transistors.

7. A parallel-load, serial-shift register element to This is just a factor of two away from VLSI. These CAD
sample and shift out the phase integrator tools are adequate for designs well beyond this level of
results; integration, and their establishment puts the Laboratory

8. A clock synchronizing cell with a super buf- in a position to exploit future improvements in foundry
• 1 410 fer line driser, used in control sections to syn- technology for custom VI SI design.

"- -----------------------------------------------



0.219 in.

Phase detector

APL 1A 51

C

_4

M/

8 rlary riteP nUl tilfier Error integrator Control unit twitch

Figure 2 - The completed integrated circuit chip.

CONCLUSION dlude CMOS technology will enhance its usefulness to the
Laborat ory.

An integrated circuit design capability has been
established at APRL and has been proven by the creation_______________________

-of a working chip. Future expansion of the facility' to in- This work %%as supported by Independent R&D.
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INTRODUCTION

Fundamental research has been firmly established at APL for many years
as one of the Laboratory's principal missions. Those missions include the appli-
cation of advanced science and technology to the enhancement of the security of
the United States and the pursuit of basic research to which the Laboratory's fa-
cilities can make an especially favorable contribution. The incorporation of basic
research into APL's mission recognizes that such research will play a vital role
in future technological achievements and that it is needed to avoid institutional
obsolescence.

Much of the basic research conducted at APL is done in the Research Cen-
ter, which was formally established in 1947. Its objectives are "to carry on basic
research supporting present and potential mission areas of the Laboratory, to es-
tablish the Laboratory as a contributor to basic science, to provide research tech-
niques and technical consulting for solving problems critical to Laboratory
programs, and to serve as an entry for new talent and scientific information into
the Laboratory." Since its inception, the Research Center has spawned new pro-
grams that are now carried out in other units of the Laboratory. Most notable
are the Space Department and the Biomedical Research Program.

Today, the Milton S. Eisenhowker Research Center is comprised of 52 staff
members organized into four groups. Research is reported in the professional scien-
tific literature; typically, 60 papers are published each year. The articles in this

section describe some recent accomplishments in fundamental research by staff
members of the Research Center.
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PHOTOELECTROIYSIS OF WATER BY MODIFIED
TRANSITION METAL OXIDES
T. E. Phillips, J. C. Murphy, K. Moorjani,

and T. 0. Poehler

Wte hate shown that the alloving olleTiO, into beginning to shovs promise and may also play an equal-
the n-type fe , lattice .ignfc/antly improte's the pho- IN important role in the future.
toelectrochemical spectral response of the setniconduc-
tor, ,naAinty it a potentially attractite candidate or The basis of a photoelectrochemical cell lies

solar energy conversion applications. i thin the Schottky barrier that is formed when a semi-
conductor is immersed in a liquid electrolyte (Fig. I).
The solution serves as a substitute for the metal elec-

BAC'KGROUNI) trode in a conventional Schottky junction. In fact,
much of the interest in photoelectrochemical systems

Recognizing the difficulties generally associated stems from the fact that with the replacement of the
%%ith the currently established energy sources (such as metal electrode by the solution, the barrier interface is
reliability of supply, quantity, and pollution and safety noss readily accessible for investigation and the
problems), it is slovs lv becotning esident that alternative "metal" electrode can be neatly and conveniently al-
energy sources must be given serious consideration. Of tered simply by Narying the chemical composition of the
all the other sources aailable, solar energy Nsill most solution. Also, wkith the interface so exposed, it is possi-
likely be the principal candidate. ble to perform productive chemical reactions right at

the interface - notably the photoelectrolytic decompo-
Solar energy conversion by means of' solid-state sition of H,O0 toO0, and H..

photovoltaic cells is a %Nell established process and %%ill
play a major role in the use of solar energy in the years Much of the work in this field has concentrat-
to come. Another less Nkell known approach to solar ed on the semiconductor side of the Schottky junction,
energy conversion know, n as photoelectrochemistry is searching for a material with a bandgap of about 1.3 to

Eongutctie bon td H20 H 0anH

Fermi level I iH a
, H20
Photone

Evalnce and ._Space charge.__ emot ae

Evalelce ban region 11-emot ae

n type semiconductor Electrolyteh, th rt t e ii

Figure 1- Energy level dia*ram for arn n type S,09(JLdctorelectrolyte juncton
showing the relationships between IhN (!,tl roitt+ Wd(IX , UILJ)les 0. H 0 and H 0O 0
flatband potential. space clharqe! reoi. tbaridqa;), J)MJL(:111) ind valenc~e bandis. and

Fermi level Also depicted is. a simfiied i)HA:t.rt, of an~ 4,fte to, nr hole pair being cenor

ated by the absorptionl of a photon ^h , ;. 1 wilt theo +o( tr(,!) tw'm( & ,t eltoratot? inoe
1 46 the serniconduc~tor bulk, and the hole roa+;tinq w'ith If)( soltull(ml



4 1.8 e% ii order ito use thle solar tilt\ cerr protle eviti- feerntal capacirantce rneasuretrrents for Hlatbatnd deter -

*ceis . lirle ideal nraterial must bie stable tossard Lie- rnations. Ithe resuilts of the measutrements %% ill not be
cottposit ion btl photourenerated ruittoit carrer (at dicse xplicitIs;. rat her se %%ill1 concentrate oil %I,-
hole ill thle case of, anl 1t-tspe semicondttuctor), and its ible absorbance, photoconldulctix it% and photoelectro-

flarbanld potentlial (I .ainrost eqjual to thle energx oi ciremical rrteasuLrenirett- and onl tite %ariatiorts obsersedl
the conduction bartd) riust be ncatisec of the H ,H 0( as a fncetion of' the I-c I O ,concentration.
red net ion-ox iati on pot errtial ill order to pirot oeCi 10 Ic o lie absorpti\ it% spectra of' tire Ri oxide, ate c

H-C).preserrred ill I ig. 2. If ss e take the 0110 cuirs e fe ) a'

NO singleC kiro\% it settiCOrtductiUr2 ttaterial has all at point of referetree. thre addition of 8.8 to 10.6u,
of, tirese properties, althlough71 a fatril\ oft semicoirduc- i-el1iC) carises tre absorptis ity to irrerease strrtessiat fit

- tlors de~ried front transition nteral oxides ik trot far the 5001 to 600 rtrr region. A thle Fel 110 conrcentration
front beitre ideal. Transitionr mtieal oxides are irireretrtlv itrrases berotid 10.611o, tire absorptisit\, begins to

* 'table tori ard decorposiirott, irase fair-i o-gorod effi- drop as, thle edge appears to be blue 'hikfed. I1ii is to be
cierrcies, and hlas e reasonlable I 5 s t heir irajor expected becauseI e 1 C).ha ita anrdgap enierg% (IL
drass back kis aiaduap tirat i' t\ picallv 2.2 ito 3.8 eVr - of' 2.58 e\. anrd tire hiit' pectral response, sirould at
too higi for solar ertergN comc rsiort applicatrorts. Our Norme poinrt retlect the tact tirar tire Feti0i conrtent is
approacir ha' beert to tr\ to reduce tire bartdgap tioughi irncreasirwl.

ttsell~ feattrres l~ll %%ttt -~ali tiOhtr)~ Wireti tirese data are presented itr tire fortr
li~ tatre o tle C111O1LI~tl liaclal I, fti 0 ersu', it-, ss here . is the absorptiOtt coef ficiett

anld Ill- i' tire photort errergy. thle lirrear relariorrsiip
* IIS('LMSION irdicates tirat tire band~ap transitiort' are itrdirect.7

I itere i also sortre suggLestion that tire 11 r mas irase
Specrfticalls swc are rrrsesrrartr a rrattrralis o,- beern loss ered to 1.9 to 1.8 eV for thle 8 to I It", filrrrs

u r r ttr u aliot 'strr ot icCJz antd I-el Co (iciliatie troit rthe 2(1 samue see for F-e.C),
arid iltrrerrtte titat fortt' a solid soliorr ursr tire sirole
tcortrpo'ttorr r attie. [ ie photoconductis it'. of the k1 oxides is shoss nf

fit -I w. 3. Aithougir it is not possible it)o 05 riax tire
Ill titeiel airlrete frrirrerial 'erie' [ \de Ci(o pitttocotrductis ity respoirse k5 itir the absurrptiortpm sl t

ii ~ 1 rie Ct \lrbakter rrteasnrertterlts* irrdtcatc lit atr absolutene beeausec of 5 ariable eletirode
tihat lor - t0. tihere is a .urtrsiderable atrturt ot placerieint aind excitatiort beamr area, tire phrotorretric
cirare rrartster truort IFe it (tie trartate ito Fe irr tire res ponss are cqttalitatisels sitmilar, si ire contrctta-

* ~ierttatire. I-or trart> tirteras si irre the rstlfie:ld riotr-deperdert red shift being ce ermnore predomrinrant
ttrterztctiotts of tire patrticipatinrg urtts are diftererrt, tire fin rte phorocoirdulcris it spectra.
etreres, ot tis charure trartsfer reaction is uoftern fouird itt Bca'S f(l ncramil(l ib011Cp~O

* r~~ite s isible regiort of' thle spectrtttr. - It is itrportattt ito)eas ftr itetinsttr bouePoo
exarttre tte ffets rf hurs itterctirtsFe -- I-ccrirrent yield (electronts per irrcidenrt pitotorti. it tr ot

I-c I i . arnd i Fr be s llrettodtiCed IWtO ptrsible to calcuilare thle absorpis its utf tire mtaerial'

ieI -cC) pirrtuleict rociet r ral s stI ell). 1 6

WeC also %%iatted to evaluate the srabiliiatiort ofPfile I-c 0 scmticondttctitng properties [h% tire itrrodttc- o 33 8 13<19
litit Ii e loll" cuntrairred %i thiur a rtearlv idenrtical . 2

stIal lattice (IlT C), i asopposeCd to thle ursutal addi- -14 1
(lort b\ rrtcarts urf at strrtcrtralls irrcottpatible Ie) CzO tO1GC
splttl 'tIrtctrtire. IFitrlall , charrzes in ir le o(it er pitot oelec- A8

triocitcai pararreters uof itrtees srith a, qutritrurt et- , .
.4 ticiert% attd tltbarrd porerrtral irt (tie allry s telcft %rere

- I Irer I ciC)- * I il- C-0) Satmples \kcre pri--'

pare d it tile lot rr tit ti iflrs oilr glass surbsrri ate, h\s kI1
ICtActs s\pCTtlterrtc 1 iktoss rn as KI oxiesi atnd hs ritrtrial
omrdatoill (krtosr rr a, rI tial tisides). Ilie f ilrrs %e L' 100(10 601
Sit.taLteri/ed b\ \-tt> drt tractrort trresrtterrterrrs luir Irl t- ;--'( 'F'

'rt rtt,ttol ottOtitrl t r atrd crurt post ott, sCtulnta \ loll Figure 2 - VF'i,- dF~i t s ' t iw.

tttlrss seCttoscop> lot vciettrrrai cortrploiiiott. arttd drl - i Fi'T( i it i (3 r thm Wi 147
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t 0.4 0.2-~

0.2 0-
400 500 60070

0450 Wavelenqth (i) 0

400 50600 700 Figure 4 -Relative photocurrent as a function of
Wavelenqith (rim) excitation wavelength for the RF oxides. Each curve has

been normalized to 400 nm and has been corrected for
Figue 3- Nrmaize phtocoduciviy a a uncion variations in the excitation intensity. The solution is 1

of wavelength for the RF oxides. Values were normalized molar NaOH. The potential applied to each sample was
to tne value at 400 nmi00V(eru C)

0from thle phorocurremi. ()n thle other hanrd, it i,, possible fromt impurity states in the gap. All of' tile curives,
to calculatc a relat ixe photoconductik ity spectrumr front except thle 33 .8ii"o one. represent anodic photocurrent
thle absorptikix r pect runt. assumnit aConstant gluart- fromt anl n-type semricontductor. Thle 33.81" cujrve, on
fium yield throughout the x ax elengti region of' tile other hand, represent%, a cathodic photocurrent titat
intterest. otre would expect f'rott a pi-t,.pe semiconductor.

Wik iiti t his is done for thie data lin I iii. 2 and 3. IFivure 5 xhioik the x\ ax elengthi dependenee of the
hie teasured phto0COttdluCtiM txof' thle 0"* filntl is less phl(tocurrer tor I tl similar series of thermnal oxides.

* .. thatt the phoroconducrix it6 calculated fromt tite ahxorp- Note thle 'antec genteral irernd (it enhfanced phoroacri\ it
ti\ ii\ xpeetra. f ii itudicare' that ruor all tite absorptiont in the 425 1(,, 6M( Int region for rthe (8.8 tot 10.6"o
cieettt occurirug lit tite filtut are restulrirug itt tite fotitta- [ci() atpe Xxitle 0,iiura'do2.8.
ion of f~ree carrierx lit tiecotuductioti hand. As tirecort- te pfrotoaerixiti. ctirxe return' approxitiateix to the

certtratiotl of' I cIio, irncreases. tile calculated phloto- referenuce ft1', cutr' e. ( itlike tite RI Oxides. tite tihermtal
condu~lctivit\' CUrxe beginsx to approacit tite rreastired oxides appear to fraix little (or ito phoroactix6 it' heolud
pitotoconrducti s pectrunm. inudicating that muore (it 650l t1t1. 111 itMrai, he at coruNegulCtecC of tile Ionit%% flat
tite photon absorptiorn exerrr are rexulrinte iii free-eat ti Ic'err'eic codtin une xlii le epo
er forttationt. ducdciti ololpare 1 t ite RI oxide,. I tc lc', xnrerruou'

11hotoelecrroxxix mueasuremtenu'ts tier brCinedIC( :onkfiion preutinrabli. produced tceecr states it thre gap

ott fboth RI oxides and termial oxides. I igrrtr 4 iletict, andL fhrchs redcel d rte tarlitur, ho [tithe hanudedge.
* t~~~~[ie pluorocuirreut xpectrrrrt for tire series oft RI oxides ilt I ti iirtsrrx rtr ((quatriitllt icitrex . Lie-

art applied potenrtial of (f.0 V (xerxrlN salivtraed cairsurel linert a' electtort' generated per i necidei pihtoton', \%at
electrode (S(' I ). faking (tire t.l0o curire its a point (it deterinred totl (it' R1 oxides and tite titermal oxide'.
ref erenuce, rite relanixe phliorexptruxe ill (tie 4511 to 60011 lie etf ftIcttrc %kas deItrmined at .451 timl and art applied
titti regiotn is entranced or. tite Iotrr~r I ioI conitenit p~otenti Of 11. V V itit tiuck RIx0ide 'aripiex. tire cf-
xanriplex (8.8 to 14.4")i. A, rite conucenitratin iica,t li:cnic xaried f romt 01.1 ito 1.3.. mostu tr of tite
ahox~ e 4.4'' . (the resport'eitt ihii' xaxccn~ eigiegirt ie- samtple, k irg lit fte xicirtrt\ of 10.4"'o. I ftic conx er'tor
vinrto fall back ln tile tI1'o referente cllrxc. Nrote alsro cfticietrex of rite 01t'', sampjle xxa, 0 (135'. 1 tt thle MIrtr

liat tire additin of I I extenidx rite tiiotorextioric (it file hand, r ie iterItual oxide'., iticirdirtg rtite 0(1'' samrple. tad
Oxide' hexritd tue 62t1 it (2.01 )~ iatudedrie of I C .)! eft iciertic'~ that \at id frromt I to 4'1,. O nc 133', xamtple
a's it [lite iarrdgap fhadllei b reen re Atirtlix to dere- exhibited art ittre''ix e II criro o~ncrtr'it eftt icircx. 'ur-

* . rh11ie rite iattdpap aind nlature of fite trarliiiri i.> rre'itnl that reasonraible qttalruti if I icretcte'i mtax he oh-
plorttintg ( rIhr)i xerstt' eriLerc , %% here qi tie qualrurii tiraue
cft imctre arid it is i Lt'start thrat ilepetuil' rin fite t\ ti
of t ransitionri, 'snere iiciitiitxe. It apipeals trat rie iPrelirttiruarx xtaiiiii itteaxtretttetit' itaxi' bieet

I JN acixit'sheitid tlie 6210 ir hatrilcilg pi riil texilr mtade ott ft anti lll6,6 RI oxides. A\ mtail atti'out (it



1 2 IN. allhouylh the bandgap does riot appear to c~hange
siinticat%, thre enhanced absorbance and the result-

1 o~.ing increase in photoactis its in the important legion
-immnediatel\ abos e thre Fe. () bandgap increase,, the

C0 33 0 Fe-T , collection efficienesN Of thle solar Mi\~ there. Therefore.
08

a 12 8 the efftect is alntost t he samte as if' thle bandgap had been
oA 90 los ered.

: onIN aod ju esos w impotat the modifica-
tiol" f- licira repone Neremad Nithout sacrif icing

04 anNcons ersion efficiencies. In tact, there is a sugges-

C . tioti that the efficiences maN actuafll be improsed. I-i-
0 2 nalIN, a point not piresiousl\ emphasized, at thle %er\

2hich concent ration of Fe Ii() tire t hin films begin to -

0 111 exhibit pt-tN Ipe behlas or. [his is quite interesting be- M
400 500 600 700 cause it is "~ell knos\ n that p-n photoefectrolslcsy tm

Wavelfnnqtli (tim' are much better photocons ersion devices because the
Figure 5 R elative photocurrent as a function of combination of the tso electrodes reduce,, the banldgap
excitation wavelength for the thermal oxides. Each and tilatband potential requiremients, o' the indisiduaf
curve has been normalized to 400 nm and has been oe.Fepsiiio aigpnjnto' ipb
corrected for variations in the excitation intensity. The oe.Tepsiii~o ait onjrein ip~b

*solution is 1 molar NaOH. The potential applied to each modifying the Ti concentration of an Fe-Ti oxide
sample was 0.0 V (versus SCEI. ssstemn has sonic %cty interesting and useful rarnifica-

tions. NN hich %% ill be pursued.

diss1olution %%as obsers ed in the 01%i Fe~i() sample
after 67 hour,,. but no decomposition was scen in the ACKNOWL.EDG(MENT
10.61" FeTiJ, sample after it vkas in solution for 96 We Nsould like to acknloskledge F. 6. Satkie\&ici
h ours and h ad passed 13.9 C of charge. The ffluIMia- f or thle secondary ion mass, speetroseopic determtination

* tioti source inl both nmeasurenment s %% as it I00 W mercurN
* tamp.of the films' thicknesses and elemental comrpositions.

CONCLU1SION H L(.

Wec ha e examniited a series oft Fe.0 ( thin film 1\1t5 . S. "~rietiiiin. -Pfliiii c i~ r [, them77. 1 '1w (771Sep 1 9,79;

made bh t%%o differet techntiques cotitaillni %ariOUs en e. 207,. 13 n (19S O s( m2.$9it'i;AI .r.

- ~~amtouints of Fe i() . IThere is a def'itiite nmodi ficat ion of, [I t ribtinci. -* lai t 1 pc t ran~:wn Mtoat tctalco:genidc,,

* ~~t he le () t hini filIin s properties uipon itlie add it ion of Bin Hu iGescO I'h iA ( hopne Mi. 361 t19-7): "Hotlei Reaci in'
im d-tI nerpis ind, iit Iawt T ~pe t ratisitior Metal t):chalcopeni

1-crio, . Fhis can be seetn in the consistetnt behas or of Rie,- J. I leirmshet N,,,S: 125. 1686m 19-8).

ill t he composition-depiendent nmeasuiireimen t,,, s i ibI e t. Pii Ilip I Moii, 1., ( . Stur pti. and t1. 0i I'oehlnr.
- it -W S i los.. - Redwicd liauidvap t t l t iil tie lftioilne-

* i~bsorbance nteasurienriN, spectral response of thle iiIleo.:Ir-.',h-Odm-Sw 129. 121011982),

pltot ocond net i si v a nd pficoe et r oftic response. A\. Ill \arncti t'. 5hi': I lni and 5. t nm. -\ qid ot (lie

thouyl' riot presented here, simnilar trends, in) behas or t ... hnlitk .lil4. 111109-2 i to.aun I i . n'lmi1

N"crc ibsersed in tile filatband potential anid in the bias R, I.. Hiliii.. Is \1ni K.S ',:kiii. iX \1td .liiiiii". anid

Noftaie dependence of' thle photoelectroissis currn. Al Kcdl It il 1991I11c(1 I r~n d )

of tfte tmeasiuretmets indicate tile occurrettce ofl drantat-
ic chanyN itt a narrms% conipositlion region raninLi fromt
approsintatels 2.5 to 14.4': .

Ho'in rte standipoiiit of photoefecti of~tic appli-
-M 01s cd l l Ire Obsersed tnr1dificM1tioiS are itt thie direction t11 \\(). ss kni. ..iij)l [k r i )X l s ' 5S sl \N) M Alld Iii,

iOl iiimpniised pCOrfimliicC and ilppfliabilil_% SpeCifiCal- I iti~coil Nisdl Rnc,ih
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NONDElI RLVUIR TEST i;~I NG AND I'A.AL.1AH[ON OF
NMFIALS AND) ( .RA%I(' VI N( PH1011 IlAR%1AL INIMA 11

I . 'Lamicdt and.( %liirph.%

-I ,,i'fti haN bteen i/eii'/ttlwtti fr t i'titii oil thermial, optical, and geonietric properresc 5% thina
,tmt,htrittit ei/i thet itLrit i ttf mtltiais /) iet'tJi ol therniat dif fusioii lehngth oft (fhai point Btcaiisc il

tti'i/tti i Pit,) tLhut~lL. o,)/ieittd n Isut tilotcal/i~e reeioii ti initres il anie Ahaiivcd c1peri-
rt Pztt'nu.titu'sPi') u'uiuru'~ft't~i (l!I//t trttddlotl. iieiirall, '%ki liii certain limois

uti(tapi It' ' i tfe bti tH 1 Pi WI / fIItUnii ot a tt s fti ti n

ticur sitrlatc ra AN. titinpiii, titi litri,/t \\ hc a potiiii ll sticc( I usall\ aiipiiil idc-I od-
cho'et' in t,'ttaia~ii thr~p'oi trtftcros.Ulaned laser heain) is usecd it) hear a samiple. tai niotm-

call ' Link tIht sample 5 ttlunie near fle heated arca on-m
tributes sjgti~tcamitls to tihe motdulaied ieniperattire.

B4(k(RON( (onsequentl%, thle thiernmal niap obtaittd b\ scNmuiine
the laser beamn os er the' ample surfa ce reseals the

M-\ani% recent ii introiduced miaterials suc acm thermial and optical hetcerogeetct\ of the samtple suimtace

0 pt'i~c~.hivit-peitttrtnaiice ceraiiic anld polsmuecr niatce and thernear-suriace %olime.

11II. 110% tnll atl ts aiid thin-itni1 COnipouMiid are \. hell a specimn co'ntain, structurail dclIts1
mipo'i aw)i lcr'ict~rctono ssri~ua oi such ats cracks, fissures, touids. cf.. or has struictural
;h'nieiii I hete is a need tor better characteri/atit'n 01 sariatitrns such as grain boundaries or spatial anor-

it heirnial. t'pticatf. anld structural properties and at plhous-cr~stalliire transitions, and thle dimnensio, of
need for rmore titti niation about their tlent defects, these featuires are comparable to a thermal diffunsiont

h'lt'rttleriia utavrin is \\ell suited f'or this type oh leng~th, the,. disrupt the modulated heat tlosk ii thle
-iiids it is especial]\ Liseiril inl c~amining thin filmis specimen, causing nionunif-ormiies fin the surface tenr-
MICI h 11 a Ian masure t11111 thickness, anid detect filiti dis- perature. To illustrate this point,. 1g. I sho%%,s a thernial
h~ltrilIi. I his rrietitd1 ttf iriiaging is presctitl\ beitte' map of' a 6061 -aluminumn surf'ace. the thermal \ari-
us~ed t'til inl a taborartir> etrs ioninent., bilt it has the atosi h iure \%ere produced b, at series of subsur-

prtmnie tt biti adptalito ndutril apliatins face cracks that extend be),orld the sis ible tip of- a smrall
bcaise~ it i equr re no ph'isical cotitact so it h tire speci- stir lace crack approitimatel\ 5 pmi ,% ide.
iieri. is relaiisels insciismit it)t its eti irtiinit can ble
Used %%]III larger specitmenis than most other thermial
utindesitrtisiis~ caluatioti mtethods, and iisolses, rela-
tii' l\ sitiple itisir~iliitittoil.

I he Basic Phollothermal Techniquie

H Ieat ii oss inl a specimtien is deterin ted by thle

t\ pe atid locatiotn ol' its heat sohtrees. h\ its shape atid b\
its thertital properties and thecrmial ensitrtimetit . Ili vcn-
eral. tine surf'ace temperature of at heated bod\ is at ornl-
plicatedl futiction of' all of those parameters. aiid the
enriper-alt re a i each stir face ptinit is affected b\ hieat

flow intg to (iilat pointi fromt all Ot her poinlts ill tile sari)ple
%oluitir. flosses er, so lien at modulated hecat source is

- ~used. the tiime-s dr,.ing coimponet of heat I'l tis at ten i-
ates rapidl\ as, heat diffuses zat f'rom its source. Coni- Figure 1 -A photothermnal scan of a 6061 aluminum

sample showingq a series of subsurface cracks extend
sei til ie mo1dullatedI C01otupien of [tie temlpera- top beyond the visvbe tip of a surfafc rack wilth a Aitdth

1 1 litre at eachr poinit in thle samiple depends predotnitiiaili of approximately 5 ,nm

-u



Optical-Beam-IDef lct ion Imaging fre "IaIItttc Itilis Ilk 'III fl II *'s~k .L! Il-[ ld ot c Lit

I hie detection kit thle modulated hie[ lital pattern 'idi InIn'I hi I LaII Cit I lc ,rt IIC I I -a Il *IpI I J, at11 .1
orr the ,anirple 'urltace canl be acconiplihedt bit auow' IfI Let I Ic I , ) i1c I td hI , atlipli iii,iir ILI!
meanL, each has mng its oslin ads antaceN and hinritton'iiHl itIa n . J

[ic philothtter ma Imethod detseloped at( ANI uses the oit 11,1inIpien JOIIt- Il ic 11C iil 1,1 III 01 jl :'L11,1111111 Of
mia efftect."' A "PurIp" laserlii, he t local- t.hit chlmec nl iantplc properCIIC tic a~ Or

lied area ott the sanil. s% hich. In t1.111 heats, the gas LIttC toitiattioti ( Itherc tc-ill of Itlicr' mi it if ic
that is, in thermal contact %kith thle heated '1urtace. A ii wle' inll s'i pm sps ic _111'd h\ i ,c I

probeic laser heam directed parallel to flie sanple hme-lyw , ar'd h\ esp0'lIr iC kIt thIe 1,11itilc I at i I If
- Ui taCe pas,,es through thle heated gas, and 11 deie.1d tai benign o tit o'iilc cniiioltiieti Still 11101 b ail

bK thernialk dlependent chanve, Ii thre idex of ret rac- iomdh iid\sttirdiinalpoesshthtg

-~ ~~ ~o iot thle vas. I hec deflection is nmeasumred h at pohienmatiip il rprtiso iitra
t iiii-'ii'iti I% k: it detector. I hi's %er\ sensim ik c met hod

aos'thle mina'Uremitnt (It temperature change, at, Badsc Ioi lie ki'e ot phliiriial iniagitig! d' anl
smnall j, 10t ,K. anal~tncal tool is thre amlmtt\ ito itteipret thtermal Liatt, Ii

term' ol changes Ili I lie Itier tital pi opent te of thle saniplc
A-\ ariant of that mtethod I 'reflecltse optical- material atid, openationalk~, ito kti thle cti (it 01c\-

beattIl-deflecCion ( )BI) detectionis) ha' also heetn doeki peiriicttal paratrieters (such a, the mrodulationi tre-
opel at MllI.l It differ, fronm tire -.kinrmiing'' OB LIenC10 . tCilaSer bean radii, (tic nelatise position ot tife

- LIltct tort1 techinique idescribed abosk e i that the probe pumip aird probe beam's, and thle dist r butio toi t energ\
* heai strikes the samiple surface anid is, reflected prior to Ii thle cross 'ecit1oirs the laser bcattr'i onl fie photo-

Itl beItism detcted. Ili this case, the photothermial sigital thermal ,wgnal.
i bptd oth iit chatige' Iii lie refractis etinde\ of' the

tta' and ott therimal expans'ion of' the specimn. IThose relaitionishtips tisltal are complicated, but

OBDdetcton as erainadanage otr the a detailed atralss' of tire BI) mret hod stlos s that t he\
)HL)detct tt a' ertin as aitaes s e oiier are simrpler Under certaiti experimiental condition', and

theirinal detection methods. It is riot restricted to %mall for certain ' alues% of a samrple's phiisical piarameters.
sariple' a' p0otoak-ouseic detection is. it does riot rc- The results obtained fromr the analysis pros ide Some
iuire ph 'teal contact \k ith tire sample as pieioeleetric useful rule, of' thumnb for iterpreting experimental
Iletectilon does, arid it doe' trot require a large anmbient data.
inipenat ire a' radiation detect ioni does. Thre mios t NIL-
niiicarit ads arirage of' tire OH!) nmethod is it' locali/ed. rhe results, obtained in Ref. 7 'hov. that tire sen-
k ector nirode of detection. I Ts deflectioni component, sitis tx of the photothermal signal to snail changes in
exist, one niormral to thre samlple surface (which is, pro- the optical absorption coefficienrt, J. the thermal con-
puintioiral to tire as erage temperature along tire projec- dluctii ity. ,, arid the thrermral capacityt, C, depends
riontit tire probe bean path ott tire samrple surface) arid unique[\ly m o ratios. R p and 6, R, \& here R is. the
tire other parallel to tire sarIrple surface (is hich is, pro- laser pumrp beamr radius, h is the thermal diffusion
portiorral to tire t rairss erse slope of the surface temlpera- length, and 14 is the thermal absorption length. if and 6
lure as eraged along tire projectioni). Mlost other thermal are related to J. It and C through the relationships, fi
irtag irig1 techniques aserage tile surf -aee temperature [3and 6 = (2 AvC) where Le is the angular modula-

otrfieeniesarmple arid thsobtarin localiatiorrnl tionti requency- A comnecit is ay of shosingti e
throughi tire use of locali/ed exettattoir. tionship is through topographical maps sueh as Figs. 2

and 3, which showtl contours. of' equal photothernial
\hiet locali/ed detection as sieli as localiited ex- saturatiorn and thermal character, respeerisely.

citatitori are irsed. tire topog~raphy oif' the tetmperatunre
*profile cart be studied iii tire vicinity of' a heated poit; Photothlermal saturation, (I, measures the photo-

this aids in establishing tire local geornetry of a defect or therrmal signrals, sensitivity to changes in optieal ab-
at structural arnorirahy t hat is niot possible with Photo- sorption. W'hen tire pirotothermial signal is lOO11t ii satur-
i acoustic: or pie/oceecric detectioti. ated (oi - 1001i), it is itrsensiise to any changes, Ii J,

si irereas wlrhet it is comipletely unsaturated (f - 00o), it
is linecarly proport iotral to changes iti 3.

Fhermal and Optical P~roperties Tihernmal character ( TC) measures the sirsitisiit
ol' the phototherrial signal to chanrges tin thertmal pa-

SIt rtie onkl purpose of a thrermtal scair is to accept ratiteters. %\hen TC I . the signal depends, excluisively
or r eiect at spcrirLuch as air electronic comipornernt. a ott h: %\ hetn IC - -~0. it depentid exIluSis Cl\ otr C; and

- . corrparisorn ol its thrermral scait \kithr that of' a defecct- %lk herr IC - .it depeinds, onrl% otil arid th-irough the I15I



Saturated a 0.95 -I'K

5TC = 0.95 _

QZc

5% TC = 0.05

Unsaturated

10-1
tO3 R 103 10-3 h, R 103

Figure 2 - A topographical map showing contours of Figure 3 - A topographical map showing contours of
equal photothermal saturation plotted as a function of equal thermal character I TC) plotted as a function of
R vand, R (p = " where,' is the optical absorption R/ and,), R.
coetficient). When the OBD signal is saturated, it is in-
sensitive to small changes in .1. When it is unsaturated.
it is proportional to In an optically, or thermally, heterogeneous

sample, the values of R/p and 6/R may vary from point
to point on the sample surface. In addition, the ratios

product ,C. Several definitions of TC can be given. In can be changed experimentally by varying the value of
terms of the photothermal signal, S, TC = I - R and w. Consequently, as indicated in Figs. 2 and 3,
(6/S) (iWS/a6) 1/2. It can also be expressed in terms of each sample point may have a different sensitivity to
the sample-related frequency dependence of the photo- small changes in a3, K, and C during a thermal scan, and
thermal signal, which can be measured experi- this sensitivity can be changed experimentally within
inentally. certain limits by changing R and ,.

Figure 2 shows that saturation occurs at high These results, which are more fully described in
optical absorptions and large thermal diffusion lengths Refs. 7 and 8, provide a convenient guideline for inter-
(relative to the pump laser beam radius). Figure 3 in- preting thermal patterns and help to determine whether
dicates that the photothermal signal is dominated by features in the patterns can be attributed to changes in a
changes in the thermal capacity when optical absorp- particular physical property. For example, it feature
tion is high (so that heating occurs mainly at the stir- appears in the photothermal scan at a particular point
face) arid thermal conductivity is small (so that the on the sample surface whose values of Ripu and 6/R lie
modulated heat travels only a short distance before in the saturated region of Fig. 2, then that photother-
being attenuated). On the other hand, when heating mal feature must be caused by changes in thermal, not
occurs at a greater depth in the specimen and K is large optical, properties. Similar types of conclusions can be
(so that the modulated heat flows farther from its drawn when the ratios lie in other regions in Figs. 2
source before being attenuated), thermal conductivity and 3.
becomes dominant. For experimental purposes, the im-

-. • -. portant point to be noted is that the crossover between
. t(hese regions occurs v, hen the thermal diffusion length SUMMARV AND (CONCLI,"1ONS

and the optical absorption length are equal to the pump:.."°.-Reflective and skimming OBD photothernial
!,, beam radius,.Sbtrdimaging methods developed at API. have been used to

. Three distinct regions can be seen in Fig. 3, one detect a variety of defects in metals and ceramics. Fa-
s here the signal depends exclusively on C (TC = 0), tigue and corrosion cracks have been studied in various
one %%here it depends exclusively on h (7f = I), and a samples. Surface and near-surface cracks a Ie% mi-
,mall plateau ", here it depends on the product K( ( TC crometers ,aide are detected easily. OB) photothermal

1/2). I-or other Salues of RIP and 6/R, the imaging is currently restricted to a laboratory environ-
relationship is more complicated. (In photoacoustic Inent. but methods are being insestigated that %, ill

V imaging, the photoacoustic signal neser depends adapt it for technological applications. Photothermal
exclusi,,clv on P, so that a studl of this thernal variable studies are currently being niade on the thermal charac-

1 52 using the photoacoust ic technique is more difficult.) teristics of grain boundaries in metal sample,,.

.
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OII)ROVI) FLUID)S OSCILLATINC IN
* RE:CTANG;ULAR DUICTS

I.O'Brien andl~ L. k. 1- hrlich

/he rctiiliticr, otscilltor v. /Pressto-e-drit'ct oto- It \\as possible to gtenerali/e [tlic aialvsi s lbr par-
tlo 0 1drovd ri~stto'lcisti liuidl s ib co/np/CA (Iv- allel oscillator\ mtu!ion of a Ness onian fluid inl rectanl-
1* itim tls(ftslf r ttjllttt sfraigh't rfa(t1Ultll duts tas Litular dluds' to tile class of iicar \iscoelastic liqUids

hit/ deerttedI/torrltt,/I. I in'cuplem/tirv ('Vlt/C obe~ing tile iticotmpressible Oldro~d model. Thle nessk
itINStol ad ttipttrwtii/ solutions canW b li sed 1o ilit'r sOltjtiotts are Lis en as l'utttions. of a Stokes number, the

* ('t/sw h/W (Ot shis nultlase I~pp/rr t-/(/i//th'r ratio of cross-sectioli sidec leimumlls, anld thle 1 mo Oldro~d

l imec contstants* V~ ac) attaissis and or numerical ap-
prosiniate soltitions b\ tmeans of f'inite di tierence
met hods alloss thle predictionl of' thle ilie-depenldenit

RAC(kROU'ND locit\ fields that could be nmeasutred opt icall\ ill tranls-
parent \iscoelaslic liquids. Or, imri r1rg thie k nos t attd

M\ C01111 a Hctt t t il d like ss aler antd air have a tinkio 05 i asect s, laser D~oppl er eclocincim trx inl red an -
* itmplc response to pressitre f orces: hie\ are called Nos- vular ducts ss ottld alloss tilie rheoloizical lt tle Conistatill

olitati. I lte real lhear s iscosti\ it,. is a contanl~t anid to be detitimitied b\ nteans. of tile theory.
Ier lisi tto elastic t esporise. HFlos r sointe liqutidts Itas e

a iore d:otitlc P i Ascoel a she res pontse to t'orces, Letter -

ated itlosl n flulids attd [lie\ are called Do-es i- IISCU1 SSION
alt. I lie respottts rclatiott is emlbodiedI il t a 'C01sltit-
tis e telatiotf' or "ecluatiott of, slte," ill attalos lto D% namic Viscosit

* lite dkeal cvas lass. On)te possible relatiottship is tilte

O ldtomd litrce-cotistant respottse that incorporates. a Theli rectilinear oscillator\ Ilo\s of' Nesstonl-
U Ottstdtttl shteaf 5 tsdttsjt\ anid Iso tiite cotistattis reiled ian \iscous tloiss iti straight rounrd ducts \%as ana-

to the elastic responise of' tile fluid that1 is tmatnifest itt lv/Ced long1 ago.' [I ssas shoss t to be depet1cidentiottia
ttqtetc\-dpeidti ltitols. sitngle paratiltet . a Stokes tutnbet A M ~, im.hele I153



is the (constant, real) shear %iscosit\ OI'the ]li d, is
*it,, densitN. a is the pipe radius, and eis the f'requetteC

(ill radi ') of the oscillation. ( )kcillaior parallel f'lov% of
litiearlv xiscoelastic lid inl round pipes require,, oil\ ait
sliaht modification in analvsis %hen the shear %iwosjt\ bZ, W
I, coniplev. Uinder thre assumpt ion of an ()Idrovd con-
stimutkxe relation, pipe oscillaior), Him depends also onl 0 X
leo time cotitant' a,, \Nell a,, a Stokes number. ()scilla- 0

- or\, IloeN Of \1COelaStiC flid in) rctaneuILIar ducts.
'.iitilarl\ c:an be L'eierali/ed front the Ne\%tonian 'OIU-
lion' anld oftter a s.chenie to '.eit\ thle e\perimiental re-

tiults Of rounId pipe ie'ienut Of thie (ldro~d Figure 1 -Rectilinear tloN i a d qh art ectanqulai
duct. Wi X. Y

It 11 a'..iMirLI that 0111\ linear %i'coelas.iiit I, ic-IClCO t h arbe1110 L 0 ,1L.2 alti I-
(limed tol predictl thle tioii-New oiiiatloe Specitic:all\ ICCI1
%%e assumine the tlOc-oi.ai ldro.\d model iii e Iticli
thle :omIIpleC\ d\ maInI1 ic\'c'.t

i1" f (Ireal)

%%here e here P* I, thle /-dependent pire'.'ure magnitude, and
It V a characteristic eclocit\ . (The tnimu'. signm I,,

* .~ ,\ int roduIced becaus.e a po'.iti% e If % c locit\ corres.ponds to
* ~ ~ ~ i wv)a t aI\.e pire'.'ure gradient.) D~i\idinv through b\ If

and '.ettitw u it f If Ii. i ill A = ph
and 1, il. the tiondlinen'.ional equation to

A ( hbe '.oled is.

atid rela~atiom and retardation1 time1 co11Ii'.aii' 0,

Ie'.peCti\el\. .ix

I hie mmo1n'.lip bOundar\ condition t (0 applies. at the

N, 0

(learlk. Ili the litt .(. corre'.pond' to ire s.hear /
0 i'.cint.i\ ofn Neet,\otiati I iiid inl '.tad\ floe,. the p'arai-

cis Ii Iq. I can the related ito tire relaviail function B\ separaliolt of \ariable'..
of the fluid through at Fourier trans.formt.

,~ nli h - I '~ )''co'- 1x Cos 1 v
A I% Si it It 1) Coh a/h

filhe rct~ilnear iticottpress'ible floe em erC\ e here
pat allel it, ltie botininiV eall' (I gl. I ) i. Lok Ceriied b\ at

cos.h p, 1 (5

I' .(2) ehere

Noral/il vb\til dcthal-1601 1, ndas.miiI I 2A1±+ I I)

I154 that lie pre'.'.tre PMt and %eloctII\I 1() hameharmIonI-= 2
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I (1. 4 anid a,lxxiliCe \aliii, of X_ , a11d conile( the

Ll)\ id LdjrCCiI\ bX a finiilC-dift'erencC appromniilate

4 Mdlii kill. Vrili i the real and~ imiainIary parts, [LI.
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Uixiiii I lotI lilndIliI OI)CrIt0l Md~ I lot ile iC LICIlilX
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* ~ l\ i'L' C anOX d II'II~ il h a xliwLL'ld C oX C that il

ted~ilill1C.M
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t + I sill :1Il it uitlIicL'x for jiii1ilidllon [o sho\i% tilL

k I aliii. fileC +cnwir plant itC a x(IidrLe Liui~. I heL\ atLe 0

holl\\ ii III I I v . 2 midl A fir I\\ii \alucx ot A lor [lie

a-xilfllcd l iliex N 13 x,0\I. x, ull q 16 Figure 2 - Real and imaginary parts of w' on) the center.

* p~I)OxL. \I,(i 'ilO\ I ii or Moliax tr'ilLeLi rexpIOlidiLI' planes for A = 1 in a square duct for a viscoelastic fluid

NLXX l~I1IdI It Midt it liii tilLe saIlic A . with -~0 3 s. \ =0. 1 s icorresponding Newton-
ian distribution shown for contrast).

S I~iC' of \i1CIL'dxlit.I lhldli lill C0iill"10iClli OxCOiiiltiu\
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0 1t-.-~ . cit ie jcted hianiloic AClocit\, protile,, at a
A 10 Loil en \ oltiii llo%% stead,% 'tate he rclericed to the

tia'mitiiii %elocjt\ n ile center of theduet in phias aitd/(N) aitplitude. IData takeii acro the citteplane (or all\
otl1i line t1iro01h the center) call he recd b\ lniean
ot [ q. 6 to brine the 1het(-lit teal and imiiailr part of

yE h fe cottiplc\ \kco~i\. [lhe hanic oncillator% paratneter A

pronido eit cliteck ott the frek.1ue nc\ -depetid et p'. Hi t
e\perittiental applaratunl and data reCductin NJClteni Can
he calibrated nn ith a Nenntonian lid that lta nk i ral

0 7 inCOnit\ not dependent on e

0 4
Jlte tiunterical neheteI Canl alno he aplie~hd to

LIuct Of Other nit1apen. il hut C the I12 recangl oIten NeeiI to
offIer t[lte tiont practical approacit to eln c ianurec-
nentn. It partictilar, platie Akalln are optinmunm lor laner

-~~ I )opplei n elocitA mciianurceitt .

/ 'N RI:14:RIN(I%

A, )' I CIt si. tllpil I I til DpiC10l I iipc ll% III R-1 spun lir
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ii l/vmcips, r p/p d ./ip ..... asiloi 1 'P

nu In ti ,lc P/pit 5/i . 91,~i ~in
's cli 'li) licp-.I 11risi-riv sit MIIpiiC-rI is4i

'A ALI. I Kalb k il 'Al I, I icplikssn. "'ti -ii~lP ' liP
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BOL'NIARY (ONDI UIONS AND) RENL:RSIBILITV
IN I)IFFLSIONC(ON UROLI U) RE ACTIONS

I .%lonclhick

IltlP/ i/' 1IMl-S li/It //i t/cl is i'.%I)/ort'(/ ill uili c aQ
1poitnl lit/ ol/- o Ii/)v Iil( recion fl a sohlt ric Ic
(i1111 ai iacoI %n liciial 1c/usc's hr i'nh'rna/ti rialiti/c 5.5

* c~~~~rl/l/io// cieil /i/ts blin i i/c rcac'iI n I ui/

Soilt eti. C ,cnilf/l, t/he i maciihiti, 1/quaiiiuf.s hecit the' Reatan
Ili t'lla mu and c\1lll iii mud Viali is I/o lill tiAe lihc jli/ of ectn

11 /dt' hll/ i l li Ic/i ( lh lo Nb l ta1.1h l ilr

-R

RA CM. R( ) (A I) Reaction zone

I lie curtct( itrOdliCrleI (1t ICeactiOrts Of Miolecuiles,

* ~ ~ ~ kt usitatxi lacrelrire, krioss ledI.' 01 both the internal
anid ilie c\tei iial dx \aii~ics. HIstiiricalk lic teinternal dv-

* ialiiick:1 hlds beenI iiodeled b\ it radial ion type hound-
*at\ 5 c0iIL1iiiiii that hils as Z1 .consequnce1C that the re-

111 10:1 li~a 10 te etIrtilibriutli ZlppjrO\itIdlW sI as
e\pt( conisiallt tlitl. F losses er this ziiodel has beeir Transition zone
C11kIi Ced I CICciiil\ bec,.iisc it replaces at rex ersiblc pro-
,css 5 ili air irres ersile onle iot cotrssrnami 55 itt kinetic

lhcieit an hiic bause thre tiriial ( liani-l-nskiw t\lpe ot
kinetic' lilcor\ crt ex talid just ciursid file surface. 0

Figure I A spherical particle (crosshatched area) em-
bedded in a gas of reactant molecules (spheres). Three

IIA SSIN spherical zones are shown concentric with the particle:
a reaction zone, a transition zone of width -1, and an

tI iinipl~cii sendisplti\ ire! i rue rex ersIilit., outer zone where the usual gas dynamic laws are
ofissi ai .i un tiic itle aid ntI lilciicr ,orriples ci valid.

-d sax sl\ , t'I'l thiat is loittiif MsieII file reactants,
tlli - 111 ~IOic CCHCIiei. l llls can be rls liie/d b\ thre tc[-

li~ Iir'i -1icii Terie: %% here Rs is the dimienisioni of (tic reaction cornples. I-sir
reaction of a Pas ss ith a particle, it \\oUld be thic radiusN
of the particle plus the xs idth of' the reaction ione,

* ~ ~ ~ ~ ~ ~ J- -in-%i*%ii ic 'iiidhx icti can be taken to be at shell of the thickness of one

nmolecuilar diarireter. thec probleit is still uirsolsed un-
l ess j is specified. Iii thie case of a gais, this canl be

1, TWsIk I 1 11 ii MCt are sposed to inldicatec (le detcrniinedCL b\ kinetic. theors. As at restlt. thle [let I's

10 KH 11 e;'t \ iii' hdlJIiiee l;rtitii canl ros into thie reaction corrile's takes a patticulark simrple
11P v ic lue Ilie iieI In1s lilo [lie ducoiss tte. J toliti at stizfhkciil\ longL tithecs. It is consenietit to sepaz-

II ~SIll 11 11 11le dol ,t % staCie grtte lie gas into tss i ritisn. I le first is the region out-
side i istance: R1 4 -1 f10o1 he cenIt Of thre parltice;

ii /Au lj I (t leicit isagiioifasir iiiiii to descriibe thre ias %%lit on -9
slinir v1as Is irteti lieirr 1co I lic seonid is ii Itansiion
AMC, a shell iml thicknless M.is her thre reactionl does nor1

* /s i s.1 J l l,, hit lll ilil Of !liL sxsterrIll allos lhis alpiu'srrr1la oll. I 1li i \ I to (thc reaction
-~ ~ ~ ~~~,1 11 Of I ' r(i'<s--cl iiiii I\\o /iilIC. j, twas be Cexptesssl Ill Mitls Oit 11. the axerasueC

3 -*;r J-'li . 1ii,islk s I .1,H,1 Itils t'lt OT tlit Iial \selicc\ it\ ,I I . t'e COcirIcertratiriit Vaseiolns i'-P

- -* H 'I . I- A. S -, - i - i lsl i iIi /0 1 11t. . 1 'i ll T It i tli i 11 1lii I 5 ti ri Cl I loll 0I C: 11iii i 11 Zi ru ss it1I t0r(I 5

''I' li , 1 ,1 ll I l 1 11. 1, 111 1111 110 1 1 1.1 %\ 0 1d 1C ll kit lli iltl ll Ij l [ i.



total 11110kllnt air Cad\ reacted; anld .. rthe %%I tlt Itft thre
tratltrtiotn /lle takeln itic he 'e r Ld titIta Ntre tah,
thick:

nt(1-t~ I lie i I et cick., Im tit I\al: at of tiilciitlii'
4 C\tra IacAtr %k0titld t1ItticxitttaIe thle teCii:1', tltI\ h% a

2' k ) RI irlaii', it canl lie mtoified it) depenid Ilso tin
filhe dk! icc o) i cla 'tion t hat liax taken place Ili thIe

1i kx a uiinn %cc(()[ trot alito the parricle ,tirlace. thIe reaction prtilncr . IIll (lie tN~o-Niate ihcorll orik t%%o re-
nnrneIIrator I, Jn'r M liar pltxical 11Ititnittot kOUItd hla% e ialationl Model, riced he con'idered1CL, kt 4 nioUC cottipli1-
p~otl latedJ al. tle Cort rtI 1 1: a rt attxttitor coetfici- cated .\-,(Zile ItIdelC it the reactionI prIodLCt call he eit
ellIt niexc, ani a\ x rage atrI IIa al ac I ti I tie d Ixpiacetrierit mip that, it yircieal. lead, to a kit el 'u ith .\ eparate
front CeI~lilibriumii. re Iav ti ottn modex.

l Ile Iletro1irrirator i', ntexp\Iccted anl rake', it', [iIe txuu-txir model, thenI, anld IIN e\teICxiori 10
,,pct~al tor Ill lor ix'o reaxonxl. ( )tic k that thie calcnlationt itrelrde .\ xt(arex. Inl coirjnn11ctIon xxitli hpnar--xo
(it itilecilar Hlit\ throuch a xnriace musirt take into tlreot\k cart ICxCli ihe anl e\trIIel\C large ranee~ of e et
account thle pert(Illbation (it thre elocir, ilxiibnitior neurlal coridiltitri. It hjax tile %rtne itt axxLiiIt ilt ~e ci1i
trlori eiquililiriti. Ilt thre prexerrie oh a linre f*lht\ J, thill rct lim at both i. Itiel arid ecr\ lo%\ piexxitrex, arid

* pertnbatioit, accot ingIL to xtartilald lapntIIari-[nxkot ofxril ir kinletic tlieitr\ andi the priitciple ofIl1 co
k intiric r hcorxk . xxitili hi proportional to j ixelf*. See- ,cutpic rex erxihilir\.
OttILlI\ . liapilr-h ix.kop tliirt ik trot k aliid at a pax,-
xnrttacc interlace, bitt cart oilxl he appliedh a xnliialel
dIxtatncC axx a'. B\x rtraxx balanIce, rthe Ili[\ atl thle Cihe of 0IH.I\(1
the trarixitot /onc car ti herlateil to thre tliu\ at thre "ltr-
tace. Il1Cte ixoefcix aCcOUiIt tot tIre 1011in ii tIte dt.- 1 /1,- Pttl r62. 190' tt91 119-

itititirtatuir itf [L- 2 artil irituIhurfLcC xe\ Cial nice (eatuitex V\thu' iii I i li '( 'wh I t. '.i~~i'.1n R'.
iJ uc turri' I lk II- Il .J Y 1 111 I Ji111 \101t." SI 'ii: P 18. it

into rthe ilieOrx Ofi ilifitixtitti :iItilCLd raCtiottx. I lIe i

gcirctiric tacir, I RI I R +t All . ix 1111I a ~ o Iitletct- t ItA ti"Iii;.1 Idl,tt and. iii c*il, mi titt'itri

rcriiolrI tar cart accititi tiot rti' rarciacititr o[ittre gLxa: *MxtI nN it t, ttkiR.t

at xCt% lokk piexxttrexc .. becitmtes illiic trtli t Cc andi \u .d'u . [c tti I pj.' .1i i,, /,tilk 75.
Iij. 2 vitex it 1 1 tit It expeti~kl: krtitttI rare. IOf I'L I'I

motire coitplicarecd pat icle hlapc. tlie Loecitite tic ,laiti
xxoiili be replacd h% u 110cirpictd Lntel tutu t CLI

t An xlii pp- c ,'Id i , ccl1.f

Itax l'e~t rjilcLl h\ ttc ctt\ c tiC
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4 ~PATENTS ACTIVITIES I- .

[lCAie \Fiiacercc' 0f lice is resp/in~thle for cit - IIK ~. /-
ingL coniPitan1ce Iill tcOM C co1t1ctad gracIII Ieiiitellcic' 1e:c-i I K. :' A.

Ittxc lto pa~tent and data Irigfh.s as itctpoxed h\ clite \tat loli' fjfkct it- , -...... ,' ,-

g"cfIlt eiteria ecc tat Npoiiisttr\\illrk at thle I af'tiii I I kr.i it1', .' I'It.,.
tort. Ill addictin to pieparing formal,1 di'clo'nr~e, of ill ie~r . It ,,,i

telliin' for thle appropriate xpOINxOrs. tile ['a1cti (I ltice I f K~c,,rI /I ..'...':. ..* . <1:' /n

prepares and prtixctcexc pateti applicactions ont behalf of 10l
thle Ltiitecrsicx and tile IDepartmnent of rile Naxx - I \ k~lI midr t If/r:uw ;im/.~f Rauin'

IIC 10uo06itig iixtS inldicate 111C 1 itie itiri L1fj P I I A om\~ . I K IIi irt~l\ 11 /1i!"L! 1 ''tff ttc

cio'ttr ic ,hmcilced It', 'ptl'is tt ite palcitl applicatioiti 'l0t trvprti , In A'pirll t Ra i 'rt' ... IA 1'it lit Ia' R~ t

piepatlei aind filed ill t1W I filled Sftte PIaCtIt ( IliLc, acid I\ I itirq %ItIIIF / (t1l~' ''ji.it

file pre iti'I fled appliIcatlll o tt fat txere',iccefclx I \\5 I Qrelc %i,1ren-llt ll~te If trlith I ilt foP ul N frtitit t//iP trit

priccutd i) t'/;iicr I' atett~ ifirice fc~tftea - ) \Iaii'll %/li' ( )tfillcv ti-r Nt-
- - f - NI.V Skier It itt It ap " t i/ t' tll:' i -1 /itlit' C it litre l it/

\ , \eftoii- -I iit tiaieituai , oli/i/i:' lc'/)itt'T it 5-ti-

IN F\. I ION% IDl( 1.s RFS Ill- o ft plet Or(t/Xeal trv
i . P I':iK CT in 55 I If) - 'ItaItifr II) )- If in iiit a i i t of C Ili crt i

55 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ iqt /i Voxioil -11a~ I luoti cm v I'': mi-~ N:, lettrrie ni-p/-Ii cf~r'i tt' 'itt I
-. ,~~~-,, fl~~t ii'tiit ii/i lt"it't'ci it il lt lii tii e.11 %1-5/ it'ift- t-It'

At~~ ~ ~~~~~~~~~~~~~ N ' ' i,:C''.i- i/ii//ti/i I' Fiic:Micc acid S. NI. N itIccivif k-( i/i1troIIti0 S1 ot-in f/t
iI i 'T I I '' I!,tr - a dottt, ' ittiiiiiitt th' floiurbon-c C vii/t'/itt lltIv/ rs/teim (1)/NC c)

- -/ . ,- /'~'t I titt " Rit R. 1,. [loteciibec . I -. 0,'oeffe I 1 d R. ( . Ileii'tt'- Ottit al
/ -' '' ' '' I /)r , /i //F,'Ft- Stirtme Sn-itt-/in e 'i ici' L %ice, C ureitii C larei' Iriiti Ii'

P-'' ~ ,w h t1,'iti, IM~il/ .27N Salt%
- -'- ''t ift; i' 5- R. I'oxxeff-Bww/rc (- Cli,c Uoitiiv/itr lt-r Reduced If lire

F - I--' I i l, S r . fiT.,t d IM.

1< K ~ --- - I i I' f /il it 1 ri I Itiip/tt R. - - un- )iiiiefI. S. -I. ( t per acid R R. - albut -I (itii t'l)ie -

H i> t -'- NKt \I'pm Int-w 'it1i, IN/himiit' ifi/i Si/oi rmiivi SrIi'i

WjI I I cI M. i cni-R I-/tta n'iricid Ditontitiuc in-v
'p. N.-,''' ~~C. -1-i. Sinie\ ancd IB. I-. Raicc-Lyxiitidelnit l/tf/iijiliiii'i' to

I : r - kiv I I N,> I , 'iL r C!t ,~t li Alt'ntitri' li/ti -Ifc/t'tict/ivt ill /t'e Chit/ti

1 110 /i.I ',1 /1,/ /Ptt'1 -tr,~t. AUi i Rc /FitCltA I -m "1 Sierilhereev-Sitillct'ittct'cd lilhlt 'ied u/ieit/q/'x

lato . Ifiic Ii'tine. iir I SN V Iooadl /A.ec NKtill -A~i~ Ii/itt/u-n i/iaram .Si'tt

R. NM. Iini iii / tkai litR li-tim 'Ft i itt 'pwr it P at'i i'ti Lii Ctt i iitl/i/iiti'

N I tc'c/c~k ic 1 I If I ,trt Ill I ti Ni'r Pit / ,tit itt'i C N-S ef'tei ac/if R. K. Sc" IINell- It,(iliqui /of Itiim tit'li c

I \\ I IT I Indr I s I Ltrin //f / I ll I Nmiiei Silp't'r oti 11I . /ttect antd J. V N Kvilf -I li itrc'tcnieilt II'rtr F'i // -ineii/itrle/x -fct/ / -
If i i l~ ( m Fr , it i I, O,, 1 - i n''/ it i rIi and: R it ai' ttIeutt lu 1,,%ol lad

I IIfri1' I tIt' I alini I i ll- litim % lr , ati ' ti

-'ir:,ic ~ ~ ~ ~ J 10001F 1pii If/t~ti'tr I' mi OW.t rt'ho I'pti Ptcleliui it:e eA0(o C(I tilltiti

1N.110 II ' j tt";~ol /,I fet l W 111111 t?",O M 11,111,211
I' v m 'A -i Kr/ I trISt II / ir:cr I liit-' tt''I iricI 1C t t i lyctittcr ti /ti l 't-t I i t//t e t Olt t'01h' /t10i 1tui 1iP

K4:.ij 1 iii Istr,%"I M I I(" 111'a n i/ d f l e ,1 pllm /'Iw i
160 - ) .. ..... 1, f 1"p~ w 11cw o TT a edialln I~lllol



k I Hicifcdf/n/v isemo eiaio ntlom W. Schneider and 14. J. Johns-Portable pfif Data Collectfor
Nvs i 1). M. Sikser and N. deiiass-Crog'enic Tank Support Ststemn

14. I I shI-IriranaleC trlMasfr/ridn' l W. H. Zinger and J . A. Krill-A- Multiport Rectangular IT,,
iitit Con trol/l'd Aledicatuon In iont to Circular TI-,, %lode' Iran-luhcer

R I ,I '.chell -Reflable Aledwation fn/liisin A-pparatus
I- . ink - lei Itercomnpu tcr C ommunications Basedo(n Ale.Svage'c
Itriiaicu.At cmi c'wh Re'ceive-r Set ectiomi

A. I . HOi~rct anid %k, .* U.adtOrd-C oherent Induive Coon-
inumicatiins I iti fuor fBiomnedical Applications

I I Holtman aincd .1 . C.- I oe>' i - Short- C'ircuit -P'roof C onnic-

tor C lip for af .ltjteritial (Circuit PATENTS ISSUED)
I) -N. kite lii Svirchrotiiu C lock Stopperfo Airficroproces-

r Opeicratedi n a fPo wcr-I itnited LEnvironmnent
1, ( ,. P'arker and W . 1). S1inhr0---.lctro-C)Itical Device _/or R4 . I. 1ischell-fmplantable, PriiL raumntrable %lc'dication In/u-

M riituirimv Inwsanamieouo Simi~lct Cx v-gen Concentration Pro- wtort .rtetn, No. 4,373,52'
(fitced fDurin c, the Treatmemit of C ancer hr Aleam of Phuitio- A. B). IFraser-requcc Encod/ing (70 rd I oop C ircuit with

hi'nothi'rapcI irariduc'r. No. 4,408. 169
1. (;. P'arker and %k . 1). Sianhro-Loucalization ij- Canieriu.s C. F'hilippides and Wi. H. Zinger -4prtu for fdentiltion',

los u f lp .iofuir tirii Infrared fluorescence Entitlted bV fIn- Coided In formation W4ithout Internal Clock Sy-nc hronization.
travenousti Ife~ccte'd Porphi-rin lumcior-Speccfic Marikers fix No. 4,395, 773
c.ied fIn Long If ar1e/engtfi fight 14. S. Potrniber, 'r. 0. Poehler, and 1). C). Cov~an-Current (Con-

R4. S. I'otensber. I . 0. Poefiler, and R4. C.itenson- Optical (rollerd Risable Electrical Organtic /Thin fIlme Sittchtng'
* .~Storagc' itnd Switchini, Dei ties t sini, COranic C harv Trans. Deice, No. 4,3 71,883
* ter Sam.s I1. 14. SrnaII-Superflr-whee/ Energy Storac,'c Device,.\No.

M. L:. Schi, 14. I . I rapp, and A. I> IDasdolt - Methiod and 4.359,912
* .l~pparatu-. br Bus Arbrlntrun C io'a Psc'udo-Randotn Se- I. F. Stillman-Dep/orvab/e Sup port Struc ture'jor .Spacecru'fts.

* quence s-c). 4,373,690
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PUBLICATIONS

I \aimot and I . Mtph.. "I (teinial IleLr, ii Plioo B. I. Blum (API arnd I). . I. I idebrg. I. ) Barnett. 11.
I iermaIa Spt oti0,11:p,, an[ [Ifit'CIinI l liiiag'I I I," .. 1/)/)/. R. \k arne, R. U. lnhard ,.. and( ,. M l)onald (.11\ 1 ).

5/ii 4. iSI 591 (19,0;). "Itoriialion S\'(emls and Parienit are.' ili rPro(. 61h Int
M. It. ACIria and .1 IK. A\aiidei (NASA,), R. A. Iiro n (.Space nual Syinp. on ( ooipraer .lpp/iiioans in fefd a/ ( 'are,

Ielecope Sici tic Iisi. I. \\ (lhfl (Rite [,Ili\ ), S. Ni. \Washington, pp. 3-' (1982).
KIrrirc', and I . 1. I an/crii (API I, and 6. I . Sis,:oc I1 M. N. A. Blum, "M,bauer Sudy of Magnetism ini an Aimorphoiis
.aTiorria), 'Phirs 01) the lotiran and Saitirian Niagneio- l),, Sputtered l im,' J. .-ipp/. /hs. 53, 7-47.'49

,ph,:re,.' Spate Sci. Re . 34. 1-24 (1983). (1982).
M. tH..AcIrna and 1. K. Alcander (,NASA (ioddard , R. A. .1 BoIrand, and I,. I . Kim, -Aromalous Temperaturc-

tron n i,. N.r/'ona), I . H[ill (Rice Ur, i.), S. M. Krmini- )pendent PhIiosphorescerce of Cu Porphin il Anthracec,.,
gis (All ), I .1 I aiir/cotti (Bell I ab,.), and C. I . isc.e (t'ni'. J. Chem. l'hys. 78, 4331-4336 (1983).

alihoiiia). "Pis sic', of the lot iin and Satuinian Mag- C A. Bosles. '( oupled Mode Solution for a Clindrically Sii-
ni.tosplcres: Highliight , ot a (onferentce |.ld at the Applied mctric Oceanic Wa\eguide viih a Range and Depth Depen-
I 'i,,ics abrarto, Ilie Johns Htopkis tniitn e ,(ct ober dent Retracte Index and a lime Varying Rough Sea
22-24, 1981 ,' Space Sci. Ret. 35, 269-292 (1983). Surface," J.Acou.st. Soc. Am. 73, 8M0-805 (1983).

1-. .. Adriaii, ''(harge Irarister I ftects Iii Murfaceriihanced W A. Bvden (API), I. P. Stokes and I). 0. Co,,an (AHIU).
Raman Scatterinig," J. C"hem. I)hr.. 77, 5302-5314 (1982). F. ). Pochlcr (API ), and A. N. Bloch (Exxon), -'Mott Tran-

R. II. Andreo, "'osure Flpotheses froni the Method of sition ii the Solid Solutions HIfSEF (TCNQ),
Sm (thing for C'oherent \Va,,c Iropagation io Discrete Ran- (IC NQI-), ," MIol. (ryst-. I iq. ('nst. 86, 281 (1982).
dorr Media,' Opt. leti. 8, 82 84 (1983). M. W. Burgari "Bioiiedicine: What Does It Nlean?' CBE iews

R. ff. Aiidreo arid R. -N. Iarrell, "irrical Small-Angle 5, 9-10 (\\ inter 1982).
I ight-Scattering theor,: \' a%, Fibril M, idel,," J. Opt. Soc. P. 1K. Bvthro\\ and T. A. l'otemra, "'The Relationship of Total
Anl. 72. 1479-1492 (1982). Birkeland Currents to the Merging Electric Field,' Geophys.

I. R. Ape), "A Snrse'. of Some Recent Scientific Resalts from Res. lett. 10, 573-576 (1983).tihe Seasat ..\hiniter,'" ( hap. 20 il .Satellhte M icrowave Re-te Mesan, Ali r'' (ap.d 2))d., ihatellteirogla e Re-. .I. N. Campbell (J-IMI) and R. A. Meyer (APIL), Sensiti/ation
Kiof .BSersn, RIflis Hortood Lid., Chichester. England (1983). of Unvelinated Nociceptive Afferents in the Monkey Varies

K. It. Baker aid R. A. Greenrald (API.) and R. r. Tsunoda Aith Skin Type," J. Neuroph'iol. 49, 98-li0 (1983).
(SRI International), "Very I-igh Latitude I--Region Irregular- .1. N. Campbell (JiI), R. A. Nieyer (APE), and S. N. Raja.
ties Obsertcd b'. HF-Radar Backscatter." (ieor/h. Res. Lett. R. Burke, and J. J. Aryanpur (JHIMI), "'Neural Mechanisms
I2), 904-907 (1983). of Hyperalgesia: Effects of Partial Injury to the Receptise

C. It. Bargeron, .1, It. Nall, and A. N. .Itic, ''Current Image Fields of Nociceptive Afferents," Sot. .Veurosci..'lbstr. 8, 854
I)i fraction WCII)) of Single CI stal Metal Surfaces," J. I ac. (1982).
Sci. lI'r/inol. Al, 11301I133)(1983).

. Beal. NINoildo, arid-11 ( .KTi ''I ea I M. Candidi (Instituto Plasma Spazio, Ialy), H. W. Kroehl
R . Beal, 1. M. Moralo, and 1). G, Till,.,,, "-1 arge arnd all (NOA.A), and C.-I..Meng (AP.), "intensiy i Distribution ofScale I"ilntion of I)igirall, Processed MAR Ocean Wave Spec- l)ayside of Polar Soft Electron Precipitation and the IM."

Ira,' ,J. (eop/ivs. Re's. 88, 1761-1778 (1983). P/anet.Space Sci. 31, 489-498 (1983).
R. .KBenson, R. (. Hoffman, R. S. Pirmber, I. Bourkoff. I. K. Charles, ,lr., and J.T. Massey (API.) and V. B. Mount-

and I . I. I'ochler, "Spectral I)cpeirdence of Re'.ersibe ()p- ,astlIc (.H Nil), "'Pol.simidcs as Insulating Layers for Iplant-
ticalh Induced I rai ilion, ii (rganomcallic ( ornpoinds," able Electrodes." Ii lvended .4 hstract of the I-irtt Teclhnwal
-Ilprl. /'/t /vitt. 42. 855-85' (1983). C'otl. orr I'olvinuies, p. 98 (1982).

I' Ni. Bischol f (.1[tl1) and R. W. IElhi er (API.), "High Blood H. N. (hiu and R. C. Benson, "I aser-Induced Decomposition
Presire i Choroidal Arteries as a possible Pathogerre of Sodium Aide," .I. Electron. Srectrosc. Relat. Pheiomr.
NMechanism in Senile Macular Degeneration." m. JI. 29. 141-146 (1983).

pl'rihaamol 96, 398-40W) (1983). .1. 5. Chappell, M. M. I ee, and 1). C. C'oaan (JHU), TO. . Poeh-
B. 1. B) hi,. '"..N I)aia Model for Patient Managernet." iri Pro(-. ler (API ), and A. N. Bloch (J-xxon), "'Some Infrared Proper-

4t/ Ii ,rld ( 'il. on t'di /hal Inlormatic.%, J. I1. Van Bernmel ties of I \ ISI: 2:, Malts," Mi). C'r.'.i . rIq. C'ryst. 86, 261
Ct al. eds., pp. '4S 51 (1983). (1982).

ItI iluim, ''Ar Itorrali Sslei for I)eseloping Infornia- I N . ( hiang and I)( 0. Cossan (3111). 1. 0. Poehler (API ),
lion itsieni,., ii / 'ru no /983 \ationual C omptuter Co".p. p itnd -. N. Illlic h (['xxol), "Snthesis of Substituled

4"t "'52 (N.ia'. I(',81) leira.elenatuialenes fron I)imethvlphosgene Iminium ('hlor-B It luri ''C linirl t'' ( etc Ia'ic el lefis,' I n ' /(/ ide,'" Ilo . C'rst. I ,q. Crit. 86. 27 (1982).

Il ,'l %Jae I. 2" ' 2 I4821 I I ''o lahan, Ir. )A.I ) a nrd N. Rorissopoulos ( t'iI.
IB 1 i11i. ''( oillpillei \'p hc.u'ti 4', in Meth.l:al ( irC \ i,il N1,. lai id), " I muing Requirenments for 1ime-I)ri'.en S isems

,I die .\ii 'tiV'. es +C +'' II1 I'rt, ( tt,r'st onl \h'/ir/iu / Inhit tii I sltip L tg icrni cd Petri Nc ,, lIXI:: rans. Software I-i.
I, . 1) \ I Iidelt, :1 .11 - edl - pp If, 2 I (l1hI ,l-Q, 601 616 (1, ).

It I B11i11n. "I he I It, ( s,1 - I)c N ',iie ,'c-i \l.Viei .te \l.'fc!." I r i. 1 1 o ii.- K ii. I .-N. ( hiaiy. K. I ersirup, and 1). R.
UIt V Sl(,S'lI Sti,'ii,r- I a ., ' 7 .it I s 1i, li,dham 1 11 1. I. 0. 'iieilei (ANPI ) and A. N. Bloch (I-\-

I I BllITii aidtl tl R lti-. ' o , ft itli ''':; t,',.ihil ,1 \,,ll. "Ihie I)e 'ni, Is iliesis, and Characteri'aion of the
1ir i' .rind ItI'iiiiiI ti 'i 'iti I 'r .' Sit i ii /4 /14. 42 4 \'lic,iltl~i oC ri ip ierl, of OTganic Cond cimor,,'" Iof . Crtt.

9NI5 ) I r t. 86, I 198 2).
I II I ii i \'l i Il h R I,'ttvftI,'r:. (I N\I i , ii iid R Ii I)e.kti. . I N I li, and S. M . Krimigis, "Modeling
I4'i'.pIr' t Iit,,riinit,',li \i i'm,t im m U,. ci , . I L NI "/i , ot Tih ' Iiiet,.in of \t iticiallk Released I ithitun \r ilh the
V1 1 "uItt"arI' / fic ' 7. i, I" ',)s21 I ilthi , intm Shock," Ceophv . Res. Iett. 10. 525-528 (1983).

If I 4oi11 n \I'I I ard R I I t-rht, It hi 111l 'l , ,itt ( f I )cter, and I. I Mark (-NPI ). i. M . Hutchins JHN I),
164 1(th ial I)ai f l'i I)t'tl kurl tk/ / Ii / tie I i l1') ind B Bargerton and I H. I.riedman (API ), "Secondary

-~ ~ ~ ,. . " .o, 5



:6 .

4 .-. '- \. -I . i, .i..TO t~ii P~ro,, .tfi Coin/f. onf In- by Motor Cortical Populations," Lip. Brain Res. 7, 327-336
% 1 i; Ii andlot 1), 191 (1981). (1983).

Ii I. k- . , I) a idl. I I IT ilnots and ss . I.Ac, A. I'. Cicorgopoulos. J.IF. Kalaska, and R. Caminiti (JHMI)
I -r ,- iii: ( Tk' rIiticrsiowt (tiiirical Highhlit,,, and J. T. NMassov (APliI, "'Interruption of Motor Cortical IDis-

I - i. '' I I ni-rc 7. 291 103 (1 983. charge Subserv ing Aimed Arm tit oNements,'' Evil). Brain Re.
I I t hij,, I I I i ailca, I . I I'ertni. and NW. 49, 327-340 (1983). Klsa n .Cmnt JM
i \[.vi 11 1( k. I' t ,t,,\ cit lD( A -0 ''1 F-C [Tier- A. 1P. Cicorgopolos. J. . . akad .Cmnti0-vl
1, f. ' U..-. I W iI ( 1'n s.'l It solar 1iljnen'gii. anid 1. 1. Massey (API.), "On the Relations beiseen the D~irec-

IT .It , \1111:1 11,l 1o int Mlclianical I- iiters,, tor ot I wo-IDinensiottal Arm Movements anid Cell Discharge
.'Ik ;;40)4I (9" it Prinmate Motor Cortex,'' J. Neurosci. 2, 1527-1537 (1982).

I 1, I ITit iii h I '111 1 1 ric-dutiat. -( nilipitter 'Simulatioin of J. A. Cliannini and D. I., Thayer, 'Extremely los Frequency
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