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ABSTRACT

This rep ort sumearizes the Indirectly Funde d Research and
Exploratory Development activities of The Joh ns Hopkins University

1 Applied Phy sics Laboratory dur ing fiscal year 1976 (1 Octobe r 1975—
1 30 Septemb er 1976) .
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I
TilE INDIRECTLY FUNDED RESEARCH AND

- 
DEVELOPMENT PROGRAM

k The need to adapt to the £ut.uLe con~J1c.t~ &ui..th the day-to-

~ I ~ cLay tLUIU o~ ~.e4ea~ch and deue2epneivt eng~&ieeJrAng taboiw.tosi.~~.
~ I I On the one hand , the Labonato.ty mu~st exeitcA.4e J ~nnovo.tLve eap abALL-

f tLe4 and advance the e,.ta.te o~ the ant .L~ J.t ~~ to auoi4 ob4oiucgnce.
- I ~ On the o.tkex hand , the eng~neeft2ng ta4k4 o~ the Laboitato.ty *~qw(~t

~~
- I conwatitment to p~zoc~J.bed compLe2~on da.te.4 and theice~one muht LnvOLVe

eo4en.tLatty ntate-o~-the-a.k.t technoLogy. The TndiiteetZy Funded Re-
t 4ewtch and Vevetopnen.t ( TRW) P .tog.tam p .wv2de4 ~ox 4~nnouation and

.technoeog.Lcat advance4 that cannot be 6upp&ed iu~tk~n dL ’tz.c.tey
- 

- Lunded eng~neviA.ng devetoprneivt ta 61U.

The central objective of the IR&D prog ram is to enhance
~ the pre sent and future vigor of the Laboratory . Accordingly , the

• IR&D efforts continue to be aimed at
I 

~ 1. Providing curren t , in— depth understanding of technical-. - fields of importance to the Laboratory’s applied
I tasks,

- 
2. Originating and exploring new concepts of potential

importance to the solution of national problems, and

I J~ 3. Providing a window into science to cu1~ivate the tech—- .. nical competence of the Laboratory as an organization
devoted to developmen t and engineering tasks.

£ The research componen t of the IR& D program is carried ut
in the Research Center of the Laboratory; the explorato ry develop—

-:  I 
~~~~ 

ment component of the IR&D program is performe d by project initia—
- 

(j tor s in the task divisions of the Laboratory . The Research Center
program, coordinated by the Director, the Program Review Board of
the Laboratory, and the Chairman of the Research Center, looks

I I mainly toward advancing science and the transfer of new concepts into
• U the Laboratory ’s technology . Explorato ry development projects are

primarily short— term exploration s of the feasibility of new ideas ap—
p plicab le to hardwa re systems , components , and materials and must be

specifically authorized by the Director.

The IR&D program continues to be productive. Among its
I more notable contributions is the concept of doppler navigation by
1 satellite that led to the Navy Navigation Satellite System. Other

• contrib utions , as described in previous reports, include development
( 7  of the concepts of detection and tracking of aircraft that led to

the Navy ’s AN/SYS—l automated system, dual—mode Redeye , ele~t ro—
• 

-~ static stabilization of aircraft , and the box—type launching system.

L
ll

~ 1 
_ _ _ _

- 
-

~~~~~-
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This year , the importance of the box launcher was re cognized by
• • the award of the Navy Distinguished Public Service Medal to r%

- Mr. S. Kongelbeck who conce ived and led the project at the Labo-
ratory.

- 4 Since the Laborato ry is primarily engaged in work for the
— Navy and the Departmen t of the Defense (DoD) , the IR&D pro gram is
- mainly concerned with Navy— and DoD—related pr ob lems . However ,

with the encouragemen t of the Secreta ry of Defense and the Depart—
ment of the Navy, the Laboratory also works on urgen t problems for
other agencies , including the National Aeronautics end Space Adsain—

- istratio n , the National Institutes of Health , the Energy Research
and Development Administration, the Federal Aviation Administra—

• tion , and the State of Maryland. This year , as for the previous
year , abou t l5X of the Laborato ry’s efforts were directly funded
by civilian agencies. Accordingly, IR&D projects are carried out

I in appropriate non—DoD areas.

The IR&D progr am summarized in this report makes signifi—
cant contributions to the Labor atory and to the scientific and
technological community .

-
~~I;;
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THE RESEARCH CENTER

INTRODUCTION

I The cent’ca.t pu.xpo~e o~ the Re~ea~kch Cen.te~ ~~ to enhance
• the 4c.~e.n.tWc and .tedinoLogLco2 v4~go ’~ o~ the Laboicatoiiy. Acco’L d-

Angty, ‘ce.4ea) cch 1L6 c.o.n.’~2ed out to e~pLo’r.e and advance new wncep.t6
• o~ pke4e.,vt and po ten.t ’o2 J.mpontance and to 4tOnutate the techno-

LogJ..cat appt2e. ati~on 06 new deveLopmen.t4 Ln baai..o. 4cLence.

The IR&D program continues to comprise about two—thirds
of the work of the Research Center. It is this program that pro—
vides the long—term continuity essential to in—depth research and

I innovative competence in fields that are important to the present
and that are expected to be important for the future. The remain-
ing fraction of the Research Center’s efforts is devoted to inves-
tigations and counsel in support of non—Research Center tasks andI to research projects funded by agencies external to the Laborato ry.
To disseminate information to the general scientific and techno-
logical community, the research results are presented in addresses

• at regularly scheduled scientific meetings and at academic and in-
stitutional seminars, and are published in the professional litera—
ture. To disseminate information within the Laboratory, seminars
are held to report on relevant national and international profes—
sional meetings , as well as on current investigations within the
Research Center.

I In part, the facilities for advanced research include a
microwave physics laboratory, a laser laboratory, a solid—state
laboratory (with a sputter ion mass spectrometer), a mass spec—
t rometry laboratory, a molecular free radical laboratory, a gas
kinetic laboratory (with a fast—flow reactor), a scanning electron
microscope laboratory (with an ultrahigh vacu~m~ for surface studies),J • and a spectroscopy laboratory equipped for work in the ultraviolet,
visible, and infrared regions of the spectrum.

The size of the Research Center remains essentially con—
stant. The professional staff consists of 40 senior physicists ,

1. chemists, mathematicians, and engineers, assisted by six associate
investigators and a supporting staff of 14 technIcians, machinists,

• - - and secretaries. The work of these investigators is augmented, inj effect, by collaboration with many colleagues at other institutions,
including universities, government, industrial, and nonprofit labo—

- ratories.

• I
• The Research Center is structured into the following eight

groups: (a) the Theoretical Problems Group, devoted primarily to
applied analysis in diverse topics; (b) the Applied Mathematics

~ I 
-

— 11 —
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Group, devoted primarily to the development of analytical and flu—
merical techniques for partial differential equations and spectral
theory ; (c) the Electronic Physics Group , devoted primarily to im—
proved understanding of energy—transfer mechanisms at the atomic
and molecular level; (d) the Chemical Physics Group , aimed pri-
marily at improved understanding of the kinetics of gas—phase inter— •

actions; (e) the Microwave Physics Group, aimed toward the develop—
ment of improved understanding of electromagnetic behavior of
condensed phase materials ; (f) the Quantum Electronics Group , de—
voted mainly to increased understanding of electromagnetic

• 
- mechanisms important to lasers and to organic conductors ; (g) the
- I Excitation Mechanisms Group , conce rned with laser excitation mecha—

- 

• 
- nisms and applications ; and (h) the Solid State Physics Group,

concerned primarily with developing the properties of disordered
- - 

i semiconductors.

Nontechnical Highlights

Throughout the year, as in the past, the efforts of the
Research Center continued as an orderly unfolding of the work of

- - the past , modulated by changing Laboratory needs and new advances
in science and technology. One indication of productivity and

- • professional competence is the fact that during the year 52 Re—
- 

• search Center manuscripts were published in the professional litera-
ture and an additional 13 manuscripts were accepted for publication.
It is also noteworthy that Dr. V. O’Brien of the Research Center’s
Theoretical Problems Group was invited to serve on a National
Academy of Sciences National Research Council Associateship Evalua-
tion Panel and also that she was elected a Fellow of the American

- •~ Physical Society. Other items worthy of mention include that
Dr. L. l4onchick of the Chemical Physics Group served as the William
S. Parsons Visiting Professor in the Chemistry Department of The
Johns Hopkins University during the academic year 1975—76, and that
Dr. D. M. Silver of the Theoretical Problems Group was invited to

J give the Chemistry Department ’s Research Seminar on Theoretical
Chemistry for this academic year. Dr. D. W. Fox, head of the Ap-
plied Mathematics Group, was appointed the William S. Parsons Visit-
ing Professor in the University’s Department of Mathematical
Sciences for the academic year 1976—77. Also, Dr. M. H. Friedman ,
head of the Theoretical Problems Group, was appointed Visiting
Scholar at Stanford University in their Department of Ophthalmology.
Dr. K. Moorjani of the Solid State Physics Group was invited and
supported by the Centre de La Recherche Scientifique to attend the
International Colloquium on Metal—Nonmetal Transitions (Autrans ,
France). Among the mote distinguished invited talks, it is to be
noted that Dr. F. J. Adrian, head of the Microwave Physics Group,
has been asked to lecture at the NATO Advanced Study Institute on

• 
Chemically Induced Magnetic Polarization, scheduled for April 1977.

-12 -
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I Technical Highlights

Research in laser mechanisms and applications continues

I to be carried out in the Quantum Electronics and Excitation Mecha-
nisms Groups. One of the most potentially significant developments

• of the past year is the development of a new concept for a super—

I sonic—flow CW laser to avoid most of the serious aerothermodyn amic
problems of conventional high—powered chemical lasers. The concept, 

-

•

initiated and being explored by the Excitation Mechanisms Group,
is now directly funded by the Navy . It is also noteworthy that a

I collaborative research project has been developed to assist the
Naval Surface Weapons Center (NSWC) in the diagnostics of electri-
cal discharge CO2 lasers intended ultimately for shipboard high—

I resolution laser radar.

Increasing emphasis continues to be placed on selected

I aspects of the mechanics of fluids. The area of focus concerns
the effects of water flow past submerged or partially submerged

- bodies , a most important hydrodynamic problem area for the Navy.
The development of sophisticated new techniques for stratified flows

1 has proceeded apace through a second year of fruitful activity in
I the Applied Mathematics Group. A study of the electromagnetic ef-

fects of such f lows and a study of the influence of a submerged
t body on the surface wave structure (nonstratif ied flow) have been
1 completed in the Theoretical Problems Group.

A general trend continues toward increased concern with
I interfacial and near—surface physics and chemistry, in concert with

— generally increasing levels of such activity elsewhere and increas—
ing expectations for improved technology in electronics and energy—
related areas. In the Electronics Physics Group , a new research

• • project dealing with corrosion of surfaces was initiated, following
the installation last year of the ultrahigh vacuum scanning electron

J microscope. Pitting under an almost intact protective oxide layer

- 
has been conclusively demonstrated under certain conditions .

A second new surface—research project concerns corrosion
and electrochemistry of electrolyte—semiconductor interfaces and
the potential use of such “junctions” as inexpensive solar cells
or solar batteries. This small—scale collaborative effort involves
members of three groups : the Solid State Physics Group , the Quantum

- Electronics Group, and the Theoretical Problems Group.

A third new surface—science study was initiated in the
Microwave Physics Group to app ly the newly developing technique of
photoacoustic spectroscopy to the study of gas—solid surface phenom-
ena. This study has already led to significant new insights , espe—

• • cially with respect to mechanisms whereby light incident on a surface
is absorbed and reemitted as fluorescent or phosphorescent radiation.

— 13 —
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- 
- Vacuum—deposited thin films continue a. the center of in—

terest in the Solid State Physics Group , where research deals pri—
- 

manly with realizing advantageous polycryatalline solar cells .
Significan t improvements have been achieved with respect to film
thickness , grain size, and solar cell efficiency. In this context ,

- a unique nondestructive technique for estimating certain impurities
was conceived and demonstrated.

Finally, it is interesting to note that results of electron
spin resonance investigations carried out in past years by the Re-
search Center have become a focus of interest in astrophysics. The
data facilitate identification of free radicals newly discovered in

1 interstellar space by radio astronomers at other laboratories.

• - -‘
I
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1 APPLIED ANALYSIS

- ‘ The Appt~Ld AnaLy~ 4 compo neivt o~ .the IR~V p / wgf r.arn A.~ chax-
- I ac2eitAzed by ~the dev€Lopmen.t o~ .theo’tt.t ~ca2 ~tethsvtque4 and .theLt

4 app t2cat2on .to a /cange o~ p~tobZtnt~ 06 £nte~e~t ~o ~the Labon~a*~oity
and A.t6 NavaL and c.~vALLait 6p on6oJL 6 .

- 

- - I In addition to continuing a number of ongoing research
studies , several new projects have been initiated this year. The

- activity in theoretical chemistry on molecular structure and reac—
tivity is continuing with the addition of a new study on the appli—
cation of Pad~ approximants to perturbation theory . Further prog—
ress has been made on phase transitions , viscous flow, and t rans —
port theory and laser intensity correlation spectroscopy . New

L projects in the area of wave phenomena include analysis of the
scattering of surface waves by a submerged sphere and scattering
from rough surfaces. In addition , hydromagnetism in the ocean and

- 
-
~ interfacial transport across structured membranes represent further

- - 4 new areas of interest. The research is carried out th rough the
- part—time efforts of nine senior scientists, in several instances

with the collaboration of scientists in other divisions and at
• ~ other institutions not funded by the APL IR&D program.

Eight unclassified journal publications were issued during
the present reporting period, and nine others were accepted for
future publication. Dr. V. O’Brien, a member of the Group, was
elected to Fellowship in the American Physical Society and invited

- 
to be a member of the National Research Council Research Associate—
ship Evaluation Panel. Dr. M. H. Friedman , Supervisor of the Group ,
was invited to Stanford University for two months as a Visiting
Scholar; he continues to serve as (part—time ) Associate Professor
of Ophthalmology in the Johns Hopkins School of Medicine.

I. THEORETICAL CHEMISTRY : MOLECULAR STRUCTURE ANT) REACTIVITY

~ :: P.Lag~’LammaUc technique6 o~ many-body pvttuitho2i.on ~tJzeo’ty
hLwe bwt expeoLted £°n~ 

.the de.te ’unLna.ti~rnt o~ ~he eLtc.t.’to n.Lc 6.t ’tuc-
— 

- 06 a~tom6 and mo~ecuL~A. C~a~~Lca2 dynanu caZ t~~j ec.ton4J cLzLeu-
• ta.t.Lon4 Iuwe been pe~~oi~.med ~to exam~ine ~~ac.tLve and hteLao~tLc- - aoLtWon4 between t~uo hydn~ogen mo!2cuLe.s.

- 
- The electronic structure of atoms and molecules plays a

I dominant role in chemical reactivities. Since chemical reactions
-

• ~ ~~ • pervade the fields of combustion , propulsion, and other energy—
related phenomena , a detailed understanding of these processes is

- 
important for future DoD and civilian applications . The studies in
theoretical chemistry are a continuing effort  to develop methods

, 
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for quantitative considerations of molecular structures and reac— Jtivities.

I - One of the goals of atomic and molecular collision studies
is the calculation of cross sections and rate constants for inelas—
tic and reactive chemical processes with sufficient accuracy to pre—
diet or reproduce results of experimental measurements. In a
chemical collision system, the second Born—Oppenheimer approximation
is usually invoked to separate the equations governing the motions
of nuclei from those of electrons. Thus the motion of the nuclei , - -

which comprise the dynamical system under study, is assumed to be
governed by a potential energy function or surface corresponding A- -

to the quantum mechanical solution of the app ropriat e molecular 
- .electronic problem. Since , as we have shown , the results of colli—

sion or scattering calculations are usually quite sensitive to the
detailed nature and propertie s of the potential energy surface em—
ployed (Ref. 1), it is essential that the most accurate and realis—
tic pote ntial surfac es be generated for use in dynamical studies .
One solution to this problem is our application of many—body per—
turbation theory to the electronic structure of molecules (Ref. 2).

We have developed the technique of applying many—body per-
turbation theory to determine the structure of molecules from pre—
liminary calculations restricted to two—body interactions (Refs . 3,
4, and 5). We truncate the perturbation series after third order
with higher order contributions included by means of denominator
shifts (Ref. 6) .  In the many—body approach , the correlation energy
is developed in terms of several diagrams representing the various
types of interelectronic interactions . Such diagrams are particu—
larly useful for translating algebraic expressions into extremely - .  

-

efficient computational schemes for use on the computer.

Our subsequent calculations (Refs . 7 and 8) encompass the
• • rigorous evaluation of all diagrams in the many—body perturbation

series for the energy through third order , including all the many— 
•— -

~~~ b ody effects that arise . In addition to achieving a balanced de—
scniption of the system, the inclusion of all many—body effects per—
silts the development of rigorous variational many—body perturbative
schemes for constructing upper bounds to the energy . The absolute
accuracy of the results obtainable is directly dependent on the
quality of the basis sets employed . However , the agreement with
singly and doub ly excited configuration interaction results for
neon is within.l l% for our perturbation scheme and within 2.3% for
our variational scheme (Ref. 9). This demonstrates the inherent
power of the diagrammatic perturbation method.

In developing the many—body methods for molecular applica—
tions, a number of aspects must be considered. One of these involve s

— 1 6 —
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the use of modified potentials, rather than the standard Hartree—
- Pock potential, for the determination of excited state onbitals.
& Although it is possible to tailor these orbitals to some physical

~•1 F ~ feature of the system under study by using a modified potential,
I -

~ ~ 1 we find (Ref. 3) that the modified and standard potentials yield
total electronic energies within 1 kcal/mole of one another when

-~~ the perturbation calculations are performed through third order
with shifted denominators. This shows that the costly integral
transformation , required when a modified potential is used, can
be avoided without significant sacrifice of accuracy. By includ—
ing three—body and four—body contributions to the energy, we have

~ - strengthened these results by providing an upper—bound criterion
with which the results can be judged (Ref. 10).

I Currently, this work is being extended to include applica—
- - tions to excited state species, open—shell configurations, and de—

- 

I 
generate energy levels. These extensions should bring the diagram-
matic many—body perturbative scheme into use for the calculation
of potential energy surfaces corresponding to collisions between

- molecules in ground states or excited states.

- 1 Principal Investigators: D. N. Silver, S. Wilson, N. J. Brown,
and R. J. Bartlett. Dr. Silver is a senior chemist In the

I Theoretical Problems Group of the Research Center. Dr.
Wilson held a postdoctoral appointment at the Applied
Physics Laboratory during this year. Drs . Brown (Univer—
sity of Calif ornia , Berkeley) and Bartlett (Batelle

I Memorial Institute) are not funded by the program.
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APPLICATION OF PADE APPROXIMANTS TO PERTURBATION THEORY
• The anaZy~ti..c c~o~vtinaat~on ~tecJuvLqae~s o~ Pad~ app ~torJ mantA

an~ app Z4ed .to .the RayIe.~gh-SchwcU.ngek p e~~wthat~on titeoky 6ox the
enexgy o~ a~tomo and moZ~e.ute6. IL ~L4 demon4ttaLed .that the a4e 06.tht (N+l/N] Pad~ appnox2rnanLo e.UmLna.te4 a cv~taLn wthiJiEa.f lA.nt44 ~ôt - -

- the 4p Utang 06 .the kno~wz exact HasnUton~an ii~to wip v~tim.bed and
pe .ttzmbed pa tto. -

Rayleigh— Schr~dinger perturbation theory provides a con—
venient method for describing the corrections to indepen dent parti— -

- d c  models of the electronic structure of atoms and molecules. Al—
though the exact Ramiltonian is known for these systems, the

- correspondi~~ wave functions are not known. The perturbation theory
approach to these problems is to choose a suitable zeroth order

- 18- U ,
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7 Hamiltonian, HO, whose eigenfunctione are known and to consider
- I systems described by Hamiitonians H0 + AR1. For problems where

the exact Ramiltonian, 3C, is known, one chooses ~i 
— 3C — H0 so that- -.- the exact Hamiltonian is recovered at A — 1. Considerable freedom

exists in the choice of H0; for example, one might modify a given
H0 to produce a change of scale and a shift of origin in the zeroth—
order energy spectrum , provided Hi i. suitably modified so that 3C

— is recovered at A — 1. The exact energy for these systems is written
1 as a power series in the variable A . In practical applications , the

power series must be t runcated at so,e finite order, M, omitting a
- - residual contribution of order 0(AM~~).

‘ We have found that [P/Q3 Pads approximants provide useful
• alternative representations of the energy . If P + Q — H , these ap—

- - proximants can be determined from the 14th order series , and , more—
- 

- 
over , each of these a~proximanta also only omits residual contribu—
tions of order O ’( A M

~~). Thus , the question arises as to which of
- these approximants one should use to estimate the energy. The first

- • 
suggestion that an appropriate representation could be selected on

- the basis of the behavior of the various approximants under arbi—
- : 

— - trary changes of scale and/or origin in the zeroth—order operator
- - became apparent to us during some exploratory numerical studies.

As noted above, the exact Hainiltonian is recovered at A 1 so that
- • -. 

these changes will not affect the exact energy. However, trunca—
- ~ tion at a finite order can produce an apparent dependence of the

- 

~ energy on these changes. In fact, numerical analysis of the 41—
term series for the H ion shows that the only entries that do not
depend on these changes belong to the class of (N+1/N1 approximants
for all the values of N available. We also demonstrate that this
invariance is a direct consequence of the transformation relations
among the coeff icients in the unmodified Hamiltonian and those in

- the shifted—and—scaled Ramiltonian and are totally independent of
the actual values of the coefficients . Thus , the use of the [N+l/N]

- Pads approximant eliminates a certain arbitrariness in the splitting
I of the Hamiltonian into unperturbed and perturbed parts , which sug—

j  gests the appropriat eness of this representation . This work has
- - 

been submitted for publication (Ref. 1).

~ I Principal Investigators: R. A. Farrell , D. H. Silver, and S. Wilson.
Drs. Farrell and Silver are senior physicists of the Theo—

• 
retical Problems Group of the Research Center. Dr. Wilson

I held a postdoctoral appointment at the Applied Physics
- 

• 
Laboratory during this year.

- 
- I Reference

1. S. Wilson , U. N. Silver, and R. A. Farrell, “Special
Invariance Properties of the [N+ 1/N] Pads Approximant

- 
- - I 

to the Rayleigh—Schrodinger Perturbation Expansion,”
• submitted for publication in Proc. R. Soc.
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SCATTERING OF SURFACE WAVES BY A SUBME~~ED SPHERE

The p wbLem o~ ~he ~ca.ttui.ng o~ 4W~ 4CL tOavu 4Jt a non-
vcocou4 , £ncompn.e~&i.bLe 6Lwd 06 2n~~itL.te depth by a duUy 6Ub -
me.*g~4, n2g4d, 6WAona~uj 4phvce ha~ been ~otued ~Ln thLo woick. The
4oZu.t~on c6 expkeo oed ut .te.’cmo o~ an 4nf ~nJ.~te ut 06 Z~nwr. atge-
bMA.c equati..OPLA 60k the ezp aat4ton ooe ~cA.e.n t4 ut âphtnA.caL hak-
mon.tc.6 o~ the ~J 9J.0c.4..ty p oten.tazt. The 4cdttenAng c/woo 6tt2.ti.Dn 1*46
betn evoiua.tg4 nuneen2catty and Lo 4hou~l .to peak 601L va&LeA o~ .the
p i*oduc..t o~ .‘tad2uo and i~~ue numbe.~ oomewhat £eu than wt.~.ty. At6o ,
the Boiut app oxA.ma.t~on .to .the. c.~~6o 4ec.t4~on L6 obtained ot cloud
601cm and corn p o.-’ced wL-th the exact 4OLu.tLOn.

The problem of determining the influence of a submerged
body on the ambient surface wave structure (and the converse prob-
lems of the influence of surface waves on a submerged body) is an
old one , going back almost a century to Sir W. Thomson and Sir H.

- 

• Lamb . But while a great deal of effort has been devoted since then
to the solution of various special cases and the development of a
variety of approximation methods, one of the simplest and most jut—
portent cases has remained unsolved : the modification (i.e., scat—
tering) of a surface wave by a completely submerged , rigid , ste.—
tionary sphere .

The present work (Ref. 1) provides an exact solut ion to
this problem for a homogeneous, incompressible, nonviscous fluid
of infinite depth and infinite extent . The approach is to cast the
equation for the velocity potential into the form of an integral
equation. The integral extends over the surface of the sphere and
has as its kernel an appropriate Green’s function; an explicit ex—
pression for this function was obtained in ICochin ’s pioneering work
(Ref. 2) ,  rederived independently by John (Ref. 3), and fur ther
developed by Wehausen and Laitone (Ref. 4) . Expansion in spherical
harmonics of the Green ’s function and the velocity potentials of
the known incident and unknown modified wave permits us to evaluate
the integrals analytically and leads to an infinite set of linear

- -• algebraic equations for the unknown expansion coefficients. As
long as the center of the sphere is submerged by more than about a
sphere diameter , only the first few harmonics contribute signif i—
cantly , and the corresponding coefficients are readily found by
truncating the expansion. The equation of the free surface , which
embodies the desired modification of the incident wave, is obtained
directly from this modified velocity potential . This approach makes
it easy to calculate both the total and the partial scattering cross
sections of such a submerged sphere.

We have also calculated (Ref. 1) the Born approximation to
the scattering cross section. In this approximation, the unknown
velocity potential in the integrand (on the surface of the spherical
scatterer) is approximated by the known velocity potential of the

-~~ —20 —
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- ; incident wave, thereby . ‘ducing the problem from an integral equa—
tion to the evaluation of an integral. This integral can be eval—
uated in closed form as a very simple expression involving modified
Bessel functions, and we show that it leads to a good approximation

1 to the exact scattering cross section. In addition to providing a
simpler method for calculating the cross section when great accu—

• racy is not required , the Born approximation can also be used to
I interpret physically the qualitative features of the dependence of
• the cross section on the two dimensionless parameters: The ratio

of the depth of the sphere center to the radius, a, and the ratio
j  of a to the surface wavelength.

- 
- 

— 

One of the most striking characteristics of the cross sec—
- - t ticn for the scattering of a surface wave by a submerged sphere is

I that , as a function of the product of wavenuuiber and radius , it has
a single pronounced peak. This is in sharp contrast to the many• I 
well known cases of acousti c and electromagnetic waves scattered
by spheres, where the cross section has an oscillatory structure
caused by diffraction. The reason that these oscillations are
largely washed out in the present case of surface wave scattering

1 lies in the exponential decay of surface waves with depth.

The same approach that has produced these results is likely
to succeed if the sphere is in uniform, horizontal motion under

1 laminar flow conditions and if the sphere is replaced by a spheroid.
This work will be presented to the November meeting of the American
Physical Society at Eugene , Oregon , 22—24 November 1976, and has

I been submitted for pub lication.

Principal Investigator: E. P. Gray . Dr. Gray is a senior physicist

J in the Theoretical Problems Group of the Research Center.
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SCATTERING FROM ROUGH SURFACES

r1 A va 2a.tionol pn2nc~pLe ho developed 60k pked4.ct~.ng $J *e
— 

4catte/rA.ng~~ eLec.twmagnet~c icadAation 6Mm tandom 1cough 4ak6a0.u
4cLch a6 .the oc.ean. Tk~4 p 2nc4~.p te p .wv~de4 a technLque 60k £utp’wv-ôtg .the nzou~tto o6 o.theIL piced.LctLve rne.thodo and ul.oo p kouLdeA aquan.tLta.tLve meaowte o~ theA/c. ac.cim~cy.

The theoretical description of the scattering of waves by
statistically rough surfaces continues to be of interest in many
areas, including satellite altimetry, radar , sonar, characteriza—

4 tion of amorphous surfaces, and characterization of optical sur—
faces. Considerable progress ha. been achieved in recent years,
but it remains true that analytical treatments continue to be ap-
proximate. As in the case of sutooth surfaces , an integral equation
relates the field at an arbitrary point to the field and/or its
derivatives on the surface. In general, two kinds of approximations
are involved: (a) the field and/or its derivatives at the surface,

— and (b) the statistical (roughness) properties of the surface. We
- 

• 
regard the statistics of the surfa~e as given and develop an expres—sion for the scattered amplitude that is insensitive to (small)
errors made in approximating the surface field.

The initial step is to note that for fixed (nonstatistical)
surfaces one can write a variational principle for the scattered am—
plitude, T, in the form

N N
Ta 1 2 , (1)D

where N1, N2, and D are surface integrals whose integrands depend
on the fields. If the exact surface fields are used and the ampli—

- —~ tude of the incident plane wave is set equal to (—i), T N2. Thus
the closeness of Nj/D to unity (for incident amplitude (—i)) is a
measure of the quality of any approximate surface field. Straight-
forward application of Eq. 1 to statistical surfaces would require
evaluation of averages of the fo rm <$1 N2>, which would be formida-
ble. Fortunately, we have been able to circumvent this difficulty
by demonstrating that the expression

(N1> ~ 2 >RD > (2)

provides a variational principle for the ensemb le average T , and
that when th. amplitude of the incident wave is set equal to —i ,
the closeness of (Nj)/(D) to unity is a quantitative measure of

- 2 2 - 

. - - — - - — — — ~~~
—-- - - - - -



PI~
___ __
I,r

_ __ — -r-- ’—”- ~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ——— ~~ - -—-— ‘- —,—• ,—• —- -•—_T - — _ - 
~~~~~~~~ ~- - — -  - • - — - • ._—.—~.._ 

_ __w— __—•——_ •,_-- - _ - - . - — • —  ‘— - — — ~~~~~~~~~~~~~~~~~~~~

THE JOHNS HOPKINS UNIVERSITY

I APPUED PHYSICS LABORATORY
LAUR EL MARILAN O

accuracy. Evaluation of the ensemble averages in expression 2 are
I-; st raightforward , although non t rivial , and applications of 2 to
-
, 

- specific probleme are curren tly unde rway.

I We illustrate the method for a scalar field whose normal
derivative vanishes on the boundary. The initial results of this
investigation have been submitted for publication (Ref. 1).

I Principal Investigators: R. A. Farrell, E. P. Gray, and R. W. Hart.
Drs. Farrell and Gray are senior physicists in the Theo—
retical Problems Group of the Research Center, and Dr. Hart

~ 
is Chairman of the Research Center.

i Reference

1. R. W. Hart and R. A. Farrell, “A Variational Principle
for Scattering from Rough Surfaces” (submitted for1 publication to IEE—AP).

-r INTERFACIAL TRANSPORT ACROSS STRUCTURE D MEMBRANES
IL 

Memb/cane .tnan4po ’c.t ho impottan.t lo a ~~de vwrAe2y o~ d2~-
e4p eAne.o, n.angi.ng ~.tom de.~soJ..Znat2on and eneicgy convvc.o~Lon .to gen-
v~ae p hyoAotogy. An e. wvti.42 £ea.tw’c.e °6 membic.anea, Who4e 4 f l~~~ 0k-

—‘ lance ha~ nol aiwaijo been f l.ecogn.Lzed , ho theLic. he.texogeneA.ty. Theobjecaveo o~ thho xeoea,tdz a~te to £den-t,4~j and 4Otve oic.tan.t
T 4l~ucl&~e-keZa.ted p/cobLemo ~cn membxane chaicac..tvrAza.tLon, the p’ce-
.
~~ &c.tLon 06 memb’cane pvc.6o ’unance, and the deo Lgn 06 i~t.tt/c.6c.cJa2 de-

— v c.cto. DcmAng the p ao t ywc., a mathema.t~co2 analy4ho 0~~~ tkan6 p olLt
ac.ko04 oVr2eo-p w~.aLZeL 6.t~tuc.tuxeo hao been developed. In addi2Lon,
baoed on ea.nliex theo’c.el2col o-tud.-Leo °6 .tic.an4po nt ac/c.ooo helvw-
pon.ou4 memb raneo , a novel and ve~oaUte memb’cane .-tkan6p o/c.t cztf.

- hao been developed.
411f In developing a model of structured membranes , a t rade—off

must be made between fidelity (the representation of the system as
- a highly interconnected network of paths whose transport properties

may vary) and characterizability (the availability of experimental
data that can be used to evaluate the parameters of the model) .

- For systems of practical interest , experimental data are available
- to support only the most primitive structural models. Accordingly,-. the simplest model possessing both series and parallel organization

• . - was selected for initial study . The model cons isted of two dissiini—
— - lar membranes in series , in parallel with a third membrane . The

questions posed were : What is the best experimental protocol for
characterizing the individual components of this system, what in-
formation is available from conventional characterization techniques,

~

• 
~~~ • and how can the model be used to predict transport behavior?

¶ 
~ — 2 3 — 
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It is convenient to couch the discussion in terms of a
biological cell layer, to which the initial model is apparently
similar. Here, the two series membranes bound the cytoplasm,I 

- and the parallel element is the intercellular pathway. The sys-
tem is ideally suited for examination because it is known to be
asysmetric and because considerable experimental effort has been
expended to characterize such layers . To date , we have con—
etructed a model of an “epithelium” and examined the ability of
experiments to yield transport properties for the specific case of
corneal epithelium. We find that (a) despite the numerous experi-
ments that have been run on this tissue , not all, of the parameters
of the model can be unambiguously evaluated; (b) structure cannot
be ignored when interpretin g the results of experiments using radio-s - active tracers ; and (c) in spite of the above limitations , the model
exhibits predictive capabilities that it would lack were it unstruc-tured. A

We have developed a novel membrane transport cell to de—
teridne experimentally membrane phenomenological coefficients as .4
veil as a “heteroreflectivity” coefficient (Ref. 1) that correctsfor possible errors in the predicted flux across heteroporous
parallel pathway membranes . Laser interferometry is used to mea—

• sure the refractive index and , therefore , relative solute concen-
t rations on either side of the membrane. The t ime courses of bothvolume flow (measured usin g capillary tubes) and solute flow aremeasured simultaneously. The experimental protocol employs a con-- - stan t pressure head across the membrane , and thus volume flow and 

- - 
-

solute flow are linearly dependent on the concentration diffe rence 
4across the memb rane . Phenomeno].ogical coefficients obtained duringpreliminary experiments on dialysis tubing with sucrose as thesolute are comparable to published data. For this particular mem—

brane and solute, the solute flux error due to neglecting hetero—
reflectivity is found to ‘e negligible. Experiments with other
solutes and membranes are planned.

- ‘4 Principal Investigators: M. H. Friedman and R. A. Meyer. Dr.
Friedman is the Group Supervisor of the Theoretical Prob-
lems Group of the Research Center. Mr. Meyer is a senior
engineer with the Theoretical Problems Group.

Reference

1. N. H. Friedman, “The Effect of Membrane Heterogeneity
- on the Predictability of Fluxes , with Application to

the Cornea,” J. Theoret. Biol., Vol. 61, 1976 , pp. 307—
328.
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- - I VISCOUS FLOW AND TRANSPORT THEORY

~ I :~ ReUabte e~&.tbna.teo 06 £Low and .t’w.no p 0/cl p a/came.te..’co a/ce
nece44a/cy lit many .tecluvLca.L app Uc.alLono bul air.e o~.ten d~66i~LLtt

- lo ob.tc2n when ~they neceooUale coiwple.te vhocouA oolu.tAono 10 Ike
NavWc.-Slokeo equatLon and Ike convec.tLve tican4po 4t equation.

I Combi.n).ng anolytLa and nwwr2caL techniqLLe4, we have 4acceoo6uJly
add ’Le4oed p ’toblemo Lnuotvlitg oepa.w.tLon l.n o.te~dy and wt6 teady
610w, puLsatA2e 610w .tkw ugh oitthogoncl b ’tancheo , and veloeLty
and 4calak ttanopo .tt ~.Leldo .ut nonci~ .u1o.x duc.to .

‘I Our analytic investigation of two—dimensional (2D) steady
separation in Stokes flows between eccentric cylinders, either of

1 which is fixed while the other rotates , produces insight into sepa—
.1 ration phenomena on rounded surfaces of either concave or convex

curvature. The recirculation regions, including the angle of

J separation streamline departure, are functions of the cylinder
pairs, not the radius of curvature of the stationary wall per se.
However, there are universal relations among the separation stream-
line angle, the null vorticity curve, and the null along—wall ve—

I locity component curve, and these 2D relations apply to other
‘ö laminar curved boundary flows , including those at a higher Reynolds

number. This work has been submitted for publication (Ref. 1).

I Unsteady separation is less well characterized theoreti-
cally, but numerical simulations of oscillatory flow in simple 2D
geometries show features often revealed in more complex flow situa—j  tions. The local results near the stagnation points of the recir—
culation regions are fully consistent with our steady separation
theory, even though the stagnation points may migrate along the

I solid surfaces, as described in one of our recent publications1 (Ref. 2).

• 1- y We have also used our “unsteady” numerical method to cal—
j  culate pulsatile flow through an orthogonal trifurcation; this study

is being written now for publication. A series of calculations
was made for a simple pulsatile flow with the same dynamic parame—
ters , Reynolds number , and Stokes number as those we used pre—
viously (Ref. 3) for a symmetric bifurcation so that comparisons

- 
- could be made. The width of the orthogonal side branches and the

outflow through them were varied. Although there are quantitative
differences due to geometry and flux partition, certain similari—

- - ties of wall shearing stress distribution at the branch corners.. and near divider tips were made evident.

Velocity fields in fully developed parallel flow in
- - straight ducts of simple cross—sectional shape can be found analyti—

‘H cally, for steady flow or unsteady flow in some cases. Other shapes

— 2 5 —
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are int ractable analytically, but we have obtained the velocity
solution by finite difference approximation, as described in de—
tail in Ref. 4. We tested the accuracy of the finite difference
approach by comparison to analytic solutions in the simple ducts, - 

—

- 

- and we obtained new solutions for a variety of noncircular ducts.
The advantage of the numerical technique for oscillatory flow is
a considerable saving in computer time . By Fourier superposition,
any periodic flow in an arbitrary duct can be synthesized.

Fully developed steady thermal fields for straight ducts - -
- 

-

- 

I of arbitrary section with constant longitudinal mean temperature
gradient can be derived from the steady velocity field determined ‘H

- 
- above. The convective transport equation takes a relatively sim—

pie form , and we have evaluated the solution numerically for a
variety of wall—temperature distributions, as described in Ref. 5.
Uniform wall temperature results duplicate analytic results for —

simple shapes quite accurately, and the thermal field in arbitrary - -
-

section shapes can be found as readily. Extended surfaces, achieved 
-~ -

by attaching a longitudinal fin within the duct, have produced some
surprising heat transfer results , particularly if the temperature 

- 
-

distribution on the fin is not uniform.

By the well-known analogy between heat and mass transfer,
the numerical techniques a~’e equally applicable to concentration
fields. The fully developed mass concentration field theory may
lead to improved blood—dialysis devices and/or heart—lung machines,
as described in Ref. 6.

Principal Investigators: V. O’Brien and L. W. Ehrlich . Dr. O’Brien
is a senior physicist in the Theoretical Problems Group,
and Dr. ~hrlich is a senior mathematician in the Applied
Mathematics Group of the Research Center.
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HYDROMAGNETISM OF TIlE OCEAN

Ocean mot~on6 aivw-e~-o arnb.Len.t magnelLc. 6-Le~&L6 A,ndace
e2ec.t ’L.Lc cwu,,en.t4 An Ike 6ea and 0.64 oc.Laled magnetLc 6.LeLdA An
Ike enuLxonmenl .tha.t axe. ice.adLly mea4 wzabee, .tkou.gh 4maU, and 06

I A..Ivtexe4I Lox vaf t2ou6 geophy4.Le.ol, oce.anog/cap h.Lc., and Naval pxob-
tems. The. ocean motLon~s may be eLtkex .tito4e 06 nalwwl o’~2g.Ln on.
one.6 a~4ocLc2ed wLth movLng bodLe4; .the ambLenl rnagne..tiAm £4 Ike
etvt.th’4 ~LeZd and Ihal 06 Ike body £6 magnelLzab&. The xe.6t~ tLng —

J ~zLde va4Le.tLeAs oL ocean.-Lc kyd~r.omagnetJ..am ha ve been 4atveyed and
4 e~stLnwled Iheon~.l.LcaJ1y An oxde..t Ic £6oLale po lentLatty ~4~gn.L~.L-

c.an..t phe nomena Lox de.tai.Led 4Iudy.

Seawater has a moderate electrical conductivity such that
the interaction between oceanic flowfields and ambient magnetic
fields induces small but significant hydromagnetic effects in the
ocean environment . A multitude of such oceanic hydromagnetic

- phenomena arise from the diversity of possible natural or body—
related flows interacting with the earth or body magnetism. In

- consultation with the SSBN Security Program, we have assayed to
survey the manifold of possible effects and to estimate nuineri—
cally the importance of each from a fundamental theoretic stand—

- fr’ -‘ point. The basic physical principles are well established and
mathematically formulated in the combined Maxwell—Navier—Stokes
equations of hydromagnetism.

- J Oceano—magnetism (OM) differs from more familiar variants
of hydromagnetism in that the conductivity, ambient magnetism, and
flow scales fall far from the extremes encountered in usual labo—

- ratory or cosmic applications. The majority of OM effects are
purely inductive, but we have also considered the possibility of
radiative and other phenomena. We discuss only the inductive ef—

• fects here.

- We consider the OM induction phenomena arising from the
- 

natural ocean motions:

- - 1. Surface gravity waves (SW), from local winds (sea)
or distant storms (swell);

- 
2. Internal gravity waves (1W);

— 27 —
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3. Ambient acoustic waves (AW); and - -

4. Sea currents and tides; 
-

and those related to passage of a body through the sea:

5. Mean flow of seawater through the body magnetic field;

6. Potential flow due to hull displacement ;

7. Wake flow, from turbulent growth near the body to - - -
- 

- collapse in the far region; and

- 

- 8. Propagated disturbances, due to body—generated SW,
IW, and AW. 

-

These phenomena include both nonpropagating effects and inductive
effects propagated purely mechanically via the ocean wave motions
(SW, Ml!, 1W above). The propagating induction, termed “ON pseudo— • 

-

radiation,” will be presented here as an example of the general - 
-

survey and results.

The ON pseudoradiation (1, 2, 3, 8 above) expressed in
terms of plane waves can be categorized in terms of the dispersion 

- -relation of the generating ocean wave (SW , 1W, AW) , as shown in
Fig. 1. To the left of the diagonal dashed line a quasi—static -

‘ 
-

approximation holds, while to the right a nonstatic limit obtains -
-for long wavelengths. A simple estimator for the size of the OM -

effects is derived for either limit that smoothly interpolates
through the transition region. In this way, the SW— and 1W—induced
ON effects of import for geophysical studies, for example, are dis—
cussed in a simple and unified manner. Further, the AM—induced CM

J wave , or “sonomagnetic” pseudoradiation , is found to be of peculiar
interest in the infrasound regime (Fig. 1). Whereas the purely
sonic field (AW) is essentiaUy confined within the ocean , the sono—
magnetic pseudowave radiates into the air above the sea, particu— -

larly at infrasonic frequencies. Considering the utility of air- -~~

borne observations (e.g., Project Magnet, cf. Ref. 1), we have -

analyzed the sonomagnetic field in detail in a paper in preparation.
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~ 1O~~ 
-

(Swell)
‘1 g 1W \ 50C m

Vertica l scale lengths1 i0~~~ - —

1 O~~ 
— 
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— 
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-

- Fig. 1 Acoustic (AW), Surface (SW), and Internal (1W) Ocean Waves. The
‘- various waves are represented by their dispersion relations (solid lines)

- for ocean depth (D), pycnocline depth (d). density change (&p) , sonic- mode (Q), with 1W curves truncated at the Brunt-Vaisala frequency for
25-rn-thick pycnocline. The dashed line separates quasi-static (left) and
nonstatic (right) regimes of OM pseudoradiation.

Principal Investigator: 3. F. Bird, in consultation with H. Ko.
Dr. Bird is a senior physicist in the Theoretical Prob—
lems Group of the Research Center. Dr. - Ko is not sup—

- - ported by the IR&D program.

Reference
-

- i 1. 1. A. J. Zmuda (ed.), World Magnetic Survey 1957—1969,
IUGG Publication Office, Paris, 1971.
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PHASE TRANSITIONS

RecuM.ence n.eLatLon& axe dei~2ved .tka.I enab ee u6 10 obloAn
-the dena.ty we4gk.t ~ac.tox~ needed .to evalua.te Ike v~Wat exp ttnü.on
06 Ike tuo cU.6cxete-6ta.te Th~.Lng mode26 06 p luue t ani,LtLon4 Ihiwugh
.ten.tk c.tdex ..&z ~nve.tse tempe.~ataxe. The &ume-Eme.ty-G’r26~J ..tIz~ 

- -

model £4 a genen.aUza.tLon 06 Ike 6pc n-one U. e., I ee-dLseke~te-
41a.te) I64.ng 4y-6.tem, and A.n ano*iteit ó.tudy we have ezp to4.ted ~i.toxe2atLon .to Ike .tkn.ee-compo nen PoIt4s model lo obIcAn a h2gh-
Iempeita.tuxe 4e.k4~e4 Lok Ike 6xee ent~~y hiwuBh e2gh.th on4ex £n £n-
veA4e ternp e.M..tJ.mL.

The Ising model has long been recognized as useful in
clarif ying the fundamental nature of phase transitions. The exact
solution of the three—dimensional , two—dis crete—levels—o f—interac-
tion Ising model remains unknown, but several of its properties
have been deduced by deriving series expansions for the quantities
of interest and using sophisticated analytical techniques for cx—
tracting the asymptotic behavior of these series at the transition
point. During the past year we have been deriving the coefficients
in the high—temperature virial expansion for the Ising model, in

- •
- 

- 
collaboration with Prof. P. H. E. Meijer and Mr. P. Esfandiari of

-
- 

- The Catholic University of America. The terms in this series can
be related to a sum of diagrams composed of circles interconnected
by bonds (Ref. 1). The diagrams systematize the expansion since
the temperature dependence enters only through the bonds (each bond
is assigned a weight equal to the interaction energy divided by the
product of absolute temperature and Boltzmann’s constant), and the
dependence on density enters only through the circles (each circle
is assigned a weight that is a polynomial in the density). The
diagranunatic expression for the free energy, exact through sixth
order in inverse temperature, is given in Fig. 1. The factor to
be assigned a circle depends not only on the nuzrber of interaction
bonds leaving the circle but also on the articulation order of the• circle. The diagrams with articulation circles in Fig. 1 are con—

- ) tam ed within the square brackets, and a kth order articulation
circle is one that upon its removal from a (connected) diagram
causes the diagram to separate into k disjoint parts.

During the past year, we have extended Eq. 1 (Fig. 1) to
include all diagrams needed to calculate the free energy to order
(T) ’ lO-and have determined the appropriate density factors (Ref.  1).
The first task was to list the 428 topologically distinct diagrams
with 10 or fewer bonds . The primary difficulty involves recogniz-
ing diagrams that are in fac t topologically equivalent but appear

- - to be distinct because of the way they are drawn. The connectivity
of a diagram can be represented by a matrix, and certain invariants
of these matrices are used to recognize topologic,’ equivalence.

-
~~ I

- 
-
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Fig. 1 Diagrammatic Expression for the Virial Expansio n of the Free
- 

~ T Energy (F) of the Lattice Gas. Here L is the number of lattice
1 sites, p is the number density of occupied sites, ~ is the usual

Boltzmann temperature factor, and 0(T 7) denotes that the
next terms are of order temperature to the minus seventh
power. The weight assigned an articulatio n circle (cf . text)
is zero if one of the pieces of the diagram that it interconnects

;~
- . y has but one line connecting the piece to the diagram. This fact

3 has been used to eliminate diagrams such as . . . , .—~~~~ ,etc. from the list.
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Our most difficult task in evaluating the free energy
from the diagram. is determining (Ref. 2) the density weight fac—
tors that account for the fact that , in the Ising model, two
particles are not allowed to occupy the same lattice site. A
general lemma for calculating these factors had been reported
(Ref. 3) showing how these factors depend on the articulation
order , k of the circle , and on nj ,  th. number of interaction - -

bonds that connect it to the ith aisj oint part into which the dia—
gram separates when the circle is removed, j  — 1,2 ,...,k. It was
shown that if k ~~2 and one or more of the nj’s is equal to one, - -the weight factor is zero. Thus , calculat ing to tenth order in • —

temperature involves articulation circles whose orders are ~ 5.We use the general lemma to derive recurrence relations for
evaluating the density weight factors for nonarticulation circles
and for articulation circles of order two and three, and we eval—
uate the leuma directly for the necessary fourth— and fifth—order
circles. The incorporation of these results into a tenth -order
expression of the free energy is nearing completion and will then
be submitted for publication.

- - The above expansion will permit us to examine new prop—
erUe. of the two—discrete—state Ising model that has shown re— - -

markab le agreement with experimental studies of many phase transi-
tions . The three—discrete—state Ising model is a more promising

- 
- candidate to elucidate the natur e of the transition and phase

separation in 3He— 4Ee mixtures and of the class of materials known
as spin glasses. As with the two—level model , the exact solution
to the three—level model is unknown so that the developing of
series expansions is a significant problem.

In collaboration with Prof. It. I. Joseph (The Johns Hop—
kin. University), we have also considered (Ref. 5) the generalized
spin—one nearest-neighbor Ising system,

— 03C — K E (S18 + ~s~
2s 2) + BE (hSk + ASk) , (2)

(i,j) k

where X is the Hamiltonian, B is the Boltzmann temperature factor,
K — BJ with J the interaction energy, S is the spin (state ) van —

- - able that takes on the values ± 1 and 0 , n is the biquadratic ex-
change, h is the “field,” A is the anisotropy, and (i ,j) denotes
that the sum is over nearest—neighbor pairs. This system is called
the Blues—Emery—Griffith. model, since these autho rs studied it in
the mean—field appçoxiaation to elucidate the tranaitioi- and phase

- 
- separati on in 3H — ~Eii. The Potts model corresponds to Eq. 2 with

n — 3 , and several term. are available in the s.ni.s expansion of

- 3 2 -
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- - ~ I its free energy in the variable u — e2K — 1. As with the spin 1/2 -:

& Ising system , the coefficients in these series derive from a spa—
cific set of diagrams . We have related the Hamiltonian of Eq. 4

I for general ~ to this same set of graphs and have shown that
3 factors of the form (u t (l + g(~) ] )  in the Potts model are replaced

- by factors ([eK(~~l) — l) & + u g(m)}. These factors are asso—
-~~ ciated with diagrams having £ lines and m points. Takii~g this

~ into account , we are able to write down the first seven terms in
I ~ the Blume—Enmry—Griffiths series on loose—packed lattices by in—

spection of the Potts model series and with a modest amount of re—
1 calculation obtain the eighth—orde r term. This eight—term series

will allow us to examine the behavior of the model throughout most
of (h ,A ,r~,K) space , although the series may be too short to study

1 r beh avior in the immediate neighborhood of critical points . The
initial work has been accepted for publication; further analysis

~ 
* and extensions of the series will be the subject of future studies.

I~~~~ _ _ _ _ _ _ _ _
-
~ Principal Investigators: R. A. Farrell, P. Esfandiani, R. I.

Joseph , and P. H. E. Meijer. Dr. Farrell is a senior
physicist in the Theoretical Problems Group of the Re—

i search Center. Mr. Eafandiari was a graduate student
at The Catholic University of America, Dr. Joseph is
Professor of Electrical Engineering at The Johns Hopkins
University, and Dr. Meijer is Professor of Physics at

- t  The Catholic University of America; these investigators
were not funded by the program.
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lASER INTENSITY CORRELATION SPECTROSCOPY OF MACROMOLECULES

New me.tkod4 an.e. de4ciu bed Lof t t~ctiiac.t1Ag uoe~ttt deo~n~p-
.tLon6 o~ pO 4dL6p e ’L4e 4ca.ttef l.Ang 4yo tem6 Lkom 4f t ~eit4Lty cOf l.k4&l-
t~on da.ta. The app~~cati.on o~ theu ve.n.&atL& nle.-thOd6 ~4 AUuo-
tko..t2d ~on~ hw,~n-6e.kwn ue ’uj -Loiu-den.~ .ty !2pop ’wttht~.

Laser intensity correlation spectroscopy (ICS) has become
a standard method of measuring the diffusion coefficient and there-
fore the effective hydrodynamic diameter of particles in solution.
Measurements of this kind are important in the characterization of
polymer solutions and in colloid science. Our capabilities with — - -

- 
- the ICS technique have been developed for application to human—

t serum low— and very—low—density lipoproteins (LDL and VLDL) in
- I collaboration with Dr. S. Margolis of the Johns Hopkins Medical

Institutions. The Heart and Lung Institute of the National Insti—
tutes of Health began support of the work on 1 June 1976.

In the intensity correlation method, macromolecular diffu-
sion coefficients are determined from the autocorrelation function
of the intensity fluctuations in the light scattered from the mole—
cules. These fluctuations arise from the Brownian motion of the
scatterers. The general form of the correlation function is C(t)
— A)g(l)(r))2 + B, where A , B , and -r are the amplitude, background ,
and delay time , respectively. For a single—sized molecular species ,
gO) (r )  — exp(—Dq 2r), where D is the translational diffusion coef—
ficient. The factor q2 is an instrumental parameter equal to
(l6w2n2/A02) sin2(8/2), in which n is the refractive index of the

- 

- 

solvent, Arj is the vacuum wavelength of the incident laser radia-
tion , and 0 is the scattering angle. ICS is presently the most
rapid and accurate means of determining the diffusion coefficient
in monodisperse systems.

The cumulant method (Ref. 1) has extended the usefulness
of ICS to polydisperse systems and provides a completely general
description of such systems. This method yields the z—average dif-
fusion coefficient (which is related to the first cumulant Kj by

— D5q2) and its variance ~2 (which is related to the first two
cumulants by ~2 — 1(2/112). We have obtained the cumulants for solu-
tions of LDL and VLDL (Ref. 2). Our results for VLDL, listed at
the top of Table 1, are in general agreement with known properties .

Often it would be desirable to know more about the distri-
bution than jus t the fi rst two cumulants. Unfortunately, light
scattering measurements lack sufficient precision to determine the
exact distribution form . However , in many instances these methods,
supplemented by model size distribution functions, can provide ad-
ditional, information. Previously, we investigated the use of a

- 34-
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- Gaussian model distribution to describe VLDL size (Ref.. 2 and 3).
This description was inadequate because, although the mean radius ,

-
~ ao, was found to be reasonable, the standard deviation, a, was not

(c f .  Table 1). We concluded that other distribution forms were
- 

- required to describe VLDL.

Recently we have found that the Pearson Type V distnib u—
tion for the radius a,

1 N(a) — 
F(p :l) a~~ e~~ (1)

- 
- 

- (Ref . 4), provides a good description of VLDL size . Moreover , the
two distributional parameters p and y are readily calculated
from Il, and K2 . In this distribution the most probable radius

- 
(where the maximum value of N(a) occurs) is amp — yip . The moments

- — of the size distribution <an) fa r N(a)da , can also be used to

H
H -

-- 
TABLE 1

I RESULTS OF THE ANALYSIS OF VLDL DATA TAKEN AT , 0 — 90° AND T - 299. 3’K

fr 
Cumulant Analysis (Ref.. 1 and 2)

L I 1(l
20 (s~~)* 1(

2
/1
1
2 ~~2O° 108* 

Diameter (nm) t

—~ 
- I 2124 ± 19 0.0635 ± 0.02 6.1 ± 0.1 71.0 ± 1.0

Gaussian Parameters (Ref.. 2 and 3)
- 1 Radius a0

(nm) a(nm)

20.5 10.0

I Pearson Type V Parameters

amp (nm) <a) (run) a (mu)

~ 1 22 .75 5583.1 24.5 26.9 6.0
*1(1 and the z—average diffusion coefficient have been corrected

: --  7 to 2O C. 
—tThe diameter is calculated from D~2° assuming spherical parti-cles.

- -

H 

-35 -

t ,. I



—

THE JOHNS HOPKINS UNIVERSITY
APPliED PHYSICS LABORATORY

LAURE L MARYLAND

- 
- 

- obtain the mean particl , radius (a) and th. variance ~2 — ((a2)
— (a)2]. Using t~4s definition for (. r), we find that (a) ” y/(p—2 )
and a — (a)/(p~3)’z . The Pearson V distribution leads to

Li
— (1 +~~t) 7 P  

, (2)

where C • kTq2/6wn . Here k , T, and t~ are Boltzaann ’s constant ,
absolute temperature, and solvent viscosity, respectively. We
find that the cumulant. can be readily calculated and are given
by 

-

and (3)

~2 — (~)(p—7) .

The values of p, y, asp, (a), and a for the sample of
- - VLDL are presented at the bottom of Table 1. Figure 1 is a plot

of a Pearson Type V distribution with these parameters . This
distribution gives a good description of the known properties
of~~~DL

I

~~~

‘

2a (nm) VLDL diameter

Fig. I Tha Pearson Type V Distribution of Diameter (2a) for the
Parameters Shown in Table 1. VLDL are known to be

-
, spherical particles whose diameters range from 30 nm to

greater than 90 nm in electron micrographs.

— 3 6 —
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J Knowledge of the form of g (l) ( r) for the Pearson V size
P ~ . distribution affords the opportunity to perform numerical experi—

ments to determine the optimum means of processing ICS data on such
- - 

-
~ I I polydisperse systems. Preliminary results, obtained after adding

1 1 ~ appropriate noise to the artificially generated correlation func—
I~ I tion , indicate that ~l is easily measured to better than 12 accu—

~ 
T racy ; however, 

~2 
i. difficult to measure with less than 10% error.

- 

~
- A complete description of the relationship between the

cumulants and the parameters of the Pearson V size distribution
4 as well as for several other useful size distributions is being

- . prepared for publication.

I Principal Investigator: R. L. McCally.- Mr. McCally is a seniorL physicist with the Theoretical Problems Group of the
- Research Center.

r
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The AppUed Ma.themtz.tL~ Gxoup 4peCLaUze6 Lit a ’rea6 o
~ca4~~caL and moden.n aiw yoL6 o~ wn~e~n to ~tke Labon.a.toky. The

gf l.Oup ouppof t2A vaa2ou.4 LaboMtoiuj p ’Wgf lAma Ln addL.tLon -to conduct-
ing ne4eaxch ~ut 4uppon2 o~ and 6unded by ~the Re~eaxeJt Cen ex ’o
IRSV p kogtam. The giwup con6i4t.S o~ £OWL 4 enLo/L ma thematLcAan6 ,
each xecognLzed a~ a ~2gnL~Lctzn.t aon.ttLbu.to.t ~to h.L4 ~,LeZd ~th ’wugh
hL~ pubV..~hed onigLno2 n.e4ea.’wite4 . Ac.tLve aXLa4 Lnc.tlLde nwne.ir2cDl 

- -

ana.ty64.4 and ~the deve.topne nt 06 c.onrpu.ta.t.vor&aL o2go ’c.UJun6, anaLg6 L6
o6 the beitavZox and o~ app .toth~v.tion o~ 4o-twtLOnh 06 pa -t-t~ae dL6-
~~QivtLa2 equa.Uon6, and ~the deve2opmen.t o6 e4tLma.tLon -techn.Lqu~~ —
Lit 4p eCL02 ~theo ’uj. App! a Lori4 have LnciLuded Lmp’wved compu~ta-
~2ona2 p .’wcedLmz& in nwneJwu4 p J wgMni a-’teab LnvoLv-Lng p an.-tLcuLof tLy
4 tkuc.twta.t and j ~LuLd mechanLc4 .

During the present year significant results have been ob—
tam ed in the stratified flow studies, our newest area of investi-
gation. Continuing important progress has been achieved in our on—
going effort  toward development of general approximation methods in
diff erential equations and estimation techniques in spectral theory .
Results are summarized in the following individual research reports
and are described in detail in five papers that have been accepted
for publication. Near the end of this reporting period, Dr. D. W.
Fox , Supervisor of the Applied Mathematics Group , began his appoint—
ment as William S. Parsons Visiting Professor in the Department of
Mathematical Sciences at The Johns Hopkins University for the Aca—
demic year 1976—77. During his appointment, Dr. V. G. Sigillito
will be Acting Group Supervisor. At the invitation of the Board of
Editors, Dr. Sigillito is preparing a monograph covering his re—
search for publication by Pitman Publishing Limited.

STEADY STATE OSCILLATIONS IN A STRATIFIED FLUID

We con4~4.d~r. ~tke 6!.wd rnotLon Lndw~.ed by 4maU 4.ttady
o4e2ta24on6 06 a body Lnm~e.t4ed Lit a ve4Uca2.ey 4tA0~t~~ ed 6-tuLd.
OWL -tkea~tmen.t o~ ~thi~ p ’tob.tem ho4 4eve/~aL a.4pec.t6. The ~‘(~Lfl.4.t i4
Ae £o’um&-ta.t~on and t o.n o ’umztLon o~ the p nob!.em 601L qaL.te wth~L-.t’w..ty bod2e4 and genei& at boundaiuj motLon4. The 4 econd -~L6 £he
4o1ut~on o~ a numbe/L 06 &iinpte p~wbeem6 in ~~ and .Clucee dij nen-
~ .oiu. Ezp ZLcLt AotutLon4 have been Lound, and ~theL-t -t.LmWng
behavüiit 6o’~ high 6- ’tequency and a.t the buoyancy ~‘Ltquen c~l ha~ been
4 tudUd Lit de taiL. ThL6 tead6 .to some new ob4 pjLvatLon6 and ~toconje ct.u’~e abou..t ~the veLoc%ty 6LeLd a-t the buoyancy ~‘Lequency .

The study of stratified fluids is motivated by the need
to understand the behavior of atmospheric and oceanographic flows
in which the stratification and gravity introduce significant

- 38 -
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buoyant forces. Of special practical interest is the study of
flows caused by the displacement of submerged bodies in the ocean .
The results described herein are of importance because they allow
us to explicitly describe the flows induced by various submerged
bodies in a stratified fluid. The graphs that illustrate the
nature of the flows as the frequency of oscillation of the body -~ 

-

approaches the buoyancy frequency of the fluid from above are of
& I particular interest.

In the present investigation, the differential equations

‘ 
are those of the linear first—order theory of disturbances about

— equilibrium with the additional approximations that the buoyancy
f requency and the density distribution may be taken to be constant.

- 

- 
The resulting mathematical problem is essentially the same as that
for small steady oscillations in a uniformly rotating fluid.

When the frequency is higher than the buoyancy frequency ,

1 the resulting mathematical problem Is transformed into a one—
parameter family of Neumann problems for the Laplacian. These
problems are solved exactly for oscillatory translations and cx—

I pansions of spheres and of long horizontal cylinders. As the fre—
1 quency is approached from above, the velocities become strongly

vertical and approach strictly vertical limiting flows. This be—

1 
havior is clearly shown in Figs . 1 to 3.

Figure 1 shows a slice through the stream surfaces for
the vertical oscillation of a sphere . The cut is made by a plane

I through the x3—axis (vertical direction) . Figure 2 has two inter—
4 pretations. First, it gives the streamlines in the plane contain—

ing the x3—axia and the direction of motion for a horizontally
- “ I oscillat ing sphere ; second , it gives the streamlines for the hori—

zontal circular cylinder with the axis along X2 oscillating in the
xj direction. The labels on the graphs are consistent with the
second interpretation . For each graph , the values of the stream
function of the streamlines shown are those taken on the body sur—

- face for values of r/&J or Xl /R~j  ranging from 0.05 to 0.95 in
steps of 0.05 , where R0 denotes the radius of the cylinder or

j  sphere .

Figure 3 shows the limiting velocities in the examples
as w , the ratio of the frequency of oscillation to the buoyancy
frequency, approaches 1+. The first graph shows that produced by
the vertically moving sphere. It is uniform above the sphere and
has a return flow outside the vertical cylinder generated by the
sphere. The se~~nd shows the same kind of result for the verti—
cally oscillating horizontal cylinder . The third graph has two
interpretations. The firs t of these is the velocity above a hori—

~
‘. zontally oscillating sphere in the plane defined by its vertical

-
- L

1 i:
1 
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Fig. 1 Streamlines for Vertically Oscillating Sphere
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(a) 1.5 (b) 1.5
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—

~~~~~~~~~~~~~~~ 

ye 
—2~0 , -.1~O o~~ 1.0 2~O

(c) 2.0 
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Por 
X3 >0  

(d) 
\~
\\

2•O 

~ X3 >0
0.5 10.5 H

— 1.5 —0.5/ 0 0.5 1.0 —1 .5 —0.5 0 0.5 I 1.5 F
X~/R0 —0.5

—1.0 -----~~ For x3<O
/—1 .5 ‘7

j  1 —2.0 1—2.0

Fig. 3 Limiting Velocities: (a) Vertically Oscillating Sphere, (b) Vertically -

Oscillating Horizontal Cylinder, (c) Horizontally Oscillating Sphere,
and (d) Radially Oscillating Sphere
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j  axis and its direction of motion . The second is the velocity
above a horizontal circular cylinder oscillat ing horizontally per—
pendicular to the axis of the cylinder. The velocities below the

- horizontally oscillating sphere and cylinder are the negative of
those above. The last of the graphs also has two interpretations:

- the motion above and below the radially oscillating sphere in a
t vertical plane through the x3—axis or the motion above and below

- the radially oscillating horizontal cylinder. In this figure , U
- 

denotes the magnitude of the prescribed velocity u°.

- These limiting flows suggest the following conjecture
- about the limiting vertical velocities above and below oscillat—

ing bodies.
1

- The limiting vertical velocity u~ above and below any
c body with prescribed velocity u0 is independent of x3 and is de—

- 
termined by the boundary condition ,

0u n  u n  on

1

-

; I 1

- ~~
- whenever n3 does not vanish. The flow outside the vertical cylin—

L , der generated by the body is zero if the prescribed velocities- - -~ F satisfy

~ II fu ° n dx fu ~ n ds

-~ - in which BG~ and ~G— are the top and bottom of the body , respec—

I tively .

~ I Principal Investigators : D. W. Fox and V. C. Sigillito. Dr. Fox
- is Supervisor of the Applied Mathematics Group of the

1 Research Center. He is William S. Parsons Visiting Pro—
-~ 

- 

.1 
fessor in the Department of Mathematical Sciences for

- - 1976—77. Dr. Sigillito is a senior mathematician of the
— Applied Mathematics Group of the Research Center. He is

- I also an instructor in the Evening College of The Johns
— Hopkins University .

~~~~ - - -
-

~ I Reference

- 
1. D. W. Fox and V. C. Sigillito, “Steady State Oscilla—

tions in a Buoyant Fluid , (to appear in J. Appl. Math.
Phys.).
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[4 NUMERICAL SOLUTIONS OF PARTIAL DIFFERENTIAL EQUATIONS El~ I The appt2cat2on o~ At con j uga.te gitad~ n.t ,r,Jizod w~.th
- n~.ti~2z opUtt i.ng techn~que6 .to At Lte.katLue 4OZu.tI.on o~ eZ24~t4~c(,~nA.te diL~~VLence equ.a.tLono ha~ p toduced a method .tha.t aUow6 a j.‘cap .Ld 4olutLon 06 ce.J~.ta~n 6LuA4 (,low pnobLem6.

One approach to solving a fluid f low problem involving a
stenosis (or constriction) in an axisymmetric channel is the con—
fo rmal transformation of the region to an infinite strip or rec—

- tangle. This in turn destroys the separability of the differentiali 4 equation and precludes the use of direct methods on the resulting
linear finite difference equation. To circumvent this , a conjugate

- gradient matrix splitting iterative technique is now being investi—
gated . The method has been analyzed for problems that lead to
symsetric positive definite matrices. However , some early results

- 
- indicated that , with appropriate splitting, the method can be more

- widely applied (Ref. 1). Current investigation centers around
- studying optimal application and the matrix conditions needed to

- 
guarantee rapid convergence, thus allowing rigorous application of

-
~ this efficient technique.

Principal Investigators: L. V. Ehrlich and J. R. Kuttler. Dra.
- Ehrlich and Kuttler are senior mathematicians of the Ap—

plied Mathematics Group of the Research Center. Dr.
Eh rlich is also an instructor in the Evening College of
The Johns Hopkins University , and Dr. Kuttler is also an 

- - 

-

- Instructor in the Evening College of the University of
- - - 

; Maryland.

- :~ 
Reference

- - 

- 1. L. V. Ehrlich , “On Some Experience Using Matrix Split—
-
~~~ I ting and Conjugate Gradient ,” presented at the 1975

SLAM Fall Meeting, San Francisco , CA.
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ESTIMATING FREQUENCIES OF DIFFERENTIAL OPERATORS

We ~tep ont on At ce4uU4 o~ 4evekat numen.LcgZ ezpen.imen.t6
wtth a n~u meAod £o ’t u~.tbnat~ng e.~genvaLueo o~ eLtLpt~c p a.k.t2aL
dL66e.’ten.t~LaL op etcaton.6. Sadt e~genuat.ue p ’cobeemo a-’te 06 gn~L6.&

-
~ can.-t J ~nte~u.t ~n navaL 4tkuc2wI~aL eng-uteenhtg, 44~nce .tke4e equa- -- 

-LA.on~ de4c.’vA.be At vLb ’~.atLona2 ~‘tequtnc.Le6 06 beams, pLa.te4, ‘w ton 6 ,
and membwe4. Howevex, o~Len onLy c.n.ude bound4 a.kt knoim’t 604 the

-
~~ e2ge~waLuL6, u*e.’zta6 moxe tt~ined ~~L&nate.o a.~.e needed 604 deo2gn - 

- 

-p WcpO4e6 .
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In the last reporting period we described (Ref. 1) a new
method, called the method of a priori — a posterio ri inequalities,
which takes crude estimates for eigenvaluea and gives refined esti—
mates using only elementary trial functions that need satisfy no
boundary conditions (see also Ref. 2). Sinc, then we have con—
ducted several ntnnerical experiments with the method to demonstrate
its effect iveness.

~
_ — p  i

The eigenvalue problem,
t

A
2
u - A u ’ O  in R, u 1’1 .~~~~’ O  on

describes the frequencies proportional to A of a plate R clamped
4 on its boundary ~R. Here a2 is the biharmonic operator and ~/~n the

normal derivative . Even for R , a rectangle , the problem cannot be
solved exactly since t~2 is not separable.

For trial functions, we used products of even Legendre
polynomials P2m(x) P~~ (y) . The a priori inequality used was taken
f rom Ref . 3. For a 2 x 2 square we obtain A1 80.910 ± 0.056; for
a 2 x 2. 5 rectangle , A1 55.826 ± 0.009 and A2 — 497.55 ± 1.34;
for a 2 x 16 rectangle, A1 — 31.550 ± 0.005.

The elgenvalue problem ,

Au + Au = 0 in R , u 0 on ~R ,

describes the frequencies proportional to A of a membrane R ,
fixed on its boundary 8R. Here A is the Laplacian . For R , a
nonequare rhombus, the problem cannot be solved exactly.

For trial functions , even powers ~2Thy2n were used with the
a priori inequality from 1. For a 750 angle rhombus with unit side
we obtain A1 — 20 .872 ± 0.006, A2 79.047 ± 0.024, A3 — 108.894
± 0.076 . For a 450 angle rhombus with unit side , we obtain
A1 — 34.779 ± 0.078 , A 2 — 100.288 ± 0.177 , A 3 — 185.47 ± 2.17.

The results described above are comparable with bounds ob—
tam ed by other methods , although in some cases they are slightly
worse than the best available bounds for each problem. More work
needs to be done on solving the relative matrix eigenvalue problem

- -
~~~ that this method generates (Refa. 1 and 2). In contrast to other

methods , the significant feature of the present method is its appli-
cability to a wide variety of problems. This is a direct result of

-t I —
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the fact that the tr ial function , need not satisfy either the -

bounda ry conditions or the differential equati on describ ing the -problem.

Experiments are now being carried out on the f ixed rhombi—
cal membrane problem using as test funct ions trigometrical functions -‘

that satisfy the equation Au~ + A~u~ — 0.

Principal Investigators: J. R. Kuttler and V. G. Sigillito. Dr~.Kuttler and Sigillito are senior mathematicians in the
Applied Mathematics Group of the Research Center. Dr.
Kuttler was an instructor at the University College
(Evening College) of the University of Maryland from Rep—
testher 1975 through December 1975.

References
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- ATOMIC, MOLECULAR , AND ELECTRONIC PHYSICS

Fwtdanien.taL wtdexotand~ng 06 the. iLnte/cac.t~ono 06 a.tomo,
I, n Ltc!uLe~, eLee2wno, and ‘co42ati on c~ .th nv2te.k ~ -~mpo’t.tan.t 604
1 mp~~v4~ng tedznoLog J.cioi c.apabJ..UtLe4 ~n a cui4e van2~2y o~ WLQ.a4 ,

4tW.It aA £aoexo, compwte.~~, eLtc.ticomagnetLc detecton.6 , and p ’topwt-
6. UJn. Re4eaw.h Lit a.tomi..c~, moLecutat, and eLec.t’tonLc p hy~Lc~ con-1 .t211ue4 a~ an in~p on..tan-t componenL 06 At Re4eaftch Centet ’4 TRW

- pw g ’cam, cu~.th empha&L6 on At deveLopnenL o~ Ainpxoued exp e.n2meivtaL
~techn.~que.4 and LheoicttA.cc2 app icoache4 ~o4 obLa2nLng de(,Ln.~t~ve ~n-

1 Lo/cma.ti-.on on teac..t2on me.chan.L6m6 and ene/cgy-f ~an4 6eJL pko *2L44t4.

In the past year , the Electronic Physics Group has carried
out research on a b road spect rum of topics , including (a) mass
spect rometry of highly reactive species formed in elementary chemi-
cal reactions, (b) scanning electron microscopy, (c) structure of
the ground states of the noble gas molecules I(rF and XeF, and

I (d) measurement of mechanical properties of viscoelastic materials,
such as solid propellants . Six papers have been submitted for pub-
lication , and others are now in preparation ._ The work on viscoelastic materials is a new area of re—
search concerned with the development of a nondestructive small
deformation technique for measuring the tensile modulus of such

~ I ~ 
j  materials, including solid propellant~ . The technique appears to

I be sufficiently promising that the Air Force Rocket Propulsion
Laboratory is expected to provide funding for this project in the
coming year.

S In addition , the Elect ronic Physics Group has for more
~ r than 20 years collaborated with the Microwave Physics Group in re—

L. 
search on the elect ron spin resonance of free radicals. A report

* on this activity is included in the IR&D report of the Microwave
Physics Group .

- --
~~f ~ EL Dr. S. N. Foxier , Supervisor of the Electronic Physics

4 Group , continues to serve as Chairman of the Editorial Board of
- 

- ~ r the APL Technical Digest. He is an advisor to the Scientific
~ L Affairs Division of NATO. He also serves as Chairman of the- 

- 
Physics and Ast ronomy Panel of the Membership Committee of the

- -
- :- ~ Washington Academy of Sciences .

- ~ L
MASS SPECTROMETRY OF HIGHLY REACTIVE SPECIES

in aLo~~c ~Lu04~ne Xeac2LOrt4, a con6.tde/cabLe 6/cac.t~on 06
At av~~~aMe en~~gy v~~y 6~~quei~~ y appe~~~ a~ Li~ Mna~ e~~~~~~on

-

~ 

- r ene/cg y o~ At iteac.tLon p wduc.t~. Ma~~ 4pec2.komeL~tLc 4.tu&t4 coLA a
- C./co44ed moLec~La.k beam /ctac.t ox have p ’wvLded Lit6onma.t~on on At

bxaZ’onal ezc4.tat~on o~ HF £oicmed Lit F a.torn .teac.t~on4 v.~.-th n-bwtane,
E J.4obutane, and e.thy~ene.
‘ — 4 7 —
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Reactions involving atomic fluorine have a variety of po—
tential applications in the fields of chemical lasers and high—

‘ energy fuels because large amounts of energy are released in the
reacti on. and the reaction products are often very highly excited.
Fluorine atom reactions have been studied in a high—intensity
crossed molecular be reactor at this Laboratory, as reported
previously. It was shown that excitation of reaction products ,
particularly HF , could be deduced from appearance potential mea-
surements, since the ionization potential of an excited state
molecule is less than that of a ground state molecule. Such mea- 

- 

-

surements provide valuable information on the initial distribution ) -

of energy among the products of exothermic reactions and complement
that obtained from radiation meaaur~~~nt techniques , such as chemi— —

luminescence and chemical laser experiments, and molecular beam . -

experiments in which excitation energy is deduced from the measured
angular distribution of the reaction products.

It has been found, for example , in the F + H2 reaction l -

(Ref . 1) that the total available reaction energy can be converted - -

efficiently into internal excitation of the product HF molecule .
The total energy available in this case i. equal to the s~nn of the
exothermicity of the rea ction , —Au 0 — 31.5 kcal mole~~ , the activa-
tion energy of th. reaction 1.7 kcal mole’1, the relative transla—
tional energy 3/2 RT(T — 300K) — 0.9 kcal mole ’, and the ~2 inter— ind energy RT — 0.6 kcal mole l, amounting to 34.7 kcal mole 1,
which is sufficiont to populate the J — 6 rotational level in the - 

-
— 3 vibrational level of HF; in fact , this excitat ion has been

observed .

Some interesting complications occur in dealing with cx—
cited molecules in the mass spectrometer. ~Jhile the theoretical -

minimum energy for ionization is E0 — Eexc, where E0 is the ioniza— 
-tion potential of a ground state molecule and Eexc is the excita—

tion energy , such a transition may have such low probability as to - 
-

be unobservable . The reason is that if the in te rnuclear distances
for the vibrationally excited molecule and the ground state of the -
ion are significantly different , the t ransition probability, which 

-is determined by the overlap integral or Franck—Condon factor for
the two states , will be very small. From these considerations it
follows that the measured decrease in the ionization potential of a
molecule gives a lower bound on its excitation energy.

Mass spectrometri c studies have been carried out on se—
lected F atom reactions in which the HF molecule was produced
with substantial internal excitation energy. Figure 1 shows ap-
pearance potential curves for the 0F1 ion for unexcited ground
state HP, which is used as a reference , and for HP obtained from
P atom reactions with n—butane , isobutan e and ethylene. It is

1~.
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Fig. 1 Appearance Potential Curves for the HF~ Ion for Ground State HF and for
- - I - HF Produced by Reactions of F Atoms with n-Butane , lsobutane, and
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Ethylene. The energy scale shifts AE, with zero corresponding to ground
state HF , give quantitative measures of excitation energies.
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apparent from the magnitude of the scale shifts for the HF produced
by reaction that some of the molecules are endowed with considerable
energy.

What is somewhat surprising is that the ionization energy
shifts are actually as large ma those observed . In the case of
the isobutane reaction , there is sufficient energy available to
populate the v” — 4 vibrational level (Eex — 1.839 eV 42.41
kcal mole~

’1
~) of HP. However, direct ionizing transitions to the

— 0 level of the ion would not be favored by the Franck—Condon
principle , so that one would expect to measure lower energy shifts
corresponding to transitions to the v — 1,2, and 3 levels of the
ion. The experimental observation of about l.8-eV maximum energy
shift suggests that somehow the v’ — 0 level may be accessible for
ionization. A possible explanation is that the v — 0 ions are
produced by resonant auto—ionization of molecular Rydberg states
associated with the v — 1 and v’ 2 levels of the ion, an effect
that has been observed in photoelectron spectra of HF (Ref. 2).

• As expected , because of their lower reaction exothernici—
ties , the HF excitations obtained for n—butane and ethylene are
less than for isobutane . In the case of n—butane , where it is
energetically possible to populate the VI’ — 3 level (Eexc — 1.410
eV), a maximum energy of about 1.3 eV has been observed. In the
case of ethylene , where energy only sufficient for v’ — 2 (Eexc
— 0.961 eV) is available an excitation of this magnitude was ob—
served. Considerable informatto-n on the distribution of excitation
energy among the various states is obviously contained in the corn— I Iplex structure of the ionization curves. Deconvolution of these Licurves to determine excited state population distributions is corn—
plicated and requires careful analysis. When this study is coin—- - pleted , it will be written for publication.

Principal Investigators: S. N. Foner and R. L. Hudson . Dr. Loner
is Supervisor of the Electronic Physics Group of the Re—

4 search Center, and Mr. Hudson is a senior engineer in the - -

Electronic Physics Group . 
- - 
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L - - SCANN ING ELECTRON MICROSCOPE INVESTIGATION OF
POTENTIOSTATICALLY PITTED AL~MINUM

A eo4cop.Lc. A cannA.ng eLee..t’wn PnLciw4cope A.nue4t2gatLon
o~ po~te ttLo4.tat~cc.Uy pLtted a~1uini.nwi~ A.n civto4Lde. boLut2on6 ha4
demon&t ’ta.ted ~tha.t At ovJ4e~ Cayex xema4n.6 £a/ ~g ety ôttaC.t, occ1ud-
lAg At giwv~ng pl.-t f~xom the balk ezec.t’coegte. Vt~Q~C.*A i.n the
wvt’~aL poJi. t2on o~ -the oxI de a.-te .Lde~vti4i.e4 that appa *en.tty pvzmLt

u rrate..’2oZi to en.tex and ex i.t ~tom tJte p I t .

During the past decade, there has been considerable re-
search performed in the area of localized corrosion (Ref . 1). In

4 general, the goal of this research has been to find technological
solutions to the problems of stress corrosion cracking and pitting
corrosion. At the came time, an understanding of the basic mechan-
isms involved in these phenomena has been sought. Our particular
investigation has dealt with potentiostatic pitting of aluminum in
chloride solutions (Ref. 2) with the hope of ferreting out the ex-
perimental facts needed to identify mechanisms.

The scanning electron microscope (SEM) was used to study
localized or pitting corrosion in aluminum. The experimental pro—
cedure employed the following steps: (a) anodizing the aluminum
surface , thus providing an oxide passivation layer of known thick—
ness; (b) pitting the specimen in a chloride solution with a modest
applied potential (e.g., a few hundred millivolts); and (c) exam—
ining the pits formed in step (b) in the SEM. The examination in—
eluded both topographical and compositional aspects.

• Figure 1 presents a stereo pair* of micrographs of a set
of three pits that apparently started independently but Joined as

Ii they grew. In these micrographs, a portion of the oxide cover of
the uppermost pit was removed with a microprobe in order to see
the pit bottom more clearly . The part of the pit left unmarred by

-- the microprobe shows the crystallographic attack that was taking
) L 

place in the pit . The oxide layer is viewed unmistakably detached
above the pit, having withstood the corrosive attack that removed
a considerable amount of aluminum below. Although not shown

- - — clearly in Fig. 1, near the center of the oxide over each pit is a
small hole only a small fraction o~ the size of the pit itself.
These holes were associated with a surface defect and apparently
provided entry to and exit from the pit.

a.

—
I *The pits can be viewed in stereo by placing an opaque sheet of

material perpendicular to the page along the line dividing the
two micrographs and allowing the eyes to merge the two images.

[ J  With some luck the sheet is not necessary. However , a stereo—
Ii scopic viewer is best if available.

— 5 1 —



---I ~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-_ -- ~~ 1~~’~~~~~~~ - —,--—- - 4~~W - -  - - -— -~~~~~

INC JOHNS HOPkINS UNIVERSITY

APPUED PHYSICS LABORATORY
LAUREL MARYLAND

1
~~
“ f’~~~
— —. ~~~~~~~~~~~ -1. .  - - 

-- — -‘.d,~~~- ~~~~~~~~~~~~~~~

a ~~~~~~~~~~~~~~~~~~~~~~~~~ 

.

.~~~~~~~~~~

‘1, 
.- - --i

I • - I
0~~

I

—
~~~ - --r ~- 

p-. . - .
.-

.
I 4 ~~ 

- -
-

‘~t’ ar .‘~~
-

Fig. 1 A Stereo Pair of Micrographs of Three Pits after Using a Microprobe
to Remove Part of the Oxide Film of the Uppermost Pit. The beam
voltage was 30 kV.

Using the energy dispersive X—ray analysis - system attached
to the SElf , the chemical composition of various materials asso—
ciated with the pits was determined . Of particular interest was a
chloride containing a corrosion product whose X—ray spectrum indi-
cated a (Cl] to (Al ] concentration ratio significantly less than
unity. This suggests a hydroxychioride aluminum complex.

The following conclusions were drawn from the experimental
evidence:

1. The oxide layer remains intact, except for small breaks
near the center , occluding the pit proper from the bulk
electrolyte;

2. The undermining of the oxide layer is very extensive.
Comparatively large amounts of matter are removed
f rom the pit through small breaks ;

3 The chloride corrosion- product in its state of pre—
servation is probably a hydroxychloride aluminum corn— ~~plex; and 

-
~~

4. Breaks in the oxide near the pit center were comsonly
observed to be associated with a surface defect.

— 5 2 —
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Principal Investigators: C. B. Bargeron and R. B. Givens . Dr.
- - 

Bargeron is a senior physicist and Mr. Givens is an

~ I engineering assistant in the Electronic Physics Group of
the Research Center.
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STRUCTURE OF THE GROUND STATES OF THE NOBLE GAS-HALOGEN MOLECULES

~ j KrF AND XeF USING A SPIN-CORRELATED VALENCE BOND THEORY

- 
- 

- 
A 4emUmp.Ur2cal vaLence bond (YB ) ~~ve ~unctl.on -that ~n-

thzdt~ eLect~,n con./te2a.tLon ha~ been £owtd to 4ui2.ct44~wUy ac~~wt.t
LolL the eleef iwn nu.cZeo.x hy V~~ne 4.t&ac.tuxt (h ~~) In te c.~2on4 In
-the £ne.~t-ga4 monohalide moitcutea K.-tF and XeF. Con~axL4son oL
theon,J2c.o2 and exp enLmen.ta.t h~ cono~.tan.t4 yJLeLd6 e4tôna..teh o ~ the
i~.n.tvca.toni.Lc cW~tance and e e.c.tkon chwtg e d t.ir.thut2on In the gn.ound
4~ta.te6 o~ ~the4 e ww4aa2 moL lLLeS.

I Interest in the chemical bonding and structure of the
inert gas compounds , which is generally high because these corn—

1 pounds violate the classical p rinciple of inertness of closed
j  shell atoms, has been further stimulated by the possibility of

constructing powerful, partially tunable ultraviolet (TN) lasers
based on emission from excited states of the inert—gas—monohalide

~ 
diatomic molecules . Also of great theoretical interest and possi—
bly of practical importance in calculating optical transition fre—
quencies and transition intensities in these molecules is the fact

I 
that fairly elaborate molecular orbital (MO) calculations carried
out at other laboratories predict that all the inert gas monohalides

- have nonbonding ground states (Ref. 1), whereas experiments at other
- - laboratories have indicated that XeF and KrF are chemically bound

(Ref . 2). Most recently, work at APL described elsewhere in this
report has demonstrated that XeC1 is also chemically bound (Ref. 3).

We have initiated a VB study of the inert gas monohalides ,
-~~ i. the advantage of the VB over the molecular orbital method being

that it is considerably easier to include electron correlation in

- p the VB wave function. The utility of such a yE wave function has

P 

- 

- 5 3 -
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been demonstrated previously in studies of optical transition in—
tensities (Ref. 4) and hfs interactions (Ref. 5) in the halogen—
molecule anions , (XM) , which are isoelectronic to the inert gas
monohalides.

The studies to date, which are still in a preliminary
stage, use the VB wave function ,

— N( c4 ’(A—— —X) + — 
2

- 
-

- 

- to elucidate the structure of thçse molecules, where ~ weighs
the neut ral (A——— X) and ionic (A~——— X ) structures. For the
ground state , c is close to one , whereas c Is much smaller than
one in the excited state responsible for UV emission to the ground
state. N is a normalization constant. ~~A———X) is an antisym—

- - meterized product of Hartree—Fock self—consistent—field (SCF)
atomic functions for the rare gas species A and halogen species
X centered on their respective

+nuclei separated by a distance R,
- - 

the internuclear distance. •(A ———X ) is a similar function only
involving the ionic SCF wave functions. In this way intra—atomic
correlation is built into the wave function. It should be noted

- - that this is a wave function for a diatomic molecule that is one
elect ron short of the completely filled shell structure (A———X )
and depicts the missing electron or “hole” as being shared between
the two atoms .

To couipute the isotropic hyperfine constant with this - -

function it is important to include interatomic correlation. For
example , in the structure (A———X) where the hole is on the halogen
X, interatomic correlation is included by considering the van der
Waals polarization of the halogen orbitals by the rate gas atom A,
which contributes significantly to the halogen isotropic hyperfine

) constant. On the other hand for the ionic structure (A4
~~~X )

where the hole resides on the rare gas at om, the pola rization of - 
-

the ionic orbitals on A4 by the negative charge on X is necessary
to compute adequately the rare gas isotropic hyperfine constant.
A key point in the calculation , which is too lengthy to be de—
scribed in detail here , is that the polarization of A4 by X in
•(A+___X ) admixes various excited states of A4 into the ground

• 
- 

state, and most of these states involve excitation of a valence
a elect ron into the almost filled p shell of A4. The spin of
the excited s electron must be opposite to the net spin of the
almost filled p shell; thus this excitation leads to an unpaired
electron spin density in the valence s shell. We have a similar
situation in the neutral structure (A—— —X) involving-the hole on
X where the polarization mechanism is the van der Waáls interac—
tion.

.1
-T

.4
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Values of R and E are determined on the basis of the
- ,  - best fit between the calculated and experimental isotrpic hyper—

I fine constants A0. These values are used to compute the aniso—

1 
tropic constant B , which is compared to the experimental aniso—
tropic constant. The anisotropic part of the hfs is determined

-
- 

largely by the unpaired electron density in the valence p orbi—
I tals and hence is not as sensitive to electron correlation as the

isotropic constant. The results for XeF are tabulated in Table 1.
-

- From the table it is seen that the results are in good agreement
1 with experiment. The two internuclear distances correspond to

using the experimental isotropic constant A0 of Xe to determine
- R and £ or to using the experimental A0 of F to evaluate these

- 
- -i quantities. The closeness of the internuclear distances can also

1 
be used as a gauge on the success of the theory. The agreement
between the theoretical and experimental values for the aniso—
tropic coupling constant B is excellent , particularly for F,

I where near coincidence of these quantities is more than we would
expect from the semiempirical theory. Computations are in prog—

• ress for KrF and XeC1.

~ J This theory suggests that since the isotropic hyperfine

~ J constant A~), which is a measure of the quality of an electronic
wave function , can be calculated using a VS wave function , a cor—j  related wave function should be used to calculate the electronic

- structure of these molecules in order to assess if the failure of
the MO theory to predict bounding in some of these molecules is

T due to shortcomings of the theory or the fact that the molecules
- - are bound in a matrix but not In the free state.

t- j  I Table 1

COMPARISON OF EXPERIMENTAL AND THEORETICAL HYPERFINE
COUPLING CONSTANTS FOR XeF

Electron Spin Exp Exp Theory
Resonance Nucleus A0(MHz) R(mn) c B(MHz) BQIHz)

.1 Xe’29 1367 0.241 0.8 1108 1214
-

- 
F19 517 0.248 0.8 2126 2125

I Principal Investigators: F. 3. Adrian and A. N. Jette. Dr.
Adrian is Supervisor of the Microwave Physics Group , and

1 Dr. Jette is a senior physicist in the Electronic Physics

~ Group of the Research Center.

j
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MEASUREMENT OF MECHANICAL PROPERTIES OF VISCOELASTIC MATERIALS - ,  -

A k~g h-4enoJJ.~v~ty .teahnlqae LolL mea.au.thtg the tenaILe -

mod LLu4 CL vI6coe2a,4tLc ma.te.~LaLo , 4wth a~ 4oL~d p n.op eJ 1a,vt~s ,• ha4 been deveLoped. Becauoe the .te4t4 Invotve 4maU deLonmati.~on.~ Ti-
and ai~c., thelLeLoxe , nonde tiuw..t~ve, the 4ame 4anrp e can be. xepea.t- ii
edty -te.4 ted ovex a Long pe niod 06 tLme to p ’ww4e InLon.matLon on
agIng e6Lee~t4 on mechan~Lcat pn.open2Ie4, ~uLthou..t the wtceic.taôvt~Le4 

~1due ~to oamp te vaiilablUty when the uoua2 de t&uctLve e4t6 OAe.
empLoyed.

Considerable difficulty has long been encountered in at—
tempts to measure accurately the tensile modulus of viscoelastic —

marcrials, such as filled elastomers and solid propellants . Changes
in the network structure of the polymeric binder with time and tern— -

perature as revealed by changes in the tensile modulus are impor— 
- -

tan t for assessing the effects of chemical aging and may be useful
in predicting propellant service life. In two recent review arti— -

des (Refs. 1 and 2) the need for improved tensile modulus measure-
ments was emphasized. One of the greatest difficulties in this work -

has been the scatter in the data, which often has been so large as 
-

to obscure the changes due to chemical aging. The lack of reprodu—
- - cibility of resulte in previous work Is probably due to two factors: - -

sample variability and inaccuracy in the measurement technique .
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We have evolved a nondestructive small—deformation tech—
nique in which a low—frequency dynamic stress is applied to the
sample by a force transducer (driver), and the displacements of the

-, sample are sensed by small ceramic phonograph cartridge pickup.
coupled into special FET high—impedance amplifiers. The small-de-
fo rmation approach avoids permanent damage to the material and ,
by permitting the same sample to be tested repeatedly, avoids any

~~
- I scatter in the measurements due to sample—to—sample variations .

Because of the relatively low tensile modulus of these viscoelastic
materials , the most commonly used transducer for strain measure—

T mont, the resistance strain gauge, is unsuitable in our application,

~ 1 since its compliance is comparable to the material being tested and
would require large corrections to the measurements. The phono—

- 
.,~ graph cartridge pickups, on the other hand, require only very small

~ 
j  tracking forces and faithfully follow the motions of the medium .

In addition , the pickups can be positioned to provide high spatial
- 

resolution and could be used to observe anisotropic behavior in
I 

t’ the mechanical properties of the sample.
-
~~~~ r ~ A simplified schematic diagram of the apparatus is shown

L r in Fig. 1. The driver unit is a vibration generator with a maximum
force capability of 1. lb in the frequency range 0 to 10 kRz. A
series of phonograph cartridges is mounted on the sample, as m d i—
cated , to measure relative displacements. By using a low—frequency
AC dynamic stress , drif ts in position , including those due to creep ,
are eliminated, and only the coherent displacement produced by the

t driver is measured. A traveling stage microscope is used to call—
brace the system by unclamping the sample from the base plate and
vibrating the sample as a rigid unit. The system has exceptional
sensitivity. Early experiments demonstrated that a displacement of

f ~~- 1 x 10—6 cm or 1/50th the wavelength of visible light could be

I easily resolved. Therefore, the inherent sensitivity of the tech—
nique is about two orders of magnitude higher than that theoreti—

J - cally attainable by a diffraction—limited optical microscope.U
~~. Experiments have been carried out on propellant samples

covering the frequency range from 40 Hz down to the order of 0.01
Hz. Figure 2 shows a typical set of small—deformation dynamic
modulus data obtained on a 1/2 in. x 1./2 in. X 5 in. rectangular
prism propellant sample at 74°F. The driving force was 0.18 lb

-- and produced strains in the range of 1 to 5 X iø4 in./in. The
measurements exhibit small scatter and suggest that the technique

:-T; may provide very useful information on the properties of visco—
elastic materials. I The dynamic modulus curve shown in Fig. 2 has

r the general shape that is expected for a polymeric viscoelastic
1. mate rial . Analysis of curves of this type can be used to charac—

~~ -~ 
- 

terize the mechanical properties of these materials.

i n 
-57 -
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Fig. 1 Experimental Arrangement for Tensile Modulus Measurements
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Fig. 2 Small-Deformation Dynamic Modulus Measurements on a Solid

j  
Propellant

:
Principal Investigators: S. N. Foner and B. H. Nail. Dr. Foner

is Supervisor of the Electronic Physics Group of the Re—
search Center, and Mr. Nall is a senior engineer in the
Elect ronic Physics Group .
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The objectLve o~ the Ckem~caZ Phyac4 phtue o~ .the ZRS P
p .wg ’cam Ls .to camy oat ‘t.e.ua.n.ch .-Ln boitden.~Une aitea6 be.~ueen - 

-

p hy~Ac.6 and chemLo~tky app itopf l..La~e .to ~the Zon2-nange £n.te~kL4.t6 o~.the Laboxato ’uj .

The Chemical Physics Group has had a long—term interest
in studying the basic interactions between atoms and molecules, -

and in the highly labile molecular fragments known as free radi— - -

cals, all of which are intimately involved in gas—phase chemical
reactions. These studies supported Laboratory programs directed - -
toward high—speed propulsion systems and thus emphasized combus-
tion processes , reacting supersonic flows, ignition , etc. The - .

work gave the Laboratory a worldwide reputation in this field.

In more recent years, research emphasis has shifted - -

toward problems of atmospheric chemistry, aeronomy , and the per— -

turbation of air and water by various human activities. Results
of precise chemical kinetic measurements carried out at APL by
Dr. A. A. Wee tenberg and his collaborators have had considerable -

impact on our knowledge of atmespheric behavior and its prediction. - .
A continuing program in acoustic leak detection for gas distribu-
tion systems, funded by an outside nonprofit agency, was a direct
outgrowth of fundamental research in the mechanism of intermo lecu-
lar energy transfer initiated by Dr. J. C. Parker. During the
past year, another aspect of thj .s general field , i.e., the inves— - -

- 
- tigation of the effects of laser—excited oxygen molecules on bio— -

logical organisms in water , has attracted wide attention and inter-
est . It is also significant that the stature of Dr. L. Monchick 

-was recognized by his appointment as William S. Parsons Visiting
Professor in the Chemistry Department of The Johns Hopkins Univer—
sity during the year 1975—76.

Current emphasis is on areas of atmospheric, laser, and
pollution chemistry. Projects include the measurement of reaction -

rates between atoms, free radicals, and molecules, rates of molecu— -

lar energy transfer, and studies of molecular collision processes.
All of these processes are fundamentally involved in various prob— - -

lems connected with stratospheric flight, laser technology, sound 
-propagation , and biological systems of significance to the Depart—

mont of Defense. Results are described in detail in f ive papers - -

that are presently being prepared or have been accepted for publi—
cation . -

KINETICS OF GAS-PHASE REACTIONS
-
~~~

- 1
A new ~La6h pkot..o44J..o-nJ~onance ~~~~~~a om-mo~ cuLt ~Lu.et4on ka~te me wtemen.t6 ha4 been bci4Lt and te4.ted.
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I The chemical kinetics research program emphasizes the
study of elementary reaction rates involving atoms and free radi—

~ I cals under precisely controlled experimental conditions . Such
reactions are basic to all technologically important chemical
changes occurring in gases .

As part of the continuing effort to maintain a position

‘ 
at the forefront of activity in this field , the experimental tech—
niques employed at the Laboratory for such studies underwent a
pronounced change during the past year. Perhaps the most sensi—

1 tive method now available for measuring the concentration of atoms
- 

1 
(and a few diatomic radicala) is that of resonance fluorescence.
In this method , the atoms are caused to undergo a transition to

1, an excited state by resonance radiation from an external lamp con—
j  tam ing atoms of the same kind. Subsequent fluorescence (in the

vacuum ultraviolet) of these excited atoms is measured at right
- 

- angles to the lamp by a suitable photomultiplier. The sensitivity
- 

- - 

~
- 
I of the approach comes from the modern ability to monitor single
£ photons by digital counting techniques. This ability to measure

- - very low atom concentrations (down to 1010 per cm3) has the impor—
- - -r tant consequence that experimental conditions may be arranged to
- - - 

eliminate the complication of secondary reactions .

In one of its powerful applications, the resonance fluo—
I j rescence detection technique is coupled with flash photolysis as

an essentially instantaneous atom source. A trace of a suitable
parent molecule highly diluted with an inert gas is partially dis-
sociated by an intense light (TN) flash (20 to 200 joules) to give

I,  an initial pulse of atoms in a collimated beam along the flash
path. Another reactant species is also present at a concentration

- ~~~ - -- much larger than the atoms so that pseudo—first—order reaction of
the atoms takes place . The reacting atoms are illuminated by a
suitable resonance lamp at right angles to the flash column , and

-. the fluorescing atoms are then monitored from a third mutually per—
— pendicular direction by a photomultiplier as the atoms decay. The

= ~~. real—time decay of the reacting atoms is measured by a multi—
channel photon—counting syst em , and f rom this the reaction rate

- constant may be determined.
I_s 

Activity during the past year has concentrated heavily on
- 

- 

~~
. assembling and setting up the necessary apparatus to perform experi—

ments of the type described above. This involved the design and
construction of a reaction chamber with suitable windows , resonance
lamps of the flowing gas—microwave excitation type, a flash lamp ,
and triggering device , as well as the acquisition of the necessary
electronic equipment and the means of interfacing directly to a
computer for rapid data analysis. The setup and testing work has-r largely been accomplished .

I:

— 6 1 —
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Preliminary trials with the apparatus are being carried
out on the 0 + C2R2 reaction, an example that has been thoroughly .~~ -studied in this laboratory (Ref. 1) and elsewhere by several inde-
pendent techniques so that it constitutes a good “known” test case. - .
In connection with the trials on this reaction, an interesting IN
chemiluminescence was discovered as a minor reaction channel.
Proper interpretation of the main reaction will require inclusion 

- .  
-

I of this chemiluminescent channel, and work along this line 1.
proceeding. After this initial shakedown phase, it is planned to
study a number of reactions of iuçerest to atmospheric and polymer
combustion chemistry . 

1 
=

Principal Investigators: A. A. Westenberg and N. deRaas . Dr.
Westenberg is Supervisor of the Chemical Physics Group
of the Research Center , and Mr. deHaas is a senior physi-
cist.

Reference

1. A. A. Westenberg and N. deHaas, “Absolute Measure-
ments of the 0 + C2H2 Rate Coefficient,” .1. Phys.
them. , Vol. 73, 1969 , pp. 1181—1186.

MOLECULAR ENERGY TRA~4SFER

Re~ea.’tgh ~~~ diitec~ted -touwzd an unde.~~tandA.ng o~ the
mechan

~
.om o~ moLecataJr. enen~y tkan6~eIt 4.n coU.L~ on4 o~ ga~ rno~e-

cuteo . Typ eo O~~~ ene~gy .uzvotved inctude ‘w-ta.t2onc2, uJ.b’catLonoL,and eLeetwpu.c. Po44~bZe tkdn6~ e.t mode4 con&W o~ vj.b’cgtLon +.t’cana La.t~on (V- TI , ~n.te’t- and Jntjta-molecuLvt v~b~wZLon uLb.tatf .on - 
-(V- V) ,  u.LbM.t2on + ‘w tati on • t~ iu2at2on (V- R-TJ , e2ec.tiwn~ctkan6LatLon (E-T), and eLtCZWfl4.C • ui.b’uz.tLon (E-V ) . A new a/t eao~ n.e.oewwit tha.t hao eme.tged 1.nuoZve6 the .t?~an~~e.t o~ motecu&zxeiectkontc ene~kgy to m bAotog~ea2 4y 6 temo .

Effort over the past year has been mainly in two areas :
analys is and interpretation of data obtained previously on the
effect of laser—excited dissolved oxygen on coliform counts of
natural water samples, and an investigation of fluorescence of
laser—excited gaseous oxygen at wavelengths in the neighborhood of . -

-

1.27 u.

- 
- The main conclusions obtained from this analysis are that:

(a) substantial reduction in coliform levels may be induced, the
magnitud. of which exhibits a fundamental dependence on dissolved
oxygen concentration, laser intensity, and irradiation time;

- 
-

~~ (b) reduction of coliform levels by oxygen pressure alone is ob—
served but the effect is, on the average , smal l compared to that

— 62 — 

—

~~~~~~~~~ 

_________________________



- - 
~~~~~~~~~~~~~~~~~~~~~~ ~!‘ - 7 V 1 ~Y~~~~ ’~ ~~~~~~~~~~ ‘~~~~~~~~~~~~~~~~~ WP” ~~~ - . v - --~~~~~~~~~ ,,___, _~~~_ _ — - -‘-,-‘— — —__.,-_— —— -.---,-—— -_ ,__ _—_.—— ‘-— - -_ -_-

-
_ 

THE JOHNS HOPKINS UNIVERSITY
I APPLIED PHYSICS LABORATORY
- LAUREL MARYLAND

observed when the sample is simultaneously irradiated; (c) thermal
effects accompanying irradiation are negligible , (d) the inactiva-
tion rate is inhibited for oxygen pressure in excess of 10 atm;

* and (e) protein and nucleic acid levels determined from ultraviolet
absorption measurements for a water sample subjected to combined
irradiation and oxygen pressurization are considerably greater than

I 
corresponding values obtained for an unprocessed sample , indicating
the mode of inactivation of colifornt to be cell wall destruction.

Consideration of results (a) to (c) in conjunction with
the established experimental fact that bacteria are unaffected by
radiation alone for wavelengths large compared to 260 nm (where
nucleic acids absorb strongly and genetic damage occurs) implies

: 
i 

strongly that laser-excited singlet molecular oxygen O2O~A g) iS
the single cause of bacterial destruction , the role of the laser
being solely to produce selective excitation of oxygen from the

1 
ground electronic state. -

- I -  A theoretical treatment of the effect of singlet molecu—
I lar oxygen on microorganisms has been presented in Ref. 1 in
— which the process has been modeled as a diffusion—controlled reac-

tion . From this study it is evident that one of the key factors
in determining the efficacy of O2(~~g) in killing bacteria is the
collisional deactivation time. Experimental investigation (Ref. 2)
has shown that this collisional lifetime depends strongly on the
solvent , varying from 2 ps for distilled water to several hundred

- 
- microseconds for the freons . Calculations of the kill probability

I carried out in Ref. 1 were for distilled water , thus ignoring
quenching due to dissolved impurities. In most cases, the effect
of impuri t ies would be expected to be small since water is a rela—

- tively efficient quencher , although on an absolute basis quenching
still involves something like l08 collisions of O2(~~g) with water.
However , it is an experimental fac t that certain compounds in small

~ I concentration can produce a rather large effect.  A particular case
is that of the aromatic hydrocarbons for which it has been found

- !  ~: (Ref . 3) that the most efficient quenchers , interestingly enough ,
— are also high in carcinogenic activity. Measurement of the colli—

- - 

- sional lifetime of dissolved oxygen for natural water samples would
thus give an indication of the presence of trace amounts of effi—
cient quenchers, the exact nature of which would subsequently be
determined from a chemical analysis.

Consideration of the fundamental factors involved m di—
-
~ cates that lifetimes of singlet molecular oxygen may be determined
~

- I by monitoring the fluorescence at 1.27 p subsequent to excitation
- - at 1.064 p by means of a Q—switched Nd:YAG laser. This irradiation

excites the oxygen to the first vibrational level of the 
~~
g state,

~ I i.e., O2(’t~g
)(v ’ 1). Since water is known to be a very efficient

-63 -
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S

of vibration in oxygen (Ref. 4), vibrational deactivation rapidly 
- 

-

ensues, i.e.,

02(1~~)(v ’ • 1) + O2(
1
~~)(v ’ — 0) + energy. (1) .1

The most probabla following transition is a collisional deactiva-
tion ,

02(
’
~g
)(V’ - 0) + 02 (3E ) ( v  - 0) + energy , (2)

corresponding to a transition to the ground electronic state
02 (3E g). In addition to the transition 2, a radiative deactiva- —

tion

02(
1Ag)(V

l — 0) + O 2 ( t )  + h u  (3)

may also occur at a wavelengt h A — 1.27 p. This fluorescence is 1thus spectrally separated from the exciting wavelength , permitting
- 

- isolation by means of appropriate optical filtering.

To provide an understanding of the fundamental processes
involved in the collisional deactivation of O2(l~g),  experimental
measurements of the fluorescent decay in high—pressure gaseous
oxygen have been carried out at pressures in the range of 35 to

— 

- 
I 96 atm. These measurements indicate the onset of the fluorescence

to be imeediate, appearing within 10 ~s after irradiation (pulse
duration is 20 ns). An explanation of this result requires that
either the radiative transition -~~

~~~~~~~~ 
— 1) + 02(

3
ç)(v 1) + by1 

(A
1 — 1.28 ii) (4) J

takes place with the same probability as I -

02( A
8
Xv —0) ~ o2 c3

ç) (v — 0) + h v0 ~~ 
— 1.27 u) ~ (5)

:1
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which is reasonable since the Franck—Condon factors for the two
-H processes are essentially equal , or that the vibrational deactiva—

I tion

02(
’A ) ( v’ — 1) + 02 (1t~g)(V ’ — 0) (6)

is much more rapid than would be expected for the vibration + trans—
lation (V—T) process . Alternative paths for vibrational deactiva—I tion are presented by the nearly resonant exchange processes

I O2(
1
~A8

)(v ’ — 1) + 02(
3Z )(v — 0) + O2(~~8

)(v ’ — 0)

I : + O2(
3E~)(v — 1) , 

- (7)g

i.e., a vibrational exchange , or

02(
16g)(V’ - 1) + 02(

3
Q(v 0) + 0

2(
3E )(v - 1)

1 + 02 (1Ag)(v ’ - 0) (8)

- 
- - 

an electronic exchange. Experimental measurements (Ref. 5) m di—
— cate that for O2(~~g) molecules in the v’ — 0 level, resonant d cc—

- - 
- T tronic exchange is an extremely rapid process requiring on the

£ order of l( collisions . Whether or not this is true for vibra—
tionally excited species is not clear .

—~ 
-

- I Experimental values of the time constant obtained from
analysis of the time rate of fluorescence decay agree well with

-
- - 

those obtained by other means, indicating the deactivation process
4 to be controlled by binary collisions. A further point of interest

- is the fact that the magnitude of the level to which the fluores—
cent signal rises initially has been found to depend on the cube

- 

- I of the pressure. The implication of this is that the rate of spon—
taneous emission varies linearly with pressure in agreement with

- results reported by Badger et al. (Ref. 6).

I Principal Investigator: Dr. J. C. Parker is a senior physicist in
the Chemical Physics Group.

-
- i

- k
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KINETIC AND COLLISION THEORY

J S2gnA4~can.t new n.ta uLt~ have been ob.to2ned Ln the method- r -
- oLogy o~ catcu2atLng 4ca.tteizhzg e/t04 6 4ec-tü’n4, ~n -the k.ine-t~c.thtoicy o~ dL~~uóAj n o~ exc2.ted 6taCe6 , and -~cn the cow2atLon o~ 

- -

~Lon ~tkWt6po tt wA2h moZtcL~2wL pa-kame.te’t6. -

~

The studies (Refs . 1 and 2) previously completed on the
- differential and gas transport properties of He collisions wi th CO

and HCX have now been extended to the examination of two new popu—
- 

lar approximate methods . In the first , the equivalent potential 
.- -

(EP) method , the real anisotropic potential is replaced by a
weighted average of the potential with the same transition selec-
tion rules as the real potential; in the second, the angular me— I

-

- 
mentum of the CO or HC1 about the axis connecting the center of -

mass to the Me center is constrained to be a constant of motion. =The second approximation (Ref. 3), the coupled states or CS model,

— 6 6 — 
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works very well in cont rast to the EP method , iwhich seems to have
thrown away too much information . Therefore , the CS method is

I likely to be very useful in collision studies. The usefulness of
these methods fo r spectral pressure broadening is also being
studied by Drs . Monchick , Green , and Kouri. Their results are be—
ing prepared for publication.

~ I In preparation for a continuation of these studies to
I collisions of two diatomic molecules, it became apparent that no

broad theory describing self—diffusion or the relative diffusion
of similar molecules in different quantum states had ever been
developed. The troubled history of the theory of spin diffusion
showed, indeed , that it was not a trivial exercise. L. W. Hunter
and L. Monchick have set up a general theory that t akes account of

I exchange symmetry and embraces a set of phenomena as varied as
I electronic , vibration , or rotation energy diffusion, charge migra—

tion, and nuclear spin diffusion . Phenomenological transfer equa—
- = - tions stay be set up, and one may define diffusion coefficients

~ that in certain cases take on the form of the diffusion coefficients
- usually found in kinetic theory. This work is being prepared for
~ 1~ 

publication.

Ion mobility is also a diffusion phenomenon . The particu—
~ lar case of H+, Ht, and 4 diffusing through helium was investi—
‘ ~ gated , and a previous anomaly found in H~—He ion mobility studies

- 
- .. was t raced to an unexpectedly strong attraction due to a resonance

- with the (H4He)—H state. In fact, consideration of the potentials
- 

inferred from ion mobility data indicates that the type of inter—
- ~- , ~ 1. action changes uniformly from covalent to the van der Waals type

as the collision partner of helium changes from H+ to 4 to H~.
- 

- 
- This work is described in Ref. 4.

- Principal Investigators: L. Monchick , S. Green , E. A. Mason , D. J.
Kouri , and L. V. Hunter. Dr. l4onchick is a senior chemist
in the Chemical Physics Group of the Research Center and
was Parsons Professor in the Chemistry Department of The
Johns Hopkins University from 1 September 1975 to 1 June
1976 . Dr. Green is a Senior Postdoctoral Fellow at

Li Columbia University and the NASA Institute for Space
Studies , Dr. Mason is at Brown University, and Dr. Kouri

ii is at the University of Houston ; none of them was funded
by this project. Dr. Hunt er , of the Fire Problems Group ,
also was not funded by the IR&D program.
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MICROWAVE PHYSICS

The plwgno.m o~ the Mi citowave Phy4 Lc4 G’w up ~4 dL’~ec.ted

I ~towcAd ~n~~oved undeit~tancUng o~ ~wt&zmen-tat n c~t n6kLp 4 be.t~uwt
- ~tke 4t’uw2u~n~e o~ matW~ and £t4 1Ln.tvuzc.tLon6 L4kth e c.ttomagne.ti..c

n.ad La.tLon, whA..c.h wLU gu2de £wtwte. £nnova.t(on A.n the gene-’w t2on

I and uJi2LzatLon o~ e2ea.tkomagnet4~c ~‘w4-~at~on. The woitlz oL6o p 1w-
v Lde6 e~p e~~ment~2 and .theoxetLca2 exp e~tAoe Jn a nwthe ’t o~ a,&ea6
o~ 4pea- tko6copy, wh.Lch axe u4 ed 1n j oin-t pxoje.ct4 wi_th ot*e1~ 9J WLLp 6 .

I Current work emphasizes three areas of study . The first
- comprises studies of highly conjugated organic molecules whose in-

teresting optical, semiconductive , and photochemical properties are
1 

currently used in dye lasers , and which may be the basis for future
I solid state devices . Nature employs these molecules , especially

the porphyrins , for energy transfer and conversion in biological
t systems, and part of our work on porphyrins has been supported by a
II grant frost the National Institutes of Health.

Work has recently begun on photoacoustic spectroscopy, aI new and rapidly developing field of research, which detects elec—
tromagnetic radiation by the resultant heating of the sample and

- - 
- subsequent development of a pressure wave in a gas in contact with

1 the sample. The technique is uniquely suited to spectroscopy of
- 

- highly absorbing, poorly reflecting samples and, furthermore, it
can determine the fraction of absorbed electromagnetic radiation
that is degraded to heat. It is believed that the technique will

I 
be very useful in the investigation of a variety of problems of
importance in defense technology including semiconductors , espe—

- ~~~
— cially in thin films, amorphous catalysts, and surface corrosion.

Studies of the structure and reaction mechanisms of free
radicals are carried out in collaboration with the Electron and

1 Atomic Physics Group. These studies have made the Laboratory inter-
nationally recognized in this field, which includes such important —

areas as development of high—energy fuels, synthesis of unique mate—
rials and, most recently, development of a class of high—energy ultra—

$ violet lasers based on emission from the inert gas monohalides. A
by—product of the work has been major contributions to the theory of
chemically induced magnetic polarization , a recent development of

- great importance to the study of free radicals and photochemical re—
-- action mechanisms. The relevance of the field is Lecognized by a

NATO Advanced Study Institute on Chemically Induced Magnetic Polari—
- zation scheduled for April 1977. Dr. F. J. Adrian , head of the Re-

search Center ’s Microwave Physics Group , is to be one of the invited
- lecturers at this meeting.

— 69 —
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These studies are described in more detail in the seven
-

- - publications and three abstracts authored or co—authored by group - -

members which either appeared in print or were accepted for publi-
cation during FY 76 and in three additional articles recently
submitted for pub lication . Results also were .described in ten
addresses at scientific meetings and academic symposiums . The - -

work was carried out by the five senior scientists and one asso—
ciate engineer of the Microwave Physics Group of the Research Center.

PHOTOEXCITED TRIPLET MECHAZ~ISM OF CHEMICALLY INDUCED
NUCLEAR SPIN POLARIZATION -

A ncw mecJga.nJ.4m o~ chelnLcdUlJ btdw~.ed nucleax 4p-Ut po!A.fl..L- - -

za.tLon (CWNP ) ha4 been p 1wpo6 e4, and 4.tltong tzpe4-Lmen.taL evidence
advanced ~ox ito occuttence tn ~ome ph o.to4t~c xeaetion o~ quinoneAs.

= The mechan4.sm beg~n~ uuth eLec.titon-apLn-4electLve 6hngZe-t-*i~Lp&t
J’2e/t4y4~teJn c.ko442ng o~ a p hotoezc.Lted molecule and 4ub4equ2nt xe-
ae2ion o~ the t~~p tet to ~LeLd a p ai.~t o~ elec t wn-&p in-p oWized - .
xad~c.ato . The e2ee..t ’wn po !.xizat2on o~ 1he4e -‘tadLcat4 ~L4 4ub6e-
quzn.Uy tkan6~e1tflAd to the nuc-Leax op ino by e2ec.tkon-nudeax cAO44
‘Le2axatLon. 

-

Theoretical research in chemically induced magnetic polari— - -

zation continues at APL , in collaboration with experimental research
by Dr. H. M. Vyas and Prof. 3. K. S. Wan at Queen ’s University ,
Kingston , Ontario, Canada. The experimental work is not funded by
the IRO~D program .

Detailed knowledge of photochemical reaction mechanisms
is importan t for such problems as detection of radiation , uti1iz~ —

-
~~~~~~~~ tion of solar energy , photochestical degradation of materials , and
~ $ a number of other problems . However , the complexity and rapidity - -

of the elementary reactions that lead from the initial absorption
- j  of a light photon to the final product(s) makes the acquisition of

such knowledge quite difficult. A promising technique for studying
photochemica]. reactions uses the recently observed phenomenon of
chemically induced magnetic polarization . This is the generic
name for a number of processes whereby free radical reactions in
liquids yield abnormal populations of the nuclear spin states of
the diamagnetic products a~jd reactants , and abnormal populations
of the electron s~in states of the f ree radical Intermediates . The
importance of the phenomenon is that these nuclear and electron
spin polarizations are sufficiently long lived to be easily ob-
served by conventional nuclear magnetic resonance (NMR) and elec—
tron spin resonance (ESR) techniques , yet they resul t f rom , and
thus give information about , very rapid individual steps in the
overall reaction mechanism that are difficult to study directly.
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A very important source of chemically induced magnetic
polarization is the interplay between electron—spin—dependent
chemical bonding interactions between two radicals and the nuclear—
spin—dependent magnetic interactions in the individual radicals
(radical pair mechanism) . For some time , this was believed to be
the only polarization mechanism. However, it was shown recent ly
that another mechanism known as the photoexcited triplet mechan—

I ism was the source of the electron spin polarization observed dur—
L ing photolytic reactions of many carbonyl compounds (Ref. 1). In

this mechanism, a photoexcited molecule undergoes a spin—selective

I intersystem crossing to an electron—spin—polarized triplet state ,
which then reacts to yield a pair of electron—spin—polarized radi-
cals . Although the mechanism appears to operate only in photolytic

- 

— 
reactions of carbonyl compounds , these compounds , especially the
ketones and quinones , play a very important role in synthetic and
mechanistic photochemistry .

F ~ The question was raised of whether nuclear spin polariza—
tion could be produced by this triplet mechanism combined with
transfer of the electron spin polarization of the radicals to the

I 
nuclei by the magnetic interactions between electrons and nuclei

~~ . 
f  (cross relaxation or Overhauser effect) (Ref . 2).  The mechanism

is depicted in Fig. 1, where the electron polarization process is
denoted by diffe rent quantum efficiencies (Q+ and Q—) for produc—
tin of radicals in e+ and e— electron spin states , and the elec—
tron polarization is transferred to the nuclei by the cross—re laxa—
tion transitions W0 and W2 . Finally , the radicals react to form

L 
-

. I nuclear—spin—polarized diamagnetic products , a critical step

e+, n+

Triplet mechanism Diamagnetic products
2 0

_ :

~

:7
Fig. 1 Steps in the Photoexcited Triplet Mechanism of Chemically

..f. Induced Nuclear Spin Polarization
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- 
- because it must occur rapidly (with in approximately i0~~ to

-
~~~ 

l0—~ s) before the pure elet-tro n spin transitions , W~, and pure
nuclear spin transitions, W~, destroy all polarizations.

/4
A class of reactions de.med very likely to yield CIDNP

by the photoexcited triplet mechanism is the cyclic photoreduction
of quinones by hydroquinones or other hydrogen donors to yield
semiquinone radicals that ultiastely react to regenerate the

- I original quinone. The pro cess is i~~ortent in various photochemi—
cal processes , and a closely relsiç.d reaction is believed to be
involved in photosynthesis. The reaction mechanism is illustrated
below for the CIDNP—produciug photo chami cal reaction of tetra—

- fluoro 1, 4 benzoquinone (0 C6H4 — 0 or FQ, for short) with the
- corresponding hydroquinone (EO—C6H4—(~ or VQR2) :

4 ,

3 * 
_ _ _  2

- 
(.+,n±) ~~~~~e$ ,n±)

FQ~~~)
.’~ (1)

2?~~(.— ,n±) (.- ,n±)

(e± ,u±) + YQ
(

~~~~~~
) 

FQ~~~~~~~~~~ + FQH~~ (e± ,n )  (2)

I
~~(e± ,n±) + FQR~(e;,fl~±) + PQ(~~) + FQR2(~~+) (3)

I
where e± denotes the electron spin state of the radicals, and n±

- 
- I denotes the nuclear spin states of the radicals and singlet mole—
—! cules. The critical transfer of nuclear spin polarization from

radicals to diamagnetic molecules is provided by the rapid proton
transfer reaction of Eq. 2.

It was straightforward to write the rate equations for
the various spin states of the reactant—product FQ and the radical
intermediate FQH , including the different quantum efficiencies
for production of radicals in different spin states and the spin
transitions depicted in Pig. 1 (Ref. 3). Solution of these equa—

-
~~ tions under steady state conditions , which are reached almost Ia—

~ -1 mediately after photolysis is begun , gives the result

- 7 2 — 1—
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~ 1 2(Q~~— Q )
— ((FQn+] — (F%_ ])/ (FQ]  — — 

~ 
I(Q~ + Q_ (FQ )k2 Q~ + Q ~

where

~W - W )2 
2(V + W~ + 2W2) (Wn + V + 2W0) — (V - We)

H Ij j - Here I is the light intensity, k2 is the rate of the reaction of
Eq. 3, (FQ ] is the total fluoroquinone concentration, and (

~
Q
~+]

I and [FQ~_] are its concentrations in the two nuclear spin states.

The foregoing equations show that the polarization depends
on the relative magnitudes of the spin transitions W2 and V0. In
the present system , W2 — 6W0 (Ref . 2);  thus it is predicted that
the polarization will be negative or emissive in agreement with the
observed polarization . Since the magnetic field dependencies of

t (Q+—Q—)/(Q+~Q—) (Ref. 1) and the spin transition rates are known ,
it is possible to compute the field dependence of the polarization
by this mechanism. As shown in Fig. 2 , the predicted field depen—

r dence agrees well with the experiment ; whereas the predicted field
dependence of CIDNP by the radical pair mechanism for this system,
also shown in Fig . 2 , disagrees with experiment at low fields

~~. (Ref. 3).

1 kG.. 1 3 5 7 9 11 13

I Fig. 2 Field Dependent ‘9F CIDNP Intensity (RN ) of Tetraf luoro ,
A 1, 4-Benzoquinone for Photolysis of FQ in FQH2, Benzene

Solution. Irradiation was performed in an auxiliary magnet-; - in field H except for the point at 14 kG where the sample
was irradiat ed in the spectrometer. •: Experimental points.

CIDNP calculated from the photoexcited triplet mechanism.
-~~ 

- 

.. 
•.....: CIDNP calculated fro m the radical pair mechanism.
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Principal Invest igato rs: F. J. Adrian, H. H. Vyas , and J. K. S. r~Wan . Dr. Adrian is $upervisor of the Microwave Physics
Group. Dr. Vyas and Professor Wan ar e at Queens Univer— -

city, Kingston , Ontario , Canada , an d are not funded by the
program.
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g-TENSOR AND SPIN DOUBLING CONSTANT IN m~ RADICAI.S CM AND C2N

The eLeet*on magne2Lc mome.n-t tenook~s o~ ~the cyanogen (CN ) -and e.thynyL (C2H) ~ad~cat.d have been de.teJr.r,t~ned by anaLy61.4 o~h2~gh- ’te&oLut~on eL&c.tiwn 4pu1 ‘Leaonance (ESR) apectka 06 -thuenadLaaLa .i~n aicgon (#~J and f uiy ’p ton ( Kit) niatn.~ce~ at 4 K .  The n~e-4tetto ouppo ’i.t a pn2d2c.ted n.da.t.Lon between the magnc2Lc rnomen.t - -

and the magne.t2c (~e2d p~todu~ed by nto~ecLLLait kotat~on (4p 1.n doLL- - 
-

- ) bLutg ~~~~kae2ton). The ~~4uLto aJ ~o ‘t ~~oZve 4 4 e.f l2ouô d1.oe.tep anaybe.tween the. nA..t ’wg en hype4~ne 4pU .tt~ng4 06 ~the CN ‘~adi.eaL ob-.ta.~ned 6/tom i.ta ESR opecZ’wm and 6.wm ~.to AJ~te~ate2WL niWtoi~ ve —

emL14Lon6. -

A number of the radicals studied and characterized by the -

f ree radicals research program at APL have recent ly been detected
- - 

- 

in interstel lar space by radi o astronome rs at othe r laborator ies. I -
-Two especially interesting examples are the CM and C2H radicals. -

These species are so reactive that , prior to the interstellar ob— 
-servations (Ref. . 1 and 2),  the only information about their magnetic

fine and hyperfine structure came from ESR studies (at APL) of these -

radicals t rapped in inert gas matrixes at 4 K  (Refs .3and 4) . Our
matrix ESR data were useful in establishing the identify of these

— radicals from their inters tellar emissions , which correspond to L 
-

— 7 4 —
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L transitions from the first excited rotational state to the ground
- state . However , there also were some apparent severe discrepancies

- 

- between the results of these highly dissimilar experiments , part icu—
~

- larly in regard to a predicted relation between the electron mag—
netic moments of these radicals and an interaction known as the
spin—doubling interaction.

f f The magnetic moment of an electron in a radical usually
-
~~ ~ I differ s slightly from the free spin value because perturbation of

1 L the orbital motion of the electrons within the molecule by the
external magnetic field results in only a small orbital contribu—

L tion to the net moment. Similarly, the perturbation of the orbi—
- tal motion of these electrons by molecular rotation creates a

— 
magnetic field whose interaction with the electronic magnetic

- moment is known as the spin—doubling interaction because it splits
-
- 

each rotational line into a doublet. These two effects are related
- by Larmor ’s theorem , which states that under certain fairly general

-•- conditions the effect of an external magnetic field , H , on a mag—
- 

netic moment , u , may be represented by a rotating coordinate sys-
tem or , physically , a rotating molecule, at the rotation frequency

- 
— uH. If the electron magnetic moment is written as ~ g8S ,

~ [ 
where S is the electron spin , then this relation is (Ref. 5.)

y — —2B0(g~ — g~) , (1)

where y and B0 are the spin—doubling and rotational constants;
~. g~ is the electron g factor in a direction perpendicular to the

molecular axis (direction of the rotation axis) ; and g~ — 2.00232
and is the free spin g value.

• The electron magnetic moment values obtained from the m i —
I tial ESR measurements at APL (Refs. 3 and 4) and elsewhere indicated

an apparent failure of Eq. 1 for CN and C2H. A breakdown of Eq. 1
lb for these molecules was a de finite possibility because the approxi—

- 
- 

mations in deriving Eq. 1 via the Larmor theorem are most likely
I I F to fail in molecules such as CM and C2H where the center of mass ,
1 1 1 about which the molecule rotates , is substantially displaced from
I I the nuclei about which the electrons rotate . However, it was

~~. recognized that , befo~e any definite conclusions could be reached ,
-: it would be necessary to remeasure the g values with very high

precision. Also the possibility must be considered that the mae—- - 4 sured g values are not the isolated radical values , but are
- -~ changed by interactions between the radical and the host matrix
•l 1. and/or averaging of the isolated radical values over some rota—

i tional motion of the radicals in the matrix . These measurements

-~~~~ I

L ~ —
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and their analysis , presented in the remainde r of this report , show
- I that Eq. 1 is valid for CM and C2H. This is fort unate because

Eq. 1 is likely to be useful for estimating the spin—doubling con—
stants of other interstellar molecules from terrestial ESR measure—
ments .

In order to maximize measurement accuracy , several improve-
ments were made in the automatic frequency control loop that stabi --
lizes the microwave frequency of the ESR spectrometer. Also, the
proton magnetometer, which measures the magnetic field strength ,
was calibrated using the precisely known g factor of the hydrogen
atom in Ar and Kr matrices .

Possible effects of matrix interactions on the g factors
were studied by using both Ar and Kr matrices. The CM and C2H radi-
cals were produced by depositing at 4 K  the desired rare gas contain-
ing 1% of HCN or C2H2, respectively , and photoly zing with vacuum
ultraviolet light from an H2 discharge lamp .

It was found that matrix perturbations did affect the g
- 

- values of C2H but not those of CM. The observed differences be—
tween the C2H g values in Ar and Kr , combined with the theory of
matrix shifts of g, indicated that the Ar value , g~ — 2.00288 ,
should be close to but slightly less than the isolated radical
value. Use of this value in Eq. 1 gave y — —48.9 MHz , in satisfac-
tory agreement with the observed value of —62.3 MHz (Ref. 2).
Estimates of the matrix shift of g~ for C2H using the observed dif—
fetence in g~ for the Ar and Kr matrices and the observed matrix iishifts of the H atom gave even better agreement: g~ — 2.00309 LI
a n d y — — 6 7 . 3 MHz.

The CM case was more complex , even though there were no
matrix shifts of g, because the ESR spectrum of this radical in
Ar at 4’K was incons istent with the spectrum of an axially synnet— - -

n c  radical. In this spectrum , shown in Fig. 1, let us momentarily
ignore the outer lines of the triplet shown in Fig. la , which are
due to the nitrogen hyperfiua splitting, and concentrate on the cx—
panded trace of the center line shown i~ Fig. lb. The line has a
complex shape containin g two distinct peaks at the outer limits of
the line and an interior shoulde r , which features are denoted as
81 83, and g2, respectively . In a polycrystalline matrix the line
represents a superpositi on of spectra for all possible orientations
of the radical with respect to the external magnetic field , and the
distinct features correspond to those radicals that are so oriented
that the magnetic field i parallel to a principal axis of the d cc—
tron magnetic moment or g factor tenso r. Since there are three ,
rather than two , distinct features • CM in Ar cannot be an axially
sy~ setric system, but has the three distinct g values : g1 — 2.00165 ,

— 2.00067 , and g3 — 2.00036 .

ii . 76
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(a) Complets spectrum

S

I 5,
0

• 1 H -
~~

I’ I’~ 
100e

- (b) Expanded trace of the centerline

H~~~~~ 
_ _ _ _ _

- -  

I I I I
11 91 92~~~ 3U

IL] Fig. 1 ESR $psctrum of CN in an Ar Matrix at4°K. H5 denotes the resonant field
of a free electron spin.
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The nonaxial syametry indicated that CM undergoes a corn— 
~~ J Iplex motion in the Ar matrix resulting in an observed nonaxial -

g tensor which is the motional average of the axially sysunetri c
free molecule g tensor. It was possible to construct a model of
the motion that gave g~ • 2.00028 (Ref. 6). Use of this value in 

IEq. 1 gave y — 234 MHz , in excellent agreement with the observed
value of 217 MHz (Ref . la) .

Furthermore, using the model and the free molecule nitro-
gen hyperfine constants obtained from the interstellar microwave
data to compute the motionally averaged nitrogen hyperfine split—
ting gave a predicated hyperfine splitting of 27.9 MHz for CM in
Ar. This value is in excellent agreement with the observed split— - -

ting of 28.0 MHz aud resolves what , in the absence of rotational
averaging effects , had been a serious discrepancy between the hy— -

perfine splitting in the interstellar and matrix—trapped CM radi— . -

cals . 
-

Principal Investigators: F. J. Adrian and V. A. Bowers . Dr. . - -

Adrian is Supervisor of the Microwave Physics Group .
Mr. Bowers is an associate engineer with the Electron j i
Physics Group . ii -
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ESR IDENTIFICATION OF CHEMICALLY BOUND XENON MONOCHLORIDE

- - 

Etec.t.ton 4p 1.n /ce4onc.nc.e 4p ec.t/to4 CO~~~ 1146 á1to~ i that, con-
- t’caiuj to ~theo’tetLcuZ p ’~ed2c.t.~on4 , chemLaa Uy bound XeCL L~ £olcmed
- when C22 ~~ ~~~~~~~~~~~~~~ 4~n an w~gon mati~2x con.taôt1ng 1% 06
-- 

xenon.

I Interest in the electronic structure and chemical bonding
-
‘ - of the rare gas monohalides, which is generally high because they

violate the principle that closed shell atoms do not form compounds ,
- has been further stimulated by the discovery that emission from

the excited states of these molecules can yield high—energy ultra—
- violet laser action . In work done at other laboratories , theory

- 

I predicts that all these molecules have nonbonding ground states ,
L whereas experiments , most notably electron spin resonance (ESR)

- studies , have indicated that XeP and KrF have bound ground states.
Estimates of the bond length and charge distribution of XeF ob—
tam ed by comparison of the observed magnetic constants of XeF

— with those calculated from a semiernpiri.cal wave function (details
are given in the Atomic Molecular and Electron Physics Group ’s

I contribution to this report) are supportive of chemical bonding in
1 this molecule.

I 1 It was also suggested by the study that XeC1 might be
I j  bound , although very weakly. We prepared XeCl by matrix isolation
I methods and observed by ESR (Ref . 1), in agreement with this by—

- 
pothesis. The preparation followed the method of Ault and AndrewsI (Ref . 2) for XeF and XrF (deposition of an Ar :Xe:Cl2 — 98:1:1 sam—
plc on a sapphire rod at 4°K and photolyzing with ultraviolet light

-: either during or after deposition) . Except for the weak sharp
-
~ lines around 3274 C that are due to traces of radicals such as

- 
C100, the resulting ESR spect rum , shown in Fig . 1, is consistent

- with expectations for the species XeCl . That is , it is typical
- of a radical with an axially symuetric but highly anisotropic d cc—

J 4 tron magnetic moment randomly oriented in a polycrystalhine matrix.
The regions denoted as and g~ correspond to radicals oriented
parallel and perpendicular to the magnetic field . The g values
are g

~ 
— 1.962 and g~ — 2.303, where pBg S is the electronic mag—

netic moment tensor. The g shifts , i.e., Ag — g — g~ , where
ge — 2.0023 is the free spin g value , are similar to but larger

• than those of XeF. This is the expected effect of the increased
halogen spin—orbit interaction or the decreased chemical bonding

-~~ 
- on going from XeF to XeCl.

As indicated in Fig. la , the parallel region has resolved
-V hyperfine structure (hfs). The four strongest lin~~, associated

with the 53% abundant, I — 0, Xe isotopes (132Xe , ~“Xe , etc.), are

‘3
Ii - 7 9 -
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-

C) -~~ -

L f C ) ~~~ ?35C1 - -

91 II 9
5 ’

-
a

H
‘I,

:~ f

C) JFig. la ESR Spectru m of the Photolysis Products of an AR:X~ Cl2 98:l:l.Sampls at 4.2°
K: . The sharp week lines in the region denoted by R are traces of radical - 

-

impurities. H denotes the resonant field of a free electron spin. Computer spectrum jjin the perpendicular -region for the parameters given in the text:

_/ H—~ H

100 G

V

(— 1/2) (—3/2’) (—3/2) (—3/2’.—1/2)(--312,--i/21
Fig. lb Expended Trace -of the Three Highest Field Lines of the Complete Sj~ectrum in Fig. is.

The stick spectrum at the bottom is computed from the ZCI and 1~~Xe hfs constents
given in the text, where the numbers in perentheses indicate ‘the magnetic quantum
numbers of the strong hfs lines. The first number is M~, , with the37Cl isotope indicated
by a prime, and th. second number, if present, is Mx. of l29Xe. The week lines, not

ad bY flU in, 13l Xe hf5 lines.
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a Cl his quartet [I ~~~(
35Cl) /h I — 288 MHz] . The weak highest field

line is due to hfs splitting of the hi3h field member of the Cl
- -~ quartet by the 26% abundant , I 1/2 , ~

29Xe isotope ( i A ~
(l29X e) I

h i  — 582 MHz] . This assignment is substantiated by an expanded
trace of the three highest field lines , shown in Fig. lb. The two
highest field lines in Fig . lb have structure caused by hfa split—

- 
~

- tings from both the 75% abundant 35Cl and 25% abundant 37Cl which

I proves both these lines are fl .tcif — 3/2 hfs lines, and the rela-
tive intensities of these lines are consistent with assignment of
the highest field line as part of a ‘29Xe doublet.

I No structure is discernible in the perpendicular region
of the spectrum; however, trial and error comparison of observed

l and computed line shapes in this region have the following esti—
mates of the perpendicular hfs constants : A~(35Cl) /h ~~O;
IAj (129Xe/h) I 280 MHz ; and a Lorentzian intrinsic line shape
having a width of 32 C between maximum and minimum slope points.

I As shown In Fig. ib, this assignment gave good agreement between
4 the observed and computed lines; none theless , these values are

very approximate because they are strongly dependent on the in—
trinsic line shape , which cannot be accurately determined without
detailed knowledge of the bro adening mechanism.

- The Xe hfs splittings are much smaller in XeC1 th?n in
XeF (Ref. 1). This is consistent with the expected weaker bonding
and a correspondingly smaller transfer of unpaired electron den—
sity f rom the halogen to Xe in XeCI as compared wi th XeF.

The method of preparation combined with the his data
proves the observed species is XeC1. The Xe hfs argues strongly

t ~~ . for chemical bonding in XeCl, which bonding may be defined roughly

I. as nonzero c in the XeC1 wave function : *XeC1 — N E 1 — c2 ii,

- 
(Xe...Cl) + c*(Xe+...Cl

_
)]. For c = 0, the Xe hfs is due solely to

orthogonality—dictated admixture of Xe , 5s , and Spz orbitals into
Li the Cl 3pz unpaired electron orbital . Calculation shows that even

at separation R — 0.32 nm, which is considerably less than R — 0.42
nm estimated from the nearest true van der Waals molecule ArXe, su n—

- plc orthogonahization cannot account for the observed Xe hfs. A
more detailed argument (Ref. 1) shows that the observed perpendicu—
lar g shift 

~~ai) also requires chemical bonding in XeC1.

L Principal Investigators : F. J. Adrian and V. A. Bowers. Dr. Adrian
is Supervisor of the Microwave Physics Group . Mr. Bowers
is an engineering associate in the Electron Physics Group .
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4 SPECTW) SCOPIC STUDIES OF ELECTRON DONOR-ACCEPTOR MOLECULES

Eeec.t’~on 6p .Ln ‘e4onance (ESR) o~ po 4city~~cJ24.ne and 4~n-
gte c.’uj4 taL ~ampLe~ o~ ~~ phtnytene doped wtth aoppe.x po’cphiA ha~ve - .

- 

- been ob.to).ned. it £4 4hown .tha.t .the coppex po~Lphhl moUcute~
- 

- occupy 4ub4.tLtut2onoL ~Lte4 £n ~thL6 ho4.t. The Jfl~O/rJk1.tLOn 4hOuLd
be tL6e~LLL i.n .the Ln ’tp~~ta2Lon o~ -the po!a-nJ.zozLon d ac tvrA.6-
.tLaa o~ ~the optLcat 4pea.tM o~ ~th.L6 and ~i,nUa/L ma~tvr2aLs.

Extensive studies have been made of highly conjugated
organic molecules because of their optical , semiconductive , photo—
conductive, and photochemical properties . Work at APL has cen—
tered around the class of porphyrin molecules . These are good
model compounds for studying the relationship between structure
and function of such compounds , and arE also important components
of biological energy conversion and transport systems . Many of - -  -

the techniques being used to study these molecules are also ap-
plicable to other organics such as dye laser molecules and the

-

~~~~~~ more recently synthesized TCNQ complexes.

High—resolution sharp—line optical spectra of free base - -

and various metal complexes of porphin , the parent compound of all
porphyrins, have been recently obtained at APt (Refs . 1 and 2).

-
- - The spectra were obtained by incorporating small amounts of the

- 
- porphin molecules into the organic single crystal host , t ripheny—

lene. The use of a periodic lattice greatly reduces inhomogeneous
line broadening mechanisms, and working at liquid helium tempera-
ture (4. 2 K )  reduces thermal broadening. The technique not only
gives much better resolution , but also allows for obt aining polar-
ized optical spectra. However, proper interpretation of the opti-
cal spectra depends on the number of crystallographic sites occu-
pied by the porphin molecules and the orientation of the molecules

- - 
- 

within these sites. ESR spectroscopy can yield this and other de-
tailed information about the local environment of paramagnetic
substituents in crystals. Therefore it was applied to the crystal-
lographic site problem for triphenylene doped with copper porphin ,

- 

- 
a system that should be representative of the porphin—doped t n —
phenylene s.
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I The ESR spectra of Cu2+ can be characterized by a g—factor
or electron magnetic moment and by the magnetic interaction between

-
, 

- 

- 
the elect ron and the copper nucleus , described by the hyperfine

I coupling constant A. The result was a splitting of the ESR line
into four hyperfine lines. There is also an interaction, AN, be-
tween the electron and the nuclei of the four nearest neighbor

I nitrogen atoms surrounding the Cu2+ ion. Since the magnetic d ee—
tron is mainly localized on the Cu ion , the interaction is called
a superhyperfine (shf) interaction. If all the nitrogens are
equivalent , one would expect each of the four Cu hyperfine lines

- 

I - to be split into nine shf components . Tripheii; lene has four mole—
- 

- cules per unit cell , and ESR spectra from CuP in each nonequivalent
- 

- site will be observed. One sees that , in ~enera1, the spect rum

I will be extremely complex. At the expense of the onientational in—
formation, the multiple site problem can be eliminated by crushing
single crystals and obtaining a so—called powder ESR spectrum.

I The principal components of the g, A, and AN tensors can be deter-
mined from one powder spectrum. Once these values are known , the
number of porphin sites and the orientation of the molecules in

- - 
- these sites can be determined from the dependence of the single

‘ 
crystal spectra on magnetic field orientation . An ESR powder
spect rum obtained at 16.449 GHz is shown in Fig . 1. Three parallel
components are resolved with the four th just  masked by the perpen—
dicular spectrum. Each parallel hyperfine line is further split

I by the shf interaction into lines separated by 14.2 0. In addition ,
there are lines that are approximately one—half as intense be—
tween these shf lines. These are either due to a magnetically in—

I equivalent site or to the resolution of lines from the 65Cu isotope.
- On the basis of their expected intensity ratio of approximately two

to one and the fact that the weaker lines appear half—way between
I 

the stronger ones at two different microwave frequencies , these
weaker lines are assigned to 65Cu.

1’ The perpendicular portion of the powder spectrum is more
complex , caused not only by the shf structure but also by the fact
that there is a large anisotropy in the nuclear hyperfine interac—
tion . Although the isotope splittings in the perpendicular region

I were not observed at room temperature , spectra taken at low tern—
peratures did resolve structure attributed to 65Cu.

T Analyses of the data showed the tensors to be axially -

j  symmetric. The resulting principal components are

2.190 A
~

(Cu) — 196 C A
~

(N) — l9.8 G

~
‘ g~ — 2.043 A~

(Cu ) — 33 C A (N) — 14.2 C4- 
~, I

~~
. 
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-~~~ Ai(N) = 14.2 G 91

t.*196G-~~ -

A11 (Cu)

FIg. 1 ESR Powder Spectrum of CuP in Triphenylene at 16.449 GHi. The - 
1

- 
mag~etic field is increesing to the right. 

-
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:::tational study of the single crystal samples showed
- - that the normals to the four porphin planes make equal angles of

51° with the c—axis . With the magnetic field along one of these
normals , one obtains g ~ , A~(Cu), and A~(N). Weaker lines attri—
buted to 65Cu were also observed in this orientation.

- - I There are several orientations of the crystal for which
the magnetic field is perpendicular to at least one of the nor-
mals to the porphin planes. It was not possible to i~o1ate corn—

- ; pletely the perpendicular spectrum of one site from overlapping
lines caused by other sites. Further , when A u (N) ~ A~(N) , there
is an orientation dependence of the shf splitting and more than

, nine lines for each Cu hf line may be observed. These considera—
tions made the analysis of t~e perpendicular spectrum difficult
but the spin—Hamiltc ’iian parameters obtained were in good agree—
ment with the powder data. The single crystal data are consis—

i tent with ~uP molecules in substitutional triphenylene sites .

Results of this work were reported at a recent American
Physical Society meeting (Ref. 3) and submitted for publication.
Report s of single site optic~J. spectra of zinc porphin have also
been given (Refs. 4 and 5).

— Principal Investigators: J. Bohandy and B. F. Kim. Drs. Bohandy
- and Kim are senior physicists of the Microwave Physics —

Group of the Research Center.
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PHOTOACOUSTIC SPECTROSCOPY OF LUMINESCENT MATERIALS
-
~~~~

Photoacou6tLc Specf icoocopy ( PAS ) 0~ 60 1146 ha~ been u6ed£0 de.te~inôit Ike non*adLgt4ve tkan4Lt~on /ta.te, net ene.~gy £044 
- --

~~ du.king ezcl..W Ion, and Lqe.t~me o~ a nie.ta~tabZe £eue2 .(.n an opt~-cat2y p w~ ed p k04p h0n~. PAS £4 wi2que. £fl that the meastm.emen.t doeonot n.equ~~e the me.ttutabLe LeveL LtoeL~ £0 be nad~a.tLue. Hence
-
~ 

- mea6tm.eme,vt6 On tkap £.~~et~me and ene~gy depth o~ a ~t ’tap £n manyp~tàtvr4 ~ito.toche.mica.t 4y6tem6, £nctudLng p ho ~a ynthet2c oyo temo,a*e po442b1.e. £n pnAnclpte. 
- -

Optical absorption spect roscopy remains an important tool
- for determining the energy level structure and population dynamics

- - in solids and liquids. This knowledge has provided the basis for T - -

many of the recent developments in the science and technology of
- materials. Recently, PAS has emerged as a new fo rm of optical— 

absorption spectroscopy that offers certain unique advantages
over curren t methods , especially in extending the range of samp les I -

that can be studied optically . Using PAS methods, absorption
spectra may be obtained f rom opaque or scattering samples suchas metals, polycrystalline aggregates , gels , and biomatenials.

- This aspect of PAS spectroscopy is unique and stems from the fact
that SpAS, the photoacoustic signal , is associated with the heat

- produced in the sample by the absorbed light , and not the light- 

t ransmitted through the sample . Hence we have
‘Si

- SpAS (A) — 10) A(A) H0~) (1)

where 1(1) is the intensity of the incident light , A(A) is the
optical absorbence, and 11(A) is the fraction of the absorbed lightconverted to heat in the sample. The use of Eq. 1 has been j ust i—- - fled by detailed consideration of the physical and instrumental - 

-aspects of PAS spect roscopy, including the optical and thermalprop erties of the semple and the properties of the PAS cell (Ref. 1).
- Using Eq. 1, we see that , if 11(1) — constant, Sp~~(A ) / I (A)  — con—stant x A(A) , and the PAS spectrum is equivalent to the optical

absorption spectrum.
- - Most prior applications of PAS spectroscopy have assumedH(A) — constant. Recently (Ref. 2), however, it was pointed out

-~ that many solids have metastable excited states that may be popu—
— lated by light absorbed in specific transitio ns in the solid. In- -

~~ these cases , absorbed light energy is t rapped as electronic energy
• 

- - in excited states of the absorbing solid and may be reemitted as
- - I fluorescent or phosphorescent radiation rather than appearing as

i’
— I
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-1-’:



- THE JOHNS HOPKINS UNIVERSITY 
-APPLIED PHYSICS LABORATORY

- LAUREL MARYLAND

- photoacoustically detectable heat. For these cases , 11(X) # con—
— stant . The correspondence between the PAS spectrum and the opti-

cal absorption spectrum then breaks down and the PAS spectrum de—
pends upon both the optical absorption in the solid and the energy
level position, and the radiative and nonradiative lifetimes of

- j  the metastable level (Ref. 3).

PAS signal generation in these luminescent materials may
- 

be understood by using the energy level diagram , Fig . 1. The dia—
gram is appropriate for the ground and low—lying excited states of
many aromatic organic compounds , organic dyes, and rare earth and
transition metal phosphors . In Fig. 1, for any pair of levels , i ,

-. - j ,  kj j  — + is the total transition rate and is composed of
a radiative part ~ and a nonradiative part Vjj . Also , fjj are

- the pumping rates associated with optical absorption. Since SPASis associated with heating of the sample , large PAS signals are

I 
Level E (cm 1)

1 4 25 000 1

ij  
~ 

k41=P41+L~1I k 21 =I~ 1+U21

~~~~

1 

f
1 3 1
j  /

H 4A 2

- I Fig. I Simplified Energy Level Diagram of Cr 3’ . k , P . and V represent
L the total, radiative, and nonradiative transition rates,

respectively. f is the optical pumping rate.
-5
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associated with large nonradiative rates vij. The expression for 
-5PAS obtained from analysis of this diagram is

B- I 5PAS~~~~~~~ 
S 1 1

4 + 1 123 (2) Li
where

114 — o f 14 [E 4v41 + (114 
— E2)k42 + (114 — E3)k43 J/k44 

F
1123 — a [(E3 — E2)(f

13 + b2f14) + (E2v21/k21)(f 13

and 

+ [b 2 + b3Jf 14) / (1 — iw/k 21)]

L 
- 

bi -‘ k4~/k 44 ; k44 - k41 + k42 + k43 ; a - l/(E4f 14 + E3f 13).

The expression predict s changes in both the amplitude and spec— 1-tral shape of the PAS spectrum relative to the optical absorption - -

spectrum . —

- 
- Equation 2 was tested experimentally for the case of a

- 

- t ransition metal phosphor in which the nonradiative transition
rate v2l of the metastable level could be selectively increased

-: by concentration doping . The results appear in Fig. 2. The
agreement between theory and experiment is considered good. Con— -

versely, from the frequency dependence of the PAS spectrum pre— - -dicted by Eq. 2, the values of v21 could have been inferred.

-: 
— This aspect of PAS epectroscopy provides a new capability
I for measuring the lifetime and transition rate of photo—produced

traps that are not radiatively coupled to the ground state. Ex—
amples include “silent” triplets in aromatic organic systems and

- 
- photochemical systems, including photosyn thesis where the incident -

radiatio n energy is converted in part to a store d chemical form .

Principal Investigators: L. C. Aamodt and 3. C. Murphy. Drs. 
- .Aamodt and Murphy are senior physicists in the Microwave -:- 

- Physics Group of the Research Center. - •  
-

-
- 

References I]
- 1 1. L. C. Aamedt , .J. C. Murphy, and 3. G. Parker, “Size

Considerations in the Design of Cells for PAS Spec— •- --

troscopy” (submitted to the 3. of Appi. Phys.).

S

- 88 -

I LI-
:1

1 
— -

~~~~~~~~  

____

_____ - ~~~~~~ 4~~~~~~ -&  -



-- 1~’~ 
-. ~~~~~~~~ ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~4 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~

THE JOHNS HOPKINS UNIVERSITY

I 
APPLIED PHYSICS LABORATORY

LAUREL MARYLANO

I 2. L. C. Aamodt and J. C. Murphy , “Photoacoustic Spec—
- trosco py of Ruby Powders ,” Bull. Am. Phys. Soc.,

Vol. 21, 1976 , p. 423.

~ 3. J .  C. Murphy and L. C. Aamodt , “Photoacoustic Spec—
- 

- troscopy of Luminescent Solids : Ruby” (to be sub—
mitted) .

I i

-

~~~~~ _— 1

~~~

~ I _________________ _________________1.0 I T _ _ I l  i * i . ? X i i
- - 0.8 — .5 —

£
0.6 — —

£

1- ~~~ 0.4 - —
•
1

•~ 0.3 — £ 
—

£

:. 

~~ 0.2 — 

£ £ Calculated ratio H( 4T 1 )/H(4T2) —

~ r • Experimental ratio
~~

0.1 I I l - I l  I I I  I I
0.1 0.2 0.3 0.4 0.6- 0.8 1 2 3 4 6 8 10

3+Cr concentration

- 
L Fig. 2 Ratio of PAS Cr 3’ Band Intensities in Rub y versus Ion

Concentration
~

—

-89 -

-ti



—~-- - — — - - ? - - - - - - - — --

THE JOHNS HOPKINS UNIVERSITY

APPLIED PHYSICS LABORATORY fl
LAUREL. MARYLANO 

I]

QUANTUM ELECTRONICS AND EXCITA~ION MECHANISMS

- ,  Few 4~~ent~~~ dL6cove4Le6 have exc2.ted Ae 4c svt44Lc 
- ‘  

-coimruni2y and opened new vL6~ta6 LOlL 4e4e.o~~h and deveZcpmen.t a4 flha4 ~the ~~~~~ La~a, eZeet.ko-opt~c.6, and quan.tzim eLec-t ’con.c.c6 ut
genenat, compnA4e an expanding technoLogy demanding an c2en.t awaM-
ne~~ ~o a66e.~~ ~to i~mpae.t ~utLy. The APL Re4ea.~ch Cen.te’t ~ 4 quite -

ac.tLve in th.Lo (,.LeJ4 &u~.th uite ’LeA.to op annc.ng Lwm ba4. .c tuea~~h
.to nii~Utwty and c~~~L~an app UcatLon4.

Imatediately following the discovery of the laser , the Re— j j
search Center at APL became active in laser physics research and - .
in exploring potential laser applications in the military and medi-
cal fields. A representative example was the development of one of ~~~

- 
-the first argon laser retinal photocoagulators for clinical use at

the Johns Hopkins Medical Institutes. In recent years an active
- 

- interest has developed in infrared lasers because of their unique -

applications in plasma physics , coumiunications , and high—resolution
laser radar. Stesm~ing from this research were two chemical laser -•
projects supported in part by NAVSEA that resulted in the first
demonstration of a high—pressure pulsed DF—C02 chemical laser and -

a successful demonstration of a relatively safe—fueled CW chemical
laser based on the Na—catalyzed combustion of N20 with CO. The

-
‘ 

pulsed chemical laser concept is currently being extended to a - .
• waveguide laser configuration, while the complex chemistry of the

CW chemical laser is under continued study . A novel chemical laser
concept using heterogeneous chemical kinetics has evolved that
could alleviate many of the aerothermodynamic problems experienced 

~ 
-j

with conventional high—power lasers ; support for its study is P ro—
vidéd by NAVSEA. -

-

~ 
- 

Another laser research project relates to imp roving the
performance of a t raverse electrical discharge atmospheric pres—
sure (TEA) 002 laser by the addition of selected species having low - ,

ionization potentials, a procedure that is recognized as one
- - method to inhibit arcing and enhance plasma uniformity. An under—

standing of the details of the CO2 laser plasma chemistry both with
and without such additives becomes important in this problem , and -

several diagnostic approaches are being used in its resolution.
This research is also supported in part by NAVSEA.

In addition to the laser studies , research in organic 
- 1conductors and photo—assisted electrolysis is in progress. The

organic conductor research is a continuing effort  in conjunction
with The Johns Hopkins University. It has concentrated on the syn— -

thesis of new organic compounds , measurements of their physics -

-
4 properties , and interpretation of the measurements with the ulti—

mate goal of yielding an understanding of these unique materials. —

— 9 0 —  ._ i
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Research on photo—assisted electrolysis is a new endeavor.
It is an alternate approach to solar cells as a means of utilizing
solar energy and is based on photo—effects at a semiconductor/
electrolyte interface. Experiments have been completed with a
pair of Ti02—Pt electrodes immersed in various electrolyte, to de—
termine the effects of illumination on current—voltage characteri.—r tics and gas evolution. A program has been initiated to prepare
and evaluate other semiconductor materia ls .

Each of these projects is reported briefly herein. Greater
i- detail appears in five publications that appeared this year and two

additional reports that have been submitted for publication. The
research is being conducted by the Quantum Electronics and Excita—

- tion Mechanisms Groups with a staff of six senior scientists , one:~ 1 associate scientist, and two technicians.

I CHEMICAL LASERS : HIGH-PRESSURE PULSED
DF AND DY-CO2 CHEMICAL LASERS

I The ezotireiunLc chain ‘teac.t~on4s be.tzuwi deuteth~m and
- - guonA.ne have been wsed -to gene/ta~te La &vi. e,ni.W.on ~Ln OF and OF-

L CO2 citemLcat wavegui4e £46 e*~. La61.Ag OcC.uM at 10 p m i.n ~~abLt
F 02-F 2-C02-Ne mLztwte~ at p .e~~wI~e4 a6 Iu~gh ~~ I atm ~ILLth peak

p o w A o L 5 k W LolL puL h a d ati.on oL 2o~~~. Spect*aZ
- - udi..e~ 4how CO2 emL661.on £n.om both R-b’tanch Line6 nealL 10.2 pm

- - and P-b~anch L~ne~ een.teited at 10.6 pm, in con.tko.6.t —to the corn-
mo~tLy oboexved 10.6 p m emiAaon L’wrn rno6~t puLsed and CW CO2 Laoelt~.- 1 Howeve4, the gene~aL Leattm~e~ ob4e’Lued ~lLom 4p ec21w2 ud~eo o~bo.th OF and OF-CO2 4yotem$ indLc ate .that the p ump .Lng o~ the La~e.t- titan s it4.0n4 by excA.ted OF ~ £den.tic~t to .tha.t ph.ev2ou.64 ob-I 4etued ~n chemLcj iL £aAeM o~ Laitge voLume.

Chemical lasers are particularly attractive candidates
~~

- 
7 for high—powered laser systems since the principal energy source

- -f 
- £ is a chemical reaction. The DY—CO2 and DF chemical lasers are

attractive for military applications because the laser outputs
1 correspond to atmospheric windows. Supported in part by NAVSEA,

the Research Center has conducted a continuing experimental study
in high—pressure pulsed DY and DY— CO2 chemical lasers. The m i —
tial study of a flash—photolysis—initiated DY—CO2 chemical—trans—I fer laser oper ated at pressures to 1 atm has led to subsequent

£ studies directed toward the more efficient initiation and ut iliza—- ; tion of the pump reaction. Electrical initiation of the D2 + F2
1 reaction was found ~o require less inpu t energy for initiation
I than flashlamp initiated systems, but laser output energy is also

diminished (Ref. 1). During the past year, our spectral studies
— have identified some of DF vibrationally—excited states from which

1 -91 -
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energy is transferred to C02, supporting the theo ry that the high
rate of transfer of energy to C02 involves AJ ~ 2 in DY (Ref. 2) .

In all preceding work , only a fraction of chemical energy
available in the reaction is used since the active laser volume
established by the optical resonator is substantially less than
the reactor volume . A possible technique to circumvent the problem
is by using a hollow die lectric wavegu ide resonator to confine the
reacting mixture. In our previous work , a 3—mm—dia quartz laser £tube with a volume of 4 cm’ was used with the chemical reactions
initiated by an extern al. flashtube. It yielded laser output power 

~1of 2.5 kW at 10 pm pulses of 20 pg duration from stable D2—F2—C0—He
- - 

mixtures (Ref. 3). Our more recent studies with a coaxial flash—
tube—lasertube system have yielded a power output more than double - .  -

any previously observed. This represents a laser energy density
of more than 25 J/liter atm; by comparison , the larger chemical
laser generated 19 J/liter atm based on total gas volume and 50
J/liter atm based on the stable—resonator laser mode volume. ]

Spectral studies show that lasing from CO~ begins with
emission on the P(l8) , P(20) , and P(22) lines at about equal inten— — • -

sity . We have now shown that , within a few microseconds, lasing
on the P(l8) and P(22) lines sharply diminishes and the P(20) at

- 10.59 pm becomes dominant (Ref . 4). The concentration in one line 
-is presumably indicative of rotational equilibrium being attained

with a maximum population in the J — 19 rotational state correspond—
ing to a rotational temperature of 400°K. Additional strong lines
at 10.247 , 10.2335 , and 10.26 pm are observed with 10.26 being the I -

strongest. These are apparently the R(20), R(22), and R(l8) lines
of the 00’l to l00 vibrational—rotational transition. These
lines are associated with the same energy levels as the P branch
lines observed, but with M ~ —1 in emission. Observation of the

- - 
R—branch lines in a laser that does not contain a wavelength selec—
tive element (such as a diffraction grating) as part of the reson—
ator has not previously been reported since the gain for the R
branch is usually less than that for the P branch for most values

- 
- of the population ratio of the upper and lower states. However ,

as this ratio increases, the gains for the two branches are almost
equalized. It is possible that an abnormal rotational population
distribution of the 100—vibrational state is responsible for the
unusually high relative gain of the R—branch lines, or -the cause
may be selective refraction or absorption effects in the reactor
tube. - -

-

In spectral studies of lasing from DY with its large rota—
tional constant, rotational equilibrium is not obtained, and a
large number of vibrational—rotational transitions are observed.
Strong lines observed in the DY chemical waveguide laser are

-92- 1] ,
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I 
listed in Table 1. These spectral lines closely correspond to

-~~ .1 those observed in large—volume DY systems, as contrasted to the
atypical observations in the DF—C02 spectra. Time resolved spec--

— 

- T tra show steady J shifting to higher P values as the laser
emission progresses corresponding to an increase in rotational
temperature from 300°R (P(4)) to 400°K (P( 9)) and finally to
600’X (P(ll)).

Table l

j DY CHEMICAL WAVEGUIDE LASER TRANSITION S (pm)

- 

~
- I I 

v 1—0 2—1 3—2 4—3
£ P(4) 3.6665 3.7878 3.913

T p(5) 3.6983 3.8206 3.9487
i P(6) 3.6128 3. 7310 3. 8547

P(7) 3.6456 3. 7651 3.8903I P(8) 3.680 3.8007 3.9272
P(9 ) 3.716 3.8375

L P(1O) 3.752 3.8757
P(11) 3.9155

Principal Investigators: T. 0. Poehler and R. Turner. Dr. Poehler
-

~~ is Group Supervisor and Mr. Turner is a senior physicist
of the Quantum Mechanics Group of the Research Center.

~i II 
~~
.

- 
- - 

- References

L 1. T. 0. Poehler and R. E. Walker , “Transverse Discharge
Pulsed CO2 Chemical Transfer Laser ,” Appl. Phys. Lett.,

-- Vol. 22, March 1973.

2. R. Turner and T. 0. Poehier, “Electrically Initiated
. 

Pulsed Chemical DF—C02 and DY Lasers ,” J. Appl. Phy~s.,

L Vol. 47 , July 1976 , p. 3038.

3. T. 0. Poehler, R. E. Walker, and J. W. Leight, “High
r Pressure Chemical Waveguide Laser,” Appi. Phys . Lett.,

Vol. 26, May 1975, p. 560.

- 4. T. 0. Poehier and J. W. Leight , “DF—C02 and DY Chemi—
- 

cal Waveguide Laser” (to be published) .

p
Ii —93 —

1)- 
-

El

— ——-5- - j



- - - - ~~~~~~~~~ ~~~~~~~~~~~~~~~~~ 
- - -  - _ _

~~~~~~~~~~~~~ - - -~~~~~~~~~~~~~~ ________ -

THE JOHNS H~~’%INS UHIVERSITY
-
~~ - APPLIED PHYSICS LABORATORY

LAUREL MARYLAND 
-
A——

CHEMICA L LASERS : CH~(ILUMINESCENCE IN THE NA + N20
AND NA-CATALYZED N20 + CO REACTIONS

* ChL1n~Zwnôtt4cencL nle.a4uMment4 o~ chemLcaL n.eact~.ono p ko
v2de Jn~oiunat~on on £ne~kg~ depo 44.t~on AJtto excited 4—ta—teA O~ a.tomó
and moZectttes. The 4odiwn cheinUuinôtescence hao been s.tacUed .ut
Low-p ’te~~wte d~~6u4AOn £Lameo ~nvoLv2ng Na-N20 and Na-N20 + CO ~n 

-a he-LLwn diluen.t 4n ondex -to a64e-64 ~the kote o~ e2ec.t’ton~caUy
excited 4odiwn -~.n the pumping mechan.Lom o~ the N~O-CO chem.~c.aL. . -

ea6et. The ‘teowU~ 4~ndi~ate ~tha~ $J te dLitec.t p ’co?.uction o~ excited
4odi.um 6oLtowed by qaencJ aA~tg L.o not 4udf ,.~ciLn.t to p .toui4e the ob- -

4e-a~ved v4hktLtionol .btvef tA4ion ~i.n the chemicaZ &ue-’~.. -

The Na—cat alyzed N20 + CO chemical laser developed at APL •

(Refs . 1 and 2) uses the princ ipal reactions : ~ii~

Na + N20 + NaO + N2 + 21.0 kca l/mole (1)

MaO + CO -~~- CO2 + Na+ 66.2 kcal/mole (2)

Lasing occurs at 10.8 pm with N20 as the optically active species.
The laser pumping mechanism is believed to involve reaction 2 ,
by forming either vibrationally excited CO2 directly or electroni-cally excited Na (Na*). Since the vibration—to—vibration and --~~ 

-

- - vibration—to—electronic energy transfer rates are rapid between
the various species , any species that is formed in an excited state
will rapidly transfer energy and equilibrate with the others . The
photon yield from Na* was measured in reactions 1 and 2 in order

- 
4” to assess the role of Na* in the pumping mechanism of the chemical

laser.

Chemiluminescence measurements were made with a conven— 
- -tional low-pressure diffusion flame . The reaction of N2O with Na

produced a well—defined, spherically symeetric diffusion flame.
The emission spectrum was scanned from 400 to 900 nm but for the
relatively low reactant concentrations used in this work, only the - 

-

Na(3p -‘ 3s) emission at 589 nm was observed . (In previous measure— 
-ments at higher reactant concentrations in a fast-flow chemical

laser reactor , a broad emission was detected at 600 to 680 nm from
excited Na2 in addition to the strong Na(3p • 3a) emission , but no -

other Na transitions were observed.) The Na(3p - 3s) emission was
measured at conditio ns where quenchin g of Na* by N20 and self— 

-absorption of the emission was negligible compared to the spontane— 
- 

- -
ous emission rate. The photon yield of the Na—N20 system was found
to be 3 ‘ io—4 .

— 
I
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I 
Although this yield is rather low, it is surprising that

any emission was observed since reaction 1 is not sufficiently exo—
— thermic to provide the excitation to the 3p level of Na (48 kcal/

I 
mole) . Thus, additional reactions are definitely occurring and
two excitation mechanisms were previously proposed to explain the
production of Na* (Re fs . 3 and 4).

I When CO was added to the N20—Na system, the chemilumines—
cence increased a hundred—fold . The emission was- measured as a
function of the sodium concentration and the C0/N20 ra tio. Takin g

I into account the combustion efficiency and the chain—length, the
photon yield was determined at conditions where self—absorption
was minimal and the rate of emission was faster than the rate of

I quenching. The photon yield was found to be i..0.02 without a strong
j  dependence on either the sodium concentration or the CO/N2O ratio.

-
~~~ 

The Na* photon yield required for Na* production followed
by quenching to be the dominant laser pumping mechanism can be
estimated from the known energy deposition into the N20 upper
laser level (Ref. 2) .  If one asstmas that all of the energy in Na*

— 
- 

1 
is transferred to the upper laser level of N20 (most favorable
case) , the minimum photon yield necessary to account for laser
pumping is 0.25 ± 0.04. Since the measured photon yield is only
0.02 , the proposed pumping mechanism involving Na* cannot solely

L be responsible f o r  the vibrational inversion in the chemical laser.
This implies that either direct production of vibrationally excited

-- CO2 is favored , which then produces excited N2O via rapid vibration—
to—vibration energy transfer, or that another (unknown) reaction is

A involved in the pumping mechanism. Definitive experiments on the
chemical kinetics are necessary to determine the processes that
are occurring in this chemical laser.

Details on the chemiluminescence measurements have been
documented and submitted for publication (Ref. 5).

~1. Principal Investigators: R. C. Benson. Dr. Benson is a Senior
- - Chemist in the Excitation Mechanisms Group.
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I INFRARED LASERS : ADDITIVES TO IMPROVE CO2 LASER EFFICIENCY

The add Wiin o~ Low Joni za.ti.on-potentiol ga6e6 to caithon
dLor2de ta6e~~ p’wv~de4 a mean4 o~ ~~~.eaoJng the eLect’wn den4 i.ty

- 

- - and hop e~uJ2y -the e~f~e2ency o~ the LaAeiL. Xenon, wh.~ch haA an
Jon-~zo..t~on pot ential (12.17 e V) Louz’L than the dLo4Ocia.tLon pot en-
t.iat o~ CO2 ( 13 eV) , and ha& a meto.Atabte 6ta.te at 8.6 el/ , ~i4 

- 
-

being &twked a~ an addi.tLve A~n a 4maLL IvLgh-piLe4s4uAL CO2 taAek.
Xenon hao the advantage ovelL the mo/IL c.oninonty used addi.tLveo,

- - 4wth aA tnJpd opyttvnine, -that ~t does not contaminate the d~ochatge.
The’te a.ne *uo £etu Lbte mechani4m6 by &uhi-ch xenon cart be u6ed -to -

~Lnc. a4 e .the elec.t ’ton dert4s~ ty: one , pho to~LortLza.tAon by v~W.bt.e
ligkt 06 meto~tabLe a.tom6 that a.~e p .wdtwzd in an etac~tti.cd dLd-
chai

~
ge; and 4 econd, Zonizat ion o~ xenon by the coIJ.Ls4on o~ too

me~ta4-tabLe a.tOm6.

An important requirement in high—flow transverse electrical
discharge atmospheric pressure (TEA) CO2 lasers is the production -

of a high electron—ion pair density by methods that do not disturb
the optical quality of the laser medium. Creation of a plasma of
proper electron density allows electron heating by the main di.— -

charge at an energy level where an efficient transfer of electron -

energy to the appropriate excited molecular states can c -ur .
Prior work has been reported on the enhancement of TEA laser plas ma 

- 1
- density by the use of low—ionization—threshold organic iuç~arities

ionized generally by spark discharge radiation . Problems have - !
been found with the limited photon mean free paths in the laser
medium, as well as acoustic disturbances in the laser cavity . A
program has recently been initiated, with partial support by NAy—

— SEA, to study alternative low—ionization spacies that can be ion—
ized by more conventional means to improve plasma properties of -

-
- 

- the laser.

The experiment is per formed in a transverse discharge be—
‘ween Ro~ovsky shaped electrode s (2 . 2—cm wide , 43—cm long , with a - J

- 9 6 -



rw - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- -

:: i
THE JOHNS HOPKINS UNIVERSITY 

-
APPLIED PHYSICS LABORATORYI LAUREL MARYLAND

1.3—cm gap) excited by a preionization discharge preceding the
- I  
i main discharge, an arrangement that permits a variety of excita—

tion conditions. The discharge tube is located within an optical

I cavity so that laser emission may be studied as a function of addi-
tive and excitation conditions . The experiment is also instrumented
to permit the measurement of:  (a) xenon metastable density using
resonant optical absorption along the discharge axis at 823.1 urn;

I (b) electron density , Zie, and electron collision frequency, Vea,
using two frequency microwave probes at typically 29 and 39 GHz;
and (c) preionization and excitation currents. The discharge is

I nominally operated with helium at 300 Torr to which 2% xenon is
added either separately or in conjunction with 10% CO2. Two dif—
ferent excitation currents have been used, a (slow) 180 ns wide

I pulse (FWHA) and a (fast) 50 us wide pulse.

With slow excitation , the maximum xenon metastable popula—
tion is 4 x 1012 cur3 and occurs 4.5 ~is after the excitation cur—I rent. This is later than the time at which the CO2 10.6 ijm emis—
sion normally occurs and so would require special handling or
excitati on of the xenon to be useful. However , a more serious
problem is the effect of CO2 and N2 Ofl the quenching of the xenon
metastable population . If quenching rates are too large , the
xencn metastab le population will be destroyed before it can make
a significant contribution to the electron density. Preliminary

I results indicate that the quenching cross section is 20 x lO 16
cm2 for CO2 and much less for N2. The CO2 quenching cross section
is large enough to prevent the metastable reaction from providing

1 a significant number of electrons at the CO2 pressures normally
associated with laser operation . The effect of fas t excitation on
the xenon metastable population has not been measured .

I Because of the high electron—to—neutral collision fre—
quency , Vea, typical of high—pressure discharges , microwave trans—
mission and interferometer measurements must be interpreted using
a more exact model than is the c~se when the collision frequencycan be neglected. In the present experiment, the signal trans-
mitted through the plasma and the interferometer output have been
derived from an exact calculation of the propagation constant as a
function of collision frequency , assuming that refractive and in-
ternal reflection effects tre negligible. The experimental results ,

- at 29 and 39 GRz, have been fitted to the calculated values to ob-
tain a single value of collision frequency from which the electron

-- density can be derived frost both transmission and interferometer
measurements . These agree well in most cases . The collision fre—

- quency can also be derived from simultaneous transmission measure-
ments at two microwave frequencies.

- - 
- The microwave data are best fitted with a collision fre—

quency of 1.2 to 1.5 x 1011 ~~l. The electron density profiles as

— 97—1.
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• f~acUss o~ et to, toot —
~~ .iav .ictiat tos wIth 10 Tsr, .z

oo4 300 Tory of hett~~, sLose. d with 6 Torr of
ITS shown so VI$. 1. 1* the Coo . ~~ the S1~~ dt.Cb ~~l.. ~htb of *onon lacy... .. th . .loctrso d.ss$ey 3 to 4 t b .  by colli-
sboes b twse. seeoo L~~1. 1 toes ~~

$ I
1. • 1~ .II •b~~~..

The faat diachar . r.sefl. is • i .sfol d tscre~~s Is ~ m1ai d~~—
sit, over that obeabsed with the slow 41athar$s. is thIs c*se the
addielso of resu lts is a rsd~~t 1s  to i l.u res 4.ssity at
the ci.. of b...r i.i.stso. The ~~~~ of d iet,’.. ~~~.ft y 1. all
casio I. .apuosmnt ial, t idicat ti t that .lactres •tiac~~~~t
procoos Ia isvolv.4. The r~1e ~~~~~~~~ for the .: 41.4 ~~~
~~s : *(C02) 3.7 • lO~ • 1 ood E(CO~~)u $.) • 1.4 • 10’ .i~ for
the foot dischar ge they are s E(~~~) - . JØ6 . 1  . 4  E(CO~~Z.)-
3.6 • 106 . 1. $soo~srs~~~ts Of the. . sod Other ~at* c~~~toot. ~.rd.ezcftaetes of 1.’ W $. ortoot iso., se... such as ~~l C0~are the first s o u r sts of s~~~ of thu. p•e~~~s c ry r4i r 1s..t
discharge coadlilsos.

is all cools, the sdd1t&~~ of ... ~~ ~~~rS ... the .Ioct r l-
cal energy that coo be d.poe ICed Ia the ~oo b.csss. of the fot~-t i so  of arc s , with the resul t thit she sutp,t p~~~r at 10.6 is Is
rsduced bu s. that obt alsable wi thout .enso. iacte 1sg the ~~e.4of the currese scita tlso pub . results Is ~~~h mere .L geIf t csot
inc reos. is elictr cs dso. t ty . *~~aser, the .1.ct ros los. rat. Is
•lao greater so that at the else of laser esboolos (s l.~ a. at tsr
th. start of the escitatbse cur?es t) the •1ecttos densities •i.
cosç arab le. This agrees with the fact that the CO2 l~~~ , outputs
are co~~arob1e for th. two a*cItaeIoo cu treots .

C~~~l atary to the soaso additive ioveatbgatlorm is a
basic study of isirared .adssise esi b u g  actios to pure buttes.
This is a csstinu tng r search proj ect with earlier •tudb.e re ~e~c.r~-
Crat ing so low-pressure lla ar discha rge. Is h l i e s  t~~~t
losing sates at ~~ esd 216 is; the result. f ros th.t re~esrcb
ha,. r.csotly bees poblished (1sf . 1). Th. experbseots ~ av.
bees .xtesded to high-presser. (300 tOrr) tr ooaver.. dt*charg.s
wh r. l~~isg octiso boi bess observed at 1.133, 1.36~, wd 1.163 so.
Only the 1.163 is ~~~ssboo had been observed p~~vbous1y is a low-
pressure discha rge. The energy leve ls re.poasible for this loser
.stesion have not yet bees ld.atlfi.d.
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d o w  cosátciows. The diachsr~a ce. is locai.d wttht. opttc*l
• cavity so that laser .~~..los say be stud ied — a t~~ct$os of Met-

It,. and szcitat t~e cosdft loss . lbs iepsrl c is ala, lost r~~~si.dto p.r ~ tc lb. anmur.anit of z (a) u.t aar.hl. ~~~~tty P1s*e
r.scs t optical .b.. rpc los alsa cbs di.cbsr . asia at ~~3. 1

I ~~ d.ostcy, s,. and slactros eolliatos tr. ~~ sry ,
sais~ two ftsqu sscy ~~c,ossos p robe, at typically ii .~d 39
and (c) pr.lowi aat tow and sscicat l ct.~r rosts. Tic dt~ cbar , Ia

‘ 
nosinaUy operated with h.1t~~ t 300 Tort to i~ tcb U Ia
added etch., separat ely or is c j ~~cctos wi ck 102 CO2. Ywo dif-
fe west escitaclos currents ba~~ be.. ss.d . a (slow) I O . s  wide

i pulso (PI~ A) d a ( f a s c ) 50 an wtd.pul...

I Wit h slow s.c t cattos . lbs ~~~~~~ tanc.bl. pepsi.-
h o w  1. 4 1012 c a 3  aod cccvii 4.$ os alter lb. cscItatIaS car-

I rent. mis as lacer eban lbs t 1 at whIch ib. CD~ ZO.ê us
I slow .orsa.1ly occurs asd so would require •p.ct.1 ~. 4L1* or

excitattow of the s~~~~ to b. oseful . ~ou,.e,. a enre sorb .
t probi.. Is lb. effec t of COi and ow the ~~~$Ch1IS of cbs
I satastable populattow. If qvesck 1a~ rates sri too lat e., the

sinGs t t ~~l. popsiatlos wi ll be destroyed before It an —
~~~~

• sl~~iftc st costrib~~Io. to lb. .1•ctrss des.l t7. Pr.liatspçy
I results indicate cha t the q~~~cMs~ TUS.  sect los 1. 20 •
• ow2 for CD~ and anch lass for ~~~~. The CO~ qesschl. ross sact ios

Is lan. enov~ls to pr evan c the ta. c .b ls re actbos Iron ps eeldiaS
I • slp~ificost s~~~.r of elect ron. at the CD2 pressure. sorosLly
I associated with loser operat Ion. lb. if fed of lane .‘cIemias an

the simon antastable population has sot bees os..*uud.

1 $ecsime of the hI~~ •lectr ~~-to-~eutis1 collistos I,.-
qano cy • v~~, typical of hiO-’pw.ssur. disd*.re.c • sicrowave crow.-
~~asion d incer feronst er e.ut *~~~ts oust be interpreted esisS

) 1 a saws exact osdel than is the case ~ s.n the olllaL f requency
1 can be se~l.ce.d . In the present espertanot , the .L~~sl crow.-

aitted throw ~h the plain, and the iot.r f.r ~~~t.r oatpvt have bess
1 derived ftc. an exac t calcslatics of the prupa$at IX coniC an t
j  fanc t low of collision freq~~~cy, soi~~ ing that r’.frsct lye and Is-

ternal reflec t ion effect s ar e sog1i~lble . The e~perIannt a3 r esult .,
at 29 and 39 ~~a , have been fitt ed to the calculated valu s to ok-
tam a sIn~l. va1~a of collisioo frequency I row whIch lb. el.ctrva
dinsity can be d.rlved f row both tranasia s ion and In t.r f.r~~~ter
osISUTSuenIS . Than. agr ee veil is ~~~~t cases. lb. coUisIos liv

~ t r quency can also be de rived ftc. iloultaneous tross ission vre-
nt. at two sicruw ave freq~~~cles.

The nicrowave dat a ar e best fitted with a cofliaton Ire-
quency of 1.2 to 1.5 ~ 1011 5’l  Th. electron density profi les a.
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a tweet... of ties for fast and slow .acllat*os with 30 Tsr: of
00~ and 300 TOn .1 hsUen, atone , and with 6 Tort of s~san a ided
ar , shows on Pig. 1. Is the can, of cbs slow dIscharge , tbs .441-
tics of xenon increases tbs slaciren densIty 3 t o 4  liens by coflI-
stone between ustastable *e toss em 1*

a •Xl +X s  •Xi  •X • .e .

The f ast discharge re sults in a t.sfold iacvs~~~ Ii ss*t~~~ dow’
sity ove r tbat obtaine d wtch the .1ow dg.sthagge. ta chta ca.~~the
addft ton of sinos ranelts Is a reduc t Ian Is electra. ~~~~icv at• the ci.. of laser owissiow. The dscep of elect ron d .Iry 1* all
c a n e  Is exponential , Iadicatl a that an electr on atcachuest
piocess is involved. The ret. c~~~tants for the slot 4l.~b.ros
ars : t(C02) — 3.7 • 10’ s~~ sad E(CO~)-X.) — 1.4 • 10° ~ ‘l ~~~th, fast discharg. they are : E(CD~) — 3.9 • 10’ .4 and I(CD~-*.) -5.6 106 • 1 . $sasureanncs of these and other rate cosatan ts for

• dsescltat lon of *. by ixporcanc laser g.s.a such a. $~ and CO3ar. the first asur ~~~~ts of s~~~ of thee. psr t.rs wider laser
discharge conditiows.

In all c~~~s, the additlow of 4.crs~~~s lb. .l. sri-
cal en.rgy that can be deposited in the gem b.c . of tbs loran-
tin of arcs , with the result that the output power at 10.t wi Ia

• reduc.d below that obtainable without *~~~s. lacteaslng th. speed
of the cur rent excitati on puls. results is a ouch anrv sip~lfic..t
increase is electron dens ity . ~~~.ver the e lect ron loss ra ts I.

A also greater so that at th. elan of lase r ioslow (a 1.5 s af ter
th. sta r t of the excitat ion current) the electron densities are
coxperabi. . This sgxss. with the fact that the CO2 laser out puts
are co~~ar th le for th. two excitation current..

Ccep1~~~ntary to th zonon additive investigatIons I• a
basic study of infrar ed sails! on and lasiag act ion in pure bellow.
This is a contin uing r~~~arch proj ct v ith earlier studios con~-traCing ow l~~-pr. ssure linear discharges is ha llow tha t generate
lasing action at 95 and 216 ow; the results f tc. tha t research
have recently been pelish.d (S.f . 1). lb. experisasts have mu
been extended to high-pressure (300 Tort ) tr an svers, dischar ges
where lasing action has been observed at 1. 135 , l.)6~ , and 1.06 5 ow.
Only lb. 1065 us esisain had bees observed previously Ia a law—
pres sure discharge. The ene rgy levels responsible for this laser
eal ssion have not yet be.m identified .
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P net .1 1. Turner. Wr . Turner is a senior physi-
c at t t Quaecw Electronic. Group of the ~~~sarch
Canter.

Re I ersnc ~

1. 1. Turner and ft. A. Ilorphy , ‘lb. Pa r lafrared Isliow
Laser ,TM trued Pbi~.. Vol . 16, 1976, pp. l~ 7 ZOO, - .
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~~eZé a ~~ L~ 2mULg beAd ~tsicc.Amt at Law L m ~~ma1ima. At CM
east t4st, ttóthig ~L*tUcAIsi* t~V L4* L5 OSt C* LLLO ~~~~IILc• d~Qc.t4cs .Lst*od~ u eu~~Lc4tM e Dai4~Cz&em.t d~eo%di.t to ~~~~~~~ULabLL4ASS I.t o~ a L u dLst,s i4aiiat os4e.,a,d La*ula.t4q Atati.

The DC electrical conductivity of  tet ra thlafulval. n*wi-
tetrscyano-quinodiaethanlde (1’rP-tOR~) w.. reported by Psrr.ris
et al. in 1972 . The obse rved a.gnicud. of the conducti vity ~~~~

-

peered to be c~~~ara ble to siaple aetals and conelsteoc with elec-
tron transport h at ted by single particl , scattering . The DC
conductivity ros e with decreasi ng Cesperat ure like • netal —~~~

was highly isotr opic , which van consistent with the anisotropy
of the crystal str ucture . This quasi-one-dIennsIosai behavior
s~~gests that the transition ftc. t all ic-to- .onicocduct ing state
occurring at 54 1, is a Peleris distortion , that Is , • periodIc
distortion of the lattice drives by the conduct ion electrons .
Sub.eqwistly, a report van ..de by othe r investigator of .xtr.-
ordinary DC conductivitles sai d to be Indicative of the onset of a
sop.r ccnducting sta te at 60”Z in rrF-TQN~ crystals of exc.ptioos.l
puri ty and crystalli ne pe rfection . At API., an extensive study of
the ixportanc. of ehowical purity and crystal perfection was per-
forned owing very ri$oroim s~~~le preparat ion and purification pro-
cedures (S.f . 1). ~~1y .xtr ~~~ly dirt y .~~~l.. were fowd to have
any significant change in electrical conducti tit y.
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I In a recen t survey of siscirical conductivity in 600 TTP-
TCII Q specia.na stud ied at IS laboratories owing either four-probe

L • DC asur susnts, .lcrotav s cavity perturbatIon tocheiqus. (PsI. 1),• or coaxial resonance, vs show that the conductivtt i.as of none ofI the sp.ciasns exceeds the hiat t . of si*gla part icle scat tering
(S.f . 3). While the work ~~~s not rule out coU..ct tvs effects
the conductivity is never high sno~~~ to require a collective

I electron (superconducting) state as an explanat ion. The repo rt of• 1 paraccnductivity is now believed to have ar eas tr ee sqisrtessta.1
artifacts associated with taboa.~~~soua current distributions Ia

• the DC speci.sns and siatstsrpntation of the nlcruuavs pertutba -
1 tics aaursvents , as discussed in a pap er that w• have ubeit ted

for pablication (5sf. 4).

I As us ebowed earlier (1sf. 5) end have now cosfirusd
• (R ef. 6), the c~~~o.ad lT$P—T~~~ represents a qua litative depar-

ture free previous organic conductors is that the s.ca llIc stat e
t is stable . We have also foowd that , while lbs donor anlecula Is
J slsct romically siailar to the te t raisthyl anal ogs flITTY (5sf. 7)

• aid ThTSP , the lar ger size of the soleculs causes the lattic , to
• be of highe r dinenslosality than any other organic conductor inr this f~~~1y. This Is eviden t free our recant crystal lographic —

~~

• ~ • ~~~netic studies of these coepoands (Ref. 5). In this work ,
it has bean 4i~~m’tr at ed that . since th. usual EllI ott- ~~*gtaow .r

I aechesies for spin-latti ce relaxat ion In astah. via th , spin orbit
I coupling Is ineffect ive in one diaens ion , the £35 h *aewIdth is an

effective index of the dianssiona.hI ty of the y.tes.

I Principal Inve.tj astpr.: T. 0. Poshler , D. 0. Cowan, and A. 8.
~~~I1iáh~ Dr . Poehier is Supervisor of lb. Quastow Lice-

t ron ics Oroep of the Research C~~~er. Dr. Cowan is Pro-
I fessor of Q~~ istry and Dr. Iloch is Associate Professor
1 of O*anistry at The Johes Sophie. UniversIty. Their work

is not a ipport ed by the IP&D Progr .

H I
i 1. ~~. C e r  ci al , “~~an1ca1 Purity and the Electri cal
I Conductivity of Tetratbiafvlvslanive Tet racyanoquin-

odi cban1d.,”~~~~Q~&...~~~~.,  Vol . 10, bvs.ber 1975 ,
p. 3544.

1 2. A. $. $1och , J. P . PerT arts, D. O.~~~~ an , an4 T. o.
Poebl.r , “Microwave Cand.e tiviti.s of the Organic
Conductors tTY-T~ IQ d A1Tr-Ta5~,” Solid Stat s Co .,

.1 Vol . 13, 1973 , p. 753.

.
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3. G. A. Thonaa et a l ,  “flactrj cal Cosducttvfty ofTetrathia 1valeni~~ Tetracyanoqu di.stha~tds (TT?-
Ta’Q) .,” Pb~~. ~~

,. p .  Vol. 13, Jvee 1976 , p. 5105.

4. T. 0. Poeblsr st .1., ‘Microwave 1sapcsse of Quasi- ja~e-bi..n.i onal Conductors,” ~~1l. ~~~~. ~~~~ hs•.Vol . 20, 197S , p. 440.

3. A. L Eloch ci .1., “Lee T~~~.ratur s Meta llic kbavtor £1and Resistaic. )~jn4~.~~ is a lice QuanI-4i.-Dtannstonaj
Organic Conductor ,” Phys. isv. L.it., Vol. 34 , Jus.1974 , p. 1561.

6. D. 0. Cowsn ci al , “The Organic Metal lic Stat. ,
Mol. Cry.t. 1.1g. Cr yst ., Vol. 32 ,, Pebruary 1976,
p. 22 k.

7. T. J. Ltst~~lsscher , T. !. PhillIps, D. 0. Cowan,
A. 8. Iloch , end T. 0. Push ier , “Crystal Structure
and Diffuse X—Ray Scattçr 4~~ In the 1.3 :2  Salt of
4 ,4’ ,5 ,3’~ Teer~~~tlsy1_5S.l —b ls— l ,3—DithIola (DITI F)• and ?,i,I,—Tetracyano—p—qujnodj ..thans (r~~Q), a

• Non—Stoich i~~~ t n c  Qua. i-One—N—ass Ion.al OrganIc• Conductor ,” Acta Crystallol., Vol. 132, 1976,
~~. 339 .

S. T. 0. Poehl.r, J. Iohaidy, A. N . Sloth , and D. 0
Covai , “13* Studi.s of T~ IQ and T1IAP Salts ,” 1..
~~~~~ P%iys. Soc., Vol . 21 , March 1976 , p. 257 (to be
published).

‘N

SOLAR £NI~~Y CONVERSICN #3 11! SD1I~~ 1D JC O5-EI C~~~fy ~~ lItTERPACE

~n 4$~’C4tØLt itte.gutA,e to ~kotovoUaü~ ~oLa* en&*gy ~~~~~~~~
-

-~ Veit4i .On ud4Ag 4t~~ ondueto4 p-n j w~CZ.~on ~oZort ceLLs maq be øiwuglithe ut4LLzat2on o~ stv~Lconth tol-elec.tito4te üitt.it~det dev4c~~.The 4emLcor Lcto4-eLtct~to4tte 4~i 4ac4d *t~Log has pWpt*tLf442IN~ZM to those o~ a khoUkj ~ battet~t j un~JJ.on aid can gens~atepho tovottages and pIiotocim*vit~ a*vt ~Uim~na.ted b~ 4ote t kd~~d- •

£ on. The ~~s~Uc.Ltq o~ the ütte’~act con~ guMtAon and the po~~4-b4.Uty o~ usJ.iig ~~Lyc *ye.t Watt o’t even tkiat- ~Us tZtct*od~~ maqmake Lt M2a.t~veLq uiexpe,se4.ve to pwduce such a dtvcct. In add&t~on to the photovoLtaLe node, the sem~co.ductot..,2ec.Ceotyt~ sys-tem nay be used ~ui photoetect..tozya4, .dtt*t eZecziotysa p *ocu4sut die pAtience o~ an U1411s1.itdted susi.conductàt~ eLec.ttode tat anaqueous ceLl ssi.th teduced 04 no tLtctk2e..L eirLkgy 4aiput.
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• 1 Preliminary .xperimen ts have been conducted to explore
I the feasibility of photoe lactr olysis using an a-typ e TL02 anode in

an aqueous electrolyte . Photochemical cells with a Pt cathode end
a Tb 2 anode i~~ersed in a wide range of aqueous .lectrol yt.s ha ve

J been used to explore the photo.lactrolyts and photogalvanic prop-
erties of ssmiconductor—.lsct ro lyte inte rface.. Studies of the
relation between electrode potential and current density, di f fer—

I ential electrode capacity , gas evolut ion rates , and c~~~ositicn
1 have been conducted as a function of ill~ainat ion intensity, else-

• 

~ • trolyte couposition , end pH. Typical current— voltage charactsris—
1 tics of a Ti02—P t cell with 1 cm~ are a electrode s is an aqueous

H ~ I 
solution are shown in Pig. 1. Illuminati on of the semiconduct ing
Ti02 electrode in the band 300 to 400 as at an intensity of approzi-
mately 30 dJ cm 2 is seen to induce a sharp increase in the cell

I current . Spectral studies show that only radiation with photon
energies larg er than the band gap (Eg ~ 3 cv) are effective in in-
ducing this incr ease. In a homogeneous cell with a single electro—

I lyte , the lar ge photocurrent is accompanied by gas evolution at the
electrodes above a critical bias of about 0.3 to 0.4 V. Mass spec—

• tromater analysis of the evolutes shows the gases observed at the

I cathode and anode to be H2 and 02, respectively .

A varie ty of electrolyt es includi ng Na014 , KOH , H 2S04, and
• MaCi solutions have been used successfully , with the only require-

I ant being that the electrolyte prov ides a sufficiently low cell
resistan ce ; thi s is usually obtained by 0.1 to 1 N solutions . In
experiments at a cell bias of 1 V , the H2 evolution rates correspond

T to an optical conversion efficien cy of approziaatsly 32. Two sepa—
rate electrolytes can be used in a cell to furn ish part of the re-
qui red bias potential, further reducing the requi rement for extern al
electrical power and incr eas ing the optical conversion efficiency to
about 102. Careful measurement of the Ti02 electrodes show that they
are not dissolved in this process . We also have used polycrysta lline) film Ti02 electrodes in some experiments , with efficiency equal to
the crystalline materials that were used for the majority of the
studies. Additiona l experime nts have been conducted with Ce , Si , aid
GaAs semiconductor electrodes whose band gaps are more closely matched

t ~ to the solar spectrum . While photoelectrolytic activi ty is observed
• t I in these materials , they are rapidly dissolved un de r the photo el.c-

trolysis conditions in any ordinary electrolyte.

I Unfort una te ly all the semiconductors that have been success-
fully used without anodic dissolution can only absorb a small fraction
(~ 12) of the solar spectrum owing to their large energy band gape

1 C? 3.0 eV) . It is essential therefore to obtain stable materi als with
I band gaps better matched to the solar spectr um. The search for such

materials would be enormously simplified if one understood the basic
reasons for the nondissolution of semiconductors that have been cata—

L lytica lly used in aqueous electrolytes .
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FIg. 1 Current-Voltage Characteristics for a 1102 Crystal Anode - Platinized
Pt Cathode In 1 M N C I  Solution. The upper curve Is fo~ an ilIum-
ination intensity In 300 to 400-nm bend of 30 mW cni . The lower
curve Is the dasic current .
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:~ 1 It is conjectured that in stable substances the constitut—
~ 1 ing ions undergo reversible valence change in the presence of light

and water. We are now in the process of investigating the validity
• of this criterion for rutile , the first electrode used in the photo—

1 electrolysis of water. It appears desirable to experiment with
hi therto unavailable mixed transition metal oxides where, by proper
choice of alloy compositions , one can f abricate materials with

I suitable band gape for absorbing a higher fraction of the sunlight .
We have initiated a program to produce and evaluate materials that

ii L are promising candidates for this application.

I Concurrently , experiments aimed at producing stable semi-
conductor-electrolyte systems will be conducted by choosing readily

• .~. available semiconductors with band gaps around 1.0 to 1.5 eV and
investigating their stability in conbination with a wide range of
both aqueous and nonaq ueous solutions . Theoretical work on photo—
voltaic response of a semiconductor—electrolyte interface under ap—• propriate boundary condition s will begin.

Whether the photogalvanic mode of operating the cell would
r be an improvement over the conventional solid—state photovoltaic

cell is too early to evaluate; however, the possibility of using
noncrystalline electrodes, the availability of a large variety of
inexpensive electrolytes , and the consideration that no p—n j unc—
tions need be formed lend certain attractive features to the semi-
conductor—electrolyte interface.

—

Principal Investigators: T. 0. Poehier, M. H. Friedman, and
• K. Moorjani. Drs. Poehler and Friedman are Group Super—

— visors of the Quantum Electronics and Theoretical Prob—
I lens Groups, respectively, of the Research Center. Dr.

Moorjani is a senior physicist in the Solid State Group
of the Research Center.
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SOLID-STATE PHYSICS r 1

The SotLd-S.tati Phy4te~4s giwup ~ engaged 4it a biwad te-
4 eaMh p/to g/cam concvcnAi*g bo th the 6wtdamentaL and a4-appUed
a6pec~t6 o~ noncicyo.taiUnt and p oZycity~~aJJ2ne £noicganAx~ 60V..cL6.
New technique4 Lot /4~ce and bt~ k anaty~e~ o~ ~oLLd&, aornbi.ned

• ruLth the up- to-date tk&c-f,.rim techno~ogy, a/ce belAg wsed .to ex-
p~o/ce the na.tLonaUy tmpo’ttan.t picobtem o~ Lab’rAcatOrg £eu expen-
4~Lve 601.OJL ceU6.

The primary activity of the group has been directed toward
the study and applications of disordered and polycrystalline solids .
Some changes and additions to the research program have been m i —
tiated in recognition of the ever—increasing role played by non—
crystallinity in various branches of solid—state physics.

The work on switching in amorphous semiconductors m di—
• cated the importance of systematically investigating the impurity

effects in these systems. Consequent ly , an effort was applied to
controlled doping and quantitative determination of impurities in
amorphous semiconductors. Optical and electrical measurements
have been performed to delineate the behavior of impurities in
disordered solids. A theoretical model of magnetic impurities in
structurally disordered solids has been proposed and analyzed.

Polycrystalline semiconducting films could prove signifi-
cantly useful in fabricating low—cost solar cells . The expertise
of the group in vacuum deposition techniques and the knowledge
acquired from the studies of amorphous semiconductors is being
used to explore the possibilities. Encouraging results have al-
ready been obtained , and solar cell efficiencies of 1.5% have been
achieved in polycrystalline silicon.

The members of the group continue to maintain forefront
positions in the field of disordered solids. Pioneering research
has been done in solar energy conversion, and members of the group
have been invited to participate in a number of conferences and
workshops on solar energy and to attend an international conference
on Nonmetal—Metal Transitions held at Autrans, France. Seven papers
were presented at conferences. The detailed activities of the group

• are described in eight papers that have been published and four
papers that have been accepted for publication.

THIN—FILM SOLAR CELLS I
~: ~ StucUe4s Ln tLa.ted £ao~t yeat on th.~n-~Lem 4AJ~cDn 4o!WL

ceU4 have ~ontA.nued. Cono~de.kabee pfl.og/Le6 4 wads made £n ~otm~ng
doubte-d~LLu6ed p-n jw tctAon4 ~n poLyc.xy6toLUne 6~iJ2con LALm6 on
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4appkiJte 4ub4 tka.te4. C#t~wCa.LLi.*e ~Uae Lonmed at oub4 t’uzte j tem-
pe/ca.tu’1e4 up to SOO C gave 1M~~e gkaLn MZt4 and have betten.
pho~tovo P..tc2c~ M.Ôpon6t than ~i2ii ~ depo44ttd ut the amonpho u6 4 ta.te

- ‘ ? and 4ub4equen.tty C.fly6 taW2 td. 1*vt e tA.~mLLo* con.tLnue4 on 6t0.ond-
atg Lon ma~ 4pec.t’wme.tFcy (SiM S) I o~ dopôtg A and
the eLLec.t 06 gxoJ.n .~c.ze on di.~~u4Aøa* co*~tan.tb .

1 A potentially promising apçIrOec*~ to achieving the desired
goal of inexpens ive solar cells is thrme t the use of vacuum depo-
sition techniques . Vacuum deposition La p *r ctcu l a r ly  uaeful where

- 
• 1 large areas and thin layers on smooth s~~et rat es are desired.

- • Studies on silicon solar cej.ls have , i* fact , indicated that films
with thicknesses in the range suitable for vecu* deposition (10 to

• 
• ~1 15 pm) would provide adequate efficiencies providing their grain

- 
- sizes are sufficiently large and impurity lsmsls sufficiently low .

Efficiencies comparable to sliced wafers .~~ indeed be possible ,
if , in addition , back fields and back reflecting ‘ — ~~ scee could be

- used. While vacuum-deposited silicon films would be clear ly useful ,
they have been generally avoided in favor of chemical-vapor-de-
posited layers or other materials such as ~u2SIC4$ b.cais of their

- 
historically poor semiconducting properties . ~~wever , f t  the qual—
ity of the silicon films could be improved , then all the usual and
standard techniques for fabricating solar cells end ~~ mrLng thei r

• -- stability could be used.

Samples are being formed by electron beam deposition onto
-~ substrates maintained at fixed temperatures between 500 and IO0•C.

• -~ The films are subsequently processed using standard inte grated cir-
cuit techniques including oxidation , masking, etching, and diffu-
sion . The investigations this year have shown that pboto voltai c
devices can be fo rmed in polycrystalline vacuum- deposit ed stlicem
films on appropriate substates (Ref. 1). Junctions parallel to the

• substrate may be fo rmed by diffusion . Even in films with smell
grain size , Fermi levels are not pinned by surface stat es , but can) I be controlled by the usual doping procedures . An interesting obser-
vation in the study was that the oxide layers grown on polycrystal-

• line vacuum—deposited films behave in all respects similarly to
I V those formed on single crystals. The rate of oxide growth , etching

- .. behavior , and surface protection required for oxide masked diffu-
sion are all similar to those found in single crystal wafers. The
films can thus be processed in exactly the same manner as single
crystals . In the present study , solar cell efficiencies of approxi-
mately 0. 02% were achieved with grain size of about 0.2 u r n  while

• • efficiencies of 1.5% were achieved in samples with grain size of
- about 1.5 urn. Solar cell characteristic current—voltage curves are

I shown in Fig. 1. The improvement in the characteristics (approach
• to the single crystal curve) with grain size is clearly evident .

The intensity of illumination used in making the measurement was

~ equivalent to sunlight on the earth ’s surface.
‘1~ -

— 
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100

Crystal monitor

I -

13OD(0.2~~m)

1 10 100 1000
Photovoltage (mV)

Fig. 1 Illuminated I-V Characteristics for Polycrystaliliw Films with
Various Grain Diameters (Indicated In paisnths.as) end a Crystal
Monitor (1498)

The important work that remains is to enlarge the crystal-
line size while maintaining the sample purity on substrates other
than sapphire . Studies on the relationship between grain size and
substrate t emperature are in progress. Grain size is being deter-
mined by scanning electron microscopy.

Principal Investigators: C. Feldman, F. C. Satki.vicz, and H. K.
Charles , Jr. Dr. Feldman is Group Supervisor and Dr.
Satkiewicz is senior chemist of the Solid State Group of
the Research Center. Dr. Charles is a senior engineer
of the Microelectronics Group of the Engineering Facili-
ties Division of the Laboratory .

Reference

1. C. Feldman , F. C. Satkievicz , and H. K. Charles, Jr.,
“Evaluation of Vacuum Deposited Silicon Films and
Junction s for Solar Cell Applicati ons,” Proceedings of
National Workshop on Low Cost Polycryst alline Silicon
Solar Cell., Dallas, TX, May 1976.
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SEcOUDA*Y-I0U MASS SPECT1~~ETZY

I Sec sà.qLoas ~~~~~~~~~ (SU6I t~~toy~iig •
£aA4.isg Loss ~ou*a ha~ btcome t*c*ua2ng4i L~~~4rMt ~n the anaL~-ü4 O~ 4OZL~4. The ~sU e ecZü’cne.u o~ tki~a method ~~~~.

I kLlsdt%ed by List Liscompttte wsdt.aat&i’sdiisg o~ ~o.s pkoductLms end the
~iimb~LLtq to p~ d~ct mb~ot&te A.os y~.eIde. To ovuco~ theac £4mt.
ta.ti.on~, uwsidtky - L0n eieen~y d t*AbuZLon data, ~*o. bioadt.s1 cW4u O~ ~~.tt.tLdt, eQ needed.

Seconda ry-Ion fn. rgy Distribut ion (SlED)

I Extensive experi mental SI~~ dat a are being gathered to
• determine whether th. relati vely simple d.pendancy of the distribu-

tions on ionizati on potential , observed from sput tering oxides and
glasses (5sf. 1), is maintained . Materi al. esa ioed inc luded ssv-
.ra l metallic elements and binary compoueds such as GaAs , Cu25,
CuS, CdS, and S13N4 .  In atte mpts to reproduce so of the previ-

I ous data on glasses it was fousd that the secondary optics adjus t-
a ments have a greater effect on the distribut ions than had b .n  pr e-

viously recognized. Accord ingly, exper iments ar e being conducted
I to ob tain better mdsr .tat ding of the ion extraction condit ions.
1 Housver, the unce r tainties concerning th. absolute shape of these

curve s do not preclude the possibility of obtaining meani ngful dat a
on a relati ve basis provided the critical extraction conditions1 are reprodu ced.

A SDSS Analysts of Poly crysta lline Silicon Solar Cells

I ~~)5S analysis of polycrystallin. silicon thin ft l .  has
provi~.d impurity data and dopan t distribution s (and consequently

-. jiection depths) . This info rmation is being used to study the cri—
tical question of sub strate interaction in the development of la.-
cost solar cells.

J I Calibration work was performed to provide the basis for
• determining the concentration p r ofile. of the dopants (phosphorus

and bor on) in silicon . A ntab.r of these profiles were obtained
T and we re compare d with the corresponding profiles from a single

crystal. The re sults show higher diffusion coefficients tot the
films, probably due to ~~re rapid diffusion along grain boundaries.

One of the major problems in solar cell development is the
• substrate on which the thin film is deposited. A knowledge of the

reaction of the substrate with the film material is necessary.
- 

- SIMS i. a useful technique for determining such reactivity. The
instr ~~~nt at APt can obtain polyaco.ic spectra , an ideal feature

— 
to provide an usd.rstanding of such reaction. . These spectra

I -
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provide cluss to th. structural aspect, of th, material being
sputtered.

The ~~~ o.ite syStem A1,03hi/PJSi h~s already bees es-
insd to determin. th. extent of rescUes of Ti and I as well

the interpenetration by solut ion of ems is th. other. The results
are illustrated in Pigs. 1 and 2. Figur e 1 shove the delineation
of th. phases in the u-deposited s~~~ls. The Ti pr attle is the
least sharp because of the finite depth resolu tion of the sputte r-
ing bean Figure 2 shows the’ distrtbutio~ of species after the
sample had been heated at 973’C for 2 hour.. As can be seem ,
boron has diffused into silicon whi le Ti has reacted with boron.
Also shown is the curve for xreas boron , which t, obtained by ap-
propriate intanaity decoupUng and from the kmovl.dgs of relative
ion yields of elemental boron and boron in Tt12 . Distribution of
Al into th. films vas also observed , but is not altown in the fig-
ures.

• Princi al lawseti a r: F. C . Satki.wicz is senior chemist of the
Soil Stat. Group of the Macarch Center.

isferences

1. F. C. Satktewicz , “Initial Energy Distribution of
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Metallic Solids with Ar+ (3 K.V to 10 5eV) , !r~~ i.• ing.s of the ~~erican Society for Mass Sp.ctro try

- and Allied Topics, Houston , TX , May 1975 , pp. 365—367.
- 2. F. C. Satkievicz and 0. 5. Charle s, Jr . ,  “Sputter Ion
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• Cadmi om Sulfide Solar Cell Samples,” APLIJ HU TG 1284 ,
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• • sis of Cu25/Cd S Solar Cell Samples ,” ?co~c~~dina~ of
the Twenty—Fourth Annual Conference on Mass Spectr ove-
try and Allied Topic. , San Disgo , CA , May 1976.
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I CONTAINING CAlICO AND OTDk)GIN

Tke pQ4gsa O~ cuboii mud It~d~ogmui Lit amo~p6souA bo&om
• ha.o betit ~iiou i Lo Stave a £Mge eUut out At ~siL~auL4,, tlmcZ*outI pa4asta lttLc *a~out~tca ~ gisd, maid ~4tekLiig ck acta4~*LcA o~.titLai- ~.LLa, e~~ Lu. Suck ~Ltas Jigut p oteai *LaL deu~c.t appf J c~a~~au.

To ut~aw.tm Am mas’wtt o~ Iq~dwgcai maid eMboss Lit Aum ~aac1u~ aI 4ô~ LL ssonde~t*ucUue we.*Jiod L~ duI.MbLe. Fok tJI~Li ~ &*po~e a
4 ~tthtLqut ~O4 we44u4LiI 9 At I R ab~o~tp *Aon ~p ect~a o~ ~U. 4~~ tu

5104 buii dtutZop ed Amt g.Lut& a ~eatqua *t2ta.tLve sism-f ~~-Le o~ At
i crntwttna.t4Dn o~ Ityd~og eai maid/ott eMboss .

Aaorpho us boron fil containing con t rolled levels of
carbon and/or hydrogen were examined by infrared absorpt ion spec-
troscopy (I—I ) in the rang. 700 to 4000 ca 1 (14 to 2.5 am) . The

£ s ples were quan titat ively analyzed for hydro gen , carbon , d
- -~ oxygen by seconda ry-ion mass sp.ctromotry (SD(S). The purpos. of

— th is work was to identify the absorp t ion peaks observed in the I-S
spectra of the boron films and to correlate the intensities of

• • 
peaks caue d by hydrogen and carbon with the SIMS analysts of the

-. s~~~ lea .

Interferenc , f ring es caused by the thicknes. of the sam—
pies require that spectra be obtained relative to a backgrousd

I having the same interference pattern as the s pl.s being investi-
gated . For this purpos . , computer -generated simulations were oh-

• tam ed using previ ously measured values of th. refractive index
• • 

• -. and absorption coefficien t for pure boron films. The c~~~u t r• simulations thus became , in effect , the 1002 transmission baselines
with resp ect to which the i~~suri ty abso rption peaks can hi measured.
The 3eer—La~~ert La-u, log T~~ • Etc , was th in used to calculate the
impurity concentr ation from the me asured relative transmission in
peak , T. The quantities t , c , and S are , respecti vely , the film

s thickness , the impurity concentr ation , and an empirical constant

~ 
derived from a best fit to the SIMS analyses .

• Absorption bands centered at 2560 and 1100 cm 1 were iden-
tified as caused by hydrogen (B—H vibrations) and carbon (s—C

~ I vibrations), respective ly . Int ensities of these band s were cor rs-
lated with the SIMS measurements, and a reasonable quantitative
agreement was achieved. The I-R measure ments can thus b. used to

I estimate the concentration of hydrogen and /or carbon in the thin-
• 1.. film amorphous boron samples.

I Several additional absorption bands were observed that
F L had been observed previously by others in bulk amorphous boron or
[ in the various crystalline forms of boron . These previous identi-

ficati ons have been corroborat ed . This work represents the first
I - 

- time that the hydrogen band at 2560 ca 1 and the carbon band at
1100 cm 1 have been positively identified by quantitatively corre-
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Fl,. 1 Infrared Tranimlision Spectra of SImilarly Thldc Boron Films:) (a) Undoped, (b) Containing Hydrogen (H2 dopsd). (c) Containing
• Hydrogen and Carbon (C2H2.dop.d), and (d) Containing Carbon

(dspoiltsd from melt containing carbon).

F.,
- 

• lating th. band intensities with an independent asurement of the
corresponding impurity concentration . The spectra of four films
of nearly identical thickness, so as to facilitate visual compari-
son, are shown in Fig. 1. A report of this work is being prepared
for publication.

Principal Investigators: C. Fel~~~n, I. A. Slum , C. W . Turner,
and P. C. Satkiev icx . Dr. ?s1~~an is Group Supervisor,
Dr. Satkievicg is senior chemist , and Dr. Slum is a sin-
ior physicist of the Solid State Group of the Research
Center. Mr. Turner is a graduate student at The Johns

I Hopk ins University and an APL fellow .
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ELECTRICAL E FFECTS OP CAR)0’ INPURITIU IN A*)IPIIOUS IG * F 1114$

I Tht cas~Zutaia o~ ~~~ tLt i out At e~tcZ~~ a1 p ’%OpMtLtA• o~ mami*pkoui ~m,~cossdtw.tou La o~ L*tetut 4w. a AmMItLcml uA.e ’
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eye.tease. At At pkutstt £Lae, At Ato&ettc.d a4pmcti 04 ~~~u4.Lt~— t4~te.ta on tZtc2ws~e 4-tA~t~ All ~~~ t~~IOU4 ‘Leo.iduc.t4ssg amts.tt4a&
maid At  ~iqik~ o~ upm cAr~j itaU4~ obetAued e2eett2cml tItasApottt
cha.ttac.ttnh~tLca a*t tot .ueZL wsdt.~etood. TIILII p~oject kaa At
goat o~ widttta~~aidLiig At e44ec t~ 04 eMbout dop~uig out At £~l4ut ~~ -

— $o~ *t~ta 04 4*,k,t~isO1a4 botton ~ Zme maid o4 amk Lisg uu 04
tSit~t ita.tt4LdZ6 Ut pkdC24C41 deu.tcza.

H This work has focused on cit. sffect• of carbon impurities
- :  — In amorph ous boron , with th. ultimate goal of making thin-film

fumction devices. Samples were formed by electron-be am deposition
= of boron carbide (B~C) and by simultaneous electron-beam dspost-
-~~ tion of boron and carbon fro. separate sources . The deposition

was made on fused silica and infrared transmi tt ing zin c sul pitida
(Eastain Kodak I~~RAIS) substrate s with rates rangin g f rom 50 to

• 200 na/mm . Th. resulting films varied in thi ckness between 0.2
- and 1.5 vm. Compositional analysis of the sample s was per fo rme d

using secondary-ion mass and infrared spectrometry; the re sistiv—
• ity was measured by four—point prob. and deposited-pad methods.

• 
The resistivity versus carbon content behavior of the

present s ples (Fig. 1) is slightly diffe ren t from the one cx—• hibited by films obtained from deposition und.r a partial pressur e

~ of acetylene (Ref . 1). This may be due to the hydrogen present in
~ ~~. 

the acetylene—dope d films , and f urther exper imental work is in
progress to imd srstand the difference . However , it is clear that ,

~ regardless of the method of introducing carbon, the resistivit y of
j amorphous boron is sensitive to the saotmt of carbon int r oduced.
• Control of sample parameters and barrier formation in amorphous

-- boron may thus be possible.

-. Principal Investiga tors : C. Feldman and G. V. Tu rner. Dr. Feldman
i~ Group Supe rvisor of the Solid State Group of the Re—

- search Cente r and Mr. Turner is a graduate student at The
1. John s Hopkins University and an APt fellow.

• References

1. C. Feldman , H. S. Charles , Jr., F. C. Satki evicz , and
3. Bohandy , “Electri cal Properties of Carbon—Doped

• Amorphous Boron Films ,” 3. Lsss—Co on Met., Vol. 41,
• I~ 1976 , pp. 141—143.

-i -

115

-r4-i



Y~q JCM~ S H~~~IJ$~S u’~ m.s,Tv
I,,PU_ED PHY5~C5 LASonATORY t I

8z 1~~

•x i 0~~~~~ -

4x10 —

2 x 1 04

\ . Li
io~ - -

8 x 10~~-

H /
~~~6x10~~ - /

/4x 103 - /

2x

~
X 

/

600 - -

I I I I
H 0 2 4 6 8 10

• I Carb on (atomic p.rc.nt)

Fig. 1 RISIStIVI4Y vsrws Carbon Contsnt In Amorphota Boron Films:
•Acetylsne dopsd, .Car bon dopsd.

— 116 —
-1

~ 

______



Y~~ JOHNS H~~ IIIN1 UN~~t~ $IY~

I APPLIED PKYSICS LABO1~ATORY
• L,MI t~

1 2. C. V. Turner , H. S. Charles, Jr., and C. Feldman ,• £ “Switching in Amorphous Boron Films under Single-
r i  Pulse Conditions , ” J . Appl . Phys., Vol. 47 , 1976 ,

J pp. 3618— 3624.

KINETICS OP THE AMORPHOUS-TO-CRYSTALLINE TRANSF0~~~II(*I

1 IN SILICON THIN FILMS

In o*de.Ji to make e44ec.Uue u~e o4 4estLcondLLc.tôtg o.svitphou~4.(LM6 Ut t L 4~ t1ID~t~~C deuA.c~ teciutotogy, 11 La neceooan.q ~to wtdvt-
j  4 tdnd At mechan~Lam 04 t~*.ana4onma$~cn .to At c.ky~~ CWit A td.te All

~4 utuch dt.ta~LZ aa P0444.b.IL. Th/cough £1IL4 w*den.i~tand E ng AeM La
I Ae po~~A.b.LUty 04 con.tJwW.ng the &4.ze and gwwth pattekn 04I 9MJJI4 dct4~ng At ztiZl~on ptoeeoa. The k2ne.Wo 04 At

amoitp houo-to-etyo-tatVne tican64onma.t2on tn uw~,.wm-depoaLted th.~n-
- 
.• 4Um ü22con wa~ a.tudied by an opaca2 method o4 de.tvmw~ALstg the

• • i4otht~tm,2 vo metti~ ~~aat o~mat ion ao a 4wwI~on o4 t2me. Theae
/te4uLt6 tuMe £ntvtp~e.ted AR teAmo 04 an Linp ’wved theoky 04 t~ana-

• 4on.stttLo~t k~ne.ttc~.

Amorphous silicon thin f ilms we re prepared by electron—
beam vacu ue deposition onto fused silica substrates . Each sample

• was heated in an inert gas tub e furnace at constant temperature
for a series of time increments . After each increment , the trans-
mission of the film was measured in that part of the optical spec—

• t rue where the absorp t ion coefficient varies mos t rapidly as the• - file transforms from the amorpho us to the ct-yatalline phase. The
heating increments and optical measurements continue d until the

- file crystallized. A plot of relative transmission vers us time
. - for two different tempe ratures is shown in Fig. 1. In thi s way ,

plots were ob t ained of the f ractional volume transformed as a
function of heating t ime . The crystallization time versus tempera—

- 
ture is plotted in Pig. 2. Results for silicon are qualitatively
similar to those obtained earlier for germanium films (Ref. 1).

~ 1• Howeve r , as discussed below , the kinetics of the transformation
can be described by a theoretical model which is more satisfactory• in several respects than the simple rate process previously de—j scr ibed (Ref. 1).

- A recent paper in the literature (Ref. 2) presents a model
that includes a more realistic picture of the growth site imp inge—
sent problem. This provides a method for removing nucleation sites

- 
as they are swept awa:’ in the path of the transforming regions.
The theo ry has the advantage of distinguishing between homogene—

I .  ously nucleated processes and provides specific solutions for
growths in two and three dimensions . The asymptotic behavior of

- • the solution s agrees with the form of the experimental transfor ms—
tion curves, whereas the earlier model gave results that broke down
for large value s of fracti onal volume transformed.
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The theoretical model is cast in the form of nonlinear
Volterra integral equations (different equations for two— and
three—dimensional growth as well as different equations for homo— -~geneous and heterogeneous nucleation) . The equations may be
solved numerically to give iterated solutions in the form of tablesF j of transformed volume for various assumptions concerning the nuclea—
tion pro cesses and the mode of growth. A single parameter appears

F1 in the equations that depends upon the temperature at which thetransformation occurs and an energy characteristic of the material
undergoing transformation. Details of fitting the theory to the
silicon experiments are presently being carried out, and a paperis currently being prepared for publication. A preliminary report
waa presented at a meeting of the American Physical Society (Ref. 3) .

H Principal Investigators: C. Feldman and N. A. Blue. Dr. Feldman
is Group Supervisor of the Solid State Group of the Re-
search Center, and Dr. Blue is a senior physicist in the
Solid State Group .

• References 
-.

1. N. A. Blue and C~ Feldman , “The Crystallization of
Amorphous Germanium Films ,” J. Non—Cryst. Solids,
Vol. 21, 1976 (to be published) .

2. H. C. Tobin , “Theory of Phase Transition Kinetics with
Growth Site Impingement. I. Homogeneous Nucleation,” --I
J. Polym. Sci., Vol. 12, 1974 , p. 399.

3. N. A. Blue and C. Feldman , “Crystallization Kinetics
of Amorphous Germanium and Silicon Films ,” Bull. Am.• Phys. Soc., Vol. 21, 1976, p. 334. -.

• THEORY OF DISORDERED SOLIDS

• Inue t.~ga.tLon~ du.tötg the cw~’te~vt yea ’L, have dealt wi.thua4~ou6 .type4 o4 di4o/tdQAed magne.t4~c 4oV46. The wo)Piz wa4 motL-va.ted by expekA.men.taL ke.4cL1.t6 on 4y4tem6 cwn.ta.LnAJtg a eaxge concen-.t’za.tLon ‘cang e o4 4e..viomagneac metaW~ 2mpwU..t~ea in a diAo4tde,ted - •d~anv~gnettc ho4t . An exampte o4 Is ae.h a 4y~tem would be n.andornLydLU ~ir2bu.ted i~ton a.toln6 £n a thAn 412m o4 amo’mphou.A gensunLum.The4e alloy4 exhii,.Lt many Ln~te/w4tLng piwpe.n..tLe6 thaI 4hould heLptn wtdQA6tand~ng phenomena 04 va4Led a~ hop p2ng aonduc.t~on, An4LL-L tot-meta,e tkanAAl2on, and magne2u~ .~n.tecac.t2ofl4 A.n dJ.~o ’cdvted4o tLd6. The ~nveotLgat~on o4 the t.ao.t p ’wpen.ty ho.6 been enipha-4Lzed Ln the p~e.oent 6tudy.
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The effect of structural and/or chemical disorder on the
* ~~

- critical properties of a Heisenberg ferromagnet has been analyzed,

~~ 
and the behavior of spin glasses has been studied. The proposed
models , the method used , and the results obt ained are described

I briefly below .

A site—disorde red alloy A~Bi_ with concentration c of
1 magnetic atoms A randomly distributea in a nonmagnetic lattice
J of B atoms with concentration (1—c) is considered. The lattice

is assumed to be structurally disordered , which induces fluctua—
tions in the ferromagnetic exchange interactions between magnetic

I atoms . Thus , besides the temperature and the coordination number
a of the lattice, the relevant parameters for the discussion of

thermodynamic quantities are the concentration c of the magnetic
I atoms and the measure ~ of fluctuations. The crystalline fer ro—
3 magnet results in the limits c = 1 and 1~ — 0 , which serve as a

useful check on the calculations performed .

• I The Hamiltonian for the above model is analyzed within the
Bethe—Pej eris—Weiss approximation , and the resulting free energy
is averaged over all the configurations of the disordered system.T A self—consistent condition on magnetization is used to yield ex—

• 
.1 pressions for thermodynamic quantities of interest.

It is shown that the critical concentration c0 of magnetic
atoms for the appearance of long— range magnetic order is not in-
fluenced by the presence of fluctuations (Ref. 1). The value of

- c0 ( 1/3) is found to be in reasonable agreemen t with the experi—
mental value (0. 4 ± 0.02) recently deduced from the Curie tempera—

• ture versus concentration measurements on iron atoms randomly sub—
— 

,- stituted in amorphous germanium. F~~ c > c0, the fluctuations
depress the values of the Curie temperature , the high temperature

• .. magnetic susceptibility (Fig. 1), and the magnetization (Fig. 2)
- relative to the corresponding values for the average crystal. For

- small values of ~~ , explicit expressions for the amount of decrease
- ) • in the above quantities are obtained. However, the critical in—

- dices , fo r magnetization as well as susceptibility, are found to be
• - 

- unaffected by fluctuations (Ref. 2).

1. The above formulation has been modified to discuss the
static properties of spin glasses. These are magnetically dilute

~ F alloys that possess neither short— nor long—range magnetic order
~ but do exhibit anomalies in their thermodynamic behavior. It is

• 
~

. • expected that a study of spin glasses will answer questions concern—
- 

- ing the fundamental nature of exchange interactions and aid in ex—
- ploring the possible uses of disordered magnetic solids in magnetic
- bubble memories.
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kT/2JmS (S + 1)
Fig. 1 Relative Susceptibility versus Reduced Temperature for a Structurally

Disordered Feriromagnet. Xm and ~m are respectively the susceptibility
and the exchange constant of the mean crystal while X1 Is the
susceptibility of the disordered solid.
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Fig. 2 Magnetization versus Normalized Temperature for Different Values of

c and A in the Vicinity of the Cur ie Temperature T~. For each case,
the temperature is normalized with respect to the correspond ing T~.
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In our treat ment , the presence of a finite m~~~~r ofI nearest neighbor s inc re ases the value of the spin g].ass transition
• temperature compared to th. molecula r field result. Furthe rmore ,

in contrast to the molecular field app roximation , the magnetic
1 susceptibility approaches the transition temperature f rom below
1 with a finite positive slope in agree men t with the •xp.rlasntal re-

sults (Ref .  3).

I Principal Investigators: K. Moorjani and S. K. Ghatak . Dr.
)4oor~jani is a senior physicist in the Solid Stat. Group
of the Research Center and Dr. Ghatak (not fusd.d umd.r

• I I the IR& D progra m) is a post—doctoral fellow at the Free
• .1 University , Berlin. This work co .nced during 1914—15

when both investigators were at the Ph ase Transition
I Group of the Centre National (France) de la R.cherche
j  Scientifique, Grenoble, France.
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EXPLORATORY DEVELOPMENT

1. INTRODUCTION

Abou.t one-~owt.tk o~ .the LdbOJ tdtOitq’~à lndttec.ay Funded
•~ i Re.6e4.’wJi and Veve opmeitt (TRSV ) Piwg’tam ~~ devoted to ezpto*a.to ’t4f

6tud4 1.4 aAmed p~ maf tJ2y at dzvetop2ng new app wacite4 4n
tela.ted Meao. The p .’wg’ am p itov2de.~ ‘ost £nLtLd A.nve~t~ga.t2on& La

- 046t44 tue vaLue o~ pn.oasWng new conc.ep t~ and techiiLquu . Wheke
4u~4ic2enU*J enc.ouicag4itg ke4uL.t4 a.Q ob.t2~,ttd, diitec..t 4pOn604 4Up-
po.tt ~4 genekaZty ~oLLcAfzd ~on~ ~u.*.thex deveLopment.

• The exploratory development program is intended to nurture• the development of innovative solutions to prob leme in area s of
- - importance to the Laboratory ’s mission.. In general , project. are

proposed and carried out on a part-time basis by experience d pr in—
L. cipal investigators whose primary responsibilities are to directly

-
• I funded tasks . Proposals are reviewed by the Director and , if ap—

• - - proved , are assigned a specific level of effort for a specified
• ~~. length of time .

• 
- The explorato ry pr ojects are relatively smal l , and the
• quality and quantity of the results that have been achieved testify

• to the competence , industry , and experience of the investigators
• s 

- .  and to the relevance of the work to the large r , directly funded
programe with which they are primarily concerned. Many significant
developments could be cited as examples . Thi s year , it is particu-
larly gratifying to note that the citation of the Navy Distinguished- .  Service Medal recently awarded to Mr. Sverr e Konge lbeck recognizes
his work on the box launche r which was made possible by the explora-
tory IR&D program .

The support of national defense objectives remains the pre —
L . dominant activity of the Laboratory , but effort is also devoted to

civilian agencies of governmen t through work directly supported by) ~ I such agencies . According ly , a fraction of the IR &D program is con—
• I. cerned with the exploration of new concepts and techniques in non—

DoD areas . Major emphasis continue s to be placed on topics in
• I - space science and engineering and in biomedical engineering. Proj —

1 - ects related to navigation and air traffic control and to safety ,
-

• 
communications , environmental impact , and energy utilization are

- also pursued.

A total of 30 individual projects were supported by the
• program during the past fiscal year , most of which are described

• .- under separate headings in the following sections. The projects

~ 1. that are not described in detail are very small, with a total
• level of effort of less than 2 man—years. Nine of these represent

~
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the concluding and final report prep aration phases of previous
work and will not be discussed further. One provi de, for con-
tinued participation of the Laborato ry in the Federal Aviation
Administration (FAA) Radar Study Comeittee (with repres entative s
also f rom the FAA, the Mitre Corporation , and the Massachusetts

-~ 
- Institute of Technology Lincoln Laboratory) .

Pour new projects initiated late in th. present year have
not yet yielded firm conclusions . The first of these addresses a
pr imary limita tion of existing air traffic control systems , namely
the unavailability of consisten t and dependable aircraf t height
information . It is proposed that the use of a passive—receive—

• only height measuring antenna rotating in synchronism with , but
with a slight lag with re spect to , the primary 2—D rada r will pro—
wide the required information. The projec t is designed to demon—
strate the validity of this appr oach . Phase I , the definition of
the system , is now essentially complete , and procurement of hard-
ware is in progress. ]

A second small effort initiated late in the year explores
a new concept for a low—cost rugged angular rate sensor . Mod el.
have been fabricated that appear adequate to serve as wing leveler
input , to an autopilot f or remotely piloted vehicles ; they have
been tested and improvements are underway. The principle of ope ra—
tin inv~.1ves the generation of a laminar jet of ionized air that
is directed into two (or more) conductivity cell. ; in the presence
of angular acce leration , the jet path is deflected , thereby alter—
ing the distribution of the current carrie d by the jet to the con—
ductivity cells .

The third project , begun late in the year , is a small— Tscale effort to explore participation with government agencies in
addressing the national problem of relativ ely low productivity
growth of the United States . Agencies concerned include the —
National Center for Productivity and Qual ity of Working Life (estab —
lished by Public Law 94136) , the DoD Manufacturing Technology Ad-
visory Group , and the Automation Research Council (funded by the
National Science Foundation).

- 
i A fourth new project , also begun late in the year , is con—

cerned with the feasiblity of devising a small temperat ure and pres—
• sure sensing and recording device that would survive passage throug h

the condensers of power plants . The work is motivated by the need
to determinate the environmental impac t on organisms entraine d in
the cooling wate r. At present , no instrumenta tion is available for
measuring the t ime histo ry of the therm al stre ss. Prelimi nary con-
sideration s suggest that the APL Microwave Electronics Laborato ry
may be able to devise a rugged instrument package of less than 2 cm
diameter that would be capabl e of measuring and recording on the
order of 100 data points with 0.2° C temperature resolut ion and 30
millibar pressure resolution.
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BOX LAUNCHER DEVELOPMENT

- A Standa.kd ML44UL &a6t Te4 t VeJu c2e (STY) &i~~~~

~j iom the APL EngoteeJ~2ng VeveLopmeitt ModeL (Et ~4) box Lawu!M.t on
1 29 Sep .tembeit 1915. AU 6.tt~ng te6 t ob j eetAveo ~~~~ a~~ou~itA~htd.
1 The EVM Lawtche.’t wa~ n.etwcned to APL and an anaLy~~ made o6 tJ*ebLa&t e66ee26. Shock and vLb*a.t.Lon daLa and ~~Lme 06 the 6A~Lng

heve 0260 been ana Lyzed. A 6.LnaL ‘t epo nL o~ the E VI4 P cog*am and
j  the te.6L ~L~~itg 46 nea4utg compLe.tLon.

APL ha. for several years been engaged in the deve lopment

1 of box launcher concepts for the Navy . The work resulted in a
box launcher design that was selected by the Navy in 1970 for in-
stallation on 1052—class destroyers under the Interim— Surface—to—

1 Surface Missile Capabili ty (ISSMC) Program . Following the ISSM C
j  Program , APL continued design , development , and tests of improved

box launcher components , st ructures , and mechanisms , resulting in
the construction and test of the E111 box launcher.

The 1975 test firing of a BTV from the E114 box launcher
- 

was an importan t milestone in the APL box launcher development
program . The successful test demonstrated the functional opera—
bility of the launcher and served to evaluate its new and improved
mechanism design.. Important new features of the EDM box design

- - are the unitized launch rail system with its self—contained sealed

~ I mechanisms for stowing, arming, and firing a missile and the sus—
• I pension of the laun ch rail within the box structure by shock and

vibration isolators .

-• The test data revealed no adverse effects on the launcher
- -  

or the missile trajectory as a result of launching the missile from
the elastic suspended rail , and instrumentation in the rail pro—
vided valuable data on the shock and vibration pattern s generated
during the firing. All of the operating mechanisms functioned as• J .. intended before , during , and afte r the firing , and a postfiring) I analysis revealed that the sealing methods used to prevent exhaust

S gas entry into critical areas were highly effective. The extreme
aft frame of the box structure incurred some damage from the hot
exhaust gases; however, this problem can be corrected by a minor
change in the construction method .

r During the test , the box launcher was equipped forward
• .. and aft  wi th f rangible closures of a new design. An additional

forward closure was mounted in close proximity to and below the
£ r closure on the box to simulate an adjacent launcher condition , as• 
I would be encountered where several boxes might be closely grouped

in a shipboard installation. Both forward and aft closures func—
• 

-~ tioned as intended; however , the adjacent cell forward closure was
-
~ 

- I damaged , indicating the need for further development of this compo-
nent.
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- A complete report of the EDM development and of the re—• sults of the firing tests of this laun cher is current ly being
• j 

prepared.

The completion of the E1~N launcher firing test end the
1 prepa ration of the development and test report conclude the re-

cent indirectly funde d phase of the APL lox Launcher Program.
Direct Navy fundi ng support will be pursued to establish a final—
ized design to meet ful l tactical requi rements for shipbo ard in-

- - stallations. Further work required includes correction of def i—
- 4 ciencies revealed during the test , additional shock end vibration

- tests with a dummy instrumented missile stowed in the launcher,
adaptation of the launcher for vertical laun ch of the Standard

- Missile, temperature and humi dity control design stud ies , and in—
• vestigatio ne of applicati ons for specific ship types .

—‘-

Principal Invea tigators: S. Kongelbeck and V. F. Williams. Mr.
• Kongelbeck is APL’s Chief Engineering Consultan t , and

Mr. William. is Branch Supervisor of the Mechanical
- Engineeri ng Branch of the Engineering Facilit ies Division .

:~~~~

~~~~~~ 
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FEASIBILITY DEMONSTRATION , AUTOMATED MAINTENMWE SUPPORT TOOL

A6 a n.eotLLt o6 the (ncn.ea6 e ut ooph 2oL~catJ.on 06 ~ndAuid-
uat cos~,onen.t~ 4.n a Combat Weap on Sy otem, 4e d4ne64 L6 6kequen.ttyJ Vmi2td by the nea6~üty -to .maZnta.Ln eq 4isent. In the ca~e o~6maL.LVI ~~h4.po , the L-Lzti.ted c’.apa b.ULty .to ma2svta.Ln e.qu.-~pmenL toWi
a oma.U chew ha4 M4ci2ted £n an e66ecave ce.Wng on the ~oi,r~iLez-1 ~Lty o~ the con~,onen.t~ depLoyed. TItuS , a gn. Lcan-t J.~ncflz o.oe ut

1 equ2pne,vt ma nLa.~nabi.2Lty can ni~uLL £n a d2itec.t ~&tctua e 411 Corn-
ba~t e66ec.t.~uene64 . An Au.torna.ted Ma.~,vtenance Suppo~tt Toot ( AMSI )

1 

can heLp Lo p n~ou.~de 6cwJ 1 a cdp ab4LA.ty.

One approach to a general improvement in maintainability
is the development of an INST that can interact with and provide

• ~
- I 

broad support to an operator during routin e maintenance and diag-
I nos tic repair. The purpose of this IR & D projec t was to develop a

demonstration system th at would

• ~ 
j 1. Provide programmed support for routine maintenance

and standard diagnostics for a given equip ment set;

1 2. Provide nonprogrammed access to technical data , in—
cluding text , drawings , waveforms , computations, etc.,
to support troubleshooting in situations for which
no diagnosis was anticipated ; and

• 3. Provide a mechanism by which additional programmed
t -- support can be developed for an arbitrary equipment

set.

DESIGN CONCEPT

The INST combines the technology of minicomputers with
I) that of micrographics . The minicomputer is used to

• 
- 

1. Prompt the operator and , based upon the operator re—
- sponse, branch forward and back through a program

decision t ree;

2. Provide the operator with unprogranined information
retrieval access to all data in the dat a base ;

3. Address the micrographic device and display the re—
qui red graphics or text ; and

4. Perform computations and analysis using parameters
that have been retained , keyed in , or directly inter—
faced.
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The micrograph ics device is used to J
1. Auto matical ly display graphics and text ~~ich cannot

be economically retained in a computer readable for-
mat ;

2. Automatically display manuals and related document. ; 1and 
j

3. Manually peruse aicrographic materials.

The INST data base is a repla ceable auto mated file (e .g. ,
magnetic tape) and a micrograp hic file (e.g. , ultraf iche cassette).
A separate dat a base may be used for each clas s of equipment to
be maintained. 

- a

I -

- 

EQUIPMENT CONFIGURATION

• The INST equipment configuration used for the demoastra—
tion syst~ n consists of three units:

• I 1. An Operator Unit that consists of the microform dis-
play and a keyboard computer input device . All opera—
tor inputs and outputs are made via this unit.

2. A Data Base Unit that consists of the microform and
digital data bases. For the demonstration system , a
single data base with several demonstration capabili—
ties is used . The interchange abili ty of dat a bases
is also demonstrated.

3. An Electronic Unit that contains a minicomputer , a mag-
netic tape device , a microform viewer control element ,
and appropriate interfacing. The demonstration sys—
tern uses a perm anently mounte d unit; however , it can
be easily demonstrated that the Electronic Unit can be

-
• 

packaged as a portable unit .
1 -

The demonstration system consists entirely of available ,
off— the—shelf equipment. The microform viewer selected is the
microform Data System. M-380. This unit allows random retrievel
of any of 100 000 images within 4 s. The display unit and elec-
tronics weigh 75 lb; the cost per unit is in the $7000 range .

The minicomputer being used for the demonstration is a
Computer Automation Alpha LSI—2 which is available at the Labors—
tory . The demonstration uses a magnetic tape but has been designed j

— -130 — j
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~~

I also to use a floppy disk . While the minicomputer por tion of the
• demonstration is not now portable , suitable off—the—sh elf components ,

including a micro processor, floppy disk , and keyboard , can be puT—
- •  

chased for around $7000 and will weigh under 100 lb. Thus , the
demonstration system satisfies an initial objective that an inexpen—

1. sive , port ab le unit be produced.

I F
F- ’ - DEMONSTRATION DATA BASE

FI L •. A demonstrat ion data base was prepared using the mainte-
nance manual for the AN/SPA—25B Indicator Gro up . This manual was
selected because it is unclassified , represents a typical ship—
board electronic component , and contains a wide variety of tables ,• I I figures, block diagrams , and foldouts.

The manual is approximately 3 in. thick and contains some
H -- 550 pages plus some 30 large foldout signal—flow and schematic

L diagram.. The document was prepared for filming and copied onto
ult rafiche. A set of operating instructions plus some material

- -. describing the INST were also photographed. Finally , an automated
• - 

index to these images was prepared.
• 0i

Using this data base , the INST demonstration system allows
- [ the user to

• 1. Select any one of three data bases including the main—
tenance manual;

Ii 2. Gain access to the Table of Contents ;

[ 3. Gain access to any page by page number;

4. Gain access to any figure or table by figure or table
number ;

- • 5. Display the index to the document by alphabetic re—
trieval ;

6. Page through the manual;

• 1 7. Scan backward and forward over a foldout figure ;

8. Generate a user index to pages by user—generated

I 

-
mnemonics ; and

• 9. Retrace a page selection sequence.

-
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The demonstr ation system computer program has been defined 
-

as a modular system that will allow progra~~~d tree branchi ng as
well as random retrieval . The data base developed for the demon-
stration system however, makes only limited use of this capability . -

CONCLUSION 
-,

The demonstr ation system has shown the feasibility of the
INST concept. Follow—on activities include the development of other
data bases , the exploration of user inte ractio n with the system ,
the packaging of a portable unit , and the expansion to support cam— •putations and tes t equipment interfaces . Since the initial objec-
tives of the INST demonstration have been met , further activities -,
will not be funded as IR6D projects . .1
Princ ipal Investigator: B. I. Blurn. Mr. Blum is on the staff of -.

the Info rm ation Pr ocessing and Display Group of the Fleet I

System. Department . -,
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• KINEMATI C PERFORMNCE OF AN ADVANCED MI SSILE

~ I I A 4maU &hon.t-.teAm exptona~to’uj e~~o4t wa4s aond1Lc.~zd -top dae~’un~ne k2nem tt4ic pe ’t~o~mance C4p ab~tUt~e.4 o~ an advanctd ~wt-
- 

~ace-~to-ai..t-itamje.t ( ASAR) p ’topwt.oJ.on 6 y 4tem agtthI4.t 4e2teJ ed
f l d f leLLV f l 9 f l 4 h Z~~f l$44442L thQat4 .

The ram jet propulsion system provides sustained th rust and• speed to intercept. In addition to providing greater ave rage and
terminal speeds in many cases , this characteristic permits greater

• flexibility in trajecto ry shaping compared to shorter burning rocket
- • • missiles , within constraints imposed by guidance system considera-

tions . The investigation employed an approp riately extended weapon• simulation previously developed by the Ship Weapon System. Group .
- 1 For reasons of national security , the results of the study are

classified but have been published and are available to properly

I I -  

authorized individuals .

— i I Principal Investigator: R. V. Constantine. Mr. Constantine is a
senior engineer in the Propulsion Group , Aeronautics Divi-
sion.
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SPACE RESEARCH AND TECHNOLOGY 
. I

rite Labon.a~tos.y ha~ coPit~nuou4ty p an.t.Lc.Lp ated hi ~pac.e.
4c.-Lenct and technoLogy 6Znc.e Ae eanty yean.o o~ tocke.t&y, when V-2
and Aenobee ‘cocke.to j ~/r4~t ca.’~.k.Led pa’ct~cZe de.tec.tox~s a.boue .the
ea.tth ‘o a.tmo4ph ene ~to meaoWLe p4~Jnany co4n~La /Lay4 . Vwthtg ~the
pnLoen.t pen.cod, Space Re4eaxch actLvi.tLeA wv~e conduc ted p n2nc.& - 

-polty by e.n.tL6~to hi the Space Phyo Lao and TnWwmen.tatLon Gn.oup
o6 .the Laboxatoxy. Suppo.tt ~~ ~theoe ac u~tLe4 came p nAmaxily
~nom 4po n4on4 Auch a4 NASA, Naf ~ona2 ScA2nae Founda.t.Lon, ~~~~~ o~Naua2 Re4ea~ch, and .the ALt Fo itae Geophy4~Lc6 Labo.taton~y. A 4mi7J1
bu.t .ônpon..tan.t e~~on.t 4uppo.tted by TRW £ undo ha6 aim ed at enhanc-
Lng ~the n~~eaiwJt e~~ec.tLvene.o4 and advanthig 4t.~Lte-o~-~the-a.’L,t
knoweedge hi -theo e axta4 .

During the current period , the Space Research and Develop—
ment effort has been directed toward an understanding of the chemi—
cal and physical processes involved in the earth ’s atmosphere,
ionosphere , and magnetosphere and in solar—terrestrial and inter—

- J planetary phenomena. The objective has been to understand the
total environment of the earth and the perturbing effects from

• both natural and man—made sources. APL scientists collaborated
with scientists from over a dozen U .S. and international learned
institutions, including the University of Tokyo, the Max—Planck
Institutes in Lindau and Munich , West Germany , the Norwegian De—
fense Research Establishment , and the Can adian Department of
Energy, Mines , and Resources. The results of these researches
have been published in 15 articles in scholarly journals, with 17
more articles accepted or submitted for publication , and with pre-
sentation of 29 papers at various symposia and conferences.

Significant advances have included the first high—resolu-
tion measurements of electron energy spectra resulting from the 

- .photoionization of 0 and N2 in the atmosphere; the discovery of
unbalanced field—aligned currents in the polar regions that reach
intensities of millions of amperes; the discovery of regions in the
vast plasma reservoir behind the earth that can accelerate particles
to millions of elect ron volts; the development of radio astronomy
techniques for the prediction of geomagnetic storms that can produce
disturbances to terrestrial radio transmission ; and the development
of thin—film scintillation detectors for the measurement of elemen-
tal composition and energy spectra of cosmic radiation in inter—
planetary space . Some of this work is described in the following
short articles ; the full scope of activity is indicated by the bib—

- - liography which follows the articles .
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RADIO ASTRONOMY — INTERPLANETARY SCINTILLATION

Research activities during the present period have been
aimed at the prediction of solar particle events and geomagnetic

I activity using interplanetary scintillation (IPS) observations
from the University of Iowa COCOA—Cross radio telescope (Ref. 1).
Preliminary analyses of particular IPS events (which indicate dis—

t turbances in the solar wind) revealed their relationship to fono—
spheric absorption (Ref. 2) as well as variations in solar ener-
getic particle fluxes (Refs . 3 and 4). A comprehensive analysis
of many IPS events has now been completed (Ref . 5) ,  making use of

- :  
- daily measurements of scintillation index (in) from a grid of 45

sources taken June through December 1974. These sources are
grouped into ten “sky—boxes” over the northern ecliptic hemisphere

- and are combined for each day with the m—value of the sources in
each box into an IPS activity index Qj (i 1, ~~ , ..., 10) . This
new index, which ranges from 0 for no IPS to 2.0 for large IPS , 

- 

-

- • is derived from a nonparametric statistical ranking analysis that
- compensates for the differences in brightness distributions among
- - the sources . An example of the Q—an alysis is shown in Fig. 1. In

the upper panel, the Qj are presented in grey tone (ligh t , 0 
~~ 

Q
< 2/3; moderate, 2/3 � Q ~ 3/4 ; and dark , 4/3 < Q ~ 2). The mid—

3-. dle panel shows (Q) = 0.1 E Qj, the “all—sky ” U’S activity , as well
as Q—averages for the eastern , western , and high—latitude portions
of the northern ecliptic . The lower panel presents solar—terres-

1. trial data : solar wind proton density (N) and velocity (V); inter-
planetary magnetic field (INF) magnitude (Bxy ) and di rection (+xy )

• - in the ecliptic; and the daily index (Ap) of geomagnetic activity.
A statistical analysis shows that the cross—correlation function of
(Q) with Ap shows a peak at a one—day lag, i.e., Ap disturbance

- 
follows (Q) enhancement by one day .

1. It is apparent that IPS respond when high—density struc-
tures in the solar wind sweep over the earth. This effect, al—

- • though rather obvious, has not previously been discussed in the
literature. On such days of “all—sky” IPS enhancements , IPS mea-
surements probe only the local interplanetary environment. These

- occasional days , which are easily identified by the Q—analysis,
are therefore omitted when studying distant solar wind structures.
However , they establish convincingly that the scintillation index

r at 34.3 MHz is responding primarily to density (not velocity) en—
- hancements in the solar wind. Thus, large area single—site systems,

such as COCOA—Cross, can provide a probe for distant density struc—
- 

- tures, while smaller multisite systems can provide the complementary
- : information on velocity structures.

• During the period shown in Fig . 1 (November—December 1974) ,
- 

- 

- 
the COCOA—Cross source grid of sources was relatively insensitive to
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- co—rotating disturbances appr oaching from the east , since theJ galactic plane (with its higher background emission ) lies in this
- direction late in the year. Nonetheless , the re is some evidence

that such a disturbance was detected following the five days of
I very quiet inte rplaneta ry conditions pre ceding day 335. Moreove r ,

it appears that plasma emission to the ves t of the sun was also
detected.

1 The daily Qj indexes are shown in Fig. 2 for this period,
as well as the locations of the ten sky—boxes . The sun is at 270’
on 1 December in ecliptic coordina tes where O is the direction of

I the vernal equinox . Sky—b oxes 6 , 7 , and 8 viewing sources wit of
the sun all detect an IPS enhancement on days 332 and 333. At this

• time , the solar McMath plage region 13343 was west of central
• meridian and producing minor flare activity, so the IPS weste rn

activity appears to be plasma emitted from this region.

— In the only sky—box (9) viewing east of the sun , there is
an IPS enhancement on days 333 and 334 leading to sustained high
scintillation on days 335 to 337 that drops abruptly on day 338.

• This sequence of activity corresponds nicely to the solar wind den—
sity st ructure that swept over the earth on days 335 to 337. It
presumably would have been detected approaching from the eas t on

• days 333 to 334 and could no longer be viewed to the east on 338
(after passing earth) . The western sources confirm this structure ,

• • 
~~. since they do not fully respond until days 336 to 337. The sug—

gested western plasma emission and eastern co—rotating density
structure are sketched in Fig. 2.

- — Further comparison of the data will be made with geomag—
-• netic and interplanetary measurements , both for their intrinsic

content as well as to refine the analysis techniques for data
- available in 1975 and 1976 . A basic tool for this work is the re-

cent simplification of weak—scattering IPS theory (Ref . 6). Iden—
J tification of the dominant role of solar wind density structures

in IPS is an important step toward a reliable prediction technique .
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FIELD-ALIGNED CURRENTS

Since its launch in September 1972 , the Navy/ APL TRIAD
- satellite has provided the only high—resolution vector magnetic

-• measurements at low satellite altitudes (‘... 800 kin) for studies of
auroral, ionospheric, and magnetospheric phenomena. The principal

I conclusions determined from studies of these data during this
-. period include the following.

- 

) L Large—scale field—aligned currents comprise a permanent
1 featu re in the high—latitude region and are concentrated in two

T 
principal areas encircling the geomagnetic pole , diagrammed in
Fig. 1 (from Ref. 1): region 1 located near the poleward edge of
the field—aligned current region and region 2 located near the

- ~- equatorward part. The region 1 currents flow into the ionosphere
in the morning sector and away from the ionosphere in the evening

- - sector , whereas the region 2 currents f low in the opposite direc—
- - - 

tion at any given local time . The region 1 currents appear to
pe rsist even during quiet geomagnetic condition s and dominat’~ on- a-. the dayside , whereas the region 2 currents dominate on the night—
side and are correlated with auroral electro j et intensifica tion.
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______ Currents into Ionosphere o
~~~~ Currents Away from Ionosphere - -

Ag. 1 Regions and Directions of Large-Scale Field-Aligned Currents- Determined
• by lij ime and Potemra (1976 (Ref. 1 and 5)) with the Following

Superimposed; (1) MBW, 35 keV Electron Background Boundary
for Kp ~ 3 from McDiarmld et al. (Ref. 3), (2) MBB Region of Peak
15O .V Electron Fluxes from McDiarmid at .1. (Ref. 3), (3) SP
Region of Most Probable Occurrence of Net Field-Aligned Current

-
~ Directed Away from the Ionosphere from Sugiura and Potsmrs,

and (4) TPP the Evening Region Studied with the Homer Radar and
TRIAD Magnetometer Data from Tsunoda it .1. (Ref. 4)

- 
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Net fie ld—aligned currents , that is , re gions whe re the
- :  

- 

-• current directed into the ionosphere is unequal to the current
- directed away from the ionosphere , have been discovered with the
- TRIAD satellite (Ref. 2).  At any given magnetic local time (I’ILT),

I the cur rent direction s are the same as those determined earlier
I (Ref. 1), but the current intensity at the poleward edge of the

auroral region (referred to as “region 1”) is statistically larger
than the oppositely directed current at the equatorvard edge . The

I largest net current occurs statistically in the late afternoon
• near 1500 MLT. This region roughly agrees with the peak 150 eV

- electron intensities determined from ISIS—2 particle observations

I (Ref. 3) .

• Radar auroras observed with the 398—MHz phased—array radar
1 located at Home r , Alaska , have been compared with field—aligne d

currents detected by TRIAD on an event—by—event basis in the 1800
to 2100 l’ILT sector (Ref. 4) (diagrammed in Fig. 1). The results
of this study include

-1 1. The downward field—aligned currents in the evening
sector are closely associated with diffuse radar

1 auroras and the eastward electrojet ;

— - 2. The upwar d field—aligned currents in the same time
sector are associated with the visual aurora;

• 3 .  Part of the two oppositely directed field—aligned cur—
rents are connected in the ionosphere by a Pedersen

1 current driven by a poleward—directed electric field
applied across the field—aligned current region ;

4. Radar auroral echoes are not observed when the’ field—
aligned current intensity is less than ‘.-O.l6 amp/in ,
which may rep resent an important threshold curren t
level for the physical process producing the auroralI echoes ; and

5. During periods of disturbed geomagnetic conditions an
I imbalance in the intensities of the field—aligned cur—
1 rents is noticeable in the evening sector , with the

- - outward field—aligned current at the poleward boundary

I greater than the current at the equatorward boundary .

The final point supports the conclusions of Sugiura and Potemra
-

- 

4 
(Ref. 2) and lij ima and Potemra (Ref. 1) concerning net field—
aligned currents .

— The location and directions of field—al igned currents in

~ I the cusp region are also shown in Fig . 1 (Ref . 5). The 35—keV

j
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electron backgro und bounda ry for K~ ~ 3 also shown in this figure
(Ref. 6) has often been interpretea as the limit of closed field
lines . If used in the same context here , this would isply that . -

the large—scale field—aligned currents flow on closed field lines, -

where as the cusp region field—aligned currents are associated with
the magnetospheric boundary . 

-
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NEW SATELLITE INSTRUMENTATION

A program of research is presently directed toward the de—
tection and analysis of the energetic particle population in plane— - -

tary magnetospheres and in interplanetary space. The experimental
4 program involves measuring the elemental composition and energy

r spectrum of cosmic radiation using the advanced technique of three—
parame te r analysis (dE/dx , tota l energy , and time of flight) . Past . 

- 

-

effort has included the developmen t of thin—film scintillation de— -

tectors and the evolution of a three—parameter solid—state detector - 
-

te lescope (based on2~~m—thick fron t elements) chosen for flight on - -

— 142 — 

—— ------—



I
_ _ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

•-- --- -

~~~~~~

-- -

~~~~~
THE JOHNS HOPkINS UNIVERSITY

APPLIED PHYSICS LABORATORY

1 
LAUREL MARYLAND

I the Electrodynamics Explorer Satellite Mission. Present and
future developmental efforts are increasingly based on using cx—
treme ly thin foils (“ 10 ug/cm2) as telescope front elements,
with particle detection via analysis of secondary electrons1 emitted when incident parti cles penetrate the foil.

Figure 1 shows schematically an ion telescope that can
1 measure particle fluxes above 30 keV with excellent elemental reso—1 lution over a very broad ene rgy rang e . Ions incident through the

collimator pass through a thin seconda ry emission foil (~ 10 ug/1 cm2) and are detected in the solid atate detector D2 (D3 is an
.1 anticoincidence detector that serve s to reduce background coun t

• 4 rates). Secondary emission electron s ejected from the foil are
acce lerated to a microchannel array plate that serves as a second—I ary electron detector , generating a fast timing signal coincident

.4 with the passage of the energetic ion , and both a fas t timing sig-
nal (lO—ns shaping t ime) and a slower energy signal are derived
from D2. The telescope thus measures the particle ’s total energy
and its time of flight over the 7.5—cm separation between the foil
and D2. Incident ions can be uniquely characterized by these two
independent param eters (ene rgy and velocity) . This instrument will

j  be able to characterize the nucleonic component of the trapped
radiation in terms of flux , ene rgy spectra , pitch angle distribu—
tion , and elemental composition.

Broom magnet
/ Insulator
I Secondary electron detector

- :: joil f L

!1TitTt; ~~ _
1. 7.5cm TOF path

• 1. Thickness Area
— 

Foil ‘~1Opg/cm 2 15 mm 2
D2 lOO p 25 mm2

) ~ ‘ D3 300 p 50 mm 2

Fig. 1 Time of Flight (TOF) Ion Telesco pe
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“Correlation of � 50 keV proton and ~ 30 keV electron
events in interplanetary space , the magnetosheath, and
the magnetotail at 35 Re.
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D. G. Mit chell and F. C Roelo f , “Parameterization of weak scat—
tering theory for interplanetary radio scintillations

V for finite angular diameter sources.” ij
T. A. Potemra and T. lij ima , “The correlation of high—latitude

field—aligned currents with the geomagnetic S~ field and - I
the interplanetary magnetic field.” H

E. C. Roelof and E. P. Keath, “Magnetic field line merging signa-
tures in 50 keV proton events.”

The following were presented at the Spring Annual Meeting of the
American Geophysical Union, Washington, DC, April 1976.

C. 0. Bostrom, E. T. Sarris, S. M. Krimigis, T. lijima, and T. P.
Armstrong, “Location and characteristics of the source
of magnetospheric energetic particle bursts in the vicin—
ity of the neutral sheet by multispacecraft observations.”

J. P. Doering, W. K. Peterson, C. 0. Bostrom, and T. A. Potemra,
- - “New high energy resolution measurements of the daytime

photoelectron energy spectrum from Atmosphere Explorer—E.”

R. E. Gold, S. M. Krimigis, and E. C. Roelof, “The predominance of
- - spatial structures in low energy particle events 1972—

- - 1974.”

B. L. Gotwols, R. E. Gold, S. M. Krimigis, and E. C. Roelof ,
“Association at 1.0 and 4.5 All of Jovian electron 

- -
events with solar wind streams.”

T. tijima and T. A. Potemra, “Large scale characteristics of field—
aligned currents associated with substorms .”

‘f E. P. Keath , T. lijima , and E. C. Roelof, “Association of high in—
tensity bursts of 50 keV protons and electrons in the
dusk plasmasheet near 35 R~ with subs torm intensification
of the westward auroral electrojet. ”

3. V. Kohl , S. N. Krimigis , T. P. Armstrong, and R. Lepping , “A
magnetosheath burst of predominantly medium nuclei ob—
served with Explorer 50. ”

S. N. Krimigis , E. T. Sarris , and T. P. Armstrong, “Evidence for 
ti 

-

closed magnetic loop st ructures in the interplanetary
medium. ” - — -

V. L. Patel, R. 3. Greaves , S. A. Wahab, and T. A. Potemra, “Car—
related micropulsation events in the magnetosphere and
surface observations.”

I j
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I 
V. K. Peterson , J. P. Doering , T. A. Potemra , and C. 0. Bostrom,

“Observations of low energy (0—500 eV) electrons in the
polar region from AE—D . ”

I T. A. Potemra, C. 0. Bost rom , 3. P. Doering, and W. K. Peterson ,
“Weak acceleration processes in the auroral ionosphere
inferred f rom AN—C low energy (0—500 eV) electron obser—I

-
- I E. C. Roelof , R. E. Gold , S. N. Krimigis , and P. S. McIntosh,

- 
- “Association of a nearly identical recurrent event of

1 14eV He nuclei with coronal magnetic structure over
5 solar rotations.”

J E. T. Sarris , C. 0. Bost rom , and T. Aggson , “Evidence on the accel—
eration of energetic protons by sporadic DC electric

-

~ 

fields in the plasma sheet. ”

14. Sugiura , T. lij ima , and T. A. Potemra , “Characteristics of
-~ 

field—aligned currents as determined from the TRIAD mag—
netometer observations.”

- The following were presented at the International Symposium onII Solar—Terrestrial Physics, Boulder , Colorado , June 1976.

R E Gold , S M Krimigis , and E C Roelof, “Energy, rigidityj and charge—independent solar particle events 1972—1974. ”

R. E. Gold , B. L. Gotwols , S. M. Krimigis , and E. C. Roelof ,
“Relationship between Jovian electron events and solar
wind streams at 1.0 and 4.5 AU.”

~ I - .  
- B. L. Gotwol8 , R. E. Gold , II. G. Mitchell , E. C. Roelof , V. 14.

-) Cronyn , F. T. Erskine, and S. D. Shawhan , “Inte rplane—
tary radio scintillation spectra observed at 34.3 MHz

- - - and turbulence in the solar wind.”

1 .  S. N. Krimigis , E. T. Sarris , and T. P. Armstrong, “Evidence for
closed magnetic loop structures in the interplanetary

ii medium.”
Li 

V. IC. Peterson, 3. P. Doering, T. A. Potemra, and C. 0. Bostrom,
- “Observation of low energy (0—500 eV) electrons in the

polar region from AZ—C and AE—D: Identification of the
1~. dayside cusp. ”

I T. A. Potemra and T. lijima , “Characteristics of large scale field—
1. aligned currents: Possible source mechanisms.”
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F. T. Sarri a , S. N. Kr iaigis , T. lijima , C. 0. Bostro m, and T. P.
Ar mstrong, “Locatio n and charac teristics of the source of 

-magnetoapheric energ etic partic le bursts in the vicinity
of the neutral sheet by multispacecra ft observ at ions. ”

N. Sugiura and T. A. Potsmra , “Variability of the field—align ed -
currents deduced from the TRIAD magnetometer ae on ” 
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- SATELLITE-AIDED SEARCH AND RESCUE SYSTEM

In ‘t eopo nz~e .tc an J at~o~mo2 ~tequ.e~~ ~j tom NASA HeadqwLn.teM,
I ’  ~the Space VeveLo pnen. t Vep a/c.~men.-t can..t-~e4 ou.t a £eao~c~b~W.t ~ 4tudyI Lox a 4ate2Ute 4y6~tem -to 4eivt~~y and £oca.te. emej cgenay xa~~o bea-

cOn6 xeqwL~.ed .to be ca,~.tLed on aAC.k4t and 4h4p4.

I All aircraf t and certain marine vessels are required to
carry emergency radio beacons that are activated automatically
(e.g. , on impact) or manually . They radiate at 121.5 MHz and/or

I 243 MHz and are usually amplitude modulated with a swept tone be—
— tween 300 and 1600 Hz (sweep rate 2 to 4 Hz) . There are upwards

of 50 models of these Emergency Locater Tran smitters (ELT ’s) on
the market which vary considerably in performance and specifica—

= I tions . It is generally agreed that ELT’s are a significant aid
in search and rescue operations . The basic prob lem in realizing
the full capability of the ELT is that of detection and location.

I At present, the principal listeners are commercial airline pilots
(on a voluntary basis). Without direction finding equipment, they
can locate an ELT only within a 300—mile radius (280 000 square
mile area) . A satellite—borne ELT detection system appears to

I offer the most cost—effective means of routine monitoring of the
• emergency bands over large (perhaps global) areas and can provide

relatively precise position determination through Doppler naviga—

1 tion .

The preliminary study carried out by the Laboratory cx—
-
~ amined all aspects of a satellite—aided search and rescue program .
- From a systems viewpoint, improvement is needed in all areas ,

much of whi ch will have to come through regulation, education,
- -  standards, and enforcement. The APL study first addressed the

requirements and objectives of an operational system including
orbit and constellation tradeoffs; ground station equipment and
network; the use of transponders and on—board processing of data;
estimates of detection times and position determination accuracy

A - - for existing and improved ELT ’s; and a conceptual design of an
operational spacecraft including subsystem performance require-
ments .

- Based on this operational concept, a preliminary design
of a satellite was developed to demonstrate the key features of
an operational system and to investigate some of the un certainties
in the system, particularly in the area of radio frequency inter-
ference and traffic on the emergency frequencies. The proposed
design assumed the use of an existing Transit satellite as a “bus”
which contains many of the basic subsystems, to which is added an
instrument module consisting of an antenna array , a multichannel
bent—pipe transponder , a demonstration onboard processor , and
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other mission—uniqu e subsystems . The design was carried out to Ia level of detai l sufficient to make reliable weight and power
estimates and to develop a pr.1i~(r ary schedule and cost plan.

The orbit al configura tion of the satellite is shown in I
Fig. 1, and the antenn a footprints on the ear th ’s surface are
shown in Fig. 2.

The ground station was designed to be self containe d and
portable In order to allow study of radio frequency interference
in various parts of the worl d and to permi t operation al use of
the demonstration satellite following a period of testing and
software development. Many detailed studies were conduc ted , such
as the careful evaluation of two cur rent models of FLT ’s. A T
visit to the Air Force Rescue Coordination Center (RCC) provided L
acme appre ciation of the real, problems faced by this group and of -

the potential benefit. of a satellite—ai ded search and rescue sys— -
tem. I

The results of the APL study were presented to NASA rep-
resentatives at Goddard Space Flight Center in May 1976 . This
was followed by a letter from NASA to the Navy Strategic Systems
Projects Office and a subsequent meeting to explore the availabil—

• t ity of a Transit satellite for use in this program . NASA has also
looked into installing a simpler system on existing operational
weather sa tellites, and the final program may well be international
since Canada has a strong interest in this problem and has been rstudying it independently .

Investigators: The study was carried out by the staff of the Space
Development Department. It was coordinated by C. 0.
Bostrom, Chief Scientist, and R. F. Fischell , Chief Engi—
fleer.

F
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GLOBAL POSITIONING SYSTEM PACKAGE

The AppVj4 Phy4~Lc6 Laboxa.ton4 £6 deve2opJ ~itg ~tJte G!~obo2
P041f20n1n9 Sy4-tem Package (GPSPACJ Lox ~the VeLen4e Mapp2ng Agency

I 
(PM) -to pxov4de xea2-t2me po6JJ~on ~L,ceo aboa*d a newL-ea’t.th Aa.t-
e2Ute -ho4 t vehA.cLe, u6Jng ~..LgnaJ~ ,pjx~ejved 6~tom -the GPS Nav4~ga-
.t2on Sa~te.W~te Txack.Lng and RwtgJAng Gtobol Po4JZLonJng Sy6 tem

I (NAVSTAR) cL~n6te.Ua-tLon oL 4a-teLUte4. GPSPAC tutU cona~L~~ o~ a
xe~e2vex/p .wce.s4ox a~~embZy (R/PA) , beAng ptocwced L*om Magnavox,
p!uo a 4 tabee o4cAJJ4.to/t and an an.tenna/pxeasrpU( 1~Wt a~oumbLy

I iuh~ch APL iuUL ~~~~~ Labn.~aaU, and te4t. GPSPAC will 026o £n-
~texLace &utth ~the powex, cow.wznd, te eme-t’uj, thvuna , and mechan-i.-
c~i~ 4y6~tenl6 oL the ho~.t uek-LcLe; APL tutU p’wu44e 6uppoh.t IA ~the4e
a.’tta6 .

I The GPSPAC program began with a study of the feasibility
of designing a navigation set that would be flown on a hos t near—
earth spacecraft and would use the NAVSTAR GPS signals to compute

j the host vehicle position and velocity. The study concluded with
the issuance of a study report (Ref. 1) that established the feasi—
bility of the concept.

Effo rt was then directed at determining suitable cont rac-
tors , involved in other GPS—related work , who might be requested
to bid on the design and development of an R/PA . Effort was cx—

1 pended toward this end in the preparation of a specification de-
scribing the proposed operation of the R/PA.

L Work following March 1976 has been funded by lilA and ii
not reported here .

- 
Investigators: The study was carried out by the staff of the

Space Development Department under the general direction
of Mr. R. W. Larson , Manager of the Space Development

- I - Programs.
14

- - 
- Refe rence

= 
- 

- 

~I j 1. “Study Report: Combined NAV/GPSPAC Spaceborne Navi—
-~ gation Set,” APL/JHU , Space Development Department

Report SDO 4221, September 1975.
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SUPPORT OF BIOMEDICAL ENGINEERING PROGR AMS

Vwriitg -the paot yeax, ~.-tve expZo~a.toxy pwgicamo IA 6w-
medtcat engIAeeicIAg tue~~ can.n2ed oul wLtk the help o~ IR6V 6und~.An £mpo-’c.tan.t advance IA £nt’cac1tan.~aZ pxe64wte ~enüng ha~ been - .made, wWt the duAgn o~ a device that pkor~Lie4 to aUev&te pkob-
£em6 oL ~teLe.kencL pn.e-~~wte 4tabi2Lty; Louk un.-i16 have been eon- - 

-

4.t)uLcted and axe. cuxn.entty nde~tgo4~ng euaZuat~on IA te4.t an-~mat4.
A~tex pxojectLng -the med2co2 £nLomnatton p ’wceo41.ng needs o~ the
Cancex Centex o~ the Jokn~ Hop~i~n~o HoopAlat, t~~ dul.gned and e4.t.&
ma.ted the w4t oL a computex ~yo-tem to meet tJte.4e needo. PIlot
oupp of l t wao o2~o obtained Lox otudl.e,o o~ echoccir4Log.tap hy 06 hea.tt - .

- 
- - - walL motton. The Lowr.th and ~~~~ p& ojeetA wexe o~ eztkeme-ey

£i,ntted 4cope; one ezpto ted the Leaa.b-W.ty 06 deveLopIng a p~wto-
type endot’iacheaL tube, and the othex ouppoir2ed the pxepa/tatoxy . -- - wo ’tk Lox an NiH 4—tte v-WI conce*ned tutth a pxopo4ed Spec2aLtzed
Cen.te-k 0 ~ R~~ ea.’w.h IA Mte4-Lo4 cLe’Lo6.-c.6.

INTRACRANIAL PRESSURE MEASUREMENT 
-

The intracranial pressure tranasensor previously developed • .1

at APL compares cranial pressure to that of an entrapped volume of
gas contained within the transsensor itself . The output of this —

device must be corrected for baromet ric pressure changes as well
as changes in body temperature .

L A new type of pressure transsensor has now been developed
that measures intracranial pressure more directly by comparing the
pressure within the cranium to tha t immediately outside the skull.
This implant has no internal air entrapment and, therefore, no
problem of long—term pressure stability. It is also insensitive
to barometric pressure and body temperature changes . It is a
Lexan cylinder , both ends of which are very thin and capable of
transmitting a pressure to the interior of the element with essen—

~0! tiai.ly no at tenuation. The silicone—oil—filled region within this - -

plastic enclosure is separated into two noncoinmunicating compart— -
ments by a single nickel bellows. As in the case of the previous - 

-

tra nssensor , the bellows forms a pr essure—sm~sitive capacitance in
a passive circuit whose natural frequency is a function of pressure .
The gauge pressure transsensor is mounted in the plane of the skull
with one end resting against the dura while the other end is cx—
posed to the subscalp pressure outsid e the cranium. In this way ,
the deflection of the bellows is a direct measure of intracranial
pressure.

Four gauge pressure transaensors are currently implanted
in dogs to determine the length of t ime that the subscalp pressure

1’ - 156 - Ii
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as seen I~y the outer end of the implant is an acceptable represen—I tation of atmo spheric pressure

~ I 
ThE JOHNS HOPKINS CANCER CENTER COMPUTER SYSTEM

A computer system design and funding estimate was pre—
i pared for the Cancer Center , which is presently under construction
1 as an addition to the Johns Hopkins Hospital. An examination of

the new center’s medical information processing needs was carried
-t out and then translated into a computer system designed to auto—

I mate most of the manual processes. Such areas as doctors’ orders,
medication logs and schedules, the Cancer Center pharmacy , patient
data, supply management, research functions, and interconnection

1 with other computers in the hospital were addressed. A series of

~ 
working papers were produced and used for a presentation to the

4 Cancer Center management and the Department of Biomedical Engineer—
ing.

ECHOCARDIOGRAPHY OF ARTERIAL WALL MOTION

£ In collaboration with Dr. James Weiss, Frank T. McClure
Fellow in Cardiology and Assistant Professor of Cardiovascular

r Medicine at the Johns Hopkins Medical Institutions (JHMI), echo—
cardiographic data were obtained on both volunteers and patients
under exercise conditions, and data processing techniques were

-- developed to quantify left ventricular wall motions. In addition,
experiments have been conducted to define appropriate processing
techniques for a phased—array cardiac scanning system which will
be in operation at 311141 in October 1976. A paper entitled “Evi—1. dence of Frank—Starling Effect in Man During Maximal Semisupine

I ~. Exercise” will be presented at the 49th Scientific Session of the
- - 

- 
1 S American Heart Association in November 1976.

Principal Investigators : J. C. Chubbuck (intracranial pressure
measurement), R. B. McDowell (Cancer Center computer sys—
tern) , and J. B. Garrison (echocardiography) . Mr. Chubbuck

~
. 

j  

is a senior engineer and Supervisor of the Medical Systems
• Section of the Control Systems Group in the Fleet Systems

~

- 

- - Department. Mr. McDowell is the Group Supervisor of the
- - - 1: Computer Engineering Group of the McClure Computing Center.

- j. Dr. Garrison is a senior physicist on the Director’s staff.

- r
- - ~- -

Là

U — 157 —

— 

- 

~~~--~~~~~~~~~~~~~~~~~~~~~~~~~~ --



r— ~~~~~- ----- — ~~~~-~- . - -~ - ~~~~~~~~~~~~~~~~~~~~~~ 
—-- ~~~~~~~~~~~~~~~~ -~~~~~~~-- ----~ —.—.~.--.----. - ~~~~

__.- — - -. - —~~

THE JOHNS HOPKIN S UNI VERS IT Y
APPUED PHYSICS LABORATORY

LAUREL MARYLAND

- COMPUTER-AID ED HEMO DYNANI C MOM ITOR ING UNIT

t i 
A ontaU eLLo*t wa~ devoted to compLetIng the dulgn andp~eLiinàta’v.y coot e4tIma.te Lox ~abn4ca.t4ng a pon.tabte cDnIpUteX- -

aided hemodynaintc moni.toxtng unIt. The eLLo tt wa~ InItIated dwtIAg jthe Laot ‘tepoxt2ng pe~tLod a6 an ou.tgi~.ø.utI~ o~ the computei~2zed hemo-
dynamic monIloiving oyo.teJn developed by the LaboM.to.ty Lox the A4jo- -caicdLa.L InLwic tton Reheak1th (MIt (MZRLI) .

Upon completion of preli minary design and the identifica— -
tion of several physicians interested in performing clinical trials

4 of such units in a variety of clinical environments, cost estimates
for farbicati ng from one to four units were made . At that t ime , it -
was found that industry was initiating similar studies , that there -
was considerably less need for exploration efforts , or for demon—F - strat ion of the units ’ clinical usefulness , and that accordingly
it was dif ficult to justify the commitment of clinical staff and -

resources to complete clinical trials with such units not directly
related to a commercial prototype . Accordingly, this effort h~s
been terminated with the conclusion that industry shows promise of 

-meeting this need adequately .

It -

i
-i

~1 Ii-
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OCEAN THERMAL ENE RGY SYSTEM

Fo~ oevenol yeax6 the Laboxa-toxy ha~ been engag ed In e~-
ptoniitg ocean thei~mc2 enexgy convexolon 04 a p-tonll4lng meano 06

I ut~&zIng 6o!~ax ene-’~gy, pnImaxIty th-koagh Lnue t~gat2ono ouppon.ted
by ERPA and the Mtz.~I-tIme AthnWo.t’tation. Vw~2ng theoe InveotLga-
tions, technotog.~co.L qu t~on.s wexe wtcovexed Lo~ whIch the oup -

1 poxt aLLowed no expendLtwte. 06 eLLon.t -to ob-ta.In anAswexo . One 4uch
queotIon conce.xnA 4-t’i atI4IeaZf.on 06 SLow and Ito eLLec.to In OTEC
heat ezchangeAO. Dwtlng the pxuen~t qeax, an TRW pxojeet Inueo-

- - ~tLga-ted a ~ c..tI LI catIon p ’cobLem exp e.~Isneit.tat2y and Lowtd that
oat—LoLac.to’cy xeoalto couLd be obtoined pxovlded that the. he.at
e ’cchanget tubeo a.’ce. oLI.gh-tty tilted.

The t ropical oceans develop a temperature difference of
about 40°F between the sun—warmed surface waters and the cold water
at depth returning from melting arctic ice . OTEC makes use of this

- stored solar energy temperature gradient to operate a closed Rankine
cycle engine for the production of electric power, which, in turn,
may be used to manufacture ammonia, aluminum, hydrogen, and other

- - energy—intensive products, resulting in a large saving in energy
now required from other sources. Previous reports have described

-. the initiation of the work at APL, the results of two projects
- - 

sponsored by ERDA , one supported by the Maritime Administration
(MARAD), and indirectly funded (IR&D) exploratory investigations.

- Through this work, and through contributed cooperative effort from
Sun Shipyard and Drydock Company , Kaiser Alumin um and Chemical —

- Corporation , Teledyne Corporation , Hydronautics , and other indus-
trial. organizations, the Laboratory has achieved a leading position- - 
in the OTEC field.

The design of heat exchangers for OTEC systems poses sev—
- - eral problems that are different from those usually encountered.

- - For example, the relatively small temperature difference between
surface water and deep water falls below the range for which exper i—

- .4 mental data are available to predict performance. Moreover, since
the ocean’s thermal energy is available at no intrinsic cost, OTEC
heat exchangers are to be optimized for overall plant cost rather
than maximum heat transfer efficiency . At the beginning of the

- present period, a study of least—cost heat exchanger design was
- completed for ERDA (Ref. 1) based on extrapolations of empirical

correlations. The resultant design proposes ammonia as the work—
- ing fluid and calls for heat exchangers using large diameter alumi—

num tubes with horizontal tube runs folded in a vertical plane and
operating in parallel with similar tube elements to produce piping

- 
cover for both the evaporator and condenser . This design allows
removal of individual segments for cleaning , repair, or replacement.

- Figure 1 shows a power module based on this design principle. The
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Exchangers Made of Nested, Large-Diameter, Multipass Aluminum
Tubes with a Modular, Bargs.Type Platform for OTEC Plant-Ships -
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comprehensive study provides the analytical basis from which a

P ~L rational design of OTEC heat exchangers can be derived.

The correlations used in Ref. 1 were obtained by extrapo—

~ 1 lation from the literature, where they were generally derived from

~
‘ experiments on smaller diameter tubes , higher temperature differ-

ences , and different working media than those proposed for the OTEC
heat exchangers. These extrapolated correlations led to quite at—

— I tractive initial performance estimates, justifying the validity of
the APL design approach . Before the analysis could be trus ted for
actual equipment design considerations, however, it would be nec—

I essary to confirm the applicability of the correlations to OTEC
conditions , and this could only be done by direct experimentation.
Consequently, ERDA sponsored experiments (Refa. 2 and 3) on the

1 two—phase f low of ammonia inside a single horizontal tube with the
j ,  objective of measuring the overall ammonia—side heat—transfer coef-

ficients for comparison with predicted analytical correlations.

T Initial tests revealed significant discrepancies with pre—
dicted behavior, and the present IR&D project was initiated to un—
cover the cause. The explanation was traced to stratification or
intermittent flow which occurs to some extent under all conditions

- I appropriate to OTEC. A simple remedy was found by slightly tilting
- the system by 0.5° or less. Remaining stratification in the tilted

.~. configuration does not reduce the overall tube heat transfer greatly ,
and the Chaddock and Brunneman correlation (used in Ref . 1) was

-. found to predict the two—phase heat—transfer coefficients for am— -
monia with acceptable precision . However , the stratification flow
phenomena should be characterized in more detailed tests at design

~ 1. and off—design operating conditions, which can be done with the
existing internal—flow test apparatus by replacing some instrumen—

r tation . Also, the occurrence of nucleation in the subcooled flow
-

- - should be characterized in more detail, especially with respect to
the point where it begins. This will require some additional in—

- ( 
- strumentation. Overall, the IR&D effort has assisted the ERDA—

• ~
- ~~~

- funded program in providing demonstration of generally satisfactory
ii heat exchanger operation in a hitherto unexplored regime .

F The IR&D program also contributed to the dissemination of
~ results . Two additional reports on OTEC heat exchangers have been
t written — Ref. 4 , describ ing the current expected design of the

heat exchangers for a plant ship , and Ref. 5 , on two—phase—flow
- - heat transfer.

-. Principal Investigators: H. L. Olsen and R. A. Makofski. Dr. Olsen
is a senior engineer on the staff of the Aeronautics Divi—

- - 1 •-‘ sion Office and Mr. Makofski is Group Supervisor of the
Transportation Technology Group in the Aeronautics Division.

I F -
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1 COPPER SULFIDE / CADMIUM SULFIDE SOLAR CELLS

CoppeiL 4 2 f ~-Lde/cathnLum 4u2~Ade (Cu~S/Cd S ) 40L4X ce.U~ a.nt
- - p o.tent&Uy ~&npoh.tan-t -~i~n .te ke6-t ’t2aL pho~tovoUa~c appUcat.A~on4 due
I to ~the-L’r ease od dabn2ca~tLon and Low cost. P wp e~ encapouLat~on
• and en~~~~e.aZ op n~Lzc4t~on o~ p’tocuthtg me.thodo have done n~ch ~to4~n~.tove ce-U 4~tab W.ty and !2de.tOne. Ed~.LeA~enc.Le.4 od .the4e ce-W,
1 koweue-n~, a’~e 4.tA4U Low. Impo4ttan.t p a.’uvne.te/t-6 neae4AaFty dolL mO)Le

- I con~Le.te p hy~~co2 and ~theo ’te2Lca2 unde~~~and~ng and hence ~imp’tove-
men-t 4Ln e -~c.Lency o~ ~the Ca2S/CdS 4y4.tem ~Lndud.’ ~the j w ic.t~on— depth ( Cu2 S La.te.-’ca.t p enetn.at~on ~ôvto ~the CdS ccLwittan~ g ’taLn6 ) and

- - 1 -the depth o ~ CuE S p ene-tn~ati.on doust ~the CdS gi~aAn boundv~e..6.
SpuUex-Zon 4OuILce ma44 Apec tkornetex (SiMS ) p’LodJle4 have been 4JL-
tei~p 4’ct ted u4s~Lng a ~tii.io-componeit-t 4p u.ttenA.ng mode-t .to y-ce d e utia.teo

I od ~the6e .two pf l.ope4tie4.

In the current work , prior results on three typical Cu2S/
1 CdS solar cell samples were reanalyzed. The samples included :- - (a) an as—deposited CdS layer (No. 1), (b) a Cu2S/CdS specimen

(No. 2) removed immediately following the topotaxial growth of the
• 1 Cu2S layer (barrier formation) by dipping in a solution of Cu2Cl2,

and (c) a Cu2S/CdS specimen (No. 3) subjected to a simulated grid—
ding and encapsulation (lamination) process.

- The SINS beam (defocused beam of 10 keV ~~~ ions) pro—
- iuces a large flat crater (2 x 3 mm), and the constituent intensity

versus time data arise from a constant surface regreestion. Scan—
rting electron microscope (SEM) analysis showed that the original

- - surface topography was essentially preserved after the removal of
...9 rn dispelling fears of preferential sputtering. Since a large—

-. area, homogeneous beam was used, the resulting profiles represent- - - L the average of approximately 106 grains (SEM grain size: 1 to 31 pm). Minor variations in the profiles result from a finite depth
resolution ~~5%),  shadowing from asperities, and instrument memory.

I Figure 1 is a linear plot of the surface fraction (Ref. 1)I of Cu and Cd versus depth (below the film surface) for sample No. 2.
-
- 1 ~- - Conversion to depth (from the original intensity time plots) has

~ 
been made assuming that Cu2S and CdS sputter at essentially the- same rate and that the yield factors for Cu (and S) from Cu2S and
for Cd (and S) from CdS are independent of depth, a two—component
sputtering model. This model requires a consistent sulfur stoichi—

L~ ometry (with depth) for validity. Anomalies in the sulfur stoichi—
ometry in a depth range from 0.2 to 2 pm (broad “junction” region)

- were noted previously (Ref. 2). These variations can be as high as
- - 15%, suggesting the possibility of another constituent such as CdO

• - - or the inclusion of debris from the dipping process at the grain
- . -~- boundary—surface intersection point. The importance of these
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factors should not be minimized, but, in the annular ring struc—
ture concept considered here, they will be included as one of the
factors attributing to the transition region (B) described below.

I There are three distinct regions on each curve in Fig . 1,
an initial linear region (A), a transition region (B), and another

-; linear region (C) . For each material , region A begins at a depth

‘ 
of approximately 0.1 to 0.15 pm and extends to approximately 0.4
pm. Region C begins at 1.8 pm and continues to a depth of 5.7 pm
where all traces of Cu2S disappear. Between regions A and C
there is a smooth transition region (B). Region B contains the
equal composition point for Cu2S and CdS (i.e., the point at which
the SIMS beam sees 50% CdS and 50% Cu2S). This occurs for a Cu
surface fraction equal to 0.33 and a Cd surface fraction equal to

I 
0.25.

— I The onset of region A corresponds to the showthrough of

I the CdS and, hence, gives a good indication of the depth of the
-
- Cu2S layer, i.e., 0.1 to 0.15 pm, at lear~ at the top of thegrains. Region C begins approximately at 1.8 pm and continues to
: almost 6.0 pm. This onset occurs at almost twice the surface

I roughness estimate (0.5 to 1.0 pm determined from SEM) and suggests
that the SIMS beam on the average sees an area composed of CdS
grains with Cu2S surface “rings” of linearly decreasing area (an—

I nular ring model). The depth of lateral penetration of the Cu2S
from the CdS grain boundary would then have a square root variation
related to the decrease in area with depth . Ultimate grain bound—

1 ary penetration appears to be limited to approximately 6.0 pm.

- : Simulated gridding and encapsulation only serve to delay
the onset of region A to approximately 0.26 pm and the equal area

I point occurred at 0.75 pm. The slope of region C was changed
- slightly but no deeper grain boundary penetration was observed.

J ~• - Future studies on sulfur stoichiometry anomalies and the
resultant E (I/Y) deviations (Ref. 1) combined with additional SEM

• - analysis should provide a more detailed picture of the Cu2S/CdS
- - solar cell structure, providing a basis of understanding for irn—

J proving their performance.

- Principal Investigators: H. K. Charles, Jr., and F. C. Satkiewicz.
- - I Dr. Charles is a senior engineer in the Microelectronics

Group of the Engineering Facilities Division. Dr.
Satkiewicz is a senior chemist in the Solid State Group

• of the Research Center.
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AUTOW~TIVE POLLUTION REDUCTION BY WATER INJECTION

I The objec.tLve o~ th.L6 p lio feet t-~ e -to de.te-’un~ne anc2yacai2y
and exp e.~2meit.taLZy .the ed~Leaey o~ -the addA24~in od i~~tex .to ~the £ue-t-

I a~t PnLx.twLe a4ed ~Ln ~the conve,vt.Lona2 awtornobile enghte ~n ~e&w~ng
tite amowvt od n.Lt&ogen ov2d~~ -ôt ~the exhau.ot. it wa6 concLuded .that
a Jte duc-tLon o~ 50% ox n ’oxe can be aec.on~Lt~hed wWtowt detnime,vt -to

I eng J.ne opexo.tA~on. inciden.toZ bene(~.t6 o~ -the watex addJt ~on Anc2ude.
an f rnp ’&ovemen.t ~ôt eddec.tLve oc.tane itat~.ng o~ ~the due2 and p / wviAJon
o~ c.onven4en.t meanIs o~ u.o2ng a comb~LnatJ ~on 06 £nsn~~eibLe £aeL~, 4uch
a6 aLcohoL and ga4oVne.

The addition of water to the fuel—air mixture used by the
standard automobile engine has been investigated as a means of re—

I ducing the pollution of the atmosphere by nitrogen oxides (N0~) inthe engine’s exhaust.

I 
Simple equipment , suitable either for retrofit to existing

engines or for incorporation as original equipment in new produc—
tion, was used to introduce regulated amounts of water into the test
engine . The procedure used introduces the water into the intake of

• the engine by means separate from the conventional fuel carburetor
(which is retained). The procedure permits instantaneous variation
in the water—fuel ratio to meet varying operating conditions and

I avoids the necessity to mix water and gasoline in their liquid
states.

— - Both analysis and test indicate that the addition of water

I at a mass rate equal to that of fuel reduces the nitrogen oxides in
the exhaust by 50% or more , depending on specific operating condi—
tions.

I The unburned hydrocarbon and carbon monoxide content of the
exhaust displayed no clear correlation in the tests performed with

‘ 
the presence or absence of the water addition. Specific fuel con—

4 sumption was unaffected in the test engine by the addition of water,
although power output was reduced slightly under some conditions.
The antiknock property of water (evi4en ced by an advance in ignition
timing) would permit the use of a lower octane fuel and of a higher
compression ratio, both of which could be exploited to obtain econ—
omy of operation. The antiknock property could also be beneficial
in reducing atmospheric pollution and in ensuring the longevity of
catalytic afterburners by facilitating the gradual removal from the
market of fuel containing tetraethyl lead.

J The use of an ethanol—gasoline mixture as an automotive
fuel has been advocated f requently as a means of stabilizing agri—

— cultural markets and of reducing the consumption of petroleum.
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1 Current political and economic trends have renewed interest in this -;
proposal. However , since minor contamination of fuel. by water is
difficult to avoid, the limited mutual solubility of gasoline and 

-
~ 

-

t i  slight ly aqueous alcohol produces a phase separation of the mixture -
in the supply tank , thereby resul ting in er ratic or complete inter— -
rupti on of engine operation . The use of the method reported herein -

to introduce an alcohol—water solution (rather than only water)
- ~~ would both provide a reduction in NO,~ emission and also permi t use -

of the two fuels in any ratio desired without limitation by mutual
solubility and water contamination . -

-
~~ I This work is more fully documented in internal report SDO— -• -

- 4305, “Benefits Provided by the Injection of Water into the Auto— -

mobile Engine,” December 1975. The results have been presented to
ERDA.

Principal Investigator: T. Wyatt. Mr. Wyat t is a senior engineer -~in the Space Development Department Office . -:

T1
U
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VESSEL TRAFFIC SYSTEM

- 

- 

Ovut ~the p a6.t 10 ytan4 , ~the Labon~a.toxy ha6 acqtt-LQd con-
~ 4en.abLe ezpen.-~enae A~t w~ea~ o~ advoj iced ve~~ L tta66~A~ rnonA.toit-

I tng and conticoL. A new concept Lox tow-coot ~mpkovemen.t6 ha~evoLved and At pnsun.t TRSV p n~ojec.t ~~ aij ned at e tabUoh-ütg At
Lea~~bA.Uty o~ ~that e.oncept.

I The Laboratory had previously designed and constructed a
vessel traffic system which was installed in the San Francisco Bay

I 
area under U.S. Coast Guard sponsorship. This was followed by a
system installed at the U.S. Coast Guard R&D Center in Groton,
Connecticut. The initial system utilized relatively expensive
radar and computers. It is believed that use of new developments

- • - - I in microprocessor technology could now provide an improved auto-
matic detection and tracking system with low—cost commercial radars.

I A small IR&D program was initiated to study a radar video
detector using inputs from a low—cost radar together with a micro-
processor to assist in preprocessing of data, which would also per—

I mit the use of telephone rather than microwave links in handling
dat a f rom remote sites .

The investigation was later expanded to a study leading to

I development of a collision avoidance system to interface with exist—
ing surface search radars. The proposed collision avoidance system
would interface with a variety of existing surface search radars,

I 
providing an inexpensive yet capable system that could be used by
both military and commercial vessels as an aid to maritime naviga—
tion. Such a system would be particularly applicable to the high—
speed surface effect vessels (“flying ship~”) .

Existing surface search radars, such as the AN/SPS—lO and
Type B commercial radars, possess an untapped capability in that

j J the video output from the radar receiver could be processed and
used to implement a semiautomatic collision avoidance system. A
combined analog and digital front—end would preprocess the incom—
ing video to achieve a data rate compatible with a state—of—the—

3 art microprocessor , which would perform additional digital signal
I processing. Ultimately, a track file of all surface targets would

be developed, and from the track file the microprocessor would pro—r duce a display to assist the helmsman in maneuvering the ship.
This could be a PPI type display on which synthetic tracks would

• be shown, or a tabular display on which tracks would be ranked
according to some predetermined criteria , or a combination of
the two. In addition , the system also would provide alerts that

I 
would warn of possible collisions and provide instructions to avert
them. The microprocessor, a key element in this system to process

~ L :.~
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the video output from the radar receiver, was procured along with
some interface equipment as a start to building up en inexpensive
prototype.

!rincipal Investigator: D. B. Staake. Mr. Staake is Supervisor
of the Operational Systems Development Branch in the
Fleet Systems Department.

- 170 -

H 
- - ~~~ 

—
•

~- I



• ~~~~~~

THE JOHNS HOPKINS UNIVERSITY
APPLIED PHYSICS LABORATORY

~~ 

LAUREL MARYLAND

L AIR TRAFFIC SAFETY AND CONTROL

Vwthtg ~the pa~~ ~~~~~~~~ yea~~, At Lo.bonatoxy ha4 been appLy-
2ng A.~to ezpe.ttL4e dexA’ed p r2man..i2y 6.’i~om Navy pxognamo ~to At /ce-

I qu.ttemen.to o~ At F ede~aL AvJ.atLon Athn~nL~~’catLon. Ao a ~c-e4uLt o~AA.o wo’ck , 4eve~~2 new axea6 have been ~dentL6.Led a-o be2ng woitAy
o~ exp to.’catoxy .ôtveotLgat~on6. Sevexo2 iR5V-4c~ppoxted ~Lnue4tLga-

1 ~tLon4 xeta.ted -to At 4aLe.ty and cap aci.ty o~ At Na.tLonaL Av4atLon
- Sy4~tem a-’ce IvLgh.Ugh.ted 4~n At ~oI1owLng p wtagn.a~p h4.

AEROSAT-DOD SATCOM COMPAIIBILITY

- I~- - -- The object~Lve od AlA p n~ojecL cuao -to exam&ce At (lOn6t-- quence~ -to -the U.S. Vepa .ttmen.t °d Veden6e 06 ~the e otence o~ At
- AEROSAT 4y6-tem. AEROSAT lA a piio4peeUve £n.-tvcna.t~onaL oa.te2Ute
- 4y6.tem Jj vtended ~to p~tov.&k cAvlL av~Lat~on ovex-wa-te~t ai.x .t*a~j ,~e

- - - coat ’wL and g ’wund-aAii~ commw’2cat~ono . I t  wc~ concluded .tha-t ~L-t
wouLd be advantageouo -to de4lgn the AEROSAT 4y 4-ttm 40 ~ 6 .to p)wvlde
lnteicop e-’uibLUty with P oP alxcicad.t and -to pxeelude —Ln-te-’wp vcab-LUty

- ox Jj vtex~vgg nce 06 eivU a.uu’~.’~a6.t and AEROSAT LuLth the PoP 6atel-
- • 1. L4.te commun.~cat2on4 4yo~tem8 .

- Oceanic air traffic control and ground—air communications
! I are presently conducted over high—frequency radio circuits that
~ operate with poor reliability and are nearly saturated on the

heavily traveled routes. No system of airspace surveillance
exists. Separation and control are based on pilots’ reports ofI aircraft positions as determined from onboard navigation equipment.

- Air traffic control and ground—air communications on
- I ocean routes require improvement to permit smaller aircraft separa—
- I 

-. tions in order to handle future increases in traffic volume, par—
ticularly along North Atlantic routes. The United States, Canada,

- I and Western European nations have agreed to cooperate in producing
- 4 - this improvement in air traffic control over the North Atlantic.
• The new system, which is named AEROSAT, will consist of two syn—

ch ronous equatori al satellites located above the Atlantic Ocean ,
with ground stations on the North American Atlantic coast , in the- United Kingdom, and on the European Atlantic coast, and aircraft

— 

equipment. The AEROSAT system will provide VHF and L—band ground—
air communications and ground station determination of the position

- of aircraft over the North Atlantic by a radio—ranging technique.
The positional information will be used for air traffic control

- 
• and will also be provided to aircraft for use as a navigational

- aid. AEROSAT service is planned to begin in 1980.

-
~~ 1
L 4 -
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The Department of Defense has several present and pro— 
-

jected satellite communication systems that are used by military -
-

! - aircraft , ships , and land stations for message, voice • and dat a , -

typically at UHF and S—band. The DoD has no plan. to produce a -

ground—station operated navigation system analo gous to that of -

AER OS AT . It is U.S. policy that milita ry aircraft be compatib le -

with the existing air traff ic control and communications systems. I
AE ROSAT will be designed , built , and operated by an in—

ternational consortium. The detailed technical characteristics of - 

-

the military systems are classified and cannot be shared with the - 
-

consortium, even though the member nations of the initial North -

Atlantic segment are NATO allies . The expected expansion of the - 
- -

AEROSAT system to the other ocean areas will require a cooperative
effort involving nations not allied militarily with the U.S.

Design of the AEROSAT system so as to provide interopera— I
- 

- bility of DoD aircraft with AEROSAT and to preclude intero perab il— —

ity or interference of civil aircraft and AEROSAT with the DoD
satellite communications systems would provide the following bene— -

fits:

1. Safety, efficiency, and economy of North Atlantic air -~
traffic control by vesting control of both military
and civil aircraft in a single agency.

• 2. Responsiveness of North Atlantic air traffic control —

- • system in a military emergency. -

3. Convenience of hand—off of North Atlantic air traffic - -

to NATO air traffic control in military emergency.

4. Facility of use by the Civil Reserve Air Fleet.

) 5. Provision of means for air—sea coordination in the
N ”-th Atlantic.

6. Reduction in risk that a civil system may interfere .1 -
with existing and planned military systems .

7. Ease of extension of all above to South Atlantic, 1-Pacific, and Indian Oceans, and the Mediterranean .

The Laboratory is qualified to provide technic al assis—
tanCe to the Federal Aviation Administration and to the Depar tment

— 
- of Defense in the coordination of the AEROSAT program and the DoD

communication satellite programs. ] I
Principal. Investigator: T. Wyatt. Mr. Wyat t is a senior engineer

in the Space Development Department Office . -
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AIRSPACE SAFETY ENHANCEMENT
- L One o~ the p/vAnicucy mts4lon4 o~ the Fedeica2 Av4at~on Adanôz-

- - 

- 4A.t’ca2ion ( FAA) lA to meet the ‘cequAxemeivt 06 4~~~ t a..Lx t’cavet. Many
- - 7 p/cog~am6 w~tk~n the FAA and e2~e~*e~te have con.tk2buted .to the nta.~n-

- -tenanc.e o~ a good 4aLe.ty n.ecoxd Lox At cun.’cen-t LeveL6 06 av4at~on
ae..tLu~ty. Howeve.t, p/co Ject2ono o~ avLat~on act2vLty JAdi cate that4 by 1986 the FAA rnu.6-t be p ’cepa xed to mecl 4a6e2y -teqwL’cemelvtd wLth a
t~aL64 c vo-Cwne that lA .~wLce -the cuvr en~t voLume.

The present safety program conducted by the FAA, the Na—
tional TransportatLon Safety Board (NTSB) , and the National Aero—
nautics and Space Administration (NASA) covers many aspects of
general aviation and scheduled air carrier operations within the

-
~~~ National Aviation System (NAS) . The FAA ’s programs range f rom the

certification of pilots and aircraft to the flammability charac—
- teristics of the uniforms worn by flight attendants . This combined
I - 

program relies to a large degree on the occurrence of mishaps (acci—
• dents/incidents) to determine where unsafe conditions exist.

- In order to improve the performance of any complex system ,I — 
it is necessary to quantify the exhibited performance on a recur—

u ring basis, isolate existing problem areas, and institute corrective
- feedback . The Laboratory has concluded that this approach can be

~
- advantageously applied to the improvement of NAS safety through the

- 
implementation of a recurring, comprehensive, nonpunitive safety

- enhancement program . The program would have as its hallmark the
- 

- determination and implementation of required corrective actions be-
fore the need is demonstrated by a fatal aircraft accident. The

1. type of engine speed settings that may have contributed to the
- National Airlines DC—lO accident near Albuquerque , New Mexico, on

- 3 November 1973 might have been uncovered by this type of investiga—
tion. It is conceivable that this and other similar accidents might

I have been prevented by procedural changes that could result from a
- 4 safety enhancement program as described here. Initiation of such a

- 
; j  program would also allow the FAA to demonstrate continuing respon—

siveness to recommendations from Department of Transportation Task
P 

-.  
Forces, the NTSB, and the General Accounting Office.

I ~ The Laboratory has compiled the following concepts for con—
sideration as a nucleus during the formulation of an Airspace Safety
Enhancement Program (ASEP) of the type indicated here :

4 - 1. At the initiation of the program, some mechanism must
- be devised to assure complete anonymity of the personnel4. - ! involved in the NAS operations being evaluated. This

would permit the ASEP to be nonpunitive (that is , the
-. ASEP would constitute a nofaul t evaluation) .

~ r — 173 —
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2. The digita l flight data recorder (DFDR) and the cock—

~ I pit voice recorde r (CVR) should be the main sources
- of data initially . The dat a from each recorde r would

be systematicall y evaluated independent of data from
the other. If this process indicates that a problem
of sufficient importance exists , a correlated evalua—• tion of the dat a from the DFDR and CVR for the same
flight would be perfor med.

3. Initially , the ASEP would concentra te on the approach- 1 and landi ng phase of aircraft operations as the areas
1 of greatest potential payoff.

4. This analysis would allow a quantified statistical de—
- I scription of NAS operations to be generated.

1 5. In the future , other sources of NAS data such as Auto-
mated Radar Terminal System (ARTS III) and NAS Stage A
data extracts and audio recordings could be utilized,
and the evaluation could be extended to other phasesI of NAS operations . Again , complete anonymity should
be maintained.

6. The complete cooperation of personnel in all areas of
NAS operations must be obtained initially and main-
tained continuo usly .

7. A mechanism must be devised to assure high—level FAA
review of any recommendations that result from this
program and implementation of those recommendations

- that are approved . Timeliness of action is important .

Principal Investigator: J. P. Berry . Mr. Berry is the Assistant
Projec t Manage r for the Surveillance Systems Project Office ,4 Fleet Systems Department. 

t

ELECTROSTATICS INVESTIGATION

- The LaboM.toxy ha6 4nve4tLgated At p 044LbLe app Uca2Lon
06 etec o t a~eLc mw emen. 4 to the de.tect.~on 06 aiAc.’ta&t wake
vont~ct~. The po 641.bte appLLcat~on 06 the 4ame .teahni.q&Le4 .to the.- 

- detee2~.on o~ w.~nd 4heax wao o2oo b~ti.eLCy ~btd~ed. l~~ 4ucce446u1,Aue .techn.~que.~ could enhance. a.L.-’c. 4a6e.ty .
Wake vortices (ext remely high energy rotating “tubes” of

- air trai ling behind an aircr aft) are produced during the genera—
tion of lift by the aircraft The diameter and energy of the

— 174 —I
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~ I 
vortices are functions of aircraft size . The vortices are particu—
lar].y violent during short intervals at takeoff and landing of

~
, heavy aircraft. If a small aircraft is trailing a heavy aircraft

• too closely , the small aircraft is subject to major perturbations
‘ in its flight path and , in cert ain circumstances , to overturning.

To avoid this hazard , the Federal Aviation Administration (FAA) in—
- creases the spacing between aircraft with a consequent loss of

- I 
capacity of the airport runway .

Electrical, charge separation processes are generally asso-
ciated with the exhausts from jet aircraft engines. It was hypothe—

I sized that electrically charged particles in engine exhausts may be
- t rapped within the vortices, giving rise to concentrated tubes of

electrical charge. Such tubes of charged particles could generate
~ I 

elect ric fields that may be detected at some distance from the core
of the tube. By extension , it was believed that if these electric

- 
fields could be detected by electrostatic measurements, then a
mechanism would exist for the detection of the wake vortices that
could be applied by the FAA to reduce aircraf t separation under the
proper circumstances and thereby increase airport capacity without -

— compromising safety.

- 

~ 1 A rudimentary electrostatic measurement detector was assem—
bled and installed in the public parking area near the end of a
runway at Washington National Airport. For a limited number of
“targets of opportunity,” some signatures were obtained that m di—

- cated the passage of aircraft . The results were somewhat promising
but far from conclusive. In order to establish the validity of the

- I hypothesis , it would be necessary to improve the instrumentation
• and to collect systematically a large body of data for a variety of

ai rcraft types.

- An extension of this idea was also briefly considered in
connectton with the detection of wind shear . The term wind shear

- is applied to rapid variations of wind speed and direction over very

1 short distances. These rapid variations in wind produce rapid var ia—
- tions in lift that can have catastrophic effects on aircraft during

- 
• takeoff and landing operations . Severe boundary layer shear and

I turbulence are frequently associated wi th thunderstorm activity .
II, It was hypothesized that space charge excesses associated with

thunderstorm activity might be entrained in downward convection
— 7 within the storm cell and that these downdrafts containing the

- JR space charge might turn and flow parallel to the earth ’s surface ,
giving rise both to horizontal wind shear conditions and to a space
charge excess remote from the storm that could be detected by an

~
- I electrostatic measurement.

~ - 1 j ’ A Faraday cage containing a radioactive ionizer detector

~ I 
was installed on the top of one of the Laboratory buildings to test

-
~
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this idea. The instrument was found to be sensitive to atmospheric• phenomena during local and distant thunderstorm activity as cvi— .

danced by pulses corre lated with lightning and more slowly varying
signals prob ab ly indicative of larg e change s in space charge . No
strong wind gusts occurred during the period of the experiment and
the possible existence of high concent rations of space charge in
horizontal wind shear flows was not confirmed . Additional investi— — 

-• gation with an improved detector is warranted to test the hypothesis
further; such investigations could also lead to new information about -

the f undamental electrical, properties of thunderstorms.

Principal Investigator; M. L. Hill . Mr. Hill is the Supervisor of -~~the Aerophysics and Fligh t Research Group . - :

AIRCRAFT FIRE EXTINGUISHME NT

Sa6e.ty cu~.tkót the Wat.onat AvLat~on Sy6tem ~~ o~ p o camowvtconcekn .to the Fede/caL Av4at2on AdnunJ..Uj ca.tA.on ( F M ) . The LaJ,o’ca--to/uf ha6 AnueU~ga.ted methodo ~o’~ the aont&itmeat and extLnguiAh-
men.t o~ both £n6L.~gh.t and po 4tc/i.a1sh aJitc/ca 6~t £u4eI~age £Lke4 a~ oneIneehan.L4m £0/c i.rnp ’covcng the 4a 6ety 06 aAJI. tkan4p o4tatiJj n.

The occurrence of inf light or postcrash fuselage fire may
be a major cause of casualties , particularly in large commercial
aircraft that carry hundreds of passengers . While much has been
done to reduce the incidence of serious inflight engine and fuel -- -

fires , ft  appears that less has been accomplished to minimize the - -

hazard of fuselage fires. 
-‘

Much of the current FAA effort on reducing the hazard of -
fuselage fires is concentrated in the area of fire—resistant mate— -rials. It is frequently true that , when fire—resistant materials

— I burn , they generate more toxic fumes than the less resistant mate— - I -rials . Moreover , curren t procedures that call for shutting down
the ventilation system onboard the aircraft tend to increase the
level of fumes. Descent from higher altitudes to lower altitudes •1tends to increase the amount of oxygen available to sustain a fire .

- - Since smoke and toxic fumes are key ingredients in the lethality of
cabin fires , improvements in the present methods for coping with
these mnflight fires and reducing the concentration of smoke and
toxic f umes would help the FAA increase the level of safety.
Studies of civilian fire casualties by the Laboratory in coopera-
tion with the State of Maryland Medical Examiner and the Johns . - -Hopkins School of Hygiene and Public Health have shown that the -

principal cause of fire casualties is inhalation of toxic substances. - - 

-
Fires that almost inevi tably follow aircraft crashes re— -

sult in injury or death to aircraft occupants who might otherwise - .
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have come through unscathed. After a crash , it is only a matter of

I minutes before a fire can reach an intensity that would prevent occu—
pants from escaping the aircraft. Except for the hand fire extin—
guishers located in the aircraft cabin and the fire extinguishing
system located in the engine compartments, aircraft carry no fire

I extinguishing equipment with which to combat a serious fire of the
type resulting from the impac t of a crash.

~ 
The Laboratory has considered a potential approach to the

~ control of fire and the removal of toxic fumes for high—altitude
(long—range) flights by exploiting the difference in pressure be—
tween the interior of the aircraft and the outside atmosphere. If
appropriate modifications were made to the existing ventilation
system to allow exhausting the air to the outside , the amount of

- 
• • oxygen in the aircraft could be reduced to a level that is insuf—

- ficient to support combustion, and the amounts of harmful fumes
produced by the fire could be reduced to tolerable levels. Spe—

-- cifically, oxygen concentrations of 10% would sustain life for
-: 

- ~ ~- - short periods , but would not support the combustion of most mate—
: ~ 

rials. Use of this technique must take into account human tolerance
- j to rapid changes and extremes in temperature and pressure, and to

- 
- 

- - smoke, toxic fumes, and lack of oxygen , and the capabilities of
- - 

- . .  existing emergency breathing equipment.

- It has also been concluded that the following efforts
would help to develop an effective onboard system for the immediate
control of postcrash f ires to gain time for the aircraf t occupants
to escape :

- - 
- 1. Select an appropriate extinguishing agent or a com-

bination of agents (from , for example, carbon dioxide,
liquid nitrogen , Halon 1301, and mechanical foams);

2. Develop and test an effective means for deploying
- 

i these agents in the event of an incident;

3. Evaluate the quantities of extinguishing agents that
the aircraft must carry as a function of the addi—
tional time they would provide for the escape of the —

occupants and for getting firefighting equipment to
the aircraft ; and

4. Evaluate the use of protective covers and/or shields
for aircraft occupants to use during the evacuation of
the aircraft.

Principal Investigator: F. K. Hill. Dr. Hill is Supervisor of the
Fluid Mechanics Group.
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SIGNAL PROCESSING INVE STIGATIONS I

One o~ the pn2ma ’ty ~.~-tGA o~ £nueot~go.t~on eon. A.snp ’wued -
aA.x t ’ta6~~~ co~vt’wt hao been the p ’toce4sang o~ both bwadband - 1(v~Ldeo) 4J ~nc2~ and d2gi2Lzed Zn6o ’unatLon. The6e ~nve4t~gatiIOn6 -

haue uncove-.’te d ~eve,w2 a~te.a6 whi..ch ttpp ea/c to mMA..t e cp&rna.t o/cy
deueLopmen.t. 1nv~~t2gat~on6 4ii Ont 6 LLc a/tea a~e h4ghLLgkted j }hvte. -.
Simple Air Traffic Control Automatic Advisory System -~ 

-

Based on experience derived to date , a simple , automatic -.

Air Traffic Advisory System (ATAS) appears to be realizable. Cur— 
- 

-
•

rently, automated aircraft tracking systems such as the Federal
Aviation Administration’s (FAA ’s) Automated Radar Terminal System -,
(ARTS) establish new or t~ date existing tracks by correlating therelative positions of centroided raw surveillance system signal
returns with the stored track data. After track updating, this
relative position information is then deleted from the computer
stores. At the same time, this very same information is provided -~~

to aircraft pilots by the ground—based traffic controllers in the -fo rm of air traffic advisories . If the above operation were auto—
mated, three direct and important benefits could accrue:

1. The air traffic controllers work load would be re— -

duced (a productivity increase);

2. The use of the ground—to—air voice communications
channels for air traff ic  advisories would be decreased -

- 

.._
i (a capacity increase) ; and -. -

- f r
- - 3. The reliance on the human factor to ensure airspace

separation of aircraft would be decreased (a safety
increase) .

The suggested ATAS would ultimately consist of a cockpit
- 

-
~ display of air traffic relative to each aircraft . The display - I 

-would receive its inp*~t over a digital ground—to—air data link
driven by the ground—based airspace surveillance system. Figure 1
is a block diagram of the ground—based portion of such an ATAS as .

interfaced with the FAA ’s ARTS III system. The corresponding air—
borne system is depicted in Fig. 2.

Since the key to the success of such a system is the de—
- 

- velopment of an easy to use (by the pilot) low—cost airborne sub— ,

— system, work to date has concentrated on this aspect . The display
(see Fig. 3) consists of a matrix of light—emitting diodes , one of
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ON /D~~,/

I Description

Main Display: 16 x 16 LED matrix with polariz ed red filter and etched , edge-lighted
plastic graticule. Range rings = 1 nmi , azimuth lines = 300.
Traffic Altitude Separation Lamps: White = >1 Kft, red = <1 Kft, amber = unknown

-~ separation.
No TRFK Lamp: Green = no traffic.

- PRI (priority ): Unit normally displays altitude separation and scan history of priority
one (closest) traffic. Rotating PRI knob will light LED digit 2, 3, or 4; depressing
knob will provide altitude separation and scan history display for that priority.

a). ATA Channel: Selects appropriate ATA(RF) channel.
ON/DIM: Turns unit on or off and controls illumination brightness.

Fig. 3 ATA Display (Size X2)

-
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• which will illuminate for each report • The display and the appro—
priate link receiver and decoder can be packaged together along - .
wi th an omnidirectional antenna and associated conducting cable . 

- -

A breadboard display has been designed and constructed
along with the generation of synthetic ground—to—ai r message for-
mats . Future effort will complete the remainder of the airborne
subsystem breadboard and demonstrate its performance using actual
FAA radar data collected on magnetic tape .

Principal Investigators: B. K. Carter and A. M. Santos . Mr.
Santos is Assistant Section Supervisor and Mr. Carter is
a senior engineer in the Special Projects Group, Opera-
tional Systems Development Branch, Fleet Systems Depart—
ment.

SIGNAL PROCESSIN G INVESTIGATIONS II 
- -

Cu%~e~vt /cad a/t mouJ ~tg .ta/tg e.t ~LnCLLCLLtO/t (M U ) and v~Ldeo
qwzn.tLthig dev-Lc~e4 u~e both analog (ac~ouM2c) and dLg.Uzt deLay
Line6 . The analog deLay 12ne4 ‘te.qwLn.e ~.tequ.en.t and comp Uaa.ted ad-
j S.t,nen.t4 o~ vcuriows 4LLppo Jt. t4Lng eqwLpnen~t ~to aIS4wte p ito p elt deLay
aompeit6a.tA~on. in addA2~on, analog ~nrpLemen.tation6 keqwL’rL the 4y4-
-tern ctocth kale -to be ~ zed, and the A.nheitent telatLvety na~VuxubandiiLdth cau4 e6 dLo~.to/tt~on ~n the ~.ta.ti.o.tLcaL p ’wp ei~..t.~e4 o~ the4anple4 ~n the video quant~zeit app ca.-t~on. V~gLtat deLay £&ta
a—’te no~t 4ubj ec.t ~to the above £J.mi2atLon s , bwt they do 4At’wduc.enew p -’tobLLmd a64 ocAaled tutth the qu.antLza.tLon o~ g ’ta~iuLairLty o~the tU~~.taL 4arnpte -s . in v~Ldeo qaan.tLze~k~, .tkL6 gM.nu2axJ..ty 6Ome-
time4 /te6a1 t6 A.n tLe~ .-Ln the ~.L-’ti ~t th.kt6hO.td dev-Lae; hi MU app U-
aa.tLons , g ’tanala.’LA-ty ‘LLduce-6 the h,rpkoveme,vt ~actox ~ om .that p~e-
d2c.ted by theo#ty.

J Recently developed charge—coupled devices (CCD ’s) offer  a
potential solution to these shortcomings of analog and digital de-
lay lines. CCD’s provide analog sampling with digital shifting
capability. The adjustments required appear to be minimal, shift
rates are variable, and speeds are comparable to those required for
video processing techniques used in radar signal processing applica-
tions. An evaluation of a commercial grade tapped analog delay line
(CCD) was conducted to determine on an empirical basis the actual
performance capabilities of such a device In a rank order video
quantizer. Based on a survey of available and most promising CcD ’s ,
a pair of Reticon Corporation tapped analog delay lines (TAD—ll2)
was purchased for this investigation . This device , which is func-
tionally a discrete—time tapped analog delay line with 12 output
taps , was tested using the configuration shown in Fig . 1 to deter—
mine the following characteristics:
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~~~a.

a.

D Pulse generator,U se genera or, Frequency counter, Data Pulse
- . Tektronix Fluke Model t952A Model 101

____- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ & .Input 2
- .- )J _ signal J1JL2 ~~ (PRF 360 Hz) Clock 

~~~Tr =Sns

_ -  -_  _ -  --
~~~~~~~~~~

Power supply 

j ~k~j 1 Ti 

TAD_12

T12j

~~ 

~ 
FF I~1 Buffer ~.i*

-. I 1Ok~ ~-, L 11 ~~ ir
~ +5V TC— 12 

- I_ _  - _ _  - _  —— _ _  _ _  _ _

1. Notes: 
174 Oscilloscope,1. RG 

— 2’~’ 
Hewlett Packard2. 

~ck 2.
~i “2 Model 1722A

I _ _ _ _ _ _ _

X10 Probe

Fig. 1 CCD Test Config uration

I
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1. Output noise versus tap position,
- e -

- - - 2. Transfer function ,

3. Dynamic range ,

4. Signal—to—noise ratio (S/N),

5. Output voltage alternation versus tap position , 
-

6. Pulse rise time versus tap position , and

7. Delay accuracy versus tap position. - -

Analysis of the collected data resulted in two prim~.ry 
- -

conclusions:

1. The measured signal—to—noise rat io was poor. The LI
maximum value attained was only 18.6 dB. For a linear
radar receiver having a typical dynamic range of 30 to f l
40 dB, the TAD—l2 would severely limit target detec—
tion performance. In additIon, the false alarm rate
would be a function of clock noise rather than radar -
receiver noise for any radar receiver possessing a
typical dynamic range. Since clock noise is highly
correlated, azimuth correlation techniques (second 

- 
-

threshold) would not be as effective in reducing the
false alarm rate. -

2. The coupling of the input signal to the output taps -
is a major problem with this particular device. Even 

j

- 
- if the TAD—l2 had an acceptable S/N, this problem alone

would prevent use of the device in a rank quantizer , rsince the unwanted signal would appear as a false tar—
get or clutter that could mask real targets. This - -
would result in unpredictable and incomplete target 

- -detection performance. - -
It is concluded that the TAD—l2 should not be considered

for use in the design of a rank quantizer. Inspection of the theory
and advancement of the state of the art indicate, however, that these
devices should not be discounted for future applications without per— --

forming further investigation.

Principal Investigator: R. 3. Erdahl . Mr. Erdah l is a senior engi— 1

neer , Special Projects Group , Operational Systems Develop—

j 
- ment Branch, Fleet Systems Department. H
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