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PREFACE

Within the progress span of Laser Ranging the Fifth Interna-
tional Workshop on Laser Ranging Instrumentation, held at Herstmonceux
Castle in September 1984, is an interesting bench-mark.

Unfortunately the premature death of Frank ZEEMAN has hit our
community. These proceedings are dedicated to his memory.

Satellite Laser Ranging achieves now a remarkable level of ac-
curacy and operational efficiency. Measures are at the few centimeter
Tevel and are obtained regularly in such an amount that reduction to nor-
mal points is mandatory. Thes improvements are the results, to a large
extent, of the fruitful cooperation between the technical and scientific

communities.

This progress must be continued. It is well known that the week
point of the Laser Ranging is its sensitivity to the weather. This handi-
cap could be minimized only if the accuracy of the method were superior
to other space techniques. The potentialities will achieve their full mea-
ning only if calibrations and refraction correction are determined with a

centimeter or sub-centimeter uncertainty.

Calibration is a fast moving domain. Today the necessity of cau-
tious and frequent determination is well rekognized. For many stations,
ranging On targets at known distance is still the basic method. This is
progressively complemented or replaced by internal calibrations. A new
concept of station construction allows a zero calibration value. Also a
mobile device able to compare the various constants directly could be
used.

Two-wavelenth experiments were presented for the first time at
the workshop. Tested on short ranges, this technique prepares the direct



determination of the refraction correction. The preliminary results are
very promising and involve the use of very impressive and accurate time
measurements methods, i.e. streak cameras.

New stations will soon join the network. Some of them are highly
mobile and automated. This trend allows, with reduced manpower, the deve-
topment of original programs (Wegener..).

Important objectives have been achieved by Lunar Ranging people.
For the first time, two stations obtained measures simultaneously and quite
regularly. The accuracy of Lunar-devoted stations is following the path of
satellite ones. The introduction of new sites in the network, expected soon,
will enhance this evolution and will open interesting fields of research.

This brewing of ideas was made possible thanks to the organisa-
tion of the Royal Greenwich Observatory under the responsability of our
host G.A. Wilkins and the participation of the Special Study Group 2.81
of the IAG. The Worshop was sponsored by the International Association
of Goedesy.

Thanks are due to :

*The program committee (C.0. ALLEY USA, K. HAMAL CZ, G.A. WILKINS GB,
P. WILSON FRG, J. GAIGNEBET F.) ; *The session chairman, who not only
had to manage but were also given the task to collect the papers of
their sessions ; *The speakers and all the participants of the workshop
who have driven the meeting to a high standard ; *Pr. SEEGER from the
Geodetic Institute of the University of Bonn (RFA) for the printing of
the proceedings ; *M. PERRIN for her useful preparation of the edition.

J. GAIGNEBET



PREFACE

v

Dans 1'évolution de Ta télémétrie laser, le cinquiéme
“International Workshop on Laser Ranging Instrumentation" qui s'est
tenu au chateau d'Herstmonceux en Septembre 1984, marque une étape
intéressante.

En effet, la télémétrie sur satellite artificiels a atteint
un deqré remarquable de performances et d'efficacité opérationnelle. La
précision est de 1'ordre du centimétre et les mesures obtenues de facon
réguliere sont si nombreuses que la génération de points normaux est de-
venue obligatoire. Ce progrés est en grande partie dd & la bonne coopé-
ration entre le personnel responsable de la mise en ceuvre des stations
et les scientifiques chargés du traitement des données.

IT est évident que cette amélioration de 1'efficacité opération-
nelle et de 1a précision doit se poursuivre. Nous savons que le point fai-
bTe de la télémétrie laser est sa sensibilité a 1'état du Ciel. Cet handi-
cap ne peut étre surmonté que si 1'exactitude des mesures est supérieure
a cellie obtenue par les autres méthodes spatiales. Cet avantage potentiel
ne peut acquérir sa pleine signification que si les calibrations et les
corrections de réfraction sont réalisées avec une précisien centimétrique.

La calibration est un domaine en pleine évolution. La nécessité
de veiller au sérieux de sa détermination et a la fréguence de sa mesure
est maintenant reconnue. lLes tirs sur cible & distance connue restent la
méthode de base pour beaucoup de stations mais sont progressivement com-
plétés par des systémes de calibration internes en cours de poursuite.

Une nouvelle conception de stations permet d'obtenir une constante de cali-
bration nulle de censtruction. Enfin, la sation de calibration LASSO permet

de disposer d'un moyen de comparaison des télémétres.



Les premiers rapports sur les c¢tudes de la télémétrie en deux
coulteurs ont été présentés au colloque. Cette technique, testée jusqu'a
ce jour sur des distances faibles, doit permetire la détermination di-
recte de la valeur de la correction de réfraction. Les résultats de ces
études sont trés prometteurs et actualisent des méthodes de mesure du
temps impressionnantes de précision, telles les caméras a balayage de

fente.

Le colloque a d'autre part permis de se rendre compte que de
nouvelies stations sont bientdt entrer en activité. Par ailleurs, le
développement de systemes extrémement mobiles et automatisés pernet,
d'une part de réduire le potentiel humain d’explioitation, d'autre part

de développer les programmes originaux (Wegener).

La télémétrie de la Lune a atteint des objectifs importants.
Pour ia premiere fois, deux staticons ont obtenu des données assez réqu-
Tikrement et simultanément. La précision de ces stations suit une pro-
aression similaire 3 celle mentionnée plus haut. L'introduction prochaine
de nouveaux sites dans le reseau va accelerer cette évolution et accroitre
les retombées scientifiques.

Malheureusement, cette méme période a vu la disparition préma-
turée de Frank ZEEMAN, nous 1ui dédions ces quatriémes compte-rendus.

Ces échanges d'idées ont été possibles qrdce a 1'organisation
mise en place par le Royal Greenwich Observatory, sous la responsabiliteé
de ndétre hote G.A. WILKINS, avec la participation du SSG 2-81 sous les

auspices de 1'Association Internationale de Géodésie.

Les personnes suivantes sont également 3 remercier

* e Comité des Programmes (C.0. ALLEY USA, K. HAMAL CZ, G.A. WILKINS GB,
P. WILSON RFA, J. GAIGNEBET F.) ; * Les présidents de session qui ont

“du regrouper les textes présentés ; * Les conférenciers, pour le haut
niveau de leurs contributions ; * Le professeur SEEGER du Geodetic Inst,
de 1'Université de Bonn pour 1'impression des compte-rendus ; *M. PERRIN

pour sa préparation pratigue de 1'édition,

J. GAIGNEBET
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REFERENCE COORDINATE SYSTEMS AND FRAMES
CONCEPTS AND REALIZATION

I.I. Mueller

Dept. Of Geodetic Science and Surveying
Ohio State University

Columbus, Ohio 43210-1247 USA

Telephone (614) 422 1773
TWX 810 482 1715

ABSTRACT

Gecdynamics has become the subject of intensive international research
during the last decade, involving plate tectonics, both on the intra-plate
and inter-plate scale, i.e., the study of crustal movements, and the study
of earth rotation and of other dynamic phenomena such as the tides. Interre-
lated are efforts improving our knowledge of the gravity and magnetics fields
of the earth. A common reguirement for all these investigations is the neces-
sity for a well-defined reference coordinate system (or systems) to which all
relevant observations can be referred and in which theories or models for the
aynamic behavior of the earth can be formuiated. In view of the unprecedented
progress in the ability of geodetic observational systems to measure crustal
movements and the rotation of the earth, as well as in theory and model deve-
Topment, there is a great need for the theoretical definition, pratical reali-
zation, and international acceptance of suitable coordinate system (s) to fa-
cilitate such work. This article deals with certain aspects of the establish-
ment and maintenance of such a coordinate system.






L

EDEAL AND CONVENTIONAL REFERENCE SYSTEMS AND FRAMES

in order to clarify some of the conceptusal aspects of various roference
systema and frames, we propose to use sapecific terms proposed in
[Kovalevsky and Mueller, 1981] that have been used somewhat incongistently
in the pasti.

The purpose of a reference frame is to provide the means io materialize
& reference system so that it can be used for the quantitaiive description of
woaitions and motions on the earth (terrestrial frames), or of celestial bodies,
including the earth, in space (celesatial frames). In both cases the definition
iz baged on a general statement giving the rationale for an ideal casge, i.e.
for an idesl refersnce systom. For example, one would have the concept of
an ideal terrestrial system, through the statement that with respect to such
& system the crust should have only deformations (i.e., no rotations or
translations). The ideal concept for a celestirl system is that of an inertial
aysiem so defined that in it the differential equations of motion may be
written without including any rotationsl term. In both cases the term
“ideal” indicates the conceptual definition only and that no means are
propossd io actually conetruct the system.

The aciual construction implies the choice of a physical structurs whose
motions in the ideal reference sysiem can be described by physical theories.
This implies that the environment that acts upon the structure iz modeled by
2 chosen gel of parameters. Such a choice i not unique: there are many
ways to model the motions or the deformations of the earth; there are also
many celestial bodies that may be the basis of a dynamical definition of an
inertial system {moon, plansis, or artificial satellites). BRven ¥ the choice is
baged on sound acientific principles, there remains s part of imperfectiion or
arbitrariness. This is one of the reasons why it is suggesied to use the
term "conventionzl” to characierize this choice. The other reamson iz relasted
tc the means, usually conventional, by which the reference frames are
defined in practice.

At this stage, there are still two steps that are necessary to achieve the
final materialization of the reference aystem =0 thai one can refer
coordinates of objects to them. Firsi, one has to define in detail the model
that is used in the relationship between the configuration of the basic
siructure &nd its coordinates. At this point, the coordinstes are fully
defined, but not necessarily accessible. Such =2 model iz callad a
convenlional reference system. The tferm "sysiem" thus includes the
deacription of the physical environment as well as the theories used in the
definilion of the coordinates. For example, the FX4 {conveniional) reference
system ig defined by the ecliptic as given by Newcomb’s theory of the sun,
the wvalues of precesmion and obliquity, alse given by Newcomb, and the
Woclard theory of nutation. Once 2 refersnce system is chosen, it ig stil
naceggary to meke it available o the users. The system uesually ism
malorialized for thie purpose by a number of points, objectias or coordinatee
to be used for referencing aay other poini, object or coordinste. Thus, in
addition tc the conventional choice of a syatem, it iz necessary to construct
a sel of conventionally chosen {or arrived at) parameiers {e.g., star positicns
or pole coordinates). The sst of such paresmeters, meterislizing the system,
define a conventional refsrence freme. For sxzmple, the PK4 catslogue of
over 1500 star ccordinates define the FK4 framse, maierializing the FK4
aysiem. Anolher exemple is the BIH Conventiional Terrestrial Frame, whoae
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poce s tae origua of the polar wmotion derived {and published} by the BiH,
and wh@a@ longituds origin i8 the Grsenwich Mean Astronomical Meridian, in
vaaiiiy i ooint on the sgustor of the above pole, used by ths BIE for
This frame malerizlizes ithe BIH Conventional Terrestrial
; n 10 whitch itzslf until recently was defined by the FE4 frame,
i‘w@wcorzm & conatente of precession and obliquity, Woolard'’s =series of
i by wil ihe assumptlions made :esgarding the refarence
f the p&:s*tiei@atmg abaervatories and their relstive weights, etc.
; yelem ig bheaed on the AU 1978 precessicn consiant and
iaK} seriss of nutation.

'533 :

Aunother way of defining the CTS for the deformable earth is through the
time wvarying posilions of a number of lerrsatrial observatories whose
coordineles arve pesriodicslly resobserved by some internaiional service. The
frame of this CTS could then be derived from the changing coordinstes
through transformations containing rotational (and possible tranalational)
parameters. These transformation parameters computed and published by
the service would then define the frame of the system. The service, as part
of the systen definition, thus would have to make the assumption that the
prograssive chengea of the reference coordinates of the obeervatories do not
repreasoni rotations {snd iranslations) in the statistically significant sense.
This mode sesms 0 be the consensus for the establishment of the future
OT8 frame,

t iz mlzo necessary ito point out thai celestial reference systems may be
dofined kinematically (through the positions of extragalactic radio sources),
or dynamically {through the geocentric or heliocentric motions of artificial
satellites, moon, pianets)., Steliar systems, such as the FK5, are hybrid.
Furthermore, aponrozimations muet be introduced in the model so that it im
oot trus to say that these systems are realizations of an idsa! inertial
gystem, This is why it iz appropriate to use the term conventional "quasi”
inertial system {UIS8) as a common term for all such celestial systems. The
corresponding frames would be defined by either the adopted positions of a
sat of radico sources (kinemetic frame) or the adopted geocentric or
haliocaniric ephemerides (dynamic frames), all serving the materislization of
the CIS with greater or lesser guccess (accurscy).

There seems to be general agreement that only two basic coordinate
sysiems are needed: a Convaniional Inertial Sysiem (CIS), which in =soms
"prescribed way" iz atieched to exiragalsctic celestial radio sources, to
sarve &8 a reference f{or the metion of a Conventional Terrestrial System
{CTS}, which moves and rotates in some average sense with the earth and is
algo atiached in =some “prescribed way" to 2 _number of dedicated
cbeervatories operating on the earib’s surface [Mueller, 1981]. In the latier,
the geametx*y and dynalmc behavior of the earth would be described in the
ponss, whils in the former the movemenis of ocur planstery amystem
{mciue‘iim g ths earth) and cur galaxy could be monitored in the asbsoluia
BENIES. There alzo =ssems to be a need for ceriain interim systems to
facilitote theoreticel calculatione in geodesy, astronomy, and geophysics as
well as 1o sid the possible lraditione]l decompesition of the transformetions
between the framesg of ths two baszic systems.

Az we will sese laisr, ithere already seems to be understanding in
principle on how the {wo baasic reference systems should be established;
cartain operational deiails need to be worked oul and an internationsl
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sgreoment i8 necesary. There are, however, a number of more or leas open
questions which will have to be discussed further. Thess include the type
of interim systems needed and their comnections to both CIS and CT'8, the
type{s} of observatories, their number and digtribution, whether all
ingtruments need to be permanently located there or only installed at
guitable regular intervals to repeat the mesaurements; how far the model
development ehould go so ms not to become mapractical and unmanageable;
and how independsnt cbservetions should bs refsrenced to the CTS, i.e.,
what kind of services need to be sstablished and by whom. This discussion
deals only with questions relsted to the OTS.

CONVENTIONAL TERRESTRYAI, SYSTEMS (CTS) OF REFERENCE

As mentioned, the frame of the OTS is in some "prascribed way" asttached
to obeervatories located on the surface of the earth. The connection
between the CTS and CIS frames by tradition (to be preserved) is through
the conventional rotations expressed as [Mueller, 1969}

1CTS ] = SNP [ CiS ]

witgrs P ois the mailriz of rotation for ereceasion, N for nulsiion, snd 8§ for
earth roiation (polar motion and sidereal time). Polar motion thus ig defined
ag ithe angular separation of the third exis of the CT8, the Conventional
Tarreairial Pole {CTP), and the axis of the earih for which the nutation {(N)
iz computed {e.g., instantaneous rotation axis, Celestinl Ephemeris Pols,
Tisssrand mean sxis of the mantle {see [Muellsr, 19811]}.

Goodynamic reguirements for a OTS mey be discuseed in terms of global
or regional problems. The former sre required for monitoring the =arth’s
rotation, while the latter are mainly associated with crustal motion studies in
wiich ons iz predominently interested in sirsin or strain rate, quaniitiss
which are directly related to siress and rheclogy. Thus for these studies,
giobal reference =systemz are not particularly important although it is
desirable to relate regional studies to o global frame.

For the rotation atudies one is interested in the varistions of the earth’s
rotational rate and in the motions of the rotation axis both with regpect to
gpace (CIS) and the crust or the CTS. The problem therefore iz thresfold:
{1} to establish a geometric description of the crusi, sither through the
coordinates of a number of points fized to the erust, or through
poiyhedron{s) connecting these points whose side lengths end angles sre
directly estimable from observations uging the new space techniques (laser
ranging or VLBI). The Ilatier iz preferred because of ite goomatric clarily.
{2) To establish the time-dependent behavior of the polyhaedron dus to, for
example, crustal motion, surface loading or tides. {3) To reiate the

polyhedron (o both the OIS and the OT8., For the global testonic probloms

Emﬁ:g the firet two pointz are relevant although thess mey alzo be resclved
through polint {3).

_ In the sheence of deformation, the definition of the OTS i= arbilrary,
Iia only requirement is thai % rotates with the rigid earth, bul common
sense suggesis that the third axis should be close to ihe mean posiiion of
the rotation awiz and the first axis be nesr the origin of longitudes. An
arbitrary choice, such as the one presently defined by the BIH-published
poler coordinates and UT1 is appropriats,
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in the presence of deformalions, particularly long periodic or seculzr
enes, the defindtion iz morse wproblematical, because of the inability to
separate rotetional (and translational} crustal motions of the crusi from
£ i of the T8, Thiz iz why the conmensus seeme o be the OT8 described
aarlier. If such & system is adapted, the secular type molions mentioned
above will bz abscorbed in the future OTS, by dJdofinition. Residuals with
reapect W such & TS will provide estimates of relative motions beiwsen

nE, e., of the deformations.

Ome  geophysical reguirement of the reference system is that other
geophyeical meesursments can be related to it. One example is the gravity
fimld. The reference Irame generally used when giving values of the
apherical harmonic coefficientz is tied to the axes of figure of the earth.
Thir freme should be simply related with sufficient accuracy to thes CT5 as
well ms to the CIS in which, for example, aatellite orbiits are cealculated.
Ancther example is height measurements with respect to the geoid.

The veriical motions may require some apecial attention, because abasolute
motions with respeci to ithe center of mass have an immediate geophysical
interont and ars reslizebls. Again, if the center of mass has significant
motions with respect to the crust, such a motion will be absorbed in the
future CT3, if defined as suggested above. At present there ig no
compelling evidence that the center of mass is displaced significanily at least
at the decade time scale.

Apart from the geomsirical congiderations the configuration of
obsesrvatoriss should be such that {1) there are stations on most of the
major iscionic plates in  sufficient number to provide the necessary
statistical strength, (2) the stations lie on relatively siable parts of the plate
Bo ag to reduce the posgibility that tectonic shifts in some siations will not
overly influence, at least initially, the parameters defining the CTS {rame.

Finally one should realize that the problem of the geometric origin of the
TS freme iz linked to that of & geocentric ephemeris frame. The center of
mass of the earth is directly accessible to dynamical methode and is the
natural origin of a geccentiric satellite~-based dynamicel system. But, asg
such, it is model dependeni. And, unless the terresirial reference frame is
also comnstructed from the same satellites (ag is the case in various earth
models such as GEM, SAO, GRIM), there may be inconsistencies between the
agsumed origin of a kinemstically cobtained terrestirial system and the center
of maes., A time-dependent error in the position of the center of mass,
considered ae the origin of a terrestrial frame, may introduce spurious
apparent shifts in the posiijon of siations that may then be interpreted as
arronsoug plate motions. To svoid thise problem the parameters defining ihs
TS frame should include trenslational terms as suggested earlier.

Cherront Situstion

Unttil 1984 the internaticnally accepted Woolard series of nutation was
used to compule the posilicn of the instantaneous rolation axis of the rigid
sarth, and the CTP was the Conventional Internsational COrigin (CIQ), defined
by the =adopied agironomic lstitudes of the five International Latitude
Sorvice {(IL3) sisticns [Musllsr, 1888L

From 1984 onward the IAU 1980 {Wahr, 19811 series of nutation for the
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nonrigid earth gives the space position of the Celestial Ephemeris Fole {(CEP).
The COTP officially remaine the same as before., Thus, conceptuslly, polar
motion should be determined from latilude obgervations only at the 1LS
sitationa. This has been done for 80 years, snd the resulls ars, the best
mvailable long-ferm polar motiong, properly, but not very accurately,
determined. The first axis of the CTS, the Greenwich Mean Astronomical
Meridian, is defined by the saasigned anironomic longitudes of time
oheervalories participating in the work of the Bureau Initernstional de
YHsurs {BIH}.

For resszons explained elsewhere {e.g., [Mueller, 18811}, the ume of tha
CIO is no longer a2 reality. The common denominator bsing the sariss of
nutation, observationally the CTP is defined by the coordinatse of the nole
ez published by the IPMS or by the BIH. Thus ii iz legitimate to speak of
IPME =2nd BIH COTPs. The situation recently her become saven more
complicated because Doppler and lager satellite tracking, VLBI obssrvationas,
and lunar laser ranging slso can determine earth rotation parameters, some
of which are incorporated in the BIH computations. Further confusion arises
due to the fmci that the BIH has two gystems: the BIH 1868 and the BIH
18949, the iatler dus to the incorporasiion of ceriain annual and semiznnual
varistions of polar motion determined from the compsarisons of sstroncmical

{oplical) resulis with those from Doppler and lunar laser obaerveailons

{Feizsel, 1080

Phough neivrelly every effori haes been made to kesp the IPMSE and RBIH
pole of thse CTS as close ms possible to the CIO, the situation cannot be
considerad salisfaciory from the point of view of the gecdynamic sccuracy
roguirement of a few paris in 10%,

The Future Conventions! Terrosirisl Reference Framg

There sesme {0 be gesneral agresment that the new CTS frawme
conceptually be defined smimilarly to the CIO-BIH system [Bender and Gosad,
1879 Guinot, 1879 Hovaleveky, 1979 Mueller, 1575, 1881; Hovalevsky and
Musller, 1981], i.e., it should be atiachsd to observatories localed on the
surface of the earth. The main difference in concepti is that theass can no
longer be assumed motionless with reaspect to emch other. Alsc they must be
saitipped with advanced geodetic instrumsniation ke VLBI or lsasers, which
are no longer referenced to the local plumblines. Thus the now
trengformation formuln way heve the form

[0BS}s = Ly + [CT8]; + v (2}

Whex-e Lg is the vector of the obhgervatory’s movement on the deformable

warihe with seapest o the OTE.

The [0BB}; is related o the observealory coordinates {(¥°; determined in
the ierresirml framea inherent in the cbeervationsal tecnnique {e.g., SLR} 0",
throwgh the well-bkrnown fransformaiions invoelving thres transistion
compensnte {5°), three {(usually very small) rotations {F°) and e differential
scale factor {c):

{0B8]; = ?3 + 8+ Ry(f1) Ralfa) Rs(Fs) :523 ¥ cﬁ} (3}
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Meiurally in case of iechnigues which obeerve directions only (e.g.;
ssirometry), bthe lerms conteining iransizition and scale will be omitted.

g. (4} and (3; logeiher with {4) below (and possibly others) may form the
Sesrvaiion ecuations to be used when realizing the future CTS. The latter
7553%.:,&:,}9?& {Zhu and Mueller, 1983] relates an earth rotation parameter (ERP}
zeries {¥p, yp: and UT1) determined by the tecknique "0", within its own
frames of refersncs, with the parameters of rotation above:

5

L

5

- o
e Bp v omy Bin et oay cos e = owp i,

+ v
Yp ¥p {4)

i

L] * o -
Yp - By — & cos e t @y sSin e

we UTL + B — o, os UT1™ + vpgml

where «,, «,, %y are the small rotations between the frames of the CIS of
the techmique "0" and that of the service, ¢ is the sidereal time, «o the
conversion factor between sideresl and solar times, and v the residuals.

The unknowng in the above system of eguationg to be solved for, in a
isast sgusres soiution minimizing the sguare sum of the residuals v, are
[CTS1; and Lj for the ohservatories; 3*, §° and ¢° for the terrestrial frames
of the technigues; &° for their inertial frames; and finally, the ERP
parametars (x@, yp and UT1) for the service. If, however, in eq. (3) the
BRPs5 (xpp Vps UTl } are mean velues averaged over intervals longer than a
day, «} and «% cannot be determined, because the sin ¢ and cos e terms
average to zero in one sidereal day.

As mentioned, the parameters pertaining to the observatories ([CTS]1; and
L) define the CTS. The others give the relationships of the CTS to the
techmque 0" terresirial frame (3°, F°, ¢} to the CIS (xp, ¥yp UT1); and the
Iatter's relationship to the taschniqus "0" inertial freme (&*).

The rotationsg in eq. (3) can either bs determined from the Cariesian
coordinates (e.g., {Moritz, 19791} or, for possible beiter sensitivity, since the
rotation iz least sensitive to wvaristions in height, only from those of the
horizontal coordinates {geodetic Iatitude and longitude) (e.g., [{Bender and
Goad, 19791). It is, however, unlikely that the rotations will continue to be
determined {as presently} from astronomical coordinates, i.e., from the
direction of the vertical, for the ressons of inadequate observational
accuracy. Note that when using this method, the deformations (and the
residuals) by definition cennot have common rotational (or translational)
componenis.

Ag far as the origin of the CTS is concerned, it could be centered at the
ar of mass of the sarth, and its molion with respect to the astations can
be monitorad either through observalions to aatellites or the moon, cr,
probably more sensitively, from continuous global gravity obssrvations at
properly selected observatoriea [Mather et al.,, 1977]. For the former method,
the condition

}ﬁw}}‘gﬁ:@

could be imposed on the above adjustment. The summation would be
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extended to all the above dynamic techniques D with given relative weights
Wpe A gimilar condition could slzo be imposed on the scale extended to
technigues defining the best scales (probably VLBI).

The above method of determining ERP or some variation thersof needs to
be initialized in a way to provide continuity. This could be done through
the IPMS or BIH poles, and the BIH zerc meridian, at the selected initial
epoch {or averaged over a well-defined time intervel, say 1-1.2 years),
unceriainties in their definition mentioned earlier mercifully ignored.

It is probably not useless to point out thai if such a system is
egtablished, the moat important information for the users will be the ERP and
the transformation paerameters, but for the acientist new knowledge about
the behavior of the earth will come from the analysis of the residusals after
the adjustment.

It is hoped that the IAU and IUGG will make practical recommendations
on the sstablishment of such or a very aimilar Conventional Terrestrial
System, including the neceesary plans for supporting observaiories and
gervices. One of the recommendations ought to be that due to the fact that
the uliimalc goal is the determiuation of the total transformalion between the
CTS and OIS, the future service must publish not only the ERP’s dstermined
from the repeated comparisone {the siluation at present), but also the models
and paramefers discussed above, l.e., the parameters defining ithe whole
gy alem.

In conciusion, there is little doubt that the terresirial reference frame
presantly sdopted is of very litile practical use because of its insufficient
acceszibility. Further, ihe asironomicel observations should be repleced by
msthods which are not tied to the direction of the vertical but rather to
direstionz Yed to the crust. Such msthods are ihe lagser observations io
satellites and to the moon, and VLBI. Portable systems can establish the
poivhedron{s) discusssd earlier, while permanent siations ai asuitably chosen
locationa would become the observatories for the meaintenance of the CTS
uging the method dsacribed sbove.
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ABSTRACT

The past decade and a half has been a period of achievement for Lunar
Laser Ranging (LLR}, having made the transition from an Apollc experiment
to a program of scientific impact. Areas influenced by this technique in-
clude geodynamics, geodesy, astronomy, lunar science, and gravitational
physics. Scientific results are reviewed here and are grouped by areas of
impact : geophysical parameters, ephemerides, references frames, and coor-
dinate systems and their unification. Lunar science, gravity, and relati-
vity have been advanced by this program. Future challenges are addressed.
With the reality of multi-station LLR (three sites, four systems), the
future is indeed promising.



July 21 of this year marked the fifteenth anniversary of the first manned lunar
lznding by the Apolle 11 Mission. On the fifth day of that historic mission the
tunar module fagle touched down on the lunar surface and Man first stepped onto
tae Moon. The visitors stayed for less than a day, but their journey marked a new
era for mankind. Included on this mission and the later Avollo flights 14 and 15 were
lzser reflectors thet permit precise measurement of the Harth-Moon separation. In
Lunar Leser Ranging {LLR}, individual photons are detected. When all losses are
considered, out of the ~ 10*° photons transmitted per shot, the receiver detects only
oine photon every 10 or 20 shots. The three Apollo reflectors plus the French-built
reliector on Lunakhod 2 create a favorable geometry for studying the rotations of
tne Moon and permit separation of geodynamic effects from lunar motion.

‘The main block of lunar range data is from McDonald Observatory {August 1969
to May 1982); the ranging system was of 10 cm accuracy during the latter half
of this period. There are also less accurate data from Orroral Vailey, Australia
[Getober 1978 o October 1980), the CERGA site at Grasse, France {April 1982 to
March 1984), and a few days of range data from Haleakala Observatory on Maui
{in 1977). There was a hiatus in the McDonald data from May 1982 until July
1983 due to the development of a new ranging system {MLRS), which is expected
to be considerably more accurate. The new system is still being optimized, and
useful data were obtained last spring. April also brought an abrupt improvement
in the French data to about 10 c¢m precision for the best ranges, as judged from
our fits. The Haleakala sile has also returned part of its effort to lunar ranging,
alter 2 number of years devoted to satellite ranging, and has now obtained verified
lunar ranges with an improved system. These acquisitions marked a historic event
for LLR; for the first time in its fifteen-year history, data were acquired at three
sites with four systems (McDonald 2.7 m, MLRS, CERGA 1.5 m, and Haleakala).
Multiple-station ranging is now a reality. The gap in Orroral data is due to the
time required for system upgrade, and ranging will resume shortly, with improved
accuracy. Research activities are also underway at the Goddard 48-inch optical
facility under Carroll Alley of the University of Maryland. The future has the
potential for higher accuracy and possible additional stations, such as Wettzell.

LLE has contributed much in its history. The results can be grouped and reviewed
by areas of impact: geophysical parameters, ephemerides, reference frames, and co-
ordinate systems and their unification. Lunar science, gravity and relativity have
also been advanced by this technique. Reviews have addressed some of these top-
ics: Bender et al. (1973) mark the transition of the LLR program from a mission
experirpent to o program of scientific exploration; Williams (1977) outlines the sci-
entific accomplishments; Mulholland (1080) reviews the progress made during the
first decade of LLR; and Alley {1983} discusses LLR results as a test of gravity
theories.

Of importance to the geodynamics community has been the series of measurements
permitting long-term studies of variations in the Earth’s rotation, as well as determi-
nation of many parameters of the Earth-Moon system. The coordinates of the obser-
vatories are determined in the geocentric frame. LLR provides an accurate value of
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Earth Rise on the Moon

the principal term GMEgar¢yn in the Earth’s gravity field. The LLR-determined value
of the secular acceleration of the Moon (—25.3 & 1.2 arcsec /century?, Dickey et al.,
1984a), is now significantly better than values based on conventional astrometry or
inferred from artificial satellite detection of the tidal gravity field. This acceleration
in longitude, which corresponds to a linear increase of 3.7+0.2 cm/yr in the mean
distance of the Moon, has implications for ocean tides, the decrease in spin rate
of the Earth, and the evolution of the lunar orbit. LLR has contributed to deter-
mination of Universal Time (UT1) and polar motion; the long-term stability and
temporal resolution of a day or less are assets of LLR data. Recent tabulations of
Earth rotation from LLR data are given by Langley et al. (1981a), Calame (1982),
and Dickey et al. (1983; 1984b). Earth rotation intercomparisons between LLR and
other techniques (e.g. Robinson et al., 1983; Dickey et al., 1984¢) are one of the prin-
cipal goals of the MERIT Campaign, an effort organized by a joint working group
of the International Astronomical Union and the International Union of ‘Geodesy
and Geophysics to Measure Earth Rotation and to Intercompare Techniques.

For studying the processes which underlie variations in the Earth’s rotation, the
long span of available LLR data is valuable. LLR has produced new information
about the exchange of angular momentum between the solid Earth and atmosphere
(Eubanks et al., 1984 and 1985}, and was instrumental in the discovery of the near
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50-day oscillation in the length of day (Feissel and Garmbis, 1980; Langley et al.,
1981b) and its correlation with a similar oscillation in the atmosphere. This dlscov—
ery has stimulated research i in the atmospheric commumty (Anderson and Rosen,
1983). An analysis (Yoder et al., 1983) of LAGEOS satellite range data (Umver—
sity of Texas) with the LLR UTl determination revealed significant nodal residual
signatures, a.ppa.rently arlsmg from varlatxons in the zona.l grawtatlona.l harmonic
coefficient J2. The implied decrease of J; is cons:stent thh historical observations
of the nontidal acceleration of the Earth’s rotation a.nd models of postglacial vis-
cous rebound. The determination of J, is. 51gn1ﬁca.nt as it constitutes the first
unambiguous demonstration of a secular change in the Earth’s gravity field. Tidally
driven periodic terms in UT1 have been studied by Yoder et al. (1981a and b),
who determined the response of the Earth at the fortmghtly and monthly periods.
Morgan et al. (1982) used LLR estimates of variation of latitude to derive spectra
of polar motion for a shorter span of data than is possible using classical optical ob-
servations; such spectra are important for studying non—statxonary mechanisms for
excitation and damping of the Chandler wobble. The analysis of LLR observations
has shown them to be sensitive to the nutation coefficients. Dickey et al. (1984a)
reported improved upper limits for the free nutation of the Earth’s core and found
the amplitudes of the half-year and fortnightly nutation terms to match those of
the Wahr series to within a few milliarcseconds. However, a small deviation of the
annual term similar to that reported from VLBI observations (Gwinn et al., 1984)
appears to be present. A longer data span is needed to have a definitive separation
between the precession of the FKarth’s equator and the 18.6-year terms.

LLR has revolutionized the lunar ephemeris, being three orders of magnitude more
accurate than the classical optical data. Both JPL and MIT have produced numer-
ically integrated lunar orbits and librations and have made solutions which include
lunar and planetary data (Newhall et al., 1983; King, private communication, 1984).
Here, we have the best of two worlds, combining the sensitivity of the Viking ranges
to Mars with the lunar ranges. The lunar and planetary ephemerides based on
range data are set in a nearly inertial celestial coordinate system. LLR is sensitive
to the mutual orientation of the planes of the Earth’s equator, the lunar orbit, and
the eclipti_c; hence it locates the intersection of ecliptic and equator (the dynamical
equinox) and determines the obliquity. The dynamical equinox has been used as the
zero point of the right ascension system in several JPL ephemerides and has been
proposed as the celestial origin for the space techniques (Williams ef al., 1984). Pre-
liminary ties have been made between the quasar VLBI frame and the ephemeris
frame by performing VLBI experiments between Mars- and Venus-orbiting space-
craft and quasars at small angular separation (Newhall et al., 1985). The satellite
systems can be linked to the dynamical equinox and the inertial frame by using
colocation data with LLR and VLBI instruments; the LLR instruments which are
operating or under development either have LAGEOS capability or are located near
instruments which do.

Lunar laser ranging has made possible a several-order-of-magnitude improvement
in measurement of the forced and free variations in the Moon's rotation—the lunar
physical librations. These measurements have had two important results: the de-
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tection of apparent large free librations (Calame, 1977; Cappallo et al., 1982) and
the detection of rotational dissipation within the Moon (Yoder ef al., 1978; Yoder,
1981; Ferrari et al., 1980; Cappallo et al., 1981). Taken together, these results place
constraints on the internal structure of the Moon, particularly the size of a lunar
core (Stevenson and Yoder, 1981; Yoder, 1981). In sddition, LLR determines lunar
gravitational harmonics, the lunar Love number k, and the fractional differences of
the lunar moments of inertia. The reflector coordinates are obtained and serve as
cartographic control points.

Verification of the principle of equivalence for massive bodies was achieved by seeking
the Nordtvedt {1968) effect in the lunar orbit (Shapiro et al., 1976; Williams et al.,
1978). This contribution to fundamental physics gave the first test of the nonlinear
and dynamical structure of General Relativity’s post-Newtonian field compornents
(Nordtvedt, 1983).

The future is promising with the reality of multi-station LLR. Both components of
polar motion will be measured; UT1 will be better determined with more continuous
coverage in time. Studies by Stolz and Larden (1977) predict accuracies of 1-2 ¢m
for pelar motion and 0.02-0.04 msec for UT1 using four stations (Orroral, CERGA,
Haleakala, and McDonald) operating at 3 cm accuracy; better results are expected
if the goal of 1 cm range accuracy can be achieved. Baselines and corresponding
plate motions can be studied using multi-station LLR results. A covariance study
{Dickey ei al., 1984a] indicates that the accuracy of the nutaiion amplitudes and the
pracession constant improves substantially as the data span increases. Simulations
{(based on & three-station network—McDonald, Haleakala, and Crroval--with an
¢ priori uncertainty of 0.5 nsec) predict an accuracy of 0.06 arcsec/century for
the precession constant by the end of 1988, surpassing the standard error of 0.15
arcsec/century quoted by Fricke {1877; 1081} from analyses of optical results, The
error in the 18.6-year nutation terms will be reduced fo 2 milliareseconds by the
end of 1988, a level that should be useful for limiting the Earth’s interior structure.
Another goal is to combine LAGEOS tidal results with those from LLR {see Williams
et al., 1978). Artificial satellites are sensitive to many tidal terms because of their
proximity to Earth. A joining of both data types can advance our understanding of
the tidal processes.

In lunar science, further progress awaits only the acquisition of more accurate ob-
servations and the redundancy useful in separating signatures in the data due to
(terrestrial) polar motion from these due to errors in our models of the lunar orbit
snd rotation. In the area of lunar interior structure, there may bs range signatures
having smplitudes of a few centimeters which can distinguish between solid-body
and core-mantle dissipation. This discrimination requires range data having uncer-
tainties of at most 5 em. Another clue, advanced by Yoder (1981}, to the existence
‘of a liquid core would be the presence of irregularities or changes in the free physical
librations due to turbulence at the core-mantle interface. Again, precise data are
needed to detect such small effects, but a success would be scientifically valuable,

In gravitational physics, results can be improved by a factor of four by the availabil-
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iy of more accurate observations. Estimates of PPN {Parametrized Post-Newton-
izn] quantities can be made using & combination of LLR data and planetary obser-
vations,

The past decade and a half has been productive and exciting for LLR; the technique
made the transition from an Apollo experiment (LURE) to a program of scientific
irpact. Areas influenced are geodynamics, geodesy, astronomy, lunar science, and
gravitational physics. A “giant leap” is underway with the advent of high accuracy
raulti-station LLR. The science of this period has been done with ranges of 10 cm or
more uncertainty, heavily dominated by a single station. New insight and knowledge
will be gained with 1 to 3 cm ranges from several sites. Indeed, the best is yet to
come!
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ABSTRACT

A quality assurance program for satellite laser ranging data is a ne-
cessary part of trying to assess the effects of systematic instrumental
errors on studies of fectonic motions and cther geophysical gquantities.

The present informal program includes accuracy self-checks of individual
stations, initial colocations of new systems, some field colocations, and
analysis of residuals with respect to global orbits. Intercomparisons with
results from other techniques are an essential final check, but the value

of the results for each technique is enchanced if reliable confidence inter-
vals can be obtained for each technique by itself.

As part of efforts to evaluate the level of instrumental systematic
errors in data being used for tectonic studies, we have started to analyze
colacation data in terms of residuals from 5 to 30 day orbits fitted else-
where to global observations. The first case looked at was the MOB &/ MOB 7
colocation at Goddard in October, 1982. For eight of the best passes, the
rms difference of the smoothed instrumental errors for the two stations
was 7.9 cm. This rms difference can be reduced to 3.4 cm by adjusting the
horizontal position of MOB 6 by 13 cm, but it seems more likely that the
7.9 cm rms difference was due to the performance of MOB 6. Other colocati-
ons for wich residuals from orbits fitted to global observations are avai-
tabie witl be analyzed also.
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ABSTRACT

" Atmospheric refraction and target speckle can affect significatly the
accuracy of satellite laser ranging systems. The performance of the atmos-
pheric correction formulas for both single and two color ranging systems
is reviewed and the effects of target speckle on timing accuracy are dis-
cussed,
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Atmospheric Effects

Pulsed laser ranging systems estimate the distance to
retroreflector equipped satellites by measuring the roundtrip propagation
time. The accuracy of satellite laser ranging systems is limited in part
by atmospheric refraction and turbulence. Small random fluctuations in
pressure and temperature due to turbulence along the propagation path will
cause the path length to fluctuate. The rms path length fluctuations
caused by turbulence are related to the turbulence spatial power spectrum
and the refractive index structure parameter an, which varies with alti-
tude and time of day. The mean-square path deviation calculated using the
von Karmon spectrum is given byl

2 .5/3

L™ = 3.2 ¢& 12 hy / cos (1
where Al = path length deviation
Cio = gstructure parameter value at the ranging site
LO = guter scale of turbulence
hTur = atmospheric scale height for turbulence

E = satellite elevation angle.

For satellite ranging, Ly and by, are on the order of 100 m and 3 km
respectively. Under these conditions, the rms path deviations can be up to
a few centimeters when the satellite is at low elevation angles (= 10°),
and the turbulence is very stron [C%O = 10713 72 3). Under most con—
ditions C%O will be much weaker [< 10713 m“2/3) so that the rms deviations
wlll be a few millimeters or less. Two color ranging systems can partially
cerrect for the random path fluctuatlons so that in most cases turbulence
effects are negligible!.

Atmospheric refraction increases the optical path length to an
orbiting satellite by 2 1/2 m when the satellite is near zenith and by more



than 13 m when the satellite is at 10° elevation. Numerous formulas have
been developed which can partially correct range measurements for the
effects of atmospheric refraction. However, only the correction formulas
derived by Saastamoinen?, Marini and Murray® and Gardner" provide cen-
timeter level accuracies at the lower elevation angles (10 - 20°).

Marini and Murray‘s3 formula is particularly convenient for
correcting satellite ranging data because it only requires measurements of
atmospheric pressure, temperature and relative humidity taken at the laser
site during the satellite pass. However, their formula was derived by
assuming that atmospheric refraction is spherically symmetric. Because
this assumption holds only approximately in the troposphere, horizontal
refractivity gradients can introduce centimeter level errors into the
Marini and Murray formula at low elevation angles. A correction formula
that compensates for horizontal gradients was derived by Gardner . The
accuracies of both the Marini and Murray and Gardner formulas were
evaluated by comparing them with data obtained by ray tracing through
refractivity profiles calculated from radiosonde measurements of pressure,
temperature and humidity. The results indicate that these correction
formulas provide accuracies which vary from a few millimeters when the
satellite is near zenith to a few centimeters at 10° elevation.

The range correction for atmospheric refraction can be written
in the form

AC = SC + GC . (2)

The spherical correction term SC corresponds to a spherically symmetric
atmosphere, while the gradient corrveciion term GC includes the effects of
horizontal refractivity gradients. The correction terms can be expressed
as functions of meteorological parameters by evaluating the integral of the
group refractivity along the propagation path. The resultant spherical and
gradient correction foruulas are given by4™H

so = 100 A+ B 3
, in E +.“§££é_f_§l_
s sin E + .01
GC = ——o (P T K)
sinE tank — 85 s
2.2
Lo DL+ 1/2 cosQE) ney PsTsKs (4)
sin3E tan E - z- Kg
where
£(A) = 0.9650 + 0.0164/2> + 0.000228/ " (5)
F(6,H) = 1 + 0.0026 cos 268 — 0.00031H (6)
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1,163 + 0.00968 cos 26 - 0.00104TS

(7
+ 0ﬁ00001é35PS
O.UO2357PS + 0,000141es {3)
-8 -8
(1.084 x 10 ®) P T K_+ (4.734 x 10 %)
5 8 8
2
-(PS/TS) 2/(3 - lle) (9)
R® -6 -2
B0.343F(A) > 10 7 = 6.915 x 10 £CA) (10)
(Mg)
2 R -6 -7 |
80.343F(A) = 10 ¥ = 6.362 x 10 * £(x) , (11)
T 3
o (Mg)

water vapor pressure at ranging site (mb)
surface pressure at ranging site (mb)
surface tenmpervrature at ranging site {(K)
colatitude of ranging site

altitude of ranging site above sea level (km)

28.966 molecular weight of dry air

1

8314.36 J (X) (kg—mole)“l universal gas constant

0.784 m/sec2 acceleration of gravity

6378 km nominal earth radius

sin ax + cos oy ,

satellite azimuth angle (a = 0 = North), and

and y are the east and north unit vectors.

Both 5C and GC ave given in meters when the listed values for A, B, C and D
are used and the gradients are in units of m *.

The accuracy of the spherical correction formula has been exten-
sively checked by Marini and Murray3 by ray tracing through atmospheric

refractivity profiles which were calculated from radiosonde
radiosonde data, which consist of pressure, temperature and

data, The
humidity

measurements taken at various altitudes during the balloon's ascent, were
used to construct spherically symmetric refractivity profiles above the



balloon's release point,

The ray trace corrections and formula showed very
good agreement even at low elevation angles.

Table I summarizes Marini and

Murray's results for comparisons with 634 different ray traces through
refractivity profiles generated from radiosonde observations taken near

Dulles Airport, VA during 1967.

The formula for SC is nearly an unbiased

estimator of the spherically symmetric ray ftrace correction, RT).

The standard deviation of the difference between SC and RTy

arises from twe factors:

medeling errors in the formula for SC and errors

in the measured values of atmospheric pressure, temperature and humidity

which are used to calculate SC.

The dominant error source is pressure. A

1 mb pressure error introduces approximately 14 mm error in SC at 10° ele-

vation.

The effects of measurement errors can be estimated by taking the

partial derivatives of SC with respect to the metecrological parameters.

TABLE 1

Range error calculated by Marini and Murray3 for a ruby

laser (X = 694 nm).

RT; is the ray trace correction for

spherically symmetric profiles.

RTy - SC
Elevation RT Standard
angle Mean (m) Mean {(cm) deviation {(cm)
80° 2.47 0.07 0.04
40° 3.69 ~0.1 0.07
20° 6.91 ~0.05% 0.12
15° 9.08 0.G5 0.19
16° 13.32 -0.08 0.49

parameters.

Since the measurements of pressure, temperature and relative

humidity (Rh) are statistically independent, the total rms error im SC is

given by
2 2 20 1/2
i asc 35C 38C
% [aP Opf LET‘ @J + Lﬁﬁﬁ OR%] (12)
where
3SC _ £(A\) 2.357 x 10
3P~ F(0,80)  sin § (m/mb) (13)
-8
ssc  E(A) 1.084 x 1077 P K,
5T - (m/°K) (14)

sin” E
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58C  £(\) 8.615 x 10° T 17.27(T - 273.15)

3Rh ~ F(O,H)  sin B TP 23705 ¥ (T, - 273.05) (/%) (13)

and op, op and gy denote respectively the rms errors im pressure, tem—
perature and relative humidity. The derivatives are plotted versus
zievation angle in Fig. 1. Typical measurement errors are 0.5 - 1 mb for
pressure, 0.7 - 1.5 °K for temperature and 5 - 10% for relative humidity.
Consequently, above 10° elevation angle, pressure errors are the dominant
source of error in S5C.

The gradient correction is a function of the horizontal pressure
and temperature gradients and is significant only at the lower elevation
angles. GC is a sinusoidal Ffunction of azimuth with a peak—to-peak value
of 4 = 6 cm at 10° elevation and 1 - 1.5 cm at 20° elevation. Because sur—
face pressure is relatively uniform, under normal conditions horizontal
refractivity gradients will be predominantly a function of the temperature
gradients. At a 20° elevation angle, the sea level gradient correction is
approxinmately 1 cm peak—to~peak for a horizontal temperature gradient of
1°C/1006 km, The gradient correction is more difficult to calculate than SC
because the formula requires measurements of the horizontal pressure and
temperature gradients at the ranging site. The horizontal gradients can be
determined only by measuring pressure and temperature at three or more
polnts surrouading the ranging site. The measurements are used to calcu—
late the parameters of an appropriate model for the horizontal variations
of Py and Tg.

The accuracy of the GC formula was also evaluated by comparing
it with ray trace corrections®. The results for 10° elevation are
illustrated in Fig. 2. RT3 is the correction obtained by ray tracing
through a 3~D refractivity profile calculated from data obtained by
radiosondes released almost simultaneously from eight locations near
Leonardtown, MD during January and February 197G. RT; is the ray trace
correction for the equivalent spherically symmetric refractivity profile,
The gradient effects (RT3 — RT;) vary sinusoidally with azimuth and are
predicted reasonably well by GC. The comparisons at 10°, 20°, 40° and 80°
elevation are summarized in Table II. The amplitudes of the gradient
correction predicted by the GC formula are within a few percent of the ray
trace values (RT3 — RT;). However, the phase differs by 11°. The average
ray trace correction peaks at 0° azimuth while GC peaks at 11° azimuth.
Refractivity gradients have their greatest Influence at the higher
altitudes, where the laser beam trajectory 1is relatively far down range
from the laser site. The correction formula attempts to predict the
effects of these high altitude gradients from surface measurements of
pressure and temperature. Tevrrain features such as wmountains, large bodies
of watar, and ground cover probably have 2 greater influence on the weather
near the ground than at the higher altitudes. Consequently, local
geography could introduce amplitude and phase biases into the gradient
correction formula.

The major error source in the gradient correction formula
appears to be errvors in the measured values of pressure and temperature,
which are used to calculate GC, and terrain features, which distort the
temperature and pressure fields near the ranging site. Both of these
problems can be minimized by using many weather stations to obtain the



TABLE II

Gradient correction and ray trace comparison;
Model: =A cos {(a - ¢)

Elevation .
Angle RT3 - RT, GC (RT3 - RTi) - GC
B A i) A ¢ A ¢
10° 2.4 cm | 0° 2.2 cm §11° 0.49 cam | —-66°
20° 6.5 cm 0° 6.3 mm 11° 1.2 mm -73°
40° 1.5 mm {0° 1.5 mm | L1° 0.29 mm | ~75°
80° 0.15 mm | 5° U.14 mm L1° 0.041 mm | -78°

required meteorological data and distributing them over a large area. This
approach has the added advantage of also improving the accuracy of spheri-
cal correction. However, there have been studies indicating the presence
of relatively large temperature variations occurring over short spatial
scales (= 10 km) which may significantly distort the calculated value of
GC8+7. As a consequence, care must be exercised in computing the required
pressure and temperature gradients., This problem becomes even more dif-
ficult in mountainous terrain where the surrounding weather stations may be
at widely differing altitudes.

Two—Color Laser Ranging

Two—color laser ranging provides a very attractive alternative
for determining the atmospheric correction. The difference in path length
at two laser frequencies is a measure of the refractive conditions existing
over the propagation path at the instant the measurements are taken and can
be used to estimate the atmospheric correction®. Let L; and Ly denote the
optical path lengths messured at wavelengths A, and A, respectively. Let
Doy and n,y denote the group refractive indices of aif¥ at the ranging site
for wavelengths A; and )y respectively. Then the atmospheric corvection at
wavelength Ay is approximately

- L) (16)

where

y={n, - 13/(n, - ngl) . (17)
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Eguation (16) is accurate at optical frequencies. However, at radio and
millimeter wavelengths the water vapor content of air can introduce
substantial evvors iatc Eq. (17). 1If we ignore the small water vapor
effects at optical frequencies, vy can be written as

vy = EO/[EG) - £(h) ] (18)

fecause v 1s on the order of ten for all wavelength pairs of the fundamen-
tal, doubled and tripled YAG laser frequencies, it is necessary to deter—
mine the differential path length (L = Ly) with an accuracy which is
approximately ten times greater than the desired accuracy for the
atmospheric correction.

The accuracy requirements on the differential path length
measurement can be eased considerably 1f the results of numerous measure-—
ments are averaged. Since the atmospheric correction and differential path
length are functions of the satellite azimuth and elevation angles, the
satellite position must be taken into account when measurements are
averaged. For typical refractivity profiles, the atmospheric correction
given by Egs. (2}, (3) and (4) can be modeled approximately as

B R B, cosy B, siny
AC = e b — 243 P (19)

sinlk .3 sinf tank sinE tanE
sin E

The model coefficients 81 - B4 can be expressed in terms of meteorological
parameters using Egs. (3) and (4). Alternatively, they can be calculated
by using Egs. (16) to compute AC from measurements of L; and L, taken
during the satellite pass and using a regression analysis to fit the data
to a curve of the form given by Eq. (19). A mere accurate value of AC
could then be obtained by evaluating the regression curve.

The performance of the regression model given by Eq. (19) has
been evaluated using the parameters of Starlette Satellite passes over the
Goddard Space Flight Center in Greenbelt, MDY. The rms error of the
regression model can be written as

_ Yo

o
AC Nl/Z

F (20)

where o,1, 1s the rms differeatial path length error at zenith, N is the
number of two-color measurements made during the satellite pass and F is a
dimensionless error factor which depends on azimuth and elevation angle and
on the satellite pass. o, Ls proportional to w1 2, This dependence is
typical of the error reduction cobtalned when independent measurements are
averaged. If N is large and F is small, the regression error opc Will be
much smaller than the single measurement error YOpLe

The azimuth and elevarion angle of the Starlette Satellite is
plotted versus time in ¥Fig. 3 for a typical low elevation angle pass over
Greenbelt, MD. The satellite rises in the NE, rveaches a maximum elevation
angle of 24° and then sets in the SE. Figure & 1s a plot of the error fac-—
tor F versus time for this pass. Measuremenls were assumed to be taken
only when the satellite was above 15° elevation. At low elevation angles
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the laser pulses will be attenuated more than at zenith because of the
increased atmospheric extinction. This effect was taken into account in
calculating the data plotted in Fig. 4 by assuming that the differential
path length error was proportional to 1/(sin E)V. v was chosen so that the
path length error at 20° was 1, 2, 5 and 10 times larger than the error at
zenith.

The error factor is largest at the beginning and end of the pass
where the satellite is at the lower elevation angles. The reason for this -
behavior is evident from Eq. (19), The effects of errors in the regression
coefficients become more pronounced as the elevation angle decreases, par—
ticularly for errors in B8, B3 and B4. Also, the error factor increases
when the path length error is more severe at the lower elevation angles.
However, the error facter is usually less than 10 so that if N is large,
the regression model will provide a much more accurate estimate of AC than
a single two—color measurement. The high elevation angle Starlette
Satellite passes provide similar results®. Therefore, it is not unreason-—
able to expect a factor of 10 or more improvement in the accuracy of AC by
using the regression model.

Ranging Accuracy and Laser Speckle

Mode locking and Q-switching techniques are now used routinely
to generate laser pulses of a few picoseconds in duration. These short
pulses can provide higher accuracies in laser ranging and altimetry.
However, when the range spread of the target is larger than the transmitted
pulse length, speckle can cause random small scale fluctuations within the
reflected pulse which distort its shape. This effect is called time-
resolved speckle and can introduce ervors Iin laser ranging measurements,!0

Estimation of the arrival times of laser pulses was first
studied by Bar-David!! who derived the Maximum Likelihood (ML) estimator
for pulses contaminated by shot neise

;SHOT = arg max .§ ki ﬁn.E;(T) {21)
T i=1
where
ki = received photocount in the ith time bin and
E& = expected photocount.

The ML estimator is implemented by corvalating the recelved pulse shape
(ks) with the logaritim of the expected pulse shape (Ei)¢ The ML estimate
Tgupr 18 the time (1) at which the correlation is maximum. If the
expected received pulse shape is Gaussian with an RMS length of op and the
gspeckle 1s fully developed, the variance of the ML estimator is

2 . {1 i 2 )
¢ Var(rg, ) = [<M> +"£<"j 9 (22)

where



<> expected recelved photocount/pulse

#

KS speckle signal-to-nolse ratio.

Kg 1s related to the target geometry and the laser cross~section and has a
minimum value of 1. Im general, K; is small (~ 1} whenever the target is
gmall. The RMS ranging error using the ML estimator 1s plotted versus pho-
tocount (<M>) in Fig, 5 for the case of an infinitely large flat diffuse
target. Results are plotted for laser incidence angles of 5, 10 and 20°.
Tnizially, in the shot nolse dominated regime, the ranging error decreases
{~ <M>—l/é) as the photocount increases. But the error then reaches a
limiting value in the speckle noise dominated regime. Similar results
would be expected for partially developed speckle of the type generated by
reflections from retro-reflector arrays used in satellite ranging. Most
laser ranging receivers use constant fraction discriminator (CFD) timers.
The timing error for the CFD is larger than the error for the ML estimator.
As a consequence, speckle establishes a fundamental limit in ranging
accuracy and its effects should be considered when using short pulse
lasers.
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ABSTRACT

The potential accuracy of LAGEOS observations from the worldwide laser
network can only be realized if relatively subtle effects in the station
and satellite force model are considered. In this report, the effects on
station position predicted by recent models for the Earth and ocean tides
are described. The perturbations on the LAGEQS orbit due to tidal effects
must also be modelled as well as along-track variations which have been
ascribed to the effect of charged particle drag.



SOME MODELLING REQUIREMENTS FOR PRECISE LAGEOS ORBIT ANALYSIS

In order to use the capability of LAGEOS observations
o monitor crustal deformation and tectonic plate motion at
the centimeter level, ridal inlluences on the tracking
stations must be modelled to a similar level of precision.
The tidal model adopted for the MERIT Project (USNO, 1981)
inciudes the solid earth response due to Wahr (1981). Wahr
considers an eliliptical, rotating, elastic and oceanless
earth, and this model yields station motion which differs
from the decimeter variation predicted by Love’s simpler
spherically symmetric model at the K, tidal frequency. The
differentiat etfect amouunts to about oune centimeler in the
radial direction and is a maximum at 459 latitude. A
thorough mathematical treatment is given in the MERTT
Standards document (op. cit.) which also alerts the user of
laser ohservations Lo the need for a consistent treatment of
a zero freguency station displacement which may be iacluded

in nominal station coordinates.

The ocean tidal model currvently adopted for LAGEDS
analysis 1is that due to Schwiderskil (1980), Goad (1980) has
developed a techaique wusing integrated Green”s functions
which defines tidal loading height displacement amplitude and
phase wvalues far important laser sites. The wvertical
displacemenlt c¢an amount Lo several centimeters at coastal
locations and should be included in a precise statlon

position analysis.

The ocean tidal model is however more critical in 1its
long period effect on the orbiral behaviour of LAGEOS. FEanes

et al. (1981) have shown that effective modelling of the

43.



ocean tides can improve our determination of the inclination
and node of the orbit at the meter level. The period of
these affects ranges from 14 days (M2) to 1050 days (K1) and
influence the definition of the inertial reference system as
well as the resolution of earth rotation rate. The much
larger effects on the orbit due to the solid earth ctides
{see, for example, Smith and Dunn, 1980) can be accommodated
with more certainty that the ocean tidal perturbations, which
will require refinement from analyses of LAGEUS and other

itaser satellite observations.

A very long period effect has also been ohserved in the
nodal evolution of the LAGEOS orbit by Yoder et al. (1983}.
It has been ascribed to the viscous rebound of the solid
Earth from the decrease in load due to the last glaciation,
and appears as an apparent secular decrease of the second
zonal harmounic. This subtle perturbation is wunlikely ¢to

warrant inclusion in most geodynamic studies.

A much larger secular variation has been observed 1in
the along-track component of the orbit (Swmith, 1983).,
Rubincam (1982) concluded that charged parvticle drag could
account for the effect, but Anselmo et al., (1983) have
suggested that the Earth”™s albedo could also contribute
significant periodic terms. An empirical wmodel for the
along—track variation must be used to accommodate the effect
in orbital analyses based on continuous orbits of more than a
few days. Data reduced in shorter arc lengths allow the
perturbation to be absorbed into an estimate of the orbital
semi~major axis, and the size of the orbit must bhe

continuously monitored to provide a measure of the variation.

T
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ABSTRACT

The method employed to position the Modular Transportable Laser
Ranging System (MTLRS) with respect to ground markers has been opti-
mized to produce ground ties with optimal precision and reljability.

This paper describes the practical application of this method
and summarizes numerical results obtained during the testing phase
of MILRS1 at the Kootwijk Observatory in the period April-July 1984



1. Introduction

l.aser ranging to satellites utilising mobile ranging equipment requires the realisation of
s geometric connection between an operationally wall defined reference point 5 in the

ranging system and an equally well defined reference point P for the site (figure 1).

Figure 1. FEarth-fired geometry
of laser ranging to satellite C
and to calibration itarget T.

The obscrved ranges are rveferred to the instrumerntal center §. Coordinate
solutions must be referred to marker P in case of mobile salellite

laser ranging.

Once this connection has been established, the latter point serves as the terminal point
of the baseline which can be solved for in the data reduction of the observed satellite
ranges. i: this geometric tie is not available or erroneous it will be impossible to relate
baseline solutions from different site occcupations, since a proper common reference for
the baseline terminal points does not exist. Therefore a scrupulous approach ta the

determination of this geometric connection is a necessity.

For the Modular Transportahle l.aser Ranging System {MTLRS) a special positioning
device has been constructed which can be attached to the front end of the telescope tube
and with which markers in the immediate vicinity of the telescope mount can be
observed in 3 dimensions. The method of data reduction employed to obtain the ground
tie, has been designed to minimise the influence of undetected errors in the observations

i.e. to maximise the reliability of this determination.
In the period of April-July 1984 MTLRS1* has been stationed at the Kootwijk

Observatory for final testing and performance validation. Also the positioning method

has been tested in this period and the resuits clearly indicate the excellent precision and

¥ The first one of two identical systems to be constructed
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reliability of the obtained ground tie, in spite of the remarkable simplicity of the
observational technique. Essential to the approach is the use of a number of markers

more or less symmetrically arranged around the telescope mount.
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2. The Technique
2.1 The positioning device

The positioning device (figure 2) comprises a standard He-Ne laser together with a simple
3 meter spring-rule, housed in a framework which can be firmly attached to the front end
of the telescope tube. The He-Ne laserbeam points downward and passes through a prism
which allows for small corrections to the direction of the beam. The tape of the spring-
rule, once pulled out (figure 3) will be immediately adjacent to the laserbeam and thus

directions and slant range can be observed simultaneously.

Figure 2 The positioning device attached to the front end of the telescope of
MTLRS. The device is made up of a He-Ne laser for pointing at the
marker and of a spring rule for ranging to the marker.



Figure 3 Close-up of the spring rule device.

During installation of MTLRS at a site, the mutual orthogonality of the telescope axis,
the azimuth- and elevation axis will be checked and the index error of the elevation
circle will be eliminated utilising standard techniques, involving stars and other remote
targets. Subsequently, after attaching the positioning device to the front end of the
telescope tube the He-Ne laserbeam will be adjusted to be orthogonal to the telescope
axis and parallel to the azimuth axis, employing a simple auto-collimation technique
illustrated in figure 4. Salad oil turned out to be a liquid that excellently reflects the
laser beam. After this calibration procedure accurate directions can be obtained by
simply pointing the He-Ne laserbeam at markers utilising the mount pesitioning system.
The slant ranges can be obtained by pulling out the tape and reading the tape at a mark

in the positioning device.
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figure 4. Observing a marker utilising the positioning device.
Prior to the observations the laser beam is properly adjusted,
employing a simple technique of auto-collimation.

2.2 The markers

The markers must be designed to allow for precise pointing with the He-Ne laser beam
and for observing the slant range with the spring rule. An engraved circle of about 9 mm
diameter turned out to be optimal for centering the oval shaped reflection of the laser
beam at a distance of 2 to 3 meters. A central pinhole in the circle defines the actual

point of reference and facilitates the taking of the slant range.

The bronze marker must have a slightly curved topsurface to enable precise 3-
dimensional surveying. These markers must be carefully installed at the site, firmly
attached to the subsurface soil and properly isolated from surface soil or site pad. (figure
5). Installation in vertical constructions like a stable wall or the side of a pier is also
possible. The topsurface of the marker should then preferably be tilted to have a similar

angle of incidence of the laserbeam as for ground based markers {figure 6).

Especially if more than one marker is available at a site, a clearly readabie letter or

other character must be engraved in each marker for reliable identification.



Figure 5 The markers must be properly isolated from the surfuc soil or side pad.
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Figure 6 A marker attached to a vertical wall. An engraved circle of 9 mm diame-
ter facilitates pointing the laser beam. The pinhole materializes the actual
reference point.

2.3 The redundant approach:

If the telescb’pe mount is properly oriented in _azi_r'nuth., the'r"_equiréd grbtj_nd tie can be
deduced from simple geometry. If the vector 'S'Fii in figure 7 is ‘expressed ln components
on the reference system defined by the telescope mount and scaled by the spring rule

(the S~-system) as:

this vector can be related to the observables as:
Ala . RN
_1 _0_ cs |-
E;=5m -al.:an(Ri )._—.atancpi l
s
X2
A; = atan 5 d (2.2)
X.
i
N 2 s 2.4
Ri = (§ F’i - O\Oa) )
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where - ¢ :Xij
] S 1
cp, = (xHZ+ xH?
S Sq o 5 1
5P, = (0qhE 0P e o)
D
‘b@'
¥ e
< £
P;
®
N\ P
C P C

fiogure 7.  The geometry of observing elevaiton, ustmuth and range
Lo a marker I';. The observations determine Lthe vector SPy in the
ingtrumental reference system S.

in which the distance Aza is a calibrated instrumental constant. If only one marker is
observed, these observations would be sufficient to uniquely define the ground tie vectaor.
However, there would be no way of checking the occurrence of errors in pointing, reading
or recording. Realizing the vital importance of a proper ground tie for relating baselines
obtained from different site occupations, it would be extremely hazardous to suffice with
observations to only one marker. Moreover, in view of the relative low cost of installing
several markers at a site and the ease of observing them, it must at least be considered

careless not to adopt a redundant approach to the ground tie problem.

The method employed for MTLRS not only requires redundancy, but also seeks optimal
reliability in the ground tie vectar. (Vermaat and Van Gelder, 1983) studies the effect of
number and distribution of markers on the precision and reliability of this determination.
This study reveals that a minimum of four or five markers, more or less symmetrically
arranged about the site center is an optimum. It is required that from a previous, precise
survey, relative positions of the markers are a.vailabie in a cartesian aﬁd right-handed,

but otherwise arbitrary coordinate system (0-system)
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The software instslled in MTLRS then solves for a seven parameter similarity
transformation between the instrumentally defined S-system in which the observations

wre taken and the U-system in which the marker coordinates are given (figure 8):

S 88,0 0
Xoo= A ROX] - X)) (2.3)
5 . - -
whare )xi is the observed position vector of marker i in the S-system
? is the vector of given eoordinates of marker i in the O-system
Af’] is the ratio of scale factors of 0- and S-system

(Rz) is the 3-dimensional rotation from 0- to S-system i.e.
5
(RS) = Ry (1) Ry(8) Ryle)

is the position vector of peint 5 in the O-system.

In the satellite range data reduction a bageline will be solved for, terminating ot point 5,
the center of the S-system. This baséline must be corrected for the eccentricity
vector Xg to obtain the baseline terminating in point 0. (figure B). This vector can be

abtained from the transformation parameters solved for:
s 855 0
= A - .
X = 2R (-XD) (2.4)

1t is recommendable to maintain the length scale as implied in the marker coordinales in
the 0-system, instead of the scale of the S-system being determined by a bending and

temperature dependent spring rule, thus:
st .8 0
X, = RO(-X) (2.5)

This correction can be best applied in a global reference system, requiring astronomical

latitude (®) and longitude A , so the baseline correction can be obtained froms:

q 0 S o]
X3 = R3(~A) Rz(% +¢)(RO)(-><S) (2.6)
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3. MNumerieal results

UDuring the test-period for MTLRSI at Kootwijk, various ground tie determinations were
performed employing the method outlined above. At tie observatory two different sites
are available for MTLRS. The so-called astronomical platform (figure 9) can
accommaodate MTLRS in a semi-stationary position when actual satellite ohservations are
to be performed. The second site is at the parking lot where five positioning markers are
arranged just as suggested for international site pads where MTLRS is to be expected
(figure 10). This site is primarily meant for testing purposes. Both sites have been
occupied in the testing period and the numerical results obtained with the positioning
device are presented in tabies 1 and 2.

The upper part of each table displays the seven estimaled similarity transfarmation
parameters, their formal precision ( ¢ ) as well as their worst-case reliability ( v ) i.e,
the upper bound influence of marginally detectable errors in any of the observations. The
lower part of each table contains the residuals of the observations together with their
test-variates i.e. the squared normalised residuals. These test variates are used for
testing against a critical value of 10.80 resulting from an adopted significance level of

0.1% and a power of the test of 80%. An asterisk indicates rejected observations.

3.1 The site at the astronomical platform

Table la presents the results of the fiest positioning attempt at this site. Obviously this
solution cannolt be accepted since the test rejects all but one of the ohservations.
Inspecting the magnitude of the normalised residuals it becomes apparent that the range
to marker A is suspected most, because the magnitude of its test variate is about ten
times higher than any other one. Due to correlation between the residuals most
observations will be rejected in case of one large error. After re-measurement it became
clear that in the range to marker A, a 30 cm error had occurred. A "9" had been replaced
by a "6" probably because the range at the spring-rule had been read in an upside-down
position. The new results after re-measurement are presented in table 1b. The residuals
and the test-variates are very small and the observations obviously fit the adjustment
very well. The precision of the translation parameters is about half a mm and their
reliability about 2 mm. The latter means that a marginally detectable error in any one of '
the observations (in this case producing a test variate value of about 10.8) can only have
a maximum influence on these parameters of about 2 mm. These very satisfactory results
are a consequence of the utilisation of five markers, about symmetrically arranged

around the ranging system, and are in agreement with the expectations arrived at in the
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Figure 9 depifets the accomodation for MILRS at the Kootwijk observatory.

Figure IC displays the optimal configuration of [tve markers as
supgest? for international site pads.
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param, o 1)

x:‘ o ~-. 0080 N 2.0 mm

X m .D520 5 1.7 ma

X:i n .0288 .k .4 mm

al dege  BG.3592 27.5 = B6.6 arcsee

Bg degr Leoy 50.5 228.0 arcsec

Yf degr  180.0217 65.0 175.9 arcsec

% 9713 L 1.0 1E-3

observetion res. test

' degr/m

marker "A"  clevation  LiT10  303.7h ¥
seimuth .0073 o
renge L1966 14795.50 &

murker "B" elevation -~.11kB  101.55
nzimuth (2585 571.20 =
range -.0698 1552.46 »

merker "¢ elevation -.2300 463,73 =
nzimuth -.1629 215,43 »
range -.0526  5hko.01 »

marker "D  elevation -.2419 512,02 #
szimuth -.1565  200.69 »
range -.0526 951,37 »

marker "EY  elevation -.1170 105,88 »
uzimuth «-,2731  6k1.05 »
range -.0701 1563.03 #

table la
&
table 1.

poaram, Q v
x:’ m ~.0078 6 1.9 mm
G .0323 5 LT mm
%3y .0203 A 1k mm
us degr  50.3589 27.h B6.2 arcsec
B degr  -.0012 50.3 225.8 arcsec
yz degr 186.0210 6h, T 176.0 arcsec
A 1.0006 1.0 1B3
observation res. test
degrfm
marker "A" elevation -.0080 .66
azimuth D067 .33
range .00t Lho
markexr "B" elevation L0058 .26
azimuth -.0041 . th
range - 0005 .08
marker "“C" elevation 0030 .08
azimuth .0058 .28
range . 0006 B
marker "D" elevation -.0103 92
azimuth -.0608 .01
range -.8003 .03
marker "E" elevation .0068 .36
szimuth -. 0076 .50
range -, 0013 i
table 1b

Posittoning results at the site at the astronomical platform.
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design study (Vermaat and Van Gelder, 1983). The size of the translation parametlers is
onty a few cm due to the fact that the origin of the O-systemn has been chosen at the site
center at an elevation of 1.3 m above the pad, thus very close to the expected location of
the instrumental center S. This results in an only rmarginal influence of the rotation

parameters on the baseline correction derived from formula (2.6).

3.2 The site at the parking lot

The results of the first positioning altempt at this site are presented in Lable 2a, which
indicates the rejection of one observation: the elevation of marker E. Closer inspection
reveals that some other observations have rather large test-variate values as well (e.q.
the elevation to marker A and D). This rather puzzling situation could not be improved
after re-measurement. The next step was to leave out any one suspected marker from
the solution (e.g. marker £, D or A) but not any of these attempts gave acceptable
results. Ultimately it could only be concluded that a rather complicated distortion had
occurred at this site, after the survey and prior to the occupation by MTLRS, affecting
the position of the majority of the markers. Thus these markers were re-surveyed and the
coordinate differences obtained are presented in table 3. These figures fully support the
assumption of a complicated distortion of a magnitude of 0.5 to 6.0 mm. Subsequently
the positioning procedure was repeated utilising the new marker coordinates and table Zb
presents the results, which are very acceptable. As could be expected, the precision and

reliability is very similar to the results obtained at the astronomical platform.

It must be clear that a problem of disturbed markers never may occyr in practical
situations. Especially in a situation without evidence that only one particular marker has
been disturbed, the reference point of the site has been irrecoverably lost and no
accurate relation to baseline solutions obtained from previous site occupations will be
possible. The site at the parking lot is only intended for testing purposes and for training
crews in manoeuvring, packing and unpacking of the system. Although some care has
been taken to isolate the markers from the pavement (figure 5) it is obvious that this has
not been very successful, mainly due to the type of pavement, the instability of the

subsurface soil and the sometimes heavy traffic to be expected at this location.

Sites meant for satellite observations have to be selected with extreme care and special

attention has to be paid Lo the installation of the markers.



parom. [+ v
o L0053 T 1.9 um
X m L0863 4 1.8 mm
X33 m L0656 S5 1.5 wm
a: degr  90.3343 26.9 82.0 srcsec
B: .dﬂgr -, 0760 61.5 234.8 arcsec
Yi degr  180,0109 66.9 198.2 aresec
% 10003 N .9 1E-3
chyervation res, test
degr/m
marher "A" elevation 0326 9.l
azimuth 0202 2.82
range 0017 1.03
murker "8"  elevation -.0087 W63
asimuth -.0113 1.05
range G009 27
marker "¢" elevation -.0169 2.78
 azimuth .0087 .68
range -.0029 2.95
marker “D"  elevation  .0346 9.56
azimuth -.0018 .02
. range ~. 000k .05
merker "E" elevation -.0LOY 13.28 »
. azimuth -.0157 1.85
range L0005 .10
table 2a
9
table 2,

param. g v
Xzi m L0060 N 1.9 mm
2 m L0890 6 1.8 mm
A4 m L0631 5 1.5 ma
uz degr 50,3485 26.9  82.0 erepee
ﬁi degr ~. 006k 61.5 23h.6 arcsec
v, degr  180.0065 66.9 198.2 arcsec
A7 1.0005 A .9 1E-3
observation res. . test
degr/m
marker "A" elevation  .0101 .91
gzimuth -.0005 .00
range .001h .70
merker "B" elevation -.0142 1.65
azimuth 0125 .29
range -.0012 52
marker "C" elevation  .0D0S6 .89
azimuth -.0171 2.6k
range -.0002 02
marker "D" elevation -.0066 .35
azimuth L0164 2.02
range ~, 0002 01
marker "E" elevaticn L6007 _ .00
azimuth ~.011h i.02
raﬁge .QCo0 00
table 2b

Positioning results al the site at the parking lot.

™y
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AX AY AZ
marker "A" 0.5 -1.0 -6.0 mm
gt 0.5 - . =0.9 -2.0
e h.6 -0.5 -1.0
"p 2.8 1.h -2,0
"Bt 1.8 0.1 ~1.0
table 3. Coordinate differences at the site at the parking lot

due to local deformation,
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4. Concluding remarks

From tests at two different sites, it can be conch:ded that the method designed for
MTLRS of determining the ground tie vector, not only easily discovers observational
errors, but also detects relatively small local disturbances in the immediate site area.

In addition it has become evident that the precision of the estimated parameters is very
satisfactory, especially the translation can be obtained to sub-millimeter precision, in
spite of the rather simple surveying technique employed.

The necessary requirement for accurate ground tie vector determination is the
availability of a sufficient number of markers in an optimal configuration. These markers
must be accurately surveyed prior to site occupation.

Another feature of the method employed for MTLRS, which already has proven its value,
is the fact that the data analysis is performed on-site, immédiately after obtaining the
observations. Thus the operators are able to identify problems of observational errors or

local site deformations immediately, and take measures accordingly.
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ABSTRACT

A model is provided to standardize the evaluation of laser ranging
system perfomance in terms of ranging accuracy. The model deals with the
magnitude and temporal nature of the known data error sources and aggre-
gates them in terms of Ranging Machine Errors, fpoch (Timing) Errors,
and Modelling (Environmental) Errors. The model is provided to charac-
terize and verify system performance for engineering operations and data
analysis requirements. It is anticipated that this model will be dynamic,
evelving with our understanding and needs. An application of the model to
the Arequipa station is included as an example.



LASER SYSTEM CHARACTERIZATION

1. REQUIREMENT AND METHODOLOGY

The Laser System Characterization is intended to provide a “Standard
Error  Model" to: 1) verify system performance; 2) verify system
upgrading; 3) compare systems, and 4) establish and adopt constants and
models for intercomparisons and data analysis. The model 1is not a
substitute for collocation tests which evaluate the total aggregated error
budget of the systems under study, but rather is designed to support
collocation and other system performance tests by providing the basis upon

which different systems utilizing different philosophies and techniques may °

compare error budgets, In addition, total mode! specification is
considered essential for accurate preprocessing and optimal weighting of
network observations in any least squares adjustment process.

The model characterizes each system, including local site dependent
variables, under normal operating conditions of a given epoch. That is,
the model parameters are tabulated for each system and site as a function
of time, being updated on a regular basis or whenever maintenance or
modification effecting the measurement occurs. The model also provides a
format to characterize system performance under malfunctioning conditions,
but its application to such a situation would have to be considered on a
case by case basis. [t may be more practical to disregard certain data
than try to characterize data under conditions of equipment malfunctions or
operator error.

In organizing this model, we placed requirements that it should:
1. Focus on the systematic error sources.

2. Specify the statistical means of characterizing each
component (1 sigma, peak-to-peak, etc.)

3, Specify relevant time period or periods for each component.

4. Define a means of measuring and specifying each error
component.,

5. Specify a means of aggregating the error components.
6. Be practicable,

This model does not include the averaging effect derived through
orbital geometry. Such averaging depends upon the method of analyses, the
station configuration, and the geophysical parameters being sought. This
model 1is 1intended to provide the analyst with the input required to test
error sensitivity in his own application of data.

For convenience, we have divided the error components into three
categories corresponding to the nature of the errors.
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1. Ranging machine errors are those associated with the laser
hardware and its calibration.

2. Epoch or timing errors are those associated with the station
clock, or time and freguency transfer.

3. Modelling or environmental errors are those associated with
data compensation for effects outside the ranging and timing
system,

In order to provide a firm basis for evaluation of total system
performance, this  specification aggregates hardware related effects
independently from environmental effects. This has the advantage of
allowing the user to focus on his area of immediate interest. [t is common
practice in laser ranging for the observing station to provide estimates
for ranging machine and timing errors but not for modelling and
environmental errors. In addition, traditional parametric data describing
~the  atmosphere is usually supplied by the station without precision
estimates. Since corrections for all three types of errors are applied or
furnished for all range observations, and an accurate a-priori estimate of
the precision of this corrected range is needed, it is necessary to state
all corrections with precision estimates.

The "Standard Model" should evolve and improve with our knowledge of
the error sources. In particular, it 1is assumed that the models and
techniques used to characterize the environmental effects will be replaced
by new models as they are developed and accepted. It is also anticipated
that archived data will be periodically reanalyzed as major improvements
are introduced.

2. CLASSIFICATION OF ERROR SOURCES

The model components are divided into categories:
1. Ranging Machine Errors

a. Wavefront distortion (Spatial Errors)

b. Uncorrected System Drift (Temporal Errors)

C. Uncorrected Variation 1in system delay with Signal
Strength

d. Errors in target range or calibration path length

e, Error 1in calibration due to uncertainties in
meteoralogical conditions along the calibration path

f. Variation in system calibration with background noise
level

g. Mount eccentricities

o

o



2. Epoch (Timing) Errors

a. Paortable Clock Set
b. Broadcast Monitoring

3. Modelling {Environmental) Errors

.

Atmospheric Propagation (Model)

Atmospheric Propagation (Meteorological Measurements)
Spacecratt Center-of-Mass

. Ground Survey of Laser Position

Data Aggregation )

O o

The user must be aware of the nature of each of the error sources,
otherwise, he runs the risk of confusing an error source with a geophysical
observable. This means that the operators of each 1laser ranging system
must provide a determination of each error source (size and time constant)
on a routine basis and make the full characterization schedule available to
the users.

A comprehensive system evaluation must be made at Tleast every six

months and before and after each major modification to the hardware data
fiow path,

3. CHARACTERIZATION OF ERRORS

Each error source for each participating laser system must be
characterized by its size and temporal nature. For simplicity, we use a
one sigma representation for those components that appear random (such as
wavefront) and one-haif peak-to-peak for those effects that appear to have
well defined trends (such as uncorrected variation with signal strength).
This gives strong incentive to make analytic a posteriori corrections where
possible,

Each error component has a characteristic signature in the pattern of
residuals from a perfect orbit. In this model, the temporal nature of the
error sources are quantified by time constants (decorrelation time) after
which the pattern of residuals would change appreciably; it is assumed
that the influence of error sources average out over 4-6 time constants. A
specific component of error may decorrelate in steps owing to the various
contributing activities,

In this model we characterize the error sources by their influence
over specific integration periods which span the range of geophysical
interest and operational constraints. In particular, we have chosen
periods of a pass, a day (several passes), a month, a year, and several
years (indefinite or trends). Many of the error sources, especially those
in the environmental category, are much better understood over short
periods and hence semi-annual, annual and decade fluctuations still need to
be defined or improved.
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4. RANGING MACHINE ERRORS

The known ranging machinge errors are summarized in Figure 1.

4,1 Spatial Variations

Spatial variations in time of arrival {or wavefront distortion} are
the result of mode structure in the laser, Patterns in the far field tend
to change appreciably over periods of a few hours or less, and hence the
effect which can give a strong residual signature (depending upon mods
nattern and satellite path within the laser beam) can vary from pass to
pass.  The effect tends to vary with pulse width and laser configuration,

Spatial variations are measurcd by mapping the wavefront with a fixed
ground-based retrorefiector, The effect would be characterized by the
r.m.s. variation over the wavefront. Sufficient data must be taken to
assure that range noise is negligible and there must be enough redundancy
in the data taking sequence to verify the pattern {and avoid temporal
effects),

4,2 Temporal Variations

Temporal variations refer to uncompensated system drift {change in
internal delay) during ranging operations. These would be due to changes
in temperature, cycling of fans and compressors, changes in line voltage,
gtc. The potential for a problem 1is exacerbated by increased time
intervals between calibrations; systems that are calibrated on a pulse by
puise basis avoid the problem, whereas those that rely on pre-and-post pass
calibrations must be very carefully monitored.

Temporal variations are evaluated on an r.m.s. basts by wmonitoring
and analyzing pre-minus-post calibration differences over an extended
period of time (at least one month). The pre-minus-post calibration is not
unambiguously  separable from meteorological fluctuations along the
calibration path, (see below) but the method is simple and will give an
upper bound to the effect.

Temporal variations can also be monitored by ranging to a close ground
target (to minimize propagation effects) over a period of several hours.

Py
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4,3 3Signal Streagth Variations

Variations in system detay with signa) strength arise because
performance of devices within the system fincluding PMTs are amplitude
ardgfor puise-widih  dependent, Those systems that are calibrated and

intended to operate at the single photoelectron level only would have veary
minimum degradation due to this effect. This, of course, presumes that
there s oproper discrimination against occcasional muitiple photon returns
{(with different system propagation times) which would degrade range
BCCUTACY.

The variations with signal strength, which are measured by detailed
target calibrations over the full dynamic range of the system, tend to have
a systematic trend which may lend itself to a posteriori anaiytic
correction, Since this error source is dependent upon signal strength and
hence range, it can give systematic residual patterns. As such, the effect
is Tong term. As an incentive to consider analytic carrections, this model
uses a one-half peak-to-peak representation (over the pertinent dynamic
range) to characterize this effect.

4,4 Calibration Target Distance

4.4.1 Measurement Techniques (Exclusive of Meteorological Correction)

Error in calibration target distance includes both ground targets and
internal calibration paths. This 1is essentially how well a path can be
measured by ground survey or tape measure, Fach station must provide an
estimate of target range accuracy which 1is based on the measurement
technique. This error is a fixed long term bias.

In addition, as mentioned in 6.3 below, each station may have
significant diurnal and annual signatures in the distance between the laser
and the ground target. Ideally, target distance should be measured at
several times during the day as well as a number of times during different
seasons to determine: (1) if such a wvariation exists; (2) if it is
significant and reproducible, and, (3) if a useable model can be developed.

4.4.2 Meteorological Correction to Calibration

In those systems that use ground targets for calibration, corrections
must be made for horizontal propagation delay. The technique for computing
this correction should be standardized to the group refractivity {Ng)
derived from the Barrel and Sears formula adopted by the IAG in 1963,

_ N _ P , e
Ng = N -} 4% 80.343 £(3) % - 11.3 <
where:
£{\) = 0.9650 + 0.0164 , 0.000228

22 .
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(8]
which has been normalized to 1 for X = 6943A (ruby laser wavelength)

and where;
A = wavelength in microns
P = total air pressure (mb)
e = partial pressure of water vapor (mb)
T = temperature {degrees Kelvin)

The refractive correction must be based on measurements of P, T, and ¢ ({or
%R.H.) at both ends of the calibration path or in the very least, an
extrapolation based on the slope of the calibration path. No curvature
corrections need be applied if the line is shorter than 10 km,

The total effect of the atmosphere is about 270 parts in 10" at sea
level, The major uncertainties in making this correction are temperature
and pressure variations along the path. This effect probably includes
short period terms which average out over time spans of a day plus longer
term biases which may include seasonal and even  annual effects.
Fluctuations of several degrees, which are not uncommon over a 1 km path
can lead to an error in the refraction correction of as much as 1% (3mm).
The size of the annual component is not clear, but it may be significant,

Instrument and procedural errors in the reading of pressure and
temperature aiso add uncertainties to the refraction correction. A reading
error of 1 mb in pressure or 0.5 C in temperature will 1introduce a bias
error of .1% in the refraction correction {or about .3 mm for a 1 km
calibration path).

The value of the error {r.m.s.} in the meteorological correction must
be determined by each station based on local measurements, topography, and
instrument calibration.

4.5 Mount Eccentricities

Laser range measurements must be referred to an "invariant" (fixed)
reference point (usually termed the ‘"intersection of the axes") on the
Taser mount. This point must be specified along with the associated path
offset. In reality, however, these “"invariant® points may not be fixed in
space and the resulting "mount eccentricities" can produce pass-dependent
systematic range errors. The pertinent eccentricities must be measured
and/or modelled with appropriate range error characteristics. The
influence of this effect is of particular importance with large instruments
and with X-Y mounts., Since mount eccentricities produce reproducible,
systematic components, the unmodelled (uncompensated) effects should be
estimated on a half peak to peak basis,



deu Variation wWilh Background foise Level

There is some speculation that system delay may be & Tfunciion of
background noise level., However, to date thare h ¥

E s .
SRS IYYect.,

h. TIMING ERRORS

The standard epoch reference used for laser ranging is  UTC (B1H) or
b ciose proximity UTC (USNO). The accuracy to which epach 15 maintained
is station dependent and must be furnished by each operating statiaon. in
practice, all station clocks are checked periodically with a portable clock
and monitored at least once per day using LORAN, GPS, TV Reception, VLF or
some  other broadcast source. On a single pass basis with Lagens, a 1
microsec epoch error will introduce an error in station position of asbout 4
I

5.1 Portable Clock Check

Portable clock checks are typically of .1-1.0 microsec quality
depending upon the portable clock, the lenath of the clock trip, and the
station clock.  An ervor in the pertabie clock set introduces a fixed bpias
component (long term) until a subsequent clock trip takes place.

5.2 Time Broadcast Monitoring

Epoch and/or frequency broadcasts are monitored at least daily by most
ocperating stations, Those that recejve TV line signals, or ground wave
LORAN should be able to monitor epoch to 1 microsec; GPS reception should
be considerahly better, The daily values are independent determinaticns of
station clock offset and hence the time constant for this component of
epoch error 1is one day. For those using skywave LORAN or VLF, daily
fluctuations of several microseconds due to propagation effects are common.
In this case, averaging over several days is required to smooth out the
data. The time constant in this case is 3-5 days. Routine monitoring of
VLF  propagation by the U.S. Coast Guard indicates that long term [even
annual) variations measured during pericds of stable propagation during the
day are typically 1 microsecond or less.

It should be pointed out that historically long term timing errors
have been notorious at the field stations. For the most part however,
these have been the result of hardware and/or operational difficulties
which should be documented as malfunctions.

6. MODELLING ERRORS

A summary of the modelling errors appears in Figure 2, with notation
whether they are determined (measured} on a site by site basis or estimated
from general models in use.
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Atmospheric Propagation Moda)

6.1.1 HModel

The recommended model for columnar refraction between ground stabtion
ard  sateliite is the model by Marini and Murray (1973) based on the Barrel
and Sears model for atmospheric refractivity ard a standard axpcenential
atmosphere.  {The use of this model should be standardized and changed oniy
#1th the organized consensus of the community.) Although thnis model does
Aok inciude the effects of horizontal gradients in atmospheric density and
temperature, it is believed to be accurate to within 1-2 centimeters of ray
Lracing results performed on radiosonde data {Marini and Murray, 1973,
Gardner 1976).

It must be recognized, however, that this model does not include the
effects of horizontal gradients in atmospheric density. AL low elevation
angles, the laser beam may be passing through pressure fields that vary by
a few millibars at ground level. This alone could introduce uncertainties
as large as 1 cm or more. Even with no surface pressure  changes with
position, horizontal gradients in temperature can influence the model error
for slant ranges by making the scale height depend on position. Gardner
(1876) and [unn et. al. (1982), have studied this effect and find typical
errors of 1.5 and 2 cm (r.m.s.) respectively at 20 degrees elevation if no
correction far horizontal gradient is made.

Since observations are taken over all accessible elevation angles
(usually above 20 degrees), and since the effects of horizental gradients
fall off rapidly with elevation angle, the average effect is about 0.5 cm.
In lieu of nmore definitive data at the moment, we have characterized the
refraction error as 0.5 cm at 45 degrees elevation. Since atmospheric
conditions typically change on both diurnal and lTonger time scales, we
anticipate that the size of this error source would decrease stowly with
observing time, In addition, there 1is probably an uncorrected annual
variation, but as yet this is unquantified.

b.1.2 Meteorological Measurement Error

The most significant term in the Marini and Murray model is
proportional to pressure (p) and inversely proportional to elevation angie
(E):

0.0024

$4R(m) = sin E

&p(mb)

The dependance on temperature change (§T) of this model can be expressed
= 1x10™° o

SAR(m) =‘—*—§——— §T( C)
sin"E

A measurement error of 1 mb in pressure and 1 C in temperature, which are
common in todays field operations, will introduce errors of about 7 mm and
0.3 mn respectively at 20 degrees altitude, However, it is cquite feasible
with available dnstrumentation to measure barometric pressure alt field
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stattons to 0.3 mb. To the extent that errors in pressure and temperature
readings are due to instrument calibration or reading procedure, the
influence of these components would be long term range biases which
increase with zenith angle and hence range. These errors should be
estimated on a site by site basis by comparison with calibrated
instrumentation,

6.2 Spacecraft Center of Mass

The range correction to spacecraft center-of-mass for lL.ageos has been
calculated analytically (Fitzmaurice et. al. 1978; Arnold 1978} and
measured in the laboratory prior to launch (Fitzmaurice et. al. 1978). The
analytical models show a dependence of range correction on pulse width and
pulse detection scheme. For those situations in common the differences
between the analyses by Fitzmaurice et. al. and Arnold is less than 1 mm.
Our estimate for the error in range correction to Lageos is taken from the
experimental measurement uncertainty which was ahout 2 mm (Fitzmaurice
et. al. 1978). This value, of course, assumes that the correction made is
appropriate for the laser pulse width and detection scheme. Otherwise, an
error as large as 1 cm is possible. This error would bhe a long term fixed
range hias.

6.3 Ground Survey of Laser Position

Lasers that reoccupy a site can not be placed in exactly the same
position each time. As such the system reference point must be surveyed to
the local geodetic reference marker. The error in this measurement will
constitute a fixed offset in station position for the period of one site
occupation. These estimates of measurement accuracy must be furnished by
each laser ranging group for each occupation by a mobile laser system. In
the case of fixed Taser systems, the local survey errors are important from
the standpoint of interconnecting datum, however, they do not effect direct
measurement of station position or crustal motion. [t should also be
recognized that many ground sites have significant annual signatures due to
changes in ground water. At some point, this issue must be systematically
addressed.

6.4 Data Aggregation

No specification is recommended at this stage as there is at yet no
agreed "best" method. Several methods based on 1-3 minutes of ranging data
are being used to produce normal points with errors less than 1 mm are
currently under intensive study, Once these are concluded we expect
standardization to occur.

7. AGGREGATION OF ERRORS

Since the nature and representation of the separate error sources is
quite varied a rigorous aggregation of the error sources would be quite
difficult. However, a simplified approach to data aggregation is to assume
that the individual components of error are uncorrelated and that an r.s.s.



of all pertinent error sources is sufficient to give an overall estimate of
total ranging error, For this, we would form separate estimates of range
error for each integration (averaging) time of {1) a pass, (2} a day, {3} -
month, and (4} an indefinite period {long term),

As pointed out eariier, once the annual components are beiter
understood, they should be tabulated separately. An exampie of how the
data could be presented and aggregated is shown in Figure 3, An  example
using the SAQ laser in Arequipa is shown in Figure 4,

6. AN EXAMPLE: THE AREQUIPA LASER

The "Standard Error" Model for the Arequipa Laser appears in figure 4,

8.1 Environmental Errors

8.1.1 Atmospheric Propagation Model

We use the Marini and Murray Model for the atmospheric propagation
correction to satellite ranges. We estimate the refraction error to ha 4.5
cin {see above). With our ground based meteorological instruments we read
barometric pressure with & mercury column to an estimated accuracy of +1
mbar based on a comparison among instruments. Temperature is wmeasured Tto
+1 degree Celsius with a mercury thermometer and relative humidity to +10%
with a sTing psychrometer.

8.1.2 Spacecraft Center-of-Mass

SA0 uses the Arnold Models for its spacecraft center-of-mass
correactions, The correction used for Lageos on the Arequipa data is 24.3
cm. This is appropriate for a 3 nsec pulse and a centroid (center of
gravity) detector. The estimated error is 2 mm (r.m.s.).

8.1.3 Ground Survey of Laser Position

Since the Arequipa laser is a fixed system, no error for ground survey
of laser position is included.

8.1.4 Data Aggregation
We do no aggregation on the quick-look or final data.
8.1.5 Summary of Environmental Errors

The aggregated environmental contribution is estimated at 1.6 ¢m over
the short term {a day or less) and 1.2 cm for longer periods.
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8.2 Ranging Machine Errors

8.2.1 Spatial Variations

Spatial wvariations are measured in Arequipa by ranging on a
ground-based corner cube at a distance of about 1 km. Range measurements
are made in sets of 50-100 laser shots at return signal strengths in the
range of 5-20 photoelectrons, Measurement sets are taken over a matrix
with 20 arcsec spacings over the 2 arcmin wide laser output beam, The sets
are taken 1in random order around the matrix with scheduled returns to the
central “reference" position to check for temporal drift. The mean values
of the sets are used to map the wavefront contours and to calculate the
r.m.s. wavefront variation.

The r.m.s. spatial variation in Arequipa is typically in the range of
2-3  cm. Experience has shown that the wavefront pattern changes
appreciably over a period of & day. We use a value of 2 cm for the daily
average to accommodate the fact that the acquired Lageos pass in a given
day may come within a few hours of each other. Examination of wavefront

31,

data over extended periods of time indicates that over the Tong term, the;

effect averages to zero for this ranging system. However, since the
resotution of the Arequipa system is about 1 cm, we use this value (1 cm)
for our long term estimate of error.

8.,2.2 Temporal Variations

An upper bound for the temporal variations have been estimated from
the historical pre- and post-calibrations (which are taken on the billboard
target before and after each pass). In pre- and post-calibrations at least
50 laser measurements are taken to the yround target in the return signal
strength range of 5-25 photoelectrons. Mean values for each are
caltculated; the pre-post difference for each pass is used to bound the
system drift over the pass time duration. These differences, which have
typical r.m,s. values of 2 cm, show no systematic trend over a period of
several months, indicating that temporal variations (if they are at all
significant} average out very quickly. Once again, due to the limitation
in system resolution, we estimate the long term error component for
temporal variations at 1.0 cm,

8.2.3 Signal Strength Variations

In Arequipa, the system delay variation with signal strength is
measured routinely with extended calibrations on the billboard target.
Measurements are taken over the range of 1 to 100 photoelectrons by
adjusting neutral density filters in the photoreceiver, Sufficient data
are taken to ensure that at least a hundred returns are received at the
single photoelectron level and at least 25-50 returns are received in each
half decade interval over the return energy range (the actual set size is
made sufficiently large to reduce the statistical errors (1 sigma) to about
1 ¢cm). The data are aggregated in corresponding signal strengths sets to
examine system performance. Typical variations over the full dynamic range
are 3 cm or less (half peak-to-peak). As a rule, system calibration value



increases with signal  strength, but point by point fluctuations make it
difficult to model and correct.

8.2.4 Calibration Target Distance

The target distance in Arequipa 1is about 1 km along a nearly
horizontal path, The target distance is measured with a laser geodimeter
(Hewlett Packard Model 3B808A) which has an accuracy of about 1 em. The
distance s measured repeatedly over the period of a day to average out
statistical errors. Propagation corrections are made using the Barrel and
Sears formula, At the moment we measure temperature and pressure only at
the ranging site. We anticipate fluctuations of a few degrees (Celsius)
along the path giving an uncertainty of about 1% or 3 mm. It is not clear
now much of this is short term and how much is seasonal. At the moment we
assume that this 1is a Tlong period effect. We use a Mercury column to
measure pressure and a standard mercury thermometer to measure temperature.
In addition, a reading error of 1 mb and 1.09C which could add another mm
in long term bias error.

8.2.5 Mount Eccentricities

The cccentricity of the mount in Arequipa has not been measured but on
the basis of the compact design of the Azimuth-Altitude Mount and the
separated laser and photoreceiver we estimate the eccentricity at 1 mm or
less,

8.2.6 Summary of the Ranging Machine Errars

The aggregated ranging machine errors amount to about 5 c¢m on a single
pass basis, and about 3.5 cm over the long term.

8.3 Timing Errors

The timing system at the Arequipa station uses redundant clocks (with
Cesium and Rubidium Standards), VLF, Omega and portable clock checks. The
accuracy of portable clock sets as determined from closure is typically 1
microsecond (r.m.s.) or better. The portable clock readings indicate that
station time continuity over the short term (single pass) as maintained by
VLF phase reading to be better than +4.0 microseconds. Based on our
experience and that of the U.S. Coast Guard in monitoring VLF, it appears
that data smoothing reduces this error considerably over a few days.

The long term bias is assumed to be 1 microsecond which is typical of
U.S. Coast Guard measurements,
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TWO WAVELENGTH PICOSECOND RANGING ON GROUND TARGET
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ABSTRACT

One of the Timiting factors to decrease the systematic error
of laser ranging is the influence of the atmospheric refraction.
Two colour ranging may contribute useful information for more pre-
cise refraction factor modelling and calculation. We describe two
wavelength experiment using 1inear sweep streak camera for ground
target distance measurement. The flight time difference 16 psec
corresponding to 100 m horizontal pass was measured with RMS = 5 psec,



WO WAVELENGTE PICOSECOND RANGING OGN GROUND TARCET

The third generation of the satellite leser ranging was/L/
characterised by RMS less than 3cm, RMS below lom may e accented for
4~th generation. The error budget censists in principle of the
instrumentel error (including timing), target error contribution and
the envircmentel errors.

One of the possibility to verify the existina atmospheric wodels,
the multiwsvelength laser ranging experiment, mey be accomel ished.
The tire diference (TD) in the flying time is increasing with ircreasing
retic of the wavelengths to be used. For this recason, the harmonic
generction will be the nzturel choise for such &n experiment. To be
eble to model the etmospheric refraction index with accuracy recuired
cn the besis of the TD, the TD must be measured with the accuracy of
3-Tpsec /2/.

Assuming the existing photocethode materiasls and their ouantum
efficiencies, two wavelenoth laser ranging experiment may be carried
out using high power laser pulces. The avasileble choise is ruby
(IHG/2HG), NG YAG (2HG/3HC), Alexandrite /3/ (1BG/2EC) and Emerald
(IHG/HG) . Severel kinmds of phetoreceivers may be adopted. A considerable
effort wae put to exploit two photamultirliers for lkm target ranging
e2nd the circular scan streak tukbe hzs been proposed /2/.

In our experiment we are using linear streak camera ac &
rhotoreceiver for ranging the 1G0Ometer target. The block scheme is
cn fia.l. The Nd YAG laser /4/ is used to generate the mode locked
trein of picosecond pulses. The Nd YAG rod 70mm/7mm is cut at 1°¢
rnear the 100% mirror. The perpendicular surface on the opcsite side
' acte as the output coupler. The seturable dye MLS51 /5/ is in 2mm thin
cell in contect with the 100% mirror. One milimeter apperture restrictes
the laser to single transversal mode operation. The reprate is lpps.
The concentration of the dye is set to generate short train of pulses
consisting of 2 or 3 pulses at FWHM of the envelope, the time interval
between the pulses is 2.nsec. The output beam passes the second
harmonic generator (2HG) and the third harmonic generator (3HG) using
Typell/Typell KDP crystals. The output beam is reflected by the corner
reflector at the distance 1460m. The reflected light passes the ND
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filters and the dispersion priesm ena illuninates the photocathode of
the streak camerz {(Hemmematsu C979 /7/). The streck imace is recordeo
by the SIT TV camera and processed in the Tempcrsl Analyser Hammamatsu
Cl109%. The digitaliced data from the Temporal sralyser zre on-line
trensfered to the FP65 calculator (one streak windcw/15 seconds) for
processina, stetisticel treatment, digpley, plot énd gtor ing. The
detez may te off-line processed cn the HP1(G00 computer.

Curing the initial staoe, the indoor experiment wae carried
cut. The statistical trestment of the laser pulse length gives the
velue 34+/-4.5 psec zt §.53un (rew data). The histcgram of pulse
lengtk is on fig.Zz. Rssuming the 3(0um slit width and 4psec/channel,
the deconvoluted value of the typical pulse length is 30 psec. The
measured pulse length at 0,35 ur is 20psec.

To obtein & smooth streak reccrd of a pulse and hence the
required time resolution, seversl hunareds photons are necessary.
This value is consistent with the value of 570 photons published in
/6/. The stresk readcut systenm permits to process two windows of one
ctreak image simulteneously. This way, both pulces et different
wavelength are recorded at the came time and thus we eleiminated the
streak trigger jitter. The cross sweep streak image distorsion wes
testet and found to be belcw resclution limit. On £ig.3 there i &
record of the 0.53 2nd 0.35um signals. The time deley of in the incoor
pess t+-2psec was determined on the basic of B meesurements (the
histogram of measured values ic on fia.4).

Curing the cround target ranging stade the corner cube
retroreflector hes been placed at 100 meter distance. The typilcal
streak reccrd at 0.53/0.35um is on fia.5. Due to & corplex far field
pettern structure of the 2-nd/3-rd hermonics, the two colours were
not fully spatiely resolved cn the streak input apperture. Tctaly,
23 strak measurements were made curing 20 minutes. The histcgrer of
the measurements is on fig.6. The mean of the delay is 2Zpsec, the
RMS is 4.5psec. Fefering tc the indcor experiment (0.53/0.35um,
TD=¢+-zpsec) , the corrected outdcor two wzvelength time celay is
therefore l6psec, RMS=S5pcec. Taking into account the atmospheric
conditions of thet day, the cezlculated value /7/ of the 0.53/0.35um
TD is 16psec. To increase the ccnfidence of our results, more date
would be perhzps necessary to obtain.

Literature

1/ The fecond Workshor on the Laser Trackina Instrumentation,
edited by.J.weiferbach and K.Hamal ,Prague, 1975
2/ J.E.pbshire, Applied Cptics 19,N020,1980,3436-3440.
3/ V.N.Licitsin et. all, Quantum Flectronics,9,198, p 609,(in russian)
4/ E.Jelinkova, Mode Locked Trein YAG Laser Contact Cell
Preprint Series FJFI No. /b4
5/ K.Hamal, tc be published



6/ Piccsecond Stresk Camers and 1ts Aplications, Picoseccd, vol 14,

June 18963, published by Eamanetsu Corp. ,Japsan
1/ d.w.Marini, C.w.Murray,"Correction of laser Trecking Data for

Atmospheric Pefrection st Elevetions Above 10 Degrees™
GEFC  x~591-73-35),Kovember 1973

CORNER_CUB
~OUTDOOR .
N 400m
ML YAG Laser + SHG P T T ééF_
1% INDOOR £
TRIGGER PD
VARIABLE

DELAY

/,@s"?

/////////ERISM HP 85 HP 21MX E
A m? STREAK [TV | READOUT

A FALCULATOR COMPUTER

20ns DELAY

/

BLOCK SCHEME OF THE TWO WAVELENGTH PICOSECOND RANGING EXPERIMENT




of Samples / percent

NO

YAG Laser 0.53 um pulse width in psec

o
—_

sy
[0s]
13

—
o

—_
Ny

)
T

N
Y

Cod

L2,

- 30.4

26.1

21.7

17.4

13.0

8.7

4.3

MEAN = 34, ps

i 1 Il 1

SIGMA = 4. ps

CELL = 4. ps

0. 16.

32.

46. 64.

HISTOGRAM OF THE LASER 0,53 um PULSE LENTH

150

130

110

90

70

50

30

10

- 10

Laser pulse 0.53 pym / line / and 0.35 pm,

FE 3
= ‘J-..f

X

A

|
20

{
4{

i
]

i i
ol 10U 120

STREK RECORDS OF THE 0.53 AND 0.35 pm PULSES



N® of Sampies / percent

Counts

Indoor 0.53/0.35 um time delay / two windows /

90,

31 37.5 MEAN = 6.1 ps SIGMA = 2.5 ps
2 L 25.0 CELL = 2.0 ps
/
1L 12.5
0 / , DS
0.0 4.0 8.0 12.0 16,0
HISTOGRAM OF 0.53/0.35 um TIME DELAY / INDOOR /
Green + Blue ext. target (106 m) ranging

200

180 1 24 Psgfd

160 -

140 [

120 |

100 [

80 .

60 i

40 |

20 |,

0 ;- A L E A k 2 A PC,
a0 100 120 140 160

STREAK RECORD OF GROUND TARGET 0.53/0.35 um RANGING



&

N° of Samples / percent

91.

Ground target 0.53 /0.35 um time delay (17.4.1984)
MEAN = 22.0 ps SIGMA = 4.3 ps
12 }-52.2
10 L43.5
CELL = 4.0 ps
8134.8
61 26.1
4117.4
0 b PS
] i i 1
8.0 8.0 16.0 24.0 32.0 43.0

HISTOGRAM OF 0.53/0.35 um DELAY / GROUND TARGET /



LASER RADAR INDOOR CALIBRATION EXPERIMENT
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ABSTRACT

To range the satellites, we are using the train of picosecond pulses
generated by Nd YAG oscillato/amplifier/second harmonic generator laser
system. To establish an optimum discriminator/timing system, the indoor
calibration experiment was carried out. The results indicate a limit sin-
gle shot uncertainty 6cm RMS,
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L&SER FACER INDCOF CALIBYATIOM EXPERIMENT

To cktaln the syster interrel ncise level below llem a2t the
Interkcenos leser radar in Helwer /17, the picocsecond lager wes
irplerented. To establisk the ootimel detectcr/discrimineter/timing
confiouratiorn, tc decrezse the rergine chein jitter ard tec increcse
the syster stability, the extercive set of cezlibration experiments
wes completed. The aim of the calibraticrs wes te measure the tim’ng
jitters of the most critical perts ¢f the rarging chain.

The scheme of the celibratior set up is on fig.l. The peccively
mcce locked YAC laser /2/ gererating a trein of pilses wes uced. The
rescretcr round trip time wes l.énsec, The idividial pulse width 70
peec. Most of the erergy was ccrntained in 2-2 pulsesz. The lscer output
wag freguercy dcwled to G.53um. As the high resclutior timing sveter,
the Trarziert Digitizer Tektrcrix 7912AL, tcgether witl the apprcegriate
scftware package, is used. The bendwidth of the system is SO0(MIz, ite
resclution is 512x1024 (time x arplitude) ,the fastest sweep is
lupsec/charnel. The .Trarziert is interfaced via HPBS tc the rister
coarputer EP2IM¥ with & S50MEyte disc stcraae. The imege daro are
recorcec or lire or the cdisc file with the reprate 0.3 frames/seccrd.
Corpleting the measurement series (106~500 events), the meesured Cdota
are preccessec cff line. & powerfull software peckage for data processing
wes prepered. It ersbleg: smocthing the recorded images, pulse
processing for radar purposes, mcdelling of various types of
discriminetcrs, camputing the pulse emplitude, risetime, erergy, etc.
The triggering jitter of the Trarziert tcgether with the CIOCEr
furctior of the scftware were tested by the series of tests, using
uniforr calibratior ptlses. The measured triager jitter was 25psec.

The START detector jitter calikratior

To prcceed the mcde locked train of pulses properly, the special
type phctodiode/discriminstor scheme is used /4/. The Trarziert is
externzly triggered by the cutput signal of the STAFT detecter under
test. The lacser output sigrel, moritcred by the fast photodiode, is
Gisplayed (the switch in a/ positior). The time spread ¢f the reccrded
pulses determinec the cetector jitter, its mesired RMS is 150psec.
Simultarecusly, prccessing the set of laser output records, the useful



informe tior about the lazer output stability, troin lergth, etc. mey
e obtained /27, The measured value of the STHRT detecter jitter is
in takle 1.

Sinole protoelectrern FMT jitter celibratior
The block scheme i on fig.l, the sw.tcl 1n peeition b/, The
Tearriert was externsly triogered by the STAET discriminatcr pulese,
the lazer output pulse was attertated ard reflected te the PMT {RCAE852)
cput. The light was focused to the smell area near the phctecathede
center. The PMT output signal wes anplifiecd by the 26dB/1200Mtz
aig lifler ard fed to the Trarziert. Using the 8D filters, the reccived
sigral Internsity was sdiusted to single PE level {typically 100 ectec
PE from LOG0-3000 laser shets). The no detected DE imagss were omitted,
the reccrdec ores were prccessed by & program, which converts the
Gata into the rance values. Proccessing cne image, four differert range
valies are available, each cre ccrrespondino to cne ideal discriminator
Of the type:
oo fised threszihols
2. ccrstant fraction
3. centrcid
4, mzximum.
These rence velues were processed by the mode locked train YAG laser
reraine date processing scftwere peckege /57, The resulting velues
of signle PE photomultiplier jitter are sumrarised in taeble 1. The
Howest jltter wes measured for ar idezl corstart fraction discriminstor
type {340psec).
PMT/Adigcriminster jitter measurement
To determine the optimal PMI/discriminastor {RCABBZ2/0Ortecd73A)
ccriiguretion, the special experirent was carried out. Usina the
Trarzient digitizer the mutuzl position of the PMT output pulse ard
the discririnator output was measured. The PM] output pulse wes
devided, one pert was fed to the discriminator input, the other wsas
delayed ard fed tc the Tranziert input. The Trarziert wae triggered
by the discriminstcr output. The PMT dark noise signel wes used for
this test. The measured dzta were ccnverted intc the rangig data form
using the software describea above {canstart frection discriminator).
Then, the jitter coculd be evaluated. This way, the deviation of the
reel ccnstant frectiorn discriminator from the ideal one was determined

Conc lusion

The error budget of the laser radar raraing electronics wes
reasures to be 0.41lnsec (6om). The main contribution te this val ue
15 due to the PMI' RCAESS52 s=ingle PE transit time jitter. To ccmpere
the Incdcor/outdoor measurerents, the histogran of lasger calibration
feries measured at the laser station in Helwzrp {July 1984) is stown
on Fig.2. (In fact, the RC2310342 PMT is used on this statior, but
accerding to /7/,/68/ and our experlence, thneir timing performance is
the same.)
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STEFT detector 150 psec /47
EMT (RCAL652) fixed threczhold {350 psec)
corstarnt fraction 340 pgec applied
centrcid {350 peec)
me X Lmwn (470 prec)
STCP dicririnator (Ortec 4732) 100 pesec /6/
flying time counter (HPS5360) 150 psec

Ranging electronics error budget 410 psec (6cm)
Ak kkkihhkhkhkdhkdk &

Table 1.
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FURTHER DEVELOPMENT OF THE NLRS AT ORRORAL

B.A. Greene
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ABSTRACT

The recently commissioned Natmap Laser Ranging System is des-
cribed and some initial performance figures given. The development
program for the system is briefly outlined. The fundamental goals
of the program are to maximise precision, accuracy, and efficiency
in SLR and LLR modes. From an initial capability near the state of
the art, developments are outlined which will produce sub-centime-
tre SLE precision to any satellite within 10 seconds under even
marginal meteorolegical conditions over the next 12 months. Preli-
minary considerations of multi-Gigawatt LLR lasers and multi-wave-
length SLR are given.
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FURTHER DEVELOPMENT OF THE NLRS AT ORRORAL

1. Current Status

The Natmap Laser Ranging System (NLRS) is now fully operational to LAGEOS,
and is under development for Lunar ranging operations in late 1984. The
principal characteristics of the NLRS can be given as:

Telescope aperture : 1.5 metre
Pointing accuracy : 3 arc seconds
Laser : QUANTEL YG402-AP
Computer System : HP A700

Receiver : RCA 31034A
Single shot precision : 7 cm

10 second precision : 1 cm (LAGEOS)

The NLRS is currently performing adequately to LAGEQS, obtaining 5-15000
hits/pass, depending on conditions. It has a day/night capability.

2. Short Term Developments

The random current errors of the NLRS are due to:

Laser pulse width : 300 ps
PMT/Receiver : 400 ps
Timing : 200 ps

These represent the NLRS at initial configuration, which will be altered
for the first 4-5 months of operation.

Commencing early in 1985, several changes will be made to the system which
will improve performance. The laser pulse width selected will be reduced
to 50 ps for all SLR operations. The PMT will be replaced by a new
Microchannel Plate PMT with a Transit-Time jitter specification of 100 ps
(max), and a rise time of 30 ps (max).

These modifications alone should reduce the single shot uncertainty to
better than 4 cm, and the 10 second normal point precision to 6 mm (for
LAGEQS).



Other significant improvements planned for 1985 are in the AUTQOTRACK
cazpabilities of the system. Currently, a significant proportion of the
LACEOS data is obtained without any operator assistance in guiding

{i.2. absclute pointing to LAGEDNS}.
coordinates of the site become better definsd and our in-house ability to

"improve' our predictions using previously observed data improves, the
dependence upon an operator will diminish significantly.
cbtain 100% of LAGEOS observations without operator intervention in the

long term.

The AUTOTRACK developments extend also to LLR observations.

it 1s expected that as the station

Since the

100.

The goal is to

mount model for the 1.5m telescope can be better than 3 arc seconds on any

night (it is not stable at this level for more than 1 night}, absclute
pointing and guiding seems feasible, perhaps with some minimal search

pattern capability added.
3. Long Term Developments

3.1 SLR Precision

The single largest error in the ranging system after the laser and
receiver have been modified (above) will be the timing system

(200 ps/event). An improvement in this area to 50 ps would give 2 cm
single~shot precision immediately.

system is under development.

If the laser is tuned to 30 ps pulse width, the system error budget

becomes:
Laser : 30 ps
Timing : 50 ps

PMT/Receiver : 100 ps

RSS 116 ps

or

1.8 em

A multi-stop, 50 ps precision timing

Theoretical studies are currently being undertaken into the viability of

using a streak camera as an additional vernier for the timing system to
give 10 ps precision. Preliminary work indicates that the total random

error budget for such a system could be 50 ps, resulting in sub-centimetre

single shot precision.

3-2 LLR Data Density

The single most effective way of improving LLR system performance is to
increase the laser power. Such a development is being considered for

Orroral. The objection is te obtain 300 mJ in a single 100 ps pulse, or

800 mJ in a train of four 100 ps pulses, at 10 Hz.

Alternatives to slab

laser configurations are being actively pursued, and some feasible designs
have been put forward which would reach the performance goal without the
need for a slab. However, very significant performance improvements for

Nd:YAG lasers will come from solid state pumping systems now under
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development in other laboratories. If adequate performance can be
maintained in the short term using the existing laser, then it is likely
that further development of the laser will await developments in
solid-state pumping.

3.3 Multiple Wavelength Ranging

Even preliminary examination of the two wavelength technique reveals the
considerable difficulties inherent in the technique. However, it SLR
ranging will be, from 1985, of 1 cm precision (normal point) for a large
proportion of the ranging stations in operation, then it may be necessary
for one or two stations to acquire a data base of two colour ranging data
for purposes of 'calibrating' the atmospheric correction formulac. The
Orroral system has some unique advantages for performing this experiment.

1. large telescope with very precise pointing and high quality
Coude optics

2. extensive computing facilities on site
3. extensive optical and electronic facilities

4. colocation with a national time and frequency calibration
laboratory

5. site weather characteristics much like most of the rest of
the network.

For these reasons the topic is kept under review, so that when the
accuracy requirement for SLR exceeds 1 cm, a decision could be made to
attempt to range at more than one wavelength.

The streak camera which can operate as a 10 ps timing vernier can be
adapted to determine the differential return epoch of the two returns with
10 ps (possibly even better) precision.
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AN DVERVIEW OF NASA AIRBORME AND SPACEBORNE
LASER RANGING DEVELOPMENT

J.d. Degnan

Instrument Electro-Optics Branch, code 723
NASA Goddard Space Flight Center
Greenbelt, MD 20771 USA

Telephone {301} 344 7000
TWX 710 828 9716

ABSTRACT

Beginning in the mid-Seventies, there was a great deal of
scientific and technical interest in the development of a Space-
borne Geodynamics Kanging System (SGRS) which would be capable
of making global geodesy measurements to .a dense network of
relatively inexpensive, passive, ground-based retroreflectors.

It was argued that such a system would provide a vastly larger

and more timely data set for the study of tectonic plate motion

and regional crustal deformation relative to what could reasonably

be achieved with ground-based satellite Taser ranging (SLR) systems.
The data could be further augmented and densified through the deve-
Topment and use of relatively low cost aircraft-based systems. Modest
funding during the period from 1975 to 1983 permitted the completion
of various fundamental engineering, scientific, and simulation stu-
dies and the development of several prototype hardware components and
software packages. The present article gives a brief history of NASA
and recent European efforts in airborne and spaceborne laser ranging,
summarizes the scientific ans technological achievements, provides a
bibliography which permits readers to obtain more detailed informa-
tion, and speculates on possible future development activities.
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Aﬂ OVERVIEW OF NASA AIRBORME AND SPACEBORNE
~- - . LASER RANGING DEVELOPMENT

Beginning in the mid-Seventies, there was a great deal of scientific and
technical interest in the development of a Spaceborne Geodynamics Ranging
System (SGRS) which would be capable of making global geodesy measurements
to a dense network of relatively inexpensive, passive, ground-based
retroreflectors. . It.was argued that such a system would provide a vastly
larger and more t1me1y data set for the study of tectonic plate motion

and regional crustal deformation relative to what could reasonably be
achieved with ground-based satellite laser ranging (SLR) systems. =
Furthermore, it would accomplish this feat at a greatly reduced cost.
Modest funding durlng the perjod from 1975 to 1983 permitted the '
completion of various fundamental engineering, scientific, and simulation
studies and the development of severai prototype hardware components and
software packages.

The original system concept assumed a Space Shuttle-Borne system which
utilized a frequency-doubled, Q-switched Nd:YAG laser with a seven nano-
second pulsewidth as the source. This concept was driven, to a very
large extent, by the availability of relatively compact, hardened military
lasers which had flown and operated successfully in rather hostile, high
altitude, fighter aircraft environments. A reasonably concise account of
the spaceborne concept and simulations of system performance can be found
in references 1 and 2. A detailed engineering analysis is available in -
reference 3 and a summary of the proposed science app11cat10ns can be
found in reference 4

It soon became apparent however, that the ant1cxpated 10 to 20 Cm-accuracy

of the system was not going to satisfy the rapidly burgeon1ng number of

science applications which were now demanding accuracies on the order of

one to two centimeters. This fact spurred NASA to develop space-qualifiable

prototype components which would permit ranging from a space platform to
round-based retroreflectors with centimeter accuracy. These included:

?1) a compacty: 105mg (green), 200 picosecond pulse, modelocked Nd:YAG

Taser transmitter™? ?2) a Tow time walk constantafract10n discriminator’ ;
(3) a 19.7 p1cosecond resolut@ogoevent timer (ET)"; (4) a 9.7 picosecond
resolution time interval unit : (5) a Eiggzspeed arcsecond accuracy

pointing mount and all-digital controller : and (6) large cross-section,

ground reflectors.  In addition, developmental work began on a c1rcu1ar1y

scanned streak tube {CSST) receiver intended to 1mg§ove the receiver

impulse résponse by almost two orders of magnitude The latter acts

as a vernier-on -the “"coarse” receiver which pr1mar11y consists of a high-

speed photomyltiplier (e.g., the ITT 4129 microchannel plate photomultiplier

having a 450 picosecond impulse response), a low time walk discriminator, -

and a high-resolution time interval unit.



104,

sarse’ range veceiver combination typically yields 5
precisions in horizonted rengs experiments over

. Bias grrors in the vange map to a fixed ygtro~
subcentineter level as veported previously . The
¥ the prototype CSST receiver {whan the program was
a1 3

ng cuts) wes about 33 picosecords and was due to
Pe electron beam image adeguately within the tube.

.

e SRS pointing system requirvements were rather unique in that, in

=
padst

on to being able to track with arcsecond precision at rates up to
two degrzes per second, the system required a §3ew velocity of 200°/sec
and 2 maximym angular acceleration of 500°/sec” in order to acquire and

rack muitiple ground based targets. The Tinal engineering prototype met
all of the SGRS requirements. The tracking mount supports a 32cm by 1%cm
eliiptical mirvor constructed of Tightweight beryllium. Sixteen-bit
incremental optical encoders, augmented by precision measurements of the
phase of the quadrature detector outputs, yield an effective 23-bit
resolution angular position in each of the two axes. The optical mount
is dviven by a "smart” all-digital, microprocessor-based controller.

This frees up the main driving computer by requiring tracking updates
giiy once a second comsisting of a position, angular velocity, and
angular acceleration. The microprocessor interpolates between updates
using the resulting second order polynomial in the time variable at a
rate of 512 times per second for each axis. Math models for system
dynamics, bearing Triction, stiction, etc., are used in Kalman Filtering
algorithms to maintain system pointing and tracking accuracies. A plot -
o7 the measured RMS fracking jitter versus tracking rate is shown in
Flaure I, Excepl neav the maximum iracking vates, the tracking jitter is
at the subarcsecond level. A more complete written description of the '
fuil range of pointing system tests and results is in preparation,

+

(5

In 1879, the original SGRS hardware was upiraded to a subnanosecond
system based on the previously mentioned hardware prototypes and renamed
the Global Geodynamics Ranging System {GGRS). The GGRS was reconfigured
as a free f?yerlgnstrumeni compatible with the Multimission Modular
Spacecraft (MMS)™. The latter spacecraft can be launched from either
Shuttle or NASA's Delta Rocket. The proposed GGRS package included two
modelocked transmitter heads with a single power supply in order to
extend the mission life to approximately 3 years for a combined geo~-
dynamics and ice altimetry mission. The 8GRS concept did not incorporate
the (55T receiver since the latter was 5111 undergoing development.

Unfortunately, the funding necessary to begin development of a Ffully
space-qualified system never materialized. Thus, in 1980, a ggnggpt for

a six beam Airborne Laser Ranging System (ALRS) was developed™“°"' as

cn drtavmedisin, Tow-cost, aliersative which would simultaneously provide
useful geophysical data on a regional scale and demonstrate the technical
feasibitity of the global spaceborne system. In these earlier versions

of the ALRS, wa planned to use a LORAN € navigator and a pressure altimeter
te provide navigationa!l updates to the airvcrafi to aid in acquisition and
tracking of the ground retrorefiectors. In the most recent version,
however, we propose to use a BPS receiver to update the three position
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e fhe GPS system is now nearing operational status. A
F the current scheme s shown ia Figure 2. From 1980 to
a5 actively studied and simulated. The NASA Lockheed
oas the host airverefs, From this airvcraft, baseline
cim per 30 Km of baseline could be achieved. High flying

15 NASH i, wiinie yield the same
stomechanicai designs for the ALRS
: procured, and assemply of selectod sub-

el

i

opment of opervational, navigaticnal, and
dats analysis sofiware packages was weli underway. Target sites in the
arca of Shenandoah, Yirginia, were chosen for the initial test flight.
Tha Shenadoah area is convenient to the Goddard Space Flight Center and
Lo the atrcrait’s home Tield at Goddard's Walleps Flight Station, has a
terrain which varies widely in altitude above sea level thereby simulating
most of the interesting fault regions, and contains approximately 17
first order survey monuments providing excellent ground truth information.
Funding cuis brought all ALRS hardware work to a halt in 1982 but system
simulations continued into 1983,

In an attempt to salvage the program, a concept for a greatly simplified
(and even less expensive) airbogne system was developed and named the
Broadbeam Laser Survevor (BLS)™". A block diagram of the system is

shown in Figure 3. It uses a 100 mJ {green) modelocked laser such as the
Quantel Y6402 DP and distributes the energy over a 70 degree half-angle
cone via an axicon. A matching, wide field-of-view receiver collects
returns from any retroreflectors lying within the transmitter field-of-view
and Tocuses them onto a single, high-speed photomultiplier. The system
uses & multiple~stop time interval unit to record the multiple times-of-
flight and contains no moving parts.

Operation of the BLS would be Timited to jow altitudes (less than 4 km)
and to night flights due to the high daytime background noise resulting
from the wide instrument field-of-view. The principal technology barrier
to this instrument was the development of a practical receiver collecting
tens which would simultaneously provide the 70 degree field-of-view and
an effective aperture on the order of two inches. Recent in-house studies
have resulted in a realistic Tens design. It is hoped that our basic
advanced laser ranging funds will permit us to build and flight test a
breadboard of this very simple system by 1986.

At the present time, NASA has no active program in the area of airborne
or spaceborne laser ranging. However, during the past year, some dis-
cussions were held between the United States and Italy for a possible
Joint program to develop first the airborne and then a spaceborne system,
but, to my knowledge, no agreement has yet been reached between the two
couptriss,  NARA/Godderd has vecently proposed the single-color GGRS as
an instrument on the Earth Observation System platform. The latter is a
sroposed experimental platform to be placed in an approximate polar orbit
in the 1923 time frame and perjodically visited and maintained, probably
on a biannual basis, by crews from Space Station. The ability to refurbish
the package on a periodic basis removes one of the major obstacles to the
free flyer concept, i.e., the Timited operating lifetime of the laser as

el
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" AIRBORNE LASER RANGING SYSTEM
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determined by the flashlamp life {typically 107 shots). Alternate

Taser pumping schemes, however, such as pumping the Nd:YAG laser material
with arrays of AlGaAs diode Tasers may ultimately lead to a system with
an operational lifetime two orders of magnitude longer.

Recently, a European group has studied a spaceborne laser rangjggogystem
which utilizes a two-color, picosecond pulse Alexandrite laser™™? ang1
a second system which uses a C0, laser and superheterodyne transceiver™".
NASA/Goddard also plans to exp1gre mode- locked Alexandrite beginning 1in
1985. We have believed for some time that the fundamental and second
harmonic frequencies of Alexandrite at 760 and 380 nm are near ideal for
the two-color application because of their good atmospheric transmission,
excellent detector quantum efficiéncies, and good relative dispersion by
the atmosphere. The wide gain bandwidth also permits the generation of
pulsewidths on the order of a few picoseconds. One also eliminates the
need for the relatively inefficient nonlinear generation of the third
harmonic of Nd:YAG. The Alexandrite Taser medium has a higher pump
threshotd than Nd:YAG, however, and therefore would require significantly
more spacecraft prime power.

Spaceborne laser ranging faces stiff competition from proponents of the
Global Positioning System (GPS) geodetic receiver approach who believe
that their systems are also capable of yielding one centimeter accuracies
in spite of a difficult water vapor calibration problem. The Global
Positioning System satellite constellation is already partially in place
and will almost certainly be completed. It therefore becomes a relatively
inexpensive proposition to build and test geodetic receivers which make
use of a system whose existence is a foregone conclusion even though the

109.

eventual operational costs of a global geodetic program might be prohibitively

high. Furthermore, the GPS receivers have the decided political advantage

that they are technically similar to devices already fielded by various
user agencies and hence are a more “familiar" technology to those users.

A recent study22 carried out by ORI, Inc., under contract to NASA
Headquarters, compared the relative costs of a ten-year, global, geodetic
campaign using on the one hand, GPS receiver techniques and, on the
other, a spaceborne laser ranging system launched and periodically
refurbished by the Space Shuttle. The study concluded that, within the
probable error bounds (which in the present author's opinion are quite
high), the ten-year costs of the GPS and GGRS approaches are comparable.
The study did not attempt to address the relative gquality of the data
from a scientific standpoint.

REFERENCES

1. M. W. Fitzmaurice, P, 0. Minott, and W. D. Kahn, "Development and
Testing of a Spaceborne Laser Ranging System Engineering Model,"”
NASA TM X-723-75-307, NASA/Goddard Space Flight Center, Greenbelt,
MD 20771, USA, November 1975,



L2
.

10.

11.

12.

13.

110.

F.o 00 Venbun, W. D, Kahn, P, D. Argentiers, D. W. Koch, and

K. d. fng, "Spaceborne Earth Applications Ranging System,® NASA TM

i /i35, NASA/Goddard Space Flight Center, Greenbelt, MD 20771, USA,
Dacenber 1975,

i

E. A, Paddon, "Synthesis and Analysis of Precise “raceborne Laser
Rapging Systems,” Final Repert, McDonnell Douglas Astronautics
Company-East, St. Louis, MO 63168, USA, Volumes 1 and 2 {MDC E1729),

August 1977,

“The Report from the Workshop on the Spaceborne Geodynamics Ranging
System,” Institute for Advanced Study in Orbital Mechanics, The
University of Texas at Austin, Austin, Texas, USA, IASOM TR79-2,
March 1979,

R. H. Williams, L. L. Harper, and J. J. Degnan, "Ultrashort Pulse
Solid-State Laser Development," presented at Laser ‘78, Orlando,
Florida, USA, Decembeyr 1978,

“Nd"YAG Laser Development for Spaceborne Laser Ranging System,”
International Laser Systems, Inc., Orlando, FL 32804, USA, NASA/GSFC
Contract NAS5-22916, Phase I Final Report {February 1979), Phase I
Final Report {December 1981).

B. Leskovar, C. €. Lo, and G. Zizka, "Optical Timing Receiver for

the NASA Spaceborne Ranging System Part I: Dual Peak-Sensing Timing
Discriminator, Lawrence Berkeley Laboratories. LBL-7274, NASA/Goddard
Space Flight Center Contract MDPR $-402208, January 1978.

B. Leskovar and B, Turko, "Optical Timing Receiver for the NASA

Laser Ranging System Part II: High Precision Event-Timing Digitizer,"
Lawrence Berkeley Laboratories, LBL-6133, Lawrence Berkeley Laboratories,
Berkeley, CA 94720, USA, LBL-8129, August 1978.

8. Turko, "A Picosecond Resolution Time Digitizer for Laser Ranging,"
IEEE Trans. Nucl. Sci., MS-25, No. 1, pp. 75-80, February 1978.

T. Zagwodzki, "Testing and Evaluation of a State-of-the~Art Time
Interval Unit,"” NASA/Goddard Space Flight Center, Greenbelt, MD
20771, USA, TP-1051, September 1977.

"Final Technical Report: SGRS Pointing System Study, Volumes I and
II," TRW Defense and Space Systems Group, Redondo Beach, CA 90278,
NASA/GSFC Contract NAS5-23454, November 1978.

R. J. Brown, "Digital Control for the SGRS Mirrer," Mavtrol Company,
Daillas TX 75243, USA, NASA/GSFC Contract NASA5-26891, January 1983,

C. B. Johnson, S. Hevin, J. Bebris, and J. B. Abshire, "Circular
Scan Streak Tube with Solid-State Readout," Applied Optics, VYol. 19,
pp. 3491-3495, Ociober 1980,



14,

15.

16,

17.

18.

18.

20.

21.

2z,

111.

J. J. Degnan and 7. W. Zagwodzki, "A Comparative Study of Several
Transmitter Types for Precise Laser Ranging," Proceedings of the
Fourth International HWorkshop on lLaser Ranging Instrumentation,
Austin, TX, USA, pp. 241-250, October 1981.

"Global Geodynamics Ranging System (GGRS) Feasibility Study," General
Electric Company Space Division, Valley Forge, PA, USA, GE Document
No. 79SDS4245, NASA/GSFC Contract NAS5-23412, Mod. 175, August 1979,

J. Degnan, "Airborne lLaser Ranging System for Rapid Large Area
Geodetic Surveys,” Proceedings of the Fourth International Workshop
on Laser Ranging Instrumentation, Vol. II, Austin, Texas, USA,

pp. 447-454, QOctober 1981,

J. Degnan, W. Kahn, and T. Englar, "Centimeter Precision Airborne
Laser Ranging System," J. Surveying Engineering, Vol. 109, No. 2,
pp. 99-115, August, 1983,

J. Degnan, "Airborne Laser Ranging System for Precise Geodetic

Surveys and Land Control," Proceedings of the International Symposium
on Land Information at the Local Level, Orano, Maine, USA, August 9-12,
1982,

H. Lutz, W. Krause, and G. Barthel, "High Precision Two-Color Spaceborne
Laser Ranging System for Monitoring Geodynamic Processes," Space
2000, pp. 236-254, 1983,

"Assessment of Technology Requirements Associated with Spaceborne
Laser Ranging: SPALT Task 1 Final Report," Deutsches Geccatisches
Forschungsinstitut, Munich, Germany, ESA Contract 4405/80/NL/HP(SC},
DGFI Project No. 1/80/SPALT, June 1981,

"Study of Spaceborne Laser Range and range Rate Finder,” Messerschmitt-
Bolkow-Blohm GMBH, Space Division, RX12, Ottobrunn, Munich, Germany,
ESTEC Contract MNo. 3883/79/NL/HP{SC}, MBB Contact No. R 3700/2773 R,
March, 1980.

E. Eller, N. Roman, and A. Wellen, “Life Cycle Cost Comparison of
Four Space Technologies for Crustal Motion Measurement,” ORI, Inc.,
Silver Spring, MD 20910, USA, May 1984 (draft), to be published.



112.

SINGLE-SHOT ACCURACY IMPROVEMENT USING KIGHT FILTRATION
AND FRACTION VALUES IN MULTI-PHOTOELECTRON CASE

W, Kielek

Faculty of Electronics

Technical University of Warsaw

00 665 Nowowiejska street 15 19 Warsaw Poland

Telphone 48 22 21007653 / 48 22 253929
Telex 813307

ABSTRACT

The approximate analytical formulas for the errors due to dis-
crete generation and gain of photoelectrons and due to delay jitter
in photomultiplier tube for the fixed threshold and constant frac-
tion of the current and charge are given. The error is dependent on
the filtration and fraction value. Also some simulation and experi-
mental results are given, of reasonable agreement with the theory.
Existing stations can be somewhat improved in some cases, using pro-
per filtration and fraction values following the results presented.
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SINGLE - SHOT ACCURACY TMPROVEMENT USING RIGHT FILTRATION
AND FRACTION VATURS IN MUTTT~-PHOTORTECTRON CASE

1« Introduction

The signal at the anode of real PMT with the delay jitter
is the same as in the case of ideal PMT without jitter, whose
photocathode is illuminated by the equivalent signal pulse of
the same energy, whose shape is the convolution of the signal
rulse shape and the delay density curve of the real PMT, In the
case of very short signal pulse, this egquivalent shape is the
shape of the PMT delay density curve only. Single ~ shot accu-
racy is dependent on the width of this equivalent shape. For the
realisations of the received signal of more than single photo~
electron, there exists the possibility to improve this accuracy
using some processing of the signal, for example linear filte-
ring before applying a constant or proportional threshold for
the PMI' current or charge. The part of the linear filter is the
PMT itself, whose single photoelectron response curve convolu-
ted with the pulse response of the eventual electiric filter
after PMI gives the response of the overall linear filtering.,
Author obtained the approximate analytical solutions for the
error dependence on the filtration and threshold value, confir-
med by simulation and experiment,

2. Results

Using some results of the inhomogeneous filtered Poisson
process theory, one can obtain the formula for the normalised
random time interval error, valid for all bulse signal shapes
and all pulse responses of the filter in the limit case of guf-
ficiently high number of photoelectrons in the signal:

@'/T = go¢1/2 1\3""'1/2 (1)

where: T is the measure of the equivalent signal pulse width,
equal of the 6’parameter of the gaussian equivalent s@gnal pul-
se, or equal to the half of the width of equivalent signal pul~
s¢ for the other shapes; of is the mean square of the normalised
to 1 gain of the PMT tube; N is the mean photoelectron number
in the signal; g ~ coefficient dependent on the shape of the
equivalent signal, overall filter response shape and width, and

on the threshold {fraction) value.

For the gaussign equivalent signal and filter response, g
coefficient values vs fraction and filtration values are given
by formulas (2), (3) and (4), and at the Fig. 1, 2, and 6, for
the fixed threshold of the current, constant fraction of the
current and constant fraction of the charge, respectively.
Filtration parameter I at the Figs 1 and 2 is the filter res-
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ronge width divided by & parameter of the equivalent signal,
when the z parameter in formulas is The square of the relation
of i parameter of the signal to ' parameter of the filter.
fraction f in the case of c.f. it ig the fraction of the peak
vaiue in each realisation, when in the case of fixed threshold,
it iz the threshold value divided by the s:pectation of the
peak value,

,
£, % 2

. 1o g z + 1
g7 = cexp| - 2 ~———-1n % ,”ﬁﬂ
T D K 22 + 1
Hoe yZ% + 7 2 F% 1n F
z2
5 {1 + z}
g P a

Z °‘/22 + 1 f2 in % (3)

2 2

] 241 ’ ‘ Z 1 £
ﬁé{é~exp€w 2 ;;:? In f} = fsexp{;(;z+1 + 1}1n f] + ngl
g = [2 e {1-r §]! /2{ exp [w (inv erg, 1':‘)2/@}‘"1 (4)

where erfyx m(?/@ﬁ?ﬁj‘expfl y2/2)dy

e LEaTE

3. Comments

The results for the fixed threshold case are comparably
poor {Fig 1); the best value of g is about 1.5, For the c¢.f,
of charge, the results obtained for no additional filtration
before integration of the current [ formula (4}] are given at
Fig. ¢« The optimum fraction is 0.5, which holds also for any
gymmetric bell-shaped, triangular and other with distinet peak,
shape of the equivalent signal. Using some linear filtration
before the integration one can obtain g smaller than 1 ( simula-
tion results of Ojanen [1] and Kiekek). Bias changes with ener-
gy exlst for the unsymmetric in time filter response only but
are small { Fig. §, simulations), For the fraction 0.5, this
method 1s sometimes called as median, or half-area detection,
The results for c.f. of the current are mostly surprising. The
g coefficient improves and approaches 1, the value for some
optimum estimation methods as conditional mean [2] and max,
likelihood [3] , when the filtration value T increases (Fig. 2).
The optimum fraction value changes from 0,26 for small F values
to 1 for P>2 (Fig. 3}, The dependency of g vs fraction f is
small when T exceeds 4 {Pig. 2)., The g coefl. is also energy
dependent (Fig. 4, simulationg), but for F»2 the dependengy is
small for N2 10. Mean value of the result change vs energsma-
1ler when increasing T and T {rig Ty simulations, filter respo-
nse exp[- t/(57)]~ exp(~ /) ;and experiment ),
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4. Importance of the results obtained Tor the laser ranging

In the analogue signal processing case, use of the very
high filtration F can be risky due to the threshold instability
and electric noise. The ¥ value of 4 ¢+ 7 is recommended by
author for the constant fraction of the currvent case; and also
for the approximate max. likelihood implementation using the
detection of positiondthe maximom of filtered sipnal {47,

This last case is also included in author’s results (Pig 2),
as the case of ' % 1, Tn the vange ol the width of laser pulse
2 4 20 ng, this P value leads to the necessity to include some
electrical filter after the I'MT tube., Internal T value of PMT
tube itself is 6 + 12 for the RCA 8852, and 1.5 for new mi-
crochannel plate units, To set T at the proper value one can
use approximate formula for the response width w. of the addi-

tional electrical filter, at least 2=pole: t
.12 3 7 “ o)
Wf = """-"'-""‘""""“ (W; + W‘- - W‘.) 1 /‘ ) - - L] » - - L (5)
. 81n2 B J I

where Wy wpg wj are the widths of: laser pulse, single photo-
electron response of PMT, and PMT jitter density full width

at half max , respectively. The need of additional filter
exists when the right~hand side of (5) squared gives the value
greater than zero. The need of the additional filter is stron—
gest for the stations using wide laser pulses, but when vsing
new microchannel plate I'MP?s, this need exists for all pulse
widths used, also the smallest. The additional filter is not
necessary in case of using the amplifier or other circuitry
with the 3 db cut-off frequency 0.312/w, or smaller,

The fraction value should be set as higﬁ as possible, The va-
lue £ = 1 can be set using the differentiation, 35-40 db am-
plification, and zero~crossing detection.

Peak detection types of c¢.f. discriminators are preferable,
but there is the lack of this type instruments at the market,
In case of using c.f. discriminator used in scintillation-
counter technigue,for instance ORTEC 473 or similar, there is
the need to lengthen the delay line to the value of delay

!

2 2
W_ o+ W
-t = 1 —-‘E-a-o——-—--m;\m 1n 'j" e @ @ ) @ v @ @ ¢ @ {6§
a ™= 2 102 £

5. Conclusion

Existing stations having multi ~ photoslectr on returns
and using MCP type of PMI’s, or in case of other PMT?s, using
pulse widths greater than 2 ns, can be somewhat improved by
using enough analog filtration (Fig. 2).

Above holds for the stations using c.f. diseriminators and
approximate max. likelihood estimation as well. For the fixed
threshold, use of Pig. 1 can decrease the error.
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TABLN 1

g coefficientsobtuined experimentally

#h

Signal
enepsy 6 10 20 10
Filter~_/FL/
o 1,67 1945 1,27 1:54
/80/ /80/ /807 /100/
1,59 1,86 1457 1,26
Egn -
0 OFF 5 F=1.25 /180/ 7ens/ /260/ /100/
ﬁ
. , 7932
. AFF , F=22.5 /80/
A
4>
[$]
; h 1,20
£y BPF 3 sz é?S /4-0/
1,52 1550 1,28
W
6+
. 1941 1485 185
3FPF 5, F=1.25 /607 /1007 C/ﬁoo/

\
g ovalues

Filters: TFel1-~section Lransversal filter matched to the
logarithm of the signal shape.
SPPwb-pole RG £ilter of different filtration
coefficients F.
Frazction fx1 was obialned via zero~crossing
detection in filtered gnd differentiated signal

Sample sizes are given in parentheses,.
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ABSTRACT

With the centimeter accuracy approaching, also the minor uncer-
, tainty sources, such as the thermal effects on time discriminators
" and counters must be investigated. The behaviour of some of these
devices is investigated experimentally and some results are presented.
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THERMAL EFFECTS ON DETECTORS AND COUNTERS

1 Lﬂtroduction

The laser ranging technique is now approaching the
subcentimeter accuracy level and conseguently also the minor delay
sources must be investigated.

This paper aims mainly to the thermal el fects encountered
in Limers and time discriminalors.

For the counters, the invesligation was  perfermed  on
Lhe  HPH370A device, that [inds widespead uuse in laser ranging
stations for its truly remarcable resolution of 20 ps. As Lime
discriminators, a number of circuils were investigated, the final
cheice being the so called "centroid" type. In the following section
the technical set up will be brieflydescribed, while the third
iz devoted to the results. During these investigations alsoc some
amplitude effects and phgjge levels were measured and some relevant
results are pointed in the fourth section. In the last, some conclu-
sions are presented, along the planned future measurements,
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2 Measurement system

The set up is depicted in Fig. 1; for the time discrimina-
tors, that can be operating outside of a building, the temperature
range was -20 to +50°C; for the counter, that usually is kept
in a shelter, the range was +12 to +30°C.

The temperature gradient was particulary controlled
in the case of the counter, bheing of about 1°C/20 min, in order
to allow a smooth variation of the temperature inside the device. The
instrument was kept in the middle of the thermostatic chamber
and a baffle was provided to shield the device from drafts coming
via the condltloning system. The room in wich the testing equipment
was operating, remained +1°C during the operations; sufficient
time was allotted in order to reach a thermal equilibrium for
2ll the instrumentation.

3 Results

3.1 Measurements on the counter

Two HPS370A (serial 1848A00413 and 2213A01367) were
tegted, with similar results; the reader is anyway warned not
to extend the hereinbelow given results to other instruments of
the same model, also if it seems that similar behaviours were
encountered in other laboratories{ﬂ.

Since the "starit" and "stop! levels can be set indipenden-
tly via the computer, a number of measurement runs were performed
at each temperature, changing the 1levels by steps of 50 mV, in
the range 0.2 - 0.4V. The test pulse used was of 0.5V amplitude
with a risetime of 2V/ns.

As a general rule, at any start and stop level, (also

if different for the two channels), the counter readings increase

with the temperature; this variation is roughly proportional te

the temperature. There 1is additional evidence +that, in the two
instruments inspected, both levels rise with the temperature,
albeit with a slight different slope.

In the particular case of Same start and stop levels,thg
results are given in Fig. 2. The slope increases regulary with
the level, and at 0.4V, shows a value of about +10ps/C®.

For any combination of trigger voltages and counter
temperatures, no significant variations were observed in the fluctua-
tion of the results, being the one-signa value around 20-25ps.

3.2 Measurement on a "centroid" time discriminator.

The time discriminator used for the temperature effect
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Aeasuremenls is a centroid device {?) thal was presented at the
4th Workshop on laser ranging istrumentation. The circuit, with
its delay line (a length of cosxiat cable), was inserted in the
chamber, mounted in a box, with the 1id closen or open. The results
are given in Fig.3; the delay slepe, in the region from -20°C
to +50°C, is of about -10ps/°C. In the range +15 to +2%°C, the
variation amounts to 120ps. With open or closed box the slope
is the same, with a difference of some 150ps (Fi:.3),

It must be stressed that no particular selection or
agelng of the components was previously performed.

Also 1n this case no significant variations were found
in the fluctuations, as can be seen in table 1, in wich the absolute
delay and the one-sigia_ standard deviation are given versus tempera-—
ture; for each value, 10 measurements were averaged.

TABLE I

DELAY AND FLUCTUATIONS VERSUS TEMPERATURE
CENTROID DETECTOR

TEMPERATURE °C -20 -10 0 +10 +20 +30 +40 +50
DELAY ns 6.387 6.222 6.130C 6.047 5.986 5.801 5.791 5.698
HTANDARD DEV. ps 27 26 25 24 2b 26 25 22

L]

4 Noise and amplitude effects on time discriminators

Three time discriminators were investipole o commercial
constant level (not constant fraction) circuit, an "integrator"
detector (3,4) and the abovementioned centroid device.

All the discriminators, were rled by an avalanche diode,
illuminated by a laser diocde pulse generator (5) sending 1000
pulses per second.

Tests on counters

The short term stability of the counters was tested
with measurements lasting from 10ms to 10s.Fixed settings (1.5V)
were used both for start and stop channels, that were driven via
fixed delay lines from the same TTL pulse. The results for the
fluctuations {one sigma values) and the relevant standard deviations
(again one sigma) are given in table IT.
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TABLE I}

COUNTER TIME STABILITY
duration of measurements seconds

0.01 0.1 i 10
fluctuations ps 19.5 19.3 19.3 19.4
stand. dev. ps 1.35 0.47 0.1 0.1

No apparent drift 1s evident and Lhe steady reduction
of the standard deviation wilh  Lhe sguare roolh of  Lime between
0.01 and 1s means thal. in this region we are confronted with a
whithe noise process.

As regards the average fluctuations versus the pulse
amplitiude, the time proven rule lo use seltings just above halfl
off the pulse amplitude was generally confirmed. For instance,
with a trigger level of 1.5 V, the fluctuation drops sharply from
30-40ps to about 20ps, when the pulse amplitude crosses 3V.

A closer look to this behaviour has shown  that, with
fixed pulses and variable start and stop settings, the delay fluctua-
tion is a non-monotonic function of the settings. This pattern
depends from the pulse shape and from the individual counter and
it is fairly constant. To quote some figures, with a 5V pulse
and the stop level at 2.8V, the variation ol the delay (one sigma
value) ranges from 18 to 35ps, when the slart level is changed
from 1 to 4.5V. Consecguently it can be recomnended to invesligate
for each individual counter, the '"best" combination of pulse amplitu-
des and trigger settings.

As previously mentioned, the time discriminators were
driven by an avalanche photo detector,illuminated by a scolid state
laser. Three devices were tested: A, fixed level discriminator;
B, integrator; C ‘"centroid", with a fixed delay line. The delay
of each circuit, in nanoseconds, and the fluctuations (one sigma)
in picoseconds are given in table TIT, for measurement durations
from 0,1 to 100s.

The absclute values of the delays are of ne concern,
since théyt depand from the specific wvalues of the circuitry; the
attention is called on the variations, with time, of the delay,
that .anyway can be disregarded for all three circuits., The perfor-
mances of the c¢ircuit A (fixed +trigger levels) 1is remarcable,
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bul this solution is quite sensitive fo signal amplitude variations.

AR

Changing the slope of the electrical pulse driving
the laser from 1.8 o 3.1ns and keeping constant the energy, the
variations in fluctuation for c¢ircuits A and C, are less of lps -
and for circuit B of about Bps. Conseguently discriminator 8
is more sensitive to e shape of the pulse.

TABLE Il

TIME STABILITY
Duration of measurements-—-seconds

CIRCUIT 0,1 1 10 100

ns 5.428 5.428 5.428 5.428
il

ps 16.8 16.7 16.92 17

ns 1.842 1.848 1.852 1.846
B

ps 28.5 29.7 29.4 29.2

ns 6.116 6.120 6.125 6.130
¢

ps 23.4 24.8 24.6 24.1

5 Conclusions and programs

From the above given results it seems that the '"centroid"
time discriminator 1is well adapted for the timetagging of the
departing pulse in laser telemetry stations.

The time walk can be disregarded for calibration intervals
up one hour, but the temperature of the time diseriminators and
counters must be kept under strict control if the 100ps accuracy
region must be reached, since some of these devices are affected
by temperature effects of 10ps/°C.

As regards the fubture developments, similar tests will
be performed on preamplifiers and on commercial “constant fractiopn
discriminators.

Torino, November 1984 -
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ABSTRACT

It has been suggested that it is advantageous to utilise the
fundamental wavelength for satellite (or lunar) laser ranging. This
has the merit of better atmospheric transmission etc.. and conse-
quently a simpler laser system. A major objection was the P.M.T.
required. In this paper, we exploit the high quantum efficiency of
the triggered avalanche detector (TAD), which appears to answer this
critisism, and using the more rigorous approach, recalculate the mi-
nimal transmitter requirements for, for example, LAGEOS at 1,06 pm.
To further the raliability of the laser, we also introduce an automa~
tic peak power Timiter of simple form.
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Further Thoughts on a Minlimal Transmitter for Lagser Ranging.

Introduction.

As third generation systems reach maturity and become
widespread,it is instructive to review their fundamental design,
with new technology in mind,and make rsecommendations for future
Tnstruments and updates of existing ones.

A third generation svatem aa Implementsd at present,
hasg,tvplecalliy,an emitter producing a single pulse of 30mJ,1l00pS,
at 5%2nM mand 10Hz,with a receiver whi:h detects single photo-
electrons.{P,Sharman,SIR Technical Note No. 1,MAY 1982,

Rovel fireenwich Observebory)

These gvatems are sub- optimum,as dlscussed at Lagonissi
and there would seem to advantages In reviewing the sugeestions
presented there.(Proc. of the Third & Fourth Int. Workshop,

1978 & 1981}).
Recapping,these were;

a) Detection bv single photo-electron counting.

b) Using the mode- locked train of pulses.

¢} Tranamitting the fundamental wavelength({106,4nM).
The first recommendation is now in common use.The second idsa
is sound but has not been popular or necessary glven the largs
laser pulse energy available. The final idea was impractical
for lack of 8 suitable photon counter in the near infra-red.

Our purpose in this paper 1s to gquantify these
advantages of uslng the inbtrinslic properties of the laser,and
by means of a sollid-state photon detectorof high quantum
efficliancy,indlicate how this may be done.

&
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Advantages.

A quantitative 'feel’for the benefliis of the
aforemantioned suggestions can be gleaned from a system budget.
(figure.1l )

Here we present the maximum and tvplcal performance of a
current svsiem,relative to that of a proposed svstem
emittineg and receivine photons as & mode-locked train of pulses.
&n Tnstrument can be improved in this wav bv up Lo two orders
of magnituds,dlapencins with two lossv laser components and
introducine & solid-state drltector.There i3 also a zain in
atmogpheric transmission at the lonmer wavelenrmth,dependant
upon local visibllity,elevation anwmle and statior siltitude.
(R.ILHYDE,»D.G.WHTTEHEAD, Proc. of the Fourth Int. Workshop,
vol.,1l pe. 251).

On the debit side the nolse count increases due to
dark nolse of the detector and one should note the increaans
in the diffraction limited beam divergance.lThese are not nor-
mally limitlng factors of an insbrument,

There 1s a taclt assumption that the radar cross-section
of the cube~ corners 1s similar at both wavelengths.

On balance the gain of two to three orders of
magnitude will manifest themselves in reliability,
transportability and cost.Ingstrument downtime is normally
dominated by laser reliability.

Implementation.

Photon counting is a well established and precise
detection technique when one ensures 'singles'! so avolding
discriminator non-linearity.To date 1t has been limited to the
visible and ultra~ violet wavelensths,so necessitating second
harmonic generation.

Detection ,with internsal gain,in the near infra-red
ig limited by 'excoss noise'. The recent use of such detectors
in a pulsed mode demonstratedthat thayv could detect sinrele
photons ' fpraa small but acceptable period of a duty cvele.

The ldentification of a return frowm a train of
pulses requires a decodlne vrocedure,but given the precise
interval between each pulse, 1t 1s possible and has been used
by H.N.S1lverberpg et al on TLRS-1.



132.

FIG.A Minimal Lager Energy versus Solid Angle.
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The Iriggered Avalanche Deteclor,

In 1ts continuous mode the avalanche photo-dlode
1s unable to detect signals of less than 100pe. Hecently
2 regular APD was operaeted in a pulsed mode and was able
to getect single photo-electrons,during part of 1ts duty
cCyeclie.,

This work was reported by V.A.Ekstrom,J.App.Phrs.
52{11),Nov.1981,pr.2013, and was followed up by work done
by T.B.Ingerson et al ,App.Optics,vol.22, No.1l3;

Silicon devices are now available commercislly.

Our interest,here,is in the near infra-red,and
tharefors with a germanium device.Although rmermanium
18 not conducive to avalanche detection '1PAD operation
ia favoured by large and equal ionisation races.!

Fkstrom concludes his paper thus.'germanium should be an
excellent material for TAD fabrication extending the
ability to count photens Lo l.5micro-msters.!

With such & device the following specificacion
would be expected.

Quantum efficiency. 0.5

Gain. l.exp(9)

Response time. 0.1in3

Enable period. 0.13

Turn on delay. 200nsS

Dark noise. l.exp(%)/S & 77°K.

Minimal Energy Required.

It is instructive t¢ estimavte the minimal lasger
energy for the 3LR system proposed.Using the parameters
of the RGO instrument we determine that the minimum
radiance of L0OOJoules/steradian is required to range to
Lageos in marginal condltions.

Figure 2., 1s a plot of minimal energy againstthe emitted
beam solid angle.We see,for example,that with a beam
divergence of lmradian the minimal laser energy ls LmJ.
il.e.within the compass of an unamplified oscillator.
(Fxtrapolation to Lunar operation with a 30Omicroradian

bhsam at 10° above the horizon indicates a minimal of o.1J).°'

133.
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Conclusion,

The intrinsic properties of the lagser and in
particular the mode-locked laser may be utilised more
gfTectively.

To summarize,these propertles are;

The near infra-red wavelensth.

The mode-locked output format.

A unique polarisation.{e.g.see D.Curry e.L al,

Proc. of Lhe Third Laser Workshop.)

A fclean' wavefront.(to avold wavefront noise in the
latbter pulses of a train,see Spectroscopy lLetts.8(5),329-340,
1975.R.B.Welsman etal.)

Finallv,to implement them,to use the germanium TAD.

The advantages mav be as much as thrpee orders of
magnitude,enabling one towpperate without YAG amplifiers and
a pulse swltch out unit.

A retrospective update can be carried out during a
recgular service Iinterval.Reliability and financial advantages

follow.Other positive factors are eve-safe operaLion and
mobility,Lunar gvatems can also benefit,

Clearly it 13 necessarv to prove the cermanium TAD
hut lasers of Rubv or Alexandrite can use Lhe sfilicon device.

'.....vou have nothine to lose bhut vyour chains'. (Marx.X.)

o
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FIn.1

STAGE MAX., TYP. PROP. COMMENTS.,
0.0aclllator. 1 1 1 -
1.8wich-out. 1/% 1/10 1 transmit whole train.
2.Ampl.cain. G G 2
Z .Harmonic genr. /L 1/6 1 no photon conversion.
l..Detactor q.e. - 2/% 1/5 1 germanium TAD,

G/18 /300 g factor 18 to 3%00.

Atmos. Trans.
5a),y=25kM, e=90°%, 2/%2 2/3
5bY.v= 5kM. e=20°., 2/35 2/35 factor of 5000 max.

Noiase.
6a).Backgrnd. 2/% 1/5 1 high q.e. of TAD.
6b).Dark noise. 1/2 1/2 1
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ABSTRACT

Pertinent details relating to the design, construction and preliminary
evaluation of an experimental circular-scan streak camera are presented. This
“"Photochron TIC" picosecond camera is intended as a major subcomponent of a
spaceborne laser ranging instrument. Experimental data are included which con-
firm that an instrumental function of less than 6 ps can be achieved in both
single-shot and repetitive modes of streak operation



A PICOSECOND STREAK CAMERA FOR GPACEBORNE

LASER RANGING

1. INTRODUCTION

A spaceborne ultrashort-pulse laser ranging system may be
employed to determine with high accuracy the distance from an
artificial earth satellite to ground-~based retroreflector
targets. (1, 2) The laser ranging iLnstrument essentially
comprises a laser which emits plcosecond pulses at a
repetition freguency of 10-20 Hz, transmitting and receiving
optics, a detector and some means of measuring the round-trip
time between the satellite and retroreflector. Provided a
correction is made by which the pulse retardation arising
from atmospheric refraction is taken into account, then this
round-trip time can be translated Inte o measurcement of the
straight-line distance. However, this atmospheric correction
is computed from a theoretical model of the atmosphere that
requires knowledge of the atmospheric surface pressure at

each target site. An elegant method of obtaining such

surface pressure data consists of deriving them from

differential pathlength measurements carried out

simultanceously at two or more laser wavelengths (3).

137,
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The general concepts for a modern two-colour spaceborne laser
ranging system have been reviewed by Lutz and coworkers. (2)
In thig, the time~interval measurement unit is based on a
circular-scan streak tube (4,5) operating in a "vernierp"
mode. This means that in order to measure the round-trip
transit time, complete periods at the scan froguency that
elapse between the start and stop pulse registrations are
counted by a "coarse" counter and the fractional period is
recorded with high precision at the cutput screen of the
streak tube. (2,6) An experimental “Photochron IIC" streak
camera 1s being developed for such a spaceborne differential
ranging application in conjunction with fundamental (Xx750nm)
and second harmonic ( A375nm) picosecond pulses from a
vibronic (eg alexandrite) solid-state laser. The specialised
features of the Photochron 11C will be described and data
will be included which relate to preliminary evaluations of
its temporal resolution capability when incorporated in an

experimental camera format.

2. CIRCULAR-SCAN STREAK CAMERA PRINCIPLE

The basic component of any electron-optical streak camera is
the image tube and although several tube configurations exist
the general principles of their operation have a lot in
common. Before discussing the circular-scan version it is
perhaps worthwhile reviewing the concept and operation of

linear~scan, single-shot and repetitively-operating modes,

2.1 Single-Shot Operation

A conventional single-shot modular camera system which
comprises a Photochron II (7) streak tube 1s i1illustrated

schematically in figure 1. For the sake of clarity, suppose



that two temporally separated reflections of a single
ultrashort pulse are produced by a glass disc of known
thickness. These illuminate a slit which is imaged onto the
photocathode by an appropriate input relay lens. The length
of the slit image is typically a few mm at the cathode where
its height is arranged to be less than the width of one
spatial resolution element. A photoelectron replica of each
incident transient slit image is then produced promptly
(<10—135) at the cathode. However, it is at this initial
stage that one of the primary contributions to the limiting
time resolution of the streak tube becomes evident. This is
that the electrons are liberated from the cathode with a
distribution of energies and angles. Conseguently, the
spatial and temporal confinement of the electron image very
near the cathode surface would rapidly degenerate with
propagation and in the time dimensibn this 1s usually
referred to as photoelectron transit time dispersion. The
energy spread of the photoelectrons is a function of both the
wavelength of the incident radiation and the cathode spectral
response characteristic and therefore when these parameters
are preselected it is then necessary to ensure that the
transit time dispersion is minimised. To do this, a mesh
electrode is placed close to the photocathode so that a high
"extraction" electric field can be applied to enable the low
energy (usually < leV) emitted electrons to rapidly reach
relatively high energies (> lkeV) such that they achieve high
velocity before significant spatial separation has occurred.
Appropriate voltage applied to suitably shaped cone and ancde
electrodes complete the focussing electron-optical lens which
constrain the photoelectronic signal to pass through a small
anode aperture. This geometry thus effectively decouples the
clectron~lens from the deflection and subsequent field-free
(or drift) sections of the streak tube. (The accelerating
potential maintained on the anode and phosphor screen (Or
egquivalent) is generally 15 - 20KV for this type of
arrangement). When no electrostatic deflection is applied,

then the two ultrashort electron slit images would be
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secussed onto the phosphor screen where they would be
super—-imposed with the so-called "static" (or "focus")

zpatial resolution of the image tube.

Temporal resolution is afforded in a single-shot "streak" (or
"dynamlc”) mode of operation. To achieve this, a bias

vocitage 1s applied to the deflectors so that the electron
signal is prevented from reaching the screen within a
prescribed detection area. An appropriately synchronized
linear, time-varying voltage differential is then applied to
the deflectors (either symmetrically, ie + V to one plate, — V
to the other, or asymmetrically} so that the electron packets
experience a deflecting electric field as they travel through
the deflection region. The transient and temporally separated
ceplicas of the incident optical slit images are thus
displayed on the screen with a displacement separation that
depends on the rate of change of applied voltage. A
time-to-space transformation has therefore been accomplished

in the streak image tube.

In the example which is depicted in figure 1, the streak image
has in inbuilt time calibration because the glass disc was of
known thickness. It follows, therefore, that when the width
(FWHM) of the intensity profiles of the streaks is determined
(directly from photoelectronic recording) this can be related
to the temporal separation to provide the so-called recorded
streak duration, GTR. When gaussian pulse shapes are

assumed then the relationship connecting 8T, and the

incident pulse widths 6Tp 18 given by:

51, = ((8T )% + (57 )%+ (e

}%
R P phys

2
tech} (1)

Glphys and 6Ttech are the main contributing factors that

determine the limiting time resolution {often referred to as

instrumental function) of the streak tube and refer

140.



141,

respectively to the transit time dispersion of the
photoelectrons in travelling from the cathode to the
deflectors and the streak limited time taken for the electrons
to be swept across one resolution element at the screen.

These so called physical and technical contributions can be

expressed in the form given in equations (2) and (3)

{ps) = 23.4(6&)% ' {2)
E

STphyS

where 8¢ 15 the FWHM (eV) of the energy distribution of the
initial photoelectrons emitted from the cathode and E (in

KV/cm) is the applied electric field strength close to Lthe
cathode. (Other factors which contribute towards GTphys’
for example pixel aperture size effects, are excluded in this
context. Information is considered only as far as the screen

of the sheet image tube).

(ps) = 10° (3)

6Itech =

where v is the streak velocity (cm/s) at the screen and 8
(line pairs/mm) is the estimated spatial resolution under
streak conditions. {It has been recently shown in theoretical
Studies (8, 9) of Photochron streak tubes that the evaluation
of the instrumental function according to equations (1)-(3) is

rather too simplistic. gT as ygiven, really only

:
refers to the photo~electrggy§ransit time dispersion in the
cathode~to-mesh region whereas a proper treatment includes
all the regions between the cathode and deflectors.
Moreover, a better method (9} for estimating the overall
camera resolution which inveolves a temporal modulation
transfer function has been suggested. In this more
physically realistic approach, account is taken of the
interactive aspects of acceleration, focus and deflection.

However, in the context of the present consideration, where
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an instrumental function of several picoseconds 1s involved,
then the approximate estimates deduced from eguation (1) -

{}} are adeguate).

It must also be pointed outt that it is usually not possible
to draw sufficient photocurrents In picosecond streak tubes
to provide streak intensities at a recordable level in
single-shot operation. This arises because space charge
effects give rise to severe degradation in both spatial and
temporal performance (8). As a result it 1s commonplace to
employ externally (or internally, see section 3.2} coupled
high~gain intensifiers. The fact that the temporally
dispersed data are displayed on the streak tube as a
spatio-intensity variation, determines the requirements of
the intensifier to be (i) high signal gain and (ii) good
spatial resolution with minimal image distortion. The
intensified output is then generally recorded

photoelectronically or photograpihically.

1t has already been demonstrated experimentally that an S20
Photochron 11 single-shot streak camera having a
lens-coupled, magnetically focussed intensifier can have a
limiting time resclution of just less than lps at a
wavelength of 735nm (l1l0). Also, an 520 Photochron I1 camera
which incorporated a fibre-optically coupled channel-plate
intensifier has been demonstrated to have an instrumental

function <2ps for an incident wavelength of 605nm (11).

2.2 Repetitive (or Synchroscan) Streak Operation

When the incoming luminous information has a moderately high
repetition rate (>MHz) then a synchronous streak operation
can be exploited (12). The basic concept is indicated in
figure 2 where it can be seen that the applied sinusoidal
waveform provides a synchronised repetitive electrostatic
deflection. The central half amplitude of the sinuscid is

linear to within 5% and provided there 1s little or no
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relative jitter between the incident light signals and the
deflection voltage waveform, then all of the streak images
can be superposed on the streak tube screen. A direct result
of this scheme is that many weak individual streaks can be
integrated in intensity to achieve a recordable output signal
level without the nced for an image intensifier while still
avolding spuace charge effects. The streak images, however,

have a recorded width which also includes any jitter

component and so the instrumental function must bo crprevsed
as:
2 2 2%
: = + T + s :
STinstru 1( Tphys) ¢ Tiecn) ( lett) }
; g T t Are as o S ~ y sectil 2. .
where G‘phys' Grtech are as explained in section 2.1 and

GTjitt is the additional limitation arising through Jitter.

Photochron I, II streak cameras operating synchronously at
repetition rates of 140MHz and 165MHz have been demonstrated
to have time resolutions < 10ps (13 - 15). More recently, an
improved design of the Photochron LI which has beon
designated as the "Photochron IIA"™ has becn operated in the
synchroscan mode and the results show that the instrumental
function is lps (l16), which implies that the jitter

contribution is relatively small.

2.3 Circular-Scan streak Operation

For the purposes of laser ranging it is convenient to have a
circular-scan streak (4 - 6) of constant period so that no
synchronization requirements arise. The basie operation is
single-shot in nature but the electrostatic time-varying
deflection is established by the application of two RF
sinusoidal voltages in phase quadrature and so this scheme
combines many of the features mentioned in the two previous
subsections. It is distinct in that the voltage sinusoids

are supplied to two sets of deflectors which produce
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orthogonal electric fields with a 11/2 phase difference so
that a circular trace is produced at the screen or equivalent
plane. When the perioed of this continous scan is T(in ns)
then the technical resolution limit may be expressed as:

81 = 1007

148

‘tech (ps)

where 4 is the diameter of the circle (in cm) and & is the
spatial resolution (in 1p/mm) under the streak conditions.
The expression for the photoelectron transit time dispersion
(GTphys) remalns the same as Lhat already given In cyguation
(2).

Clearly it is necessary in this approach to use a point image
on the photocathode rather than an extended slit Format and
since a single picosecond pulse is selected from the laser at
a low repetition vate (~20Hz) then ilmage Intensification must
be retained. The experimental circular-scan Photochron 11C
streak camera which has been designed specifically for this

type of operation is described in the following section.

3. CLRCULAR-SCAN "PHOTOCHRON 11C" STREAK TUBE

The design of the circular scan streak image tube, designated
as "Photochron IIC" is shown schematically in figure 3. The
defining areas of electron manipulations are; (a) the
electron-optical lens constituted by the photocathode K, mesh
M, focussing cone C and anode A, (b) the deflection scction
cemprising orthogonally oriented pairs ol deflectors placed
on each side of a "screening" aperture plate: and (¢) a
field-free gdrift section terminated by a proximity-focussed
high gain microchannel plate (MCP) intensifier where the
electron image is directed onto a phosphor screen (8)

deposited on a fibre-optic faceplate (F).
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3.1 Electron-Optical Lens Section

A semitransparent S20-type (Na-K-Cs-Sbh) photocathode was

processed on a specially profiled substrate such that a
usable diameler of 1O mm was provided. The availeble
spectral ranges of sensitivity extend over the 300 - 900 nm

region and easily accommodates the 760 nm, 380 nm optical .
pulse wavelengths to be used in ranging systems. When
1lluminated by pulses at these wavelengths, the
photoelectrons emitted from the cathode have an associated
energy distribution. As already pointed out in subsection
2.1 it is necessary to minimise the transit time dispersion
that accrues as the electron packet travels towards the
deflectors, so a planar mesh electrode is placed 0.5 mm from
the cathode such that the electrons rapidly reach an energy
of approximately 1lKeV. This is arranged by maintaining a dc
EHT voltage of -15kV on the cathode and -14kV on the mesh.
The mesh to which is applied this sc-called “"extraction®
potential 1s fabricated in thin copper from which a high
density of "cells" or windows have been etched. (The cell
density is 300 cells/cm and the transparency is 50%). 1t is
ensured during construction that good surface contours exist
in this region of high electric field (20kV / cm) so that the

incidence of “field emission" is eliminated.

The imparted energy of lKeV to the electrons transmitted
through the mesh electrode is sufficiently low that a
photoelectronic image can be focussed in the plane of the
input face of the microchannel plate using the "singlet"
clectron-lens obtained by supplying an appropriate
combination of voltages to the mesh M, cone C and anode A
electrodes. (The anode and the input of the microchannel
plate are maintained at the same potential). Faor the
voltages already mentioned for the cathode and mesh, the
typical operating potentials for the cone and anogde
electrodes are 13.45KV, 4.5KV respectively. Under these

operating conditions the electron-optical magnification is
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~1.8 (-ve signifies image inversion) and the limiting spatial
resolution at the photocathode is in excess of 35 lp/mm.
&lthough this spatial resolution can be retained in the sweep
direction under conditions of repetitive or "synchroscan" Y
streak operation (sSee section 2.2) the elevalaed current
densities that arise in the single-shot streak mode lead to
substantial reductions in this value. In fact, a typical

estimate is 20 lp/mm at the photocathode.

The basic feature of this type of tube is that the electron
lens provides moderate spatial resolution (in two dimensions)
together with reasonably good retention of the temporal
fidelity of a "transient" photoelectron slit object. The
Pnotochron I1 (7) and Photochron IIA {(l16) version have
achieved subpicosecond regolution (10,17) and therefore have
adequate performance characteristics for the purposes of

laser ranging applications.

3.2 Proximity-Focussed Intensifier Section

It has already been explained that an image intensification &
stage 1s necessary in a single-shot streak camera so that
recordable image intensity levels can be produced without
compromising the image tube performance through the space
charge effects arising from enhanced photocurrent densities.
An alternative to coupling an external image intensifier
module is to incorporate an intensification stage within the
structure of the streak tube. This is the design concept of
the Photochron ITA tube where a high electron gain is offered
by a proximity-focussed microchannel plate-to-phosphot
section. The micro-channel plate comprises a matrix of
iE.SPm diameter ratio of 80: 1 on a lSpm centre-centre
spacing. The activated inside walls of the hollow channels
have a suitably high secondary emission coefficient for the
incident 10.5 KeV primary clectrons and a cascade of
secondaries is ensured by the multiple collisions within the

confines of the microchannel plate (MCP). Forward momentum
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ot these sccondatics 1s provided Ly 0 positive voltage bilas
(>1.5kV) applied between the output and input MCP faces. A
gain 103 can be obtained in such a MCP which has a limiting
spatial resclution of more than 25 lp/mm. In this type of
intensifier, the creation of +ve gas ions can be a problem
because thelr feedback, which 1s encouraged by favourable
potential gradicnts, gives rise to scerious induced "noise®
levels. This shortcoming i1s alleviated by having a 15°

blas angle on the channels and a 20 nm aluminium oxide
(A1203) layer on the input MCP face so that the

penetration by primary electrons is permitted by the fecedback

of slow positive ions is suppressed.

There are advantages in this internal proximity-focussed
intensifier scheme compared to the optically-coupled external
intensifier arrangement that relates to the modular approach
sutlined earlier in section 2.1. For instance, the electron
lens aberrations such as off-axis image distortions that
exist in many "inverting" direct-viewing intensifiers are
eliminated and inherent photocathode background noise
associated with a separate intensifier tube is avoided. One
possible disadvantage is, however, that pilcosecand electron
signals are amplified in the internally intensified version
in contrast to microsecond electron images (arising from the
screen phosphorescence timescale) for the externally coupled
counterpart and conseguently gains saturation problems (18)
may be exacerbated. MNotwithstanding, subpicosecond
resclution in single-shot operations has been measured for a
Photochron IIA type camera (17). Another problem, arises
from the feature that the open area ratio of the microchannel
plates is 66% and the resultant loss of signal photoelectrons

is damaging to the overall signal-to-noilse ratio.

The intensified electronic imaygye is proximity~focussed onto a
suitable phosphor screen which Ls deposited on a fibreoptic
output faceplate. For this purpose an accelerating potential

of 3-5KV is applied between the exit face of the MCP and the
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acreen which have a separation of 0.8 mm. 1t is important
rhat the properties of the phosphor screen are designed to be
compatible with both the image tube and the read-out device

emploved.

To facilitate a spatial resolution parameter which doens not
iimit the performance of the streak tube & tine grain
phosphor power is a prerequisite where the grain size should
be 1 - %Pm (19). The method of depositlon onto the
fibre—-optic faceplate (GPm cores) is chosen so that a uniform

layer thickness and packing density is obtained.

[n the case of the CSST where the read-out device 1s a seli-
scanned photodiode array (RETICON) or CCD which hiave a peak
detection efficiency at 800 nm, it is clear that a red
phosphor should offer the best spectral match. However, it
nust be remembered that a high sfficiency and good spatial
resolution are necded to ensure an overall detection
efficiency comparable with the alternative yellow-green (P20)
ohosphor screens that are presently avallable on commercial

intensifiers.

The forward transfer of the luminescence towards the detector
is enchanced by depositing a bkacking layer (50 nm thick) of
aluminium onto the phosphor screen. This is arranged so that
it can withstand the application of electric fields in excess
of 40KV/cm in the proximity section. {The screen 1S

generally maintained at earth potential).

3.3 Deflection section

To produce the desired circular sweep in the sitreak tube, two
pairs of orthogonally oriented deflection plates are arranged
as illustrated in figure 3. The design of the deflector
assembly in the Photochron TIC lends itself to efficient
coupling of power via metal-ceramic electrical feedthroughs

which exhibit acceptably low RF losses. The dimensions and
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separations of the deflectors have been chosen to provide
equal deflection sensitivities and it turned out in practice
that due to tube manufacturing tolerances the set nearer the
anode required 211V for 1 cm deflection while the orthogonally
oriented set had the slightly reduced sensitivity of 226V/cm.
It is necessary therefore, to differentially adjust the
suppplied RF power because of the importance of providing
equal deflection amplitudes in phase quadrature. Failure to
ensure this leads to ellipticity in the scan as illustrated in
figure 4 where one amplitude is allowed to exceed the other by
2%, 4% and 6%. (Dotted outline of ideal circle is included for

comparison).

The effect of any departures from precise phase guadrature is
also indicated in figure 4 where the induced distortion in the
scan is clearly evident for phases differences that are 20,

4° ang 6° larger than the required /2. The overall
distortion in the circular scan that results from combined
amplitude and phase drifts are also included in figure 4 and
the correspondingly computed amplitude and phase errors are
presented for a total scan rotation in figure 5. Both of
these figures vividly confirm that the fidelity of the
circular scan relies critically on keeping the amplitude and
phase errors to a minimum during the operational period of the

camera.

Our first practical attempt to satisfy the stringent
deflection requirements for the Photochron IIC involved the
use of an effective half wavelength of transmission line with
the deflectors located at points of egual signal amplitude bhut
/2 ocut of phase. Unfortunately, the deflector capacitance
was sufficiently dominant that this scheme behaved as two
tightly-coupled tuned circuits with inevitable multiple
resonances. Conseguently, the simultaneous adjustment of

resonance and phase proved to be impractical without the use

of excessive power.



tn the alternative approach, that is being used at present, a

single amplifier is used to provide two independent drive

signals. The two sets of deflection plates are coupled to
the 50 ohm impedance signal lines by suitanle coupling loops
which are adjusted to provide a matched load. Lo minimisce thoe

influence of phase drift reshlting from induced thermal
cffects, the two circults are appropriately damped and phase
adjustment 1s made by slight alterations to the cable
lengths. As mentioned earlier, our experimental streak tube
has sets of deflectors that differ by approximately 7% in
sensitivity but this was overcome by & suitable amount of

resistive damping.

The sinusoidal deflection voltages are produced by a 300 MHz
crystal controlled oscillator, figure 6 or for synchroscan
operation a laser driven tunnel-diode oscillator. The signal
is further amplified by a wide band amplifier (Model
TRW-CAZ2820) to give an output of 400 mw into a 50L1load. For
practical demonstration of a 3 c¢m diameter circular scan
further amplification is required. An appropriate amplifier
module was obtained (Microwave Modules Ltd) which is capable
of cont;nuously delivering 30 watts of RF power without

requiring a precisely matched load.

The actual power used in experiments to date is
approximately 15 watts total. This power and damping has
proved to give satisfactory stability to enable mutual
evaluation of the CSST time resolution (20) to proceed and
produced a circular scan having a diamter of 30mm at the
phosphor screen. A photograph of such sweep, for a

continuous light surce, is reproduced in figure 7.

As well as amplitude variations on the circular scan it must
be remembered that an absolute ranging measurement reltics
critically on exacting freguency stability. 1In fact, if a
loss of 1 ps time resolution is to be avoided then the

frequency stability should be better than one part in 1.5 x

£



lOlG during the 15ms double-transit tfime. This could be
satisfied by basing the 300 MHz oscillator on a Rubidium
clock frequency standard rather than the guartz crystal
specified for this study. An additional constraint is that
the circular orbit of the electron beam must remain centred
at the same point to ensure appropriate detection and so it
follows that influences such as stray magnetic fields must be

avoided.

4. THE PHOTOCHRON ITIC CAMERA AND ITS DYNAMIC PERFORMANCE

In our laboratory camera arrangement the input optics to the
streak tube comprised a ZO‘pm diameter pinhole which was
imaged, with a X2 demagnification by a relay lens on to the
photocathode. The streaked output images were recorded
photographically on Ilford HPS film using an £/1.5 lens
operating at a magnification of unity. A crystal-controlled
oscillator/multiplier network (21) produced a power of 400 mW
at 300 MHz which was subsequently amplified to approximately
15 W before being appropriately shared in phase-quadrature
between the sets of deflectors. This was accomplished by
supplying the RF signals to the tube via A/4 matching
transformer and two 50 ohm impedance coaxial cables that
differed in length by one quarter of a wavelength. These
cable outputs were then loop-coupled to the deflection
plates, the loops being adjusted to give matched loads.
Although we have already demonstrated that a 30 mm diameter
scan can be obtained with as little as 2.5 W of power in each
feed channel (21) we chose to supply higher power levels, in
this instance typically 5 - 10 W per channel, to lower Q
tuned circuitry. By this means it was possible to reduce
drifts in signal phase and hence maintain the fidelity of the
scan and also have a better mechanical arrvangement for the
resonant circuits. (The importance of maintaining relative
phase together with the necessary avoidance of appreciable
amplitude variations to the orthogonally oriented pairs of

deflectors has already been alluded to (section 3.3).
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A% has been stated earlier, an estimate of the instrumental
function of this Photochron 11C camera can be inferred from
the Gausslian approximation involving the technical time
resolution limit {ﬁTl) and the inherent photoelectron
transit time dispersion (6T2). Associated with the

circular scan operation.

éTl {ps) = i007T
b

where T is the scan period (ns), D is the diameter (cm} of
the circle and 8 (lp/cm) is the dynamic spatial resolution.
Substituting the values T = 3.3ns, D = 3cm and a realistic
value of 8 = 70 lp/cm under single-shot conditions, then:ﬁz
i1s 5ps. When a value of 2 - 3ps is taken for &d for
wavelengths somewhat away from the vicinity of the
photosensitivity threshold of the cathode) then the

instrumental function becomes approximately 6ps.

To check this prediction under experimental conditions, the
camera was illuminated with pulses produced by a mode-locked,
flashlamp-punped rhodamine 700 dye laser. As can be seen
from schematic of figure 8, seven pulses were selected from
the lus laser output train using a Pockels cell switch. As
each pulse passed through the calibrated optical delay, two
subpulses having a temporal separation of 66ps could be

conveniently directed into the camera.

The pulse repetition period of just less than 3.3ns also
meant that all seven streaked sub-pulse pairs could be
recorded simultaneously. To ensure recordable intensity
levels for these streaks while avoiding undue space charcge
effects (8), the gain of the microchannel plate intensifier
was set to 104. At this level of gain, the background

noise signal accumulated during the 10ms photographic
recording exposure times was sufficiently low that it was not

necessary to gate the forward bias voltage on to the



k-

microchannel plate.

The disposition of the streaked laser pulses (without the
optical calibration) on the circular scan is illustrated in
figure 9(a) where the pulse selection has been deliberately
timed during the evolutionary phase of the mode-locked train.
To obtain more quantitative time resolution data, shorter .
pulses were selected later in the train where the
steady-state had been established and a representative
microdensitometer trace for one of the image pairs is
included as figure 9(b). When the laser pulse durations
which are typically 3 - 5ps at the operating wavelength of
760nm {(22), are deconvolved from recorded streak duration of
5.7ps then the camera resolution is deduced to be 5ps. This
is in good agreement with the predicted value for the
instrumental function and clearly confirms that the
Photochron I11C can perform to the required time resolution

specification.

In addition to these single-shot streak tests, the camera was
operated repetitively in conjunction with a mode-locked CW
laser so that short-term phase stability could be assessed.
Subpicosecond pulses (615nm) were produced at a 100 MHz
repetition frequency by a passively mode-locked CW ring,
rhodamine 6G dye laser (23). One of the two ocutput beams was
directed to the camera by way of a calibration glass disc as
illustrated in figure 10 while the other triggered a
tunnel-diode osciilatcr. This electrical output was then
frequency tripled, filtered and amplified to provide the
synchronised RF drive deflection to the streak tube. Because
of the superpositioning of the streak images on the phosphor
screen for this "Synchroscan® operation (12), there is no
requirement for high electron gain in the intensifier section

of the tube s0 a low gain setting 100 was selected.

For the purposes of providing an illustration of the circular

scan and the display of streaked LImages, a small intensity



component of the pump argon ion laser as well as the dye
subpulses were directed on to the input pinhole of the
camera. A photographic recording of the resulting image 1is
reproduced in figure 1ll(a) where the calibration delay
between the ultrashort dye pulses is 57ps. The
microdensitometer trace for such a pair of sireak images in
the abhsence of the background continuous illumination is
included as figure ll(b) where it can be secen thalt the
recorded streak duration is 4.7ps. Bearing in mind that
subpicosecond pulsewidths are available from this test laser
source (23), the main contribution to the recorded duration
arises from the technical time resolution limit and to a
lesser extent the photoelectron transit time dispersion and
integrated jitter between the deflection voltage and the
incidence of the laser pulses. Clearly this latter effect
cannot be too significant because when account is taken of
the expected photoelectron transit time dispersion {(~2ps for
615nm wavelength and S20 photocathode) the implied technical
time resolution limit is approximately 4ps. This is
consistent with the expectation that under the conditions of
repetitive streaking, the dynamic spatial resolution should

exceed the corresponding value for single-shot operation.

It may therefore be concluded that phase drifts occurring
during the recording periods (generally 1 - 5 seconds) are
small and likely to be substantially less than 4ps for total
supply RF powers of 15W. This result complements those of
the single-shot experiement in that an instrumental time
resolution of less than 6ps can be sustained over short term

periods of several seconds.

5. CONCLUSION

The experimental data presented here confirm that the
circular-scan Photochron IIC streak camera has a temporal

resoluticn of better than 6ps and possesses good short term

54,
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stability of operation. For future applications,
particularly those involving laser ranging, an electronic
readout will be developed for full compatibility with
telemetry.

It is envisaged that this readout will initially be a CCD
camera placed external to the tube body and optically
contacted to the existing faceplate via a fibre optic reducer.
Although a circular array would appear to be the obvious form
for the electronic readout it will probably turn out to be an
impractical solution due to the difficulty involved in
establishing optimum tube focus and scan characteristics.

When in operation, a circular array would probably impose too
severe a restraint on scan accuracy and alignment. The
current development of large area two dimensional CCD arrays
would appear in the future to offer the best solution to the
problem. The placing of the electronic readout internally, as
an integral part of the image tube, would appear to offer-
optimum performance by removing some of the loss coupling
elements and some experiments will be carried out to ascertaln

the feasibility of this approach.

The detection of extremely low light-level signals inveolve a
study of the various ways of improving the overall signal to
noise ratioc ¢f the image tube. The usee of, for example,
cooling of the photocathode and signal gating techniques will

be investigated.

It has been demonstrated that a CS8ST can be constructed
using metal and ceramic technology which should prove to be

sufficiently rugged for spaceborne applications.
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Schematic of modular, externally-intensified

single-shot streak camera.

Comparison ol dellection voltage profiies applied to
single-shot and repetitively-operating (sSynchroscan)

streak cameras.

Schematic of circular-scan Photochron IIA streak image
tube.

Scan distortion induced by amplitude and phasc

variations.

Amplitude and Phase errors during one scan rotation.

Circuit Diagram for 300 MHz oscilliator.

Photograph of Circular Sweep having 30 mm diameter.

Experimental Set—-up used in evaluation studies of

single shot streak performance.

Uncalibrated streak images of seven "evolving"
mode~locked dye laser pulses.

Microdensitometer trace for two "calibrated" streak
images (reproduced in inset) of "steady state" dye

laser pulses.

Experimental set-up used for streak evaluation of

repetively-cperating camera.

Photograph of streak recording showing clrcular scan
with superimposed ultra short laser pulse images.
Microdensitometer trace for two streaked images

(reproduced in inset) associated with mode locked pulses
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ABSTRACT

In the present article, we summarized the results of ranging
receiver component tests which have been carried out at the NASA/
Goddard Space Flight Center since the last workshop. Based on these
experiments, we have recommended a new range receiver configuration
to the MOBLAS network consisting of an ITT 4128 microchannel plate
(MCP) photomuTtiplier (PMT), a 1 GHz bandwidth ENI amplificr, a ga-
table Tennelec TC454 constant fraction discriminator (CFD), and
Hewlett Packard HP5370A time interval unit (TIU). The ITT MCP PMT
has a 450 picosecond impulse response, a 2 c¢m RMS transit time jit-
ter for single photoelectron inputs, a subcentimeter RMS jitter for
signal levels greater than eight photoelectrons, and millimeter level
biases resulting from image motion on the photocathode surface. It is

far superior to the current MOBLAS network standard, the Amperex 2233B.

Similarly, the Tennelec TC454 gatable four channel constant fraction
discriminator has a much flatter time walk characteristic than the
ORTEC 934 CFD currently used by the network. The RMS deviation of the
TC454 from the nominal zero point is about 0.20 cm over the full dyna-

mic range compared to 1.5 cms for the ORTEC device. After substituting
the MCP photomultiplier for the Amperex 22338 in a 1981 version MOBLAS

receiver, the single shot range residuals and normal point residuals
were reduced by roughly a factor of three in ranging experiments to
the LAGEQS satellité. The one sigma scatter of the MCP normal points
was consistently subcentimeter with 0.3 cm being a typical value. The
one sigma single shot scatter of 1.5 cms obtained with the MCP was
largely Timited by the resolution of the older HP5360 TIU.



iy
AV

SATELLITE LASER RANGING EXPERIMENTS
WITH AN UPGRADED MOBLAS STATION

1. INTRODUCTION

During the past several years, the Advanced Electro-Optical Instrument
Section at the Goddard Space Flight Center has conducted a series of
experiments, in support of NASA's mobile laser (MOBLAS) ranging network,
to determine the "optimum" commercial laser ranging components. At the
tast workshop, we reported on a comprehensive laboratory study of a
variety of laser transmitters and demonstrated the performance superiority
of modelocked transmitters, of both ;he active and passive variely, over
Q-switched and cavity-dumped systems™. In a second paper, we discussed
our plans for a general upgrade of thezﬁGBLAS systems based on the ranging
hardware available in the fall of 1981°. We also discussed some preliminary
satellite laser ranging results obtained with a passively modelocked

laser built by Quantel International. Since that time, a number of
attractive new receiver components have appeared on the commercial market
including a microchannel plate photomultiplier (MCP/PMT) built by ITT and
a new low time-walk constant fraction discriminator (CFD} offered by
Tennelec. In this paper, we compare the performance of these new devices
to that of their component counterparts in the operational MOBLAS stations
and suggest an "optimal" dual channel receiver configuration for a MOBLAS-
like station. We also report on the results of satellite laser ranging
tests with a partially upgraded MOBLAS test station.

2.  COMPONENT TEST RESULTS

In our previ?us1y reported tests of three different modelocked laser
transmitters™, we demonstrated that the bias errors introduced by the
laser were consistently less than one centimeter. Ihe pulsewidths of
these lasers varied between 60 and 150 picoseconds. Because of the
relatively simple nature of passively-modelocked Nd:YAG transmitters,

a commercial transmitter built by Quantel was recommended to the NASA
Laseﬁ Tracking Network. Following successful field tests in the Fall of
1981%, all of the active MOBLAS stations have since been upgraded to
include a 150 picosecond pulse transmitter consisting of a combined
activeiy-passively modelocked Nd:YAG laser oscilliator, one double-pass
amplifier, a single pass amplifier, and a KD¥P doubling crystal. The usae
of an active acousto-optic Bragg cell modulator in conjunction with a
passive modelocking dye cell increases the stability of the laser output
energy and reduces the number of missed pulses as compared te a totally
passive device. The maximum total output energy of the system is about
200 millijoules at 1.06 microns with about 50 percent conversion to the
.53 micron green radiation.
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The four nanosecond impulse response of the Amperex Z2233B photomultiplier
used in the current MOBLAS receiver is a poor match to the new 150 pico-
second transmitter. Our choice for a photomultiplier tube in the upgraded
MOBLAS receiver was a microchannel plate built by ITT which has an impulse
response of about 450 picoseconds. Earlier photomultipliers, such as the
etectrostatic and static crossed field devices built by Varian, also had
impulse responses on the order of a few hundred picoseconds but are no
longer available at a reasonable cost. Furthermore, recent experiments
have shown that image motion on the photocathode in conventional photo-
multipliers can result in a greatly varying transit time for the electrons
propagating down the amplifying dynode chain, and this, in turn,.can lead
to substantial time biases on the order of a nanosecond (15 cms)”. In

MCP tubes, the length of the electron propagation path does not vary
greatly with image position since the electrons are confined by the
microchannel itself, and preliminary experiments,suggest that the
potential biases are at the few millimeter level™.

Figure 1 compares the performance of the ITT 4128 MCP PMT with that of
the Amperex 2233B currently used in the MOBLAS network. The one sigma
transit time jitter for an ungated MCP tube is about two centimeters for
single photoelectron inputs compared to 10 centimeters in the 2233B. For
input signal levels of eight photoelectrons or more, the jitter is sub-
centimeter in the MCP/PMT. The jitter increases between 10 percent and
25 percent, depending on signal level, for one particular gating
configuration developed at Goddard. The ITT 4128 is a photomultiplier
contaiging two internal MCP amplifier stages and has an electron gain of
2 X 107. In our upgrade recommendations to thg network, the 4128 was
chosen over the higher gain 4129 model (3 X 107), with three stages,
pecause of the former's greater tolerance for the higher background
radiation levels expected in daylight tracking experiments although a
prototype of the 4129 was the first to be used in actual satellite laser
ranging tests to be described Tater. The lesser gain is compensated for
by the inclusion of a 1 GHz bandwidth amplifier available from ENI. A 1
GHz amplifier is an adequate match for the system considering the bandwidth
timitations imposed by long receiver cables in typical field systems.

The output from the photomultiplier/amplifier is input to a discriminator.
The latter unit generates a logic pulse which, in turn, starts or stops
the time interval unit. Extensive discriminator testing has shown the
constant fractgon discriminator (CFD) to be the logical choice for a
ranging system . Other discriminator types such as fixed threshold,

rise time compensated, and hybrids typically display time biases on the
order of half the input pulsewidth due to input signal amplitude effects.
Constant fraction discriminators include circuitry which attempts to
compensate for a varying signal level. A plot of time bias versus signal
amplitude is a measure of the degree to which the aforementioned compensation
circuitry has been successfully implemented. In-house studies further
show that discriminator time biases are very repeatable in both short
term and long term operation and can be corrected for via a combination
of auxiliary hardwired circuitry and appropriate software models. In
fact, this approach has been utiiized to elevate the performance of
threshold and hybrid discriminators to that of the constant fraction
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discriminator. Furthermore, the performance of constant fraction
dgiscriminators can be further improved through careful measurements of
the time walk characteristic and signal amplitudes and the use of
software corrections.

Figure 2 displays the time walk characteristics for the ORTEC 934 constant
fraction discriminator, currently used in the MOBLAS network, and a new
CFD, the Tennelec TC453. No software correction has been applied in
generating these curves. Both discriminators were adjusted for minimum
time walk with a one nanosecond full width half maximum input pulsewidth.
cach point on the curve represents a mean of 100 time interval measurements
at a fixed electronic start and stop signal amplitude. The vertical
dashed lines represent the specified dynamic range of the ORTEC unit. As
one can easily see from the figure, the TC453 has a much flatter time

walk characteristic. The RMS deviation from the nominal zerc point is
about 0.20 cms over the full dynamic range compared to 1.5 cms for the
ORTEC 934. Tennelec also offers a gateable four channel version of their
basic CFD, the TC454.

Our 1981 recommendation to the NASA network to upgrade the time interval
unit from the 100 picosecond resclution Hewlett-Packard HP5360 to the 20
picosecond resolution HP5370A has now been implemented in all of NASA's
operational MOBLAS stations. We are not presently aware of any new
commercial products with performance specifications superior to the
HP5370A although specialized units with,a factor of two better resolution
have been successfully built and tested'.

To summarize, Figure 3 is a block diagram of the upgraded MOBLAS receiver
which we have recommended to the network. In addition to the usual
ranging components previously described, we recommended the inclusion of
two ORTEC 227 integrators for the precise determination of signal amplitude.
At this time, all of the MOBLAS stations have installed a Quantel YG402DP
modelocked transmitter, a HP5370A time Interval Unit, and the ORTEC 227
integrators. However, the Amperex 2233B PMT and the ORTEC 934 CFD are
sti1l the standard eguipment in the operational stations. To date, no
MOBLAS station has ever been fully upgraded. The change in operational
performance of the MOBLAS network as individual cogponents were upgraded
is the subject of another paper at this conference™. In the next
section, we present the results of earlier engineering test measurements
to the LAGEQS satellite using prototypes of the Quantel YG402DP laser and
the ITT 4129 MCP/PMT to illustrate the marked improvement to be expected
when the relatively slow Amperex 2233B photomultiplier tubes are replaced
by microchannel devices.

3. LAGEOS Ranging Results

In the summer of 1981, a prototype of Quantel's VG402DP laser was installed
in the MOBLAS 4 station at the Goddard Optical Research Facility in
Greenbelt, Maryland. The transmitter was passively modelocked and did

not include the acousto-optic modelocker supplied to the present MOBLAS
network. For these engineering tests, the repetition rate of the system
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was also increased from the then standard 1 pps rate to 5 pps which

resulted in a substantial increase in datz yield and greatly simplified %
satellite acquisition. The 5 pps rate has since become the standard for

the network. Satellite tracking tests were initially performed using the
standard operational receiver of the period which consisted of the Amperex
2233B photomultiplier, the ORTEC 934 constant 7raction discriminator, and
the HP5360 time interval unit. After taking three LAGEQS and one BEC

pass with the standard receiver, the 22335 photomultiplisr wes repiaced

by a prototype of the ITT F4129 microchannel plate PMT. The latter had N
only a 5 percent quantum efficiency compared to current commercial devices
which have a 12 to 15 percent efficiency. Because of the shorter pulsewidth
out of the MCP/PMT, it was necessary to adjust the ORTEC 934 CFD for

short pulse operation. The ranging performance of both systems was
evaluated using the software package LASPREP which fits the measured

range data to an orbit (JZ term only) using best Teast square estimates

of range and time bias, applies a three sigma filter to the data, and
repeats the procedure until there is no further improvement in the RMS of
the orbital fit. The software also computes running normal points which

are obtained by averaging 50 returns and then dropping the first data

point in the subset and adding the subsequent data point to compute the

next normal point.

Table 1 summarizes the results of the field experiments. Using the
Amperex 2233B PMT with the ultrashort pulse laser resulted in single shot
RMS precisions to LAGEQOS between 2.5 and 4.2 cms, as determined by the
LASPREP processor, for three separate passes in September, 1981. The RMS
precision of the normal points was between 0.8 and 1.2 cms. In these
runs, anywhere from 3 to 8 percent of the raw data was edited out by the
iterative processor. Interestingly, the satellite data was better than
the ground data, i.e. the tower system calibration data or the pre-and-post
calibration agreement. This apparent inconsistency was later traced to
the support pole behind the calibration target which reflected spurious
pulses into the receiver resulting in a double-peaked range calibration
histogram.

After painting the offending pole black and installing the microchannel
plate PMT, agreement between the pre-and-post calibrations was typically
subcentimeter with only one exception (1.97 cms) for the nine LAGEDS

passes., The single shot RMS for the system calibration runs fell between
1.1 and 2.3 cms. The single shot RMS for the orbital data sets was only
slightly higher than for the calibration data sets, i.e., typically

between 1.5 and 2.5 cms for large data sets. Only 1 to 6 percent of the

raw data was edited by the procsssor in obtaining these vesults. Extensive
Taboratory tests have suggested that 1.5 c¢ms is about the limit of precision
achievable with the HP 5360 TiU and that the latter was the Timiting

error source in the field receiver., Nevertheless, the normal point RMS

was impressive, varying between 0.05 and 0.83 cms over the nine pass data
set. Figure 4 displays a LAGEQS data set taken on October 20, 1981, with
the MCP/PMT installed. Figure 4a is a graph of the raw data set totalling
3707 measurements of which approximately 101 were rejected following 10
iterations through the LASPREP processor. The single shot RMS of the

edited data was 1.68 cms. Figure 4b is a plot of the resulting novmal %
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~small as 0.5 cms {one sigma
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points which have an RMS of only 0.3 cms which is only slightly higher
than what would be expected for a totally random error, i.e., 1.68/J50 =
0.25 cms. The peak-lo-peak variation in the normal poin§s was about 10.8
cms. Based on tests performed on LAGEOS prior to launch’, varjation in
the center of mass correction as a function of sateilite aspect angle is
not expected to exceed 0.3 cms.

4

4.  CONCLUDING REMARKS

In this paper, we have suggested a dual channel range receiver configuration,
based totally on commercially available parts, which is capable of providing
subcentimeter precision single shot Taser ranging to LAGEOS for high
signal levels (tens of photoelectrons). Laboratory tests over kilometer
horizontal range paths have yielded subcentimeter long term (one hour)
stabilities in the mean range measurement and range uncertainties as

?. Impressive preliminary results with a
partially upgraded MOBLAS field receiver have bolstered our belief that
subcentimeter single shot range precisions are achievable from MOBLAS in
the very near future with the installation of the microchannel plate
photomultipiiers and the new Tow time walk discriminators. So far, our
efforts to implement a fully upgraded receiver in an operational field
system have been severely hampered by the heavy work schedules of the
MOBLAS stations and the resulting inability to schedule adequate engineering
nodification and test time with the Network. Consequently, we have
recently established an independent Experimental Satellite Laser Ranging
Station at Goddard to permit the rapid evaluation of new teghno?ogy in
the field independent of Crustal Dynamics Project schedules™. Most
recently, our attention has been focused on the achievement of sub-
centimeter absolute range accuracies (as opposed to precisions) through
the development of single channel, zero system delay ranging configurations™.
A streak camera-based two color system is under final development and
should reduce the uncertaiﬂtées associated with the refractive atmospheric
delay to about 5 millimeters”.
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ABSTRACT

An Experimental Satellite Laser Ranging System has recently been
installed at the Optical Research Facility of the Goddard Space Flight
Center. The facility utilizes Goddard's multiuser 1.2 Meter Diameter
Tracking Telescope. The purpose of the system is to facilitate the
rapid and timely implementation of advanced laser ranging components
and techniques in the field following fundamental laboratory tests. At
present, we are aiso experimenting with a "zero delay” range receiver
configuration which dictates that both start and stop pulses follow
precisely the same optical and electronic paths in the receiver which,
except for calibratable amplitude dependent effects, results in zero
system delay. The present paper describes the current experimental con-
Tiguration and summarizes ground tests and preliminary measurements to
the LAGEQS satellite.



Introduction

To Tacilitate the transition from experimental laberatory laser ranging
systems to Tield operable satellite laser tracking systems an engineering
test facility has been incorporated into Lhe 1.2 meter tracking telescope
at the Optical Research Facility at the Goddars Space Flight Center (GSFC).
The system was built to support the testing and field evaluation of
advanced instrumentation, ideas and philosophies in a satellite tracking
system. Use of this facility frees the experimenter from operaticnal

and scheduling constraints dictated by NASA's Crustal Bynamics Project.
Having system control allows experimenters to make timely component and
configuration changes to optimize system performance. Interesting problems
may also be studied in detail. This effort is a continuation of laboratory
work at the GSFC in which subcentimeter single shot RMS range measurements
to fixed ground targets have been made. This engineering test faciiity
will allow for the monitoring of instrument performance levels which

should result in satellite tracking accuracies approaching that of
laboratory systems.

System Description

Shown in Figure 1 is a block diagram of the Experimental Satellite Laser
Ranging Station (ESLRS). The ELRS consists of commercially available,
specially ordered, and custom built in-house instrumentation, the majority
of which has come from other laser ranging programs within the G6SFC. The
two computer system approach was determined by the availability of existing
hardware and cost constraints.

The laser ranging system is physically housed in several different work
locations. The 1.2 meter diameter telescope is situated in a dome building
with the controlling Honeywell tracking computer in an adjoining room,

At the base of the telescope, near the system focal plane, is the receiver
package and Transmit/Receive (T/R) switch. The laser transmititer is

housed in a clean room adjacent to the rack mounted PDP 11/23 computer

and ranging electronics. System timing is maintained at a separate
building with precision 1 pps, 1 MHz, 5 MHz, and NASA 36-bit time code
brought in on coaxial cables.

The Honeywell 716 (H716) computer is responsible for the pointing and
tracking operation of the 1.2 meter coude focus telescope. The H716 also
calculates azimuth, elevation, and range data required for the Digital
11/23 Ranging System Computer. Satellite acquisition data is input in

the form of an Inter-Range Yector {IRY) which gives the position and
velocity of the satellite at a specific time. A simplified model of the
earth's gravity field (J2 term only) is used to compute satellite acceler-
ation. The simplified gravity model and the initial position and velocity
from the IRV are used to produce position and velocity at points one
second apart along the ovbit by using a Tourth order Runge-Kutia numerical
integrator. IRV's must be supplied for each pass since the gravity model
and numerical integrator are not accurate enough o integrate orbits
around the earth from one pass to the next.
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To maiatain smooth tracking the servo system requires pointing updates at
a 20 Hz rate. The numerical integrator supplies the pointing angles and
range data at one second intervals. A second order polynomial is used to
intarpolate between one second points to obtain data at the required 20
Hz rate.

+In order to attain the required pointing accuracy for satellite ranging

the telescope pointing errvors must be wodelled. The mount modeling
coefiicients are determined periodically by recording angle biases
required to boresight the telescope onto predetermined stars in a grid.
Absolute poeinting at or near the arcsecond level is possible with this
mount error modeling technique,

The range data is sent from the H716 to the Ranging Computer {Digital
11723) at a 5 Hz rate. Each range is sent 150 milliseconds before the
corresponding laser fire. This allows the ranging computer time to
input, decode, and output the data to the range gate generators before
laser fire.

Along with the ranging data, the H716 also sends current pointing angles,
time~bias and system mode to the ranging computer to be recorded on
maghetic tape. Every 200 milliseconds a record is made of the predicted
angles and range, the observed range, time bias, cross track bias and
other pertinent data corresponding to the current laser fire. This data
is analyzed after the pass to determine data quality.

The Ranging System Computer provides for operator interface by displaying
on the CRT the observed minus calculated (0-C) plot of satellite range
data and indicates signal strength of either transmit or satellite return
with an audible tone. The ranging computer is responsible for recording
all pass data on the log tape and controls all the I/0 and electronic
functions required to operate the ranging system.

The transmitter is a Quantel passively mode locked Neodymium YAG laser
model YG402 DP. Laser output is 100 millijoules (mj) at 53208 with a
pulsewidth less than 200 picoseconds. Laser repetition rate is 5 pulses
per second. The beam exits the laser with a diameter of about 7/16 inch.
Approximately 10 meters away at the coupling lens the beam diameter has
grown to about 5/8 inch. The negative coupling lens is positioned at its
focal length inside of the telescope's focus, matching the cone angle of
the F29 system. The whole primary mirror is illuminated resulting in a
final transmitted beam diameter of 1.2 meters and a beam divergence of
about 10 arcseconds.

The Taser ranging system incorporates a common optics, common channel
range receiver. The system trensmitc and receives through the same
telescope optics and uses one common detector, amplifier, and dis-
criminator chain for both outgoing and return pulse measurements. This
configuration has proven to be the most accurate with single shot RMS
accuracies approaching bmm in horizontal range tests over kilometer
distances. Single channel receivers, although simple in theory, are more
difficult to implement than the more common dual channel approach. The
range receiver must view through the telescope optics as the 100mj pulse
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exits the system. Near perfect isolation is required to prevent receiver
saturation from backscatter of the putgoing pulse. The single channel
approach requires that a small portion of the ocutgoing laser pulse be
sampled as it Teaves the telescope. This has been done with a rather
unique Transmit/ Receive switch. Shown in Figure 2 is the configuration v
used in the T/R switch to permit single charnsl operation. The glass

disk in the T/R switch is geared to a synchrounous motor and is matched to

the laser repetition rate of 5 Hz. The laser fire circuitry is enabled

only during a short period of time in which & Hall Effect pick-off is .
properly aligned with a small magnet mounted in the disk hub. This

insures that the Taser fires only through the windowed pertion of the

glass disk. This window is an anti-reflective (AR) coated 24° sector of

the disk. The remaining disk surface is coated for maximum reflectivity

at 5320A. To further protect the range recejver from a laser misfire,

the non- windowed back surface of the disk is covered with an opaque

absorber,

&

Normal T/R switch operation permits passage of the outgoing laser pulse

into the telescope while controlling the optical level into the receiver.

Disk rotation during satellite round trip time provides for the high

reflectivity mirrored surface requived to complete the T/R seguence

efficiently. By transmitting through a window rather than a hole in the

rotating disk a start pulse may be derived from any point beyond the T/R

switch. This is done by placing a cube corner reflector in the outgoing

beam facing back toward the laser transmitter and receiver. As the laser

pulse exits the system, the small portion intercepted by the cube corner

is reflected back on axis towards the source. Over 99 percent of the

start cube return is transmitted through the AR coated window in the T/R &
switch. The remaining fractional percent is reflected into the range

receiver. This start pulse regquires an additional attenuation of 3 to 4 _
Neutral Densities (ND's) to maintain the proper start signal level. The #
ND's are held in a small hub mounted holder which rotates with the glass

disk. These ND filters protect the receiver from the outgoing backscatter,

and then rotate from view for the satellite return. The key for reliable

operation is to maintain a start cube corner signal jevel well above

backscatter.

A1l range measurements are made relative to a start cube corner mounted
in the system reference plane in the telescope. Optical and electrical
path lengths are identical for both start pulse and satellite return from
the point of the apex of the cube corner. This unique feature means the
system is self calibrated and has zero system delay.

System calibration is a serious problem with current ranging systems in
NASA's Laser Tracking Network (LTN). These systems generally require
calibration procedures which rely on geodimeter ground surveys over
several Kilometers. It appears that the upgraded short pulse laser
ranging systems in use in the LTN ave actually more accurate than current
ground survey techniques used to establish system delay. lhe latter
techniques appear to be accurate only to a few centimeters which in turn
Vimits the absolute accuvacy of LTN sysiems such as NASA's Mobile Laser
Ranging Systems (MOBLAS). This inconsistency in calibration is eliminated
in the Experimental Satellite Laser Ranging System by designing a system
with no system delay.
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The range receiver consists of a microchannel plate (MCP) photomulitiplier
tibe {PMT), amplifier, consiant fraction discriminator, and choice of
Cime interval units. The photomultiplier tube is an ITT model F4128
two-stage MCP. This PMT has a full width at half maximum 1mgu1se
vesponse of 450 picoseconds and a gain of approximately 2X107. Tube
transit time for the MCP PMT is 3 to 4 nanoseconds with a single photo-

etectron transit time jitter of 100 picoseconds. The system is capable

“ wingle photoelectron detection with the 1 GHz amplifier and Tennelec
TOABRA Constant Fraction Discriminator. A choice of three time intevval
units are available for system use. They include a 20 picosecond
resolution Hewlett~Packard HPS370 time interval unit and two develop-
mental units built for NASA by Lawrence Berkeley Laboratory (LBL), i.e.,
a 19,5 picosecond resolution event time and a 9.7 picosecond resolution
time interval unit.

Results

Although system configuration has not reached the final goal as shown in
Figure 2, preliminary results of the Experimental Satellite Laser Ranging
System are very encouraging. Start cube corner placement in the telescope
was temporarily moved 26.075 inches forward ito prevent self shadowing on
the primary mirror. Satellite tracks taken early as proof-of-concepts of
the common optics approach, and common receiver approach were convincing
enough to proceed without hesitation. The system presently derives

the start pulse from within the T/R switch and uses common transmit/receive
optics and common MCP range receiver. Cube corner placement in the
telescope will be finalized upon fabrication of a non-shadowing holding
fixture which assures yeliable operation in all telescope azimuth positions.

Ground ranging tests to a fixed cube corner over a 3.4 kilometer horizontal
path repeatedly show the system capable of single shot RMS accuracies of

1 centimeter or less. System stability over a 1 hour period is typically
a few millimeters for 100 point averages.

LAGEOS satellite passes taken in late August and early September 1984
show the system i5 now comparable to NASA's best tracking MOBLAS systems.
The ELRS has achieved a 60 to 80 percent data return rate from the LAGEOS
satellite on a single pass with typically 8000 to 10000 range measurements.
Early analysis of pass data using a 15th order polyncmial fit appears
inadequate for centimeter range data. The polynomial fit used by the LTN
appears to introduce a modeling ervor which 1imits system performance to
approximately 3 centimeters, whiie rejecting good data. Other methods of
actually fitting the data te an orbit as in the GSFC's LASPREP program
are being investigated. Absolute system accuracy at the moment may be
known only Lo a few centimelevs bul as the final system configuration is
implemented this accuracy should approach one centimeter. Work will
conitinue on this system to Detter characterize new instrumentation,
technigues and procedures required to achieve one centimeter satellite
laser ranging accuracies.

Future plans for the 1.2 meter ESLRS include single photeelectron versus
multiphotoelectron studies, daytime tracking, simulated synchronous
satellite range measurements for time transfer experiments, lunar range
measurements and multiwavelength range measurements.
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TUNABLE ETALON USAGE AT MLRS
McDOANLD LLASER RANGING STATION

J. Wiant

University of Texas
McDonald Observatory

Fort Davis, Texas 79734 USA

Telephone (915) 426 3263
TWX 910 874 1351

ABSTRACT

A tunable etalon is tried as a spectral filter in the signal
return path of the McDonald Observatory Laser Ranging Station
(MLRS). The piezoelectric elements of the etalon are actively tuned
for 532 nanomenters by sensing a helium neon laser passing through
the etalon at an angle.



Goal: To use the spectrally tunable etalon to reduce background optical
noise during,
a) daylight Lageos and lunar ranging, and
b} near full moon lunar ranging.

Advantages: This etalon has 2 narrow bandpass (#1A). Because this
etajon {s plezoelectrically driven, using active feedback
circuits, it Is thermally and mechanically stabie.

Restrictions: Used with 2 76 cm telescope, the effective aperture of this
etalon is =4 arcsecond,

Resuits: The calculated normalized throughput of 0.8 units has not been
reached. The maximum throughput obtained is 0.5 units.
This lower than expected throughput is disappointingly low.
Therefore, the Burleigh etalon is not now used at MLRS.

Equipment used: SeeF igure 1.

Description of setup: The etalon is positioned in the optical path ahead
of the photornultiptier (Figure 2). It is used as a Tixed and stable
narrow-band filter by stabilizing the cavity spacing using the
narrow gcanning mode (Figure 3). For this technique the ramp
amplitude is reduced uniil the etalon scans only a fraction of the
half-width of the reference HeMe laser line (Figure 4) and both
stabilization windows are set to span the whole ramp duration.

Mirror angle o Is adjusted to yield a maximum throughput of 532

nanometer. The detector position must be re-peaked for each angle .

adjustment. To fully utilize the finesse stabilizatfon option, the
reference laser beam must be made nearly as large as the etalon
aperture by using expanding lenses. In the MLRS statfon, space is
not avallable to install expanding lenses therefore, finesse
correction circuits are not used. Since ranging passes are usually
shorter than 60 minutes, it i3 reasonable to not use the finesse
corvection

Since this etalon has a free spectral range of 14 A, it will pass =1 A
of bandpass every 14 A Therefore it is necessary to use a fixed
filter whose bandpass is less than 14 A centered on the desired
wavelength. in this setup a 10 A Tilter was used which happens to
be our standard filter (Fiqure 5),
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The etaion is mounted so that i cap be removed quickly or Installed
and aligned in less than S minutes. Throughput was determined by
observing the photomuitiptier signal with tie etalon In position and
also removed, Three different throughput tests were used:

1. Observing the raw photamulitipiier signal,

Z. Observing the feedback catibration stgnal

during ranging, and
3. Observing the data during Lageos ringing.

The maximum etalon throughput observed was 0.5 units
of signal. Many possible failure modes were studied (Figure 6) and
eliminated. The etalon throughput §s less than expected and
required. This is probably due to the coatings favoring the reference
laser instead of the ranging laser to assure a good f{inesse for the
reference laser. The cealings range from 550 nm to 650 nm
Unfortunately, Burieigh does not offer a better coating choice.

Comments: The MLRS ranging system does not use the etalon and has
resorted to replacing the 10A fiiter with a 3A filter during
unfavorable iight conditions, These are both multilayer
interference-coated filters centered at 532 nanometer. The
results have been much belter than expected.

Recoating the etalon plates with a better range would
probably enhance the throughput. Using a capacitive servo
etalon would avoid this coating conflict entirely.

Acknowledgements: The above work was supporied by the NASA
Contracts MWASS5-25948 and NASW-3296. The
author would ltke to thank Ben Green for his
helpful studying and suggestions and Bil! Schemp
for hig informing discussions.
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Possible Throughput Failure Modes

<
[ Ny
—n 3

Etalon damage

. Ramp generator or Stabilizer malfunction
. Conirols sel improperly

Mechanical alignment poor

Plates not parallel Lo incoming beam
Temperature changes affecting etalon
Vibrations affeclting etalon

Detector poor

Deteclor not aligned

. Plate coating improper
. Plate spacing improper

Finesse poor

. Incoming beam not coallimated
. Bandpass of laser greater than etalon
. Reference laser output amplitude varying

Figuire &
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IN PASS CALIBRATION DURING LASER RANGING OPERATION

P. Kloeckler, I. Bauersima

Astronomisches Institut
Sidlerstrasse 5 CH 3012 Bern

Telephone 31 65 85 91
Telex 32320

ABSTRACT

In order to avoid atmospheric refraction problems encountered
with external targets, an internal calibration path was included
in the Zimmerwald LRS. Light is picked up in front of the transmit-
ting telescope, attenuated by diffuse reflection via two spheres
plus a variable density filter, and fiber coupled to the receiver
photomultiplier. The same discriminator/time digitizer - channel
is used both for ranging and calibration. Selection of one calibra-
tion shot in n rangings is by range gate setting only. Pulse strength
is also recorded. Thus a comprehensive record of internal range bias
and its temporal variation is kept, and residual discriminator time

walk can be corrected for.
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The convenience of in-pass, or feedback, calibration has been

noted before (Silverberg, 1982). In fact, there is no compelling
reason for external calibraticns at all, save for residual range
bias tests with terrestrial surveving methods. '

In contrast to the TLRS method, we strictly wanted to use the same
path and vernier time unit (TDC) hoth for calibration and ranging.
Since the load on cur minicomputer is heavy, we could not expect

to read out the TDC during the time-of-flight to lower satellites.
Thus, every n-th shot has to be sacrified for calibration. This'is
no great loss because the return probability is not much modified
by this in the few photoelectron mode. The selection of ranging/ca-
libration is then by range gate only. Pulse charge is also recorded,.

2. PRESENT STATUS

5

Light ig piched up in front of the traansmitting telescope, atitany-
ated by diffuse reflection via two spheres plus a variable density
filter, and coupled intoc the receiving optics via light fibre. A
chopper-wheel in front of the optics gates out atmospheric back-
scatter. This serves to reducing unnecessary loading of the photo-
multiplier as well as permitting pulse strenght recording with a
gate time not compatible with spurious returns shortly after the
calibration pulse ™} (Fig. 1).

Two light paths can be realized for calibration:

a) via light fibre and b} wvia diffuse reflection onto the primary
mirror (used for calibration of the light fibre delay).

The ranging electronics comprise the photomultiplier, amplifier,

TDC and ADC and discriminator. A couple of coaxial relays permits
switching to electronic calibration. There, a pulse generator - si=-
mulating the photomultiplier pulse ~ and a delay-line {0-64 ns)

plus a variable attenuator permit isclation of discriminator and

TDC parameters. Another pulse generator is controlled by the station
frequency standard and supplies one start pulse and a 1 MHz pulse
train for the stop~channel, if triggered by the computer. By range-
gating, a TDC test can be performed for longer delays. Although
systematics and jitter from the time standard are no longer measured
{the same standard is fed to test generator and TDC), an upper limit
of the timing jitter of the two TDC verniers (nonlinearity which
maps into jitter) still can be Judged with this method.

With this setup, the main receiver parameters could be investigated;
in fact, with the picosecond laser as optical excitation source a2
nearly optimal test facility is available in situ. The only facility
lacking for pulge anazlyvsis and detectidn strategy optimization is a
fast pulse digitizer; here we have to be content with a TERTRONIX
7834 model oscillioscope plus 7ALS vertical amps‘s with a combined

*}) The chopper has not been used up to this date in order to have
minimum receiver complexity.
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band width/rize time of 400 MHz/.9 ns.

In addition, an external target in a distance of 1.4 km is now
and then used for testing beam divergence, telescope pointing and
for veryiying the calibration constant.

3. INVESTIGATIONS

Delay Calibration of Light Fibre

The fibre has a length of 211. cm. A first estimate with a speed
of light of 18 cm/ns yields a delay of 11.7 ns, Comparing the geo-
metries of the calibration paths (light fibre/direct) we arrive at
the empirical formula

At = At ~At +9.16 ns (1)
Ly CALLF CALDIR

on two different occasions, this formula yielded the value

= +
AtLF 11.92 £ 0.01 ns (la)

Reduction of Time of Flight to Geodetical Zero

For ranging, the empirical formula derived from geometry for
the correction time-of flight is:

2R/c = AtSAT—[AtCALLF—AtLF+l.8O ns] (2)
and with {la)
2R/c = AtSAT_[htCALLFHlO'lz ns| | (3)

Calibration Constant vs. Time

The constants which have been applied to the gquick look data for
the period of May, 15 through August, 31, are tabulated in table
C. Three groups of data can be distinguished: 75.1 * .3 / 75.6 &
4 / F6.3 x .3, which are due to the selection of various delays
in the constant fractilon discriminator. These values are subject
to final adjustments.

The procedure of establishing this constant for each pass was the
following: In-pass calibration was performed after every 6th range.
In post-processing, these values were visually screened. Calibra-
tions from low slevations have been removed because of parasitic
pulses from the dome. Then the mean was calculated and inserted
for each range (Fig. 5). The reason for this procedure - which
does not allow for temporal variations during the pass -~ was the
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lack of pulse charge wvecordings for this period because of the
missing light chopper. This fact means that in-pass calibration
was prone to siight systematic errors if the operator did not
carefully watch and adjust the variable attenuator. This, because
the constant fraction discriminator®s dynamic range - with the
given amplifier - was not better than 1:10. Improvement are under
way, but for the period reported, there would be the only alter-
native to correct visibly biased values with off-line calibrations
of the same date.

Residual Time Walk of the Discriminator

A heavy time-slewing was found for pulse amplitudes below 100 mV
(threshold at 30 mV). Appropriate amplifier gain and a threshold
of 100 mV were then selected (Fig. 2). Residual time walk was
still detectable (Fig. 3, 4) but was found to be sufficiently small
for LAGEOS tracking, where seldom returns occured with more than

n = 8 photoelectrons (Fig. 6). Problems arise with STARLETTE with
n > 60; and with in-pass calibration runs if the beam attenuation
iz not closely controlled.

The modelling of the residual time walk is not easily done because
of the lack of understanding it's cause. For this reason, leading

edge discrimination still appears attractive because of it's bell-
shaped response.

4. CONCLUSIONS

In-pass calibration has already proven to be a valuable asset to
zimmerwald LRS. Once the deficiencies of the present setup will be
overcome, all calibration points will be corrected for the re-
sidual time walk., Then a comprehensive record of the stations
internal range bias will be accumulated without the effort of
cumbersome pre- and post-pass calibrations to an external target
board.

REFERENCES

Silverberg, E.C., 1982 "The Feedback Calibration of the TLRS
Ranging System"
in Proc, of the 4th International Work-
shop held at the University of Texas In
Austin, Texas, USA
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REAL TIME FILTERING OF LASER RANGING OBSERVATIONS
AT THE ZIMMERWALD SATELLITE OBSERVATORY

G. Beutler, W. Gurtner, M. Rothacher
Astronomical Institute

University of Berne

Sidlerstrasse 5 CH -~ 3012 Berne Switzerland

Telephone 31 65 85 91
Telex 32320

ABSTRACT

Since May 1984 a third generation Nd:YAG Laser system is fully ope-
rational at the Zimmerwald Satellite Observatory. In order to maximize
the number of successful observations a real time data handling based on
the Kalman-Filter technique was developed and implemented into the PDP
11/40 computer system of the observatory. Although many simplifications
had to be accepted due to the Timitations of our small computer system,
the algorithm is capable of predicting the signal-travelling times for
the next 20 to 40 seconds counted from the last successful observation
with a precision typically better than 10 Nanoseconds (ns). These predic-
tions are used to define in real time the range gate (time interval du-
ring which the signal detection is active). At present time the width of
the range gate may be reduced from originally 2000 to 4000 ns to 200 to
400 ns after the first few returns of a pass, even if the quality of the
predicted orbit is rather poor. So far the filter was used only for night
time observations. It proved to (a) increase the number of successful mea-
surements and to (b) produce in real time a relatively clean set of measu-
rements for post-processing. These advantages will be even more pronounced
for day time observations.
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L. INTRODUCTORY REMARKS

The data filter now in use in our observatory is essentially .
the real vime filter presented in {Beutler, 1983}. Since May

1984 this algorithm has been tested with real observations.

48 only minor changes of the 1983 filter version proved to be
necessary, we restrict ourselves to a brief summary of the
theoreticzl background and we put the emphasis on the perfor-

mance of the fiiter in practice. The reader interested in

mathematical details is referred to {Beutler, 1983}.

7. STATEMENT OF THE PROBLEM

During the pess of a satellite over the observatory we are
measuring the travel times of Laser pulses from the ohservatory
to the satellite back to the observatory. Certainly we detect
more returning light pulses if we have a good a priori estima-
tion of the light travel times at the epoch of the cbservation,
because we are then in a position to reduce the range gate to

a few hundred nanoseconds, which in turn reduces the number of
spurious pulses. These light travelling times are functions of
the geocentric position of the obsexvatory and of the orbit of
the satelilite. If we had perfect station coordinates and per-
fect orbit predictions, the problem of setting the range gate
would be very simple. Before the pass we would produce a table
of theoretical light travelling times, and during the pass the
range gate could be set according to this table. Unfortunately
matters are not as simple as that., Certainly the position of
our observatory is known with sufficient precision for this
purpose. The same however is not true for the predicted satel-
lite orbits. Therefore - if we want to have good estimates for
the light travelling times in real time - we have to update the
crhic during che pass of the sateliite in real time. This, of
course, is & fypical Xelman Filter problem. It is even a somewhat

simpler problem, because the underlying system equations are

‘ordinary and not siochastic differential equations, the well

known eguations of motion of the satellite. But even then the



solution of this problem is out of scope for a small computer

system. It was shown however in (Beutler, 1983} that the -
problem can be reduced to a manageable size (a) by using the

perturbation equations instead of the original equations of

motion and (b) by astimating only one osculating element, the »

perigee passing time T, in veal time. With these simplifications

0
the well known matrices of the Kalman Filter theory reduce to
scalars. Moreover the celestial mechanics part of the problem,
computation of the predicted orbit and its derivatives with

respect to the element T,,are computed off line before the

0
satellite pass.

3, OUTLINE OF THE ALGORITHM

The Zimmerwald Filter may be divided into two parts

{a) Initialization phase with n_ < 14 observations

I

{(b) one filter-step for each subsequent observation

Initialization 1s a delicate problem in many applications.

Here we have the additional problem of a relatively high
percentage of parasitical pulses. The normal filter setup
{assumption of a large a priori variance for the unknown ele-
ment TO} would therefore erroneously interpret many parasitical
pulses as real, which would lead to a filter divergence from
the wvery baginning, '

Therefore we proceed as follows:

(1) We establish a series of nI % 14 measurements

with maximum repetition rate {( 5 Hz ).

{2) We compute n. independent estimates for the im-

I
provement of TO
= ™ — (1)
ATG,k (ﬁuk h(tk))/ C{tk),k l,2,..,nI {la) 1
Where At; ls the observed signal travel time,

h{tk) 1s the predicted travel time

E

C(t,) is the partial derivative of h(tk)

with respect to TO
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(3} We form the differences

d,. = |AT

ik -~ ATO L,k=lL,2,....:n

el r

AN f ] < N A ! - & {l)
{4y T Qik M.Gifibfﬁiji for at least n
different dik’ the initialization process

is said to be successful. Otherwise the

the whole process has to be repeated from

point (1).

oy and n* are program parameters. it present time we use
the values

g = 50 ns for lLageos

i 150 as for Starlette
{2}

n* = 2
The formulae to compute h{t) and C{t) in eqn. {(la) are rather
complicated. Therefore a table of these gquantities is computed
off line before the satellite pass. During the pass h(tk),C(tk)
are established by interpolation in this table. As the degree
of the interpolating polynomial is only 3, the computation of

h(tk} and C(tk) is not time consumptive.

If the initialization was successful, the subsequent filter steps

have to be initialized as £follows:

i is the index of the first successful observation

0
AT 2= AT,
Lo
Q = 1/C(t, )2
0 (3)
E := 0
j =1

The complete algorithm may then be represented by scheme (4).
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Some remarks concerning scheme (4)

- The prediction of the light travel times At in the above
scheme dlffers in two points from the pure Kalman-formu-
lation :

{a) the guadratic term ™ D{tj}'AT2 " is taken into account,
where the coefflcient D(tj) is computed in the same way

as the guantities h(tj), C(tj) in egn., (la).

{b) A very simple empirical correction term E was introduced
to prevent the filter from the well known effect of
diverging. A full dicussion of this term may be found

in {Beutler, 1983, section 5.4.2},

~ g iz an input parameter of the program, At present time

15 ns for Lageos

50 ns for Starlette

4, ResuLTs

Figures 4,1, 4.2 and 4.3 are included to illustrate the filter
performance. The three figures refer to the same pass of the
satellite Lageos (1384, September 1, 19h56m - 20h29m U.T.).

FPigure 4.1 shows the predicted*$inus the observed light travel
times for all measurements recorded (good and faulty). The effect
of narrowing the range gate after the initial phase is clearly
visible, Clearly the probability to detect the real écho is in-
creased by a factor 5 {inltially the range gate width was 2000 ns,

after the initialization it could be reduced to 400 ns}.

Figure 4.2 shows the residuals of all measurements accepted
by the real time filter. The plot was produced by the off line
a

The residuals therefore refer to an a posteriori optimized

LE Sar

™
o

ening program {no such plots are produced in real time).

orbit. A similar Figure would result however, if we would dis-
.play the differences "light travel times predicted by Kalman-

*} predicted without a filter, using only the predicted ephemeris
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Filter minus observed travel times" for the observations
accepted by the Filter algorithm (4). Figure 4.2 also shows
that our real time filter produces a relatively clean data
set in real time. That there still are some blupders left
follows by coﬁparing Figures 4.2 and.4.3 (Figure 4.3 shows
the residuals of the measurements finally accepted by the

automatic screening program) .

So far the real time filter was used for 80 passes (44 of
Lageos, 31 of Starlette and 5 of Beacon -~ C). Usually = as
e.g. in the example given by Figures 4 - the real time filter
accepts more measurements than the off-line data screening.
The opposite may happen, if the operator looses the satellite
Guring the pass and a re-initialization is invoked. Therefore
we measure the filter performance by the percentage of wrong

real-time decisions "hit yes or no'.

Table 4.1
Satellite Number of Passes Percentage of wrong decisions
Lageos 44 5.7 &
Starlette 31 8.7 ¢
Beacon-¢ 5 3.9 %

5. ConcLUSIONS

A very efficient real time data data handling system was deve-
loped and tested in the Zimmerwald Satellite observatory.
The main difficulty was the reduction of the problem to a
manageable size. The first practical experiences are very

encouraging.
REFERENCE

Beutler, G. ., 1983 "Digitale Filter und Schitzprozesse" ,
Mitteilung Nr. 11 der Satellitenbecbachtungsstation Zimmer-

wald, bDruckereil der Universitdt Bern.
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STATEMENT OF PROBLEM

- PERFECT A PRIORI KNOWLEDGE OF LIGHT TRAVELLING TIMES
Ati,i=L,2,a.. ALLOW
~ REDUCTION OF RANGE GATE WIDTH, WHICH

- IMCREASES THE NUMBER OF SUCCESSFUL OBSERVATIONS

- ONLY SOURCE OF INCERTAINTY IN KNOWLEDGE OF at. 18
THE ORBIT OF THE SATELLITE. THERZFORE WE SHOULD

IMPROVE THE ORBIT IN REAL TIME USING THE KALMAN-FILTER-

THEORY .

- MaIn CONTRIBUTION OF THE ZIMMERWALD FILTER IS THE REDUCTION

OF THIS PROBLEM TO A MANAGEABLE SIZE FOR SMALL COMPUTERS
BY
- USE OF PERTURBATION EQUATIONS INSTEAD OF NEWTONIAN

FauaTions oF MoTioN
- REDUCTION OF THE NUMBER OF UNKNOWNS FROM ORIGINALLY b
70 1 ( PERIGEE~PASSING-TIME T, )
- CONSEQUENCE OF THESE SIMPLIFICATIONS : ALL MATRICES IN
KaLMAN-THEORY ARE REDUCED TO SCALARS, WHICH SPEEDS UP
ON LINE COMPUTATIONS ESSENTIALLY,

-~ INITIALIZATION : A SPECIAL PROCEDURE RELATED TO THE
MAJORITY — VOTING IN DOPPLLER ORSERVATIONS WAS DEVELOPED:

Tug Frret 10 - 14 opseRrvATIONS ARE USED TO PRODUCE 10 - 14
INDEPENDENT ESTIMATES OF T, IF ~ WITHIN THE EXPECTED VARIAN-
CES OF THE MEASUREMENTS ~ 3 OR MORE COINCIDENCES ARE FOUND,
THE INITIALIZATION PROCESS IS SAID TO BE SUCCESSFUL,
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'INTERKOSMOS LASER RADAR, VERSION MODE LOCKED TRAIN

K. Hamal, H. Jelinkova, A. Novotny, I. Prochazka
INTERKOSMOS

Faculty of Nuclear Science and Physical Engineering
Czech Technical University

Brehova 7, 115 19 Prague 1 Czechoslovakia

Telephone (2) 84 8840
Telex 121254

ABSTRACT

To obtain the system internal noise level below 10 cm at the
INTERKOSMOS laser radar in Helwan, the picosecond laser was imple-
mented. The Nd YAG oscillator/amplifier/SHG laser generates a mode
locked train at 0.53 um, most of the energy is contained in three
pulses, the individual pulse duration is 70 psec. During the 1983
Merit Campaing, within 4 months, 100 low satellite passes and 31
Lageos passes have been ranged. When the made locked substructure
has been resolved for the received signal (about 50 % of passes),
the RMS was 6-8 cm.
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INTERKOSMOS LASER RADAR,VERSION MODE LOCKED TRAIN

The LNIERKOSMOS 2.generation laser radar /1/ located at
Helwan has been operating since December 1980. Satellite ran-
ging data having RMS 20 cm, obtained during the preliminary
MERIT campaign /September 1981/, using 5 ns ruby laser, showed
acceptable consistency with other data /3,4/.

To cbtain the RMS below 10 cm level we adopted a picose-
cond mode locked train laser /2/. Assuming the space available
for the transmitter /two axe mount, moving transmitter/, we
have chosen the mode locked train NA:YAG oscillator/amplifier/
SHG laser system /5/. The oscillator is passively mode locked~-
the individual pulse length is 70 psec, the round trip time is
2nsec, most of the energy is concentrated in two or three pulses
of the Lrain,

The station has been upgraded to expleoit the mode locked
train /6/, the software package for the ranging data processing
has been developed /7/.

The system block scheme is on Fig.1l., the main parameters
are summarized on the table 1.

To improve the mount positioning accuracy, the aiming
errors model was implemented. The transmitted beam divergence
is adjustable by means of a transmitting optics /from 0.2 to
3 mrad/. The receiver PMT is cooled to decrease its single PE
dark count rate. The Start dezector /8/ was adopted to proceed
the train of transmitted pulses. Two wideband preamplifiers
and the constant fraction discriminator were implemented into
the Stop channel to guarantee a low jitter on sigle PE level.
The epoch timing counter resolution is 1 us. As the epoch re-
ference, the Loran-C signal is used, the computerised compari-
son procedure of the station time base to the Loran signal was
put into operation. The signal propagation delayes were calib~
rated by the flying Cs clock. The computer hardware/software
control package was modified to accept the ranging reprates up
to 5 pps, the on line graphics capability was implemented.

The indoor calibration experiment /9/ showed the ranging
electronics interval noise 6 cm /RMS/.

During the 1983 MERIT campaign 100 low satellites and 30
Lageos passes have been ranged within four months. When the
mode locked substructure has been resolved in the received sig-
nal /50% of passes/, the RMS 6-8 was achieved. The system sta-
bility /10/ /pre-post pass calibration difference/ is typicaly
2.5 cm. The average data rate is /1/ Lageos return every /30/
seconds.
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" TECHNICAL PARAMETERS OF THE INTERKOSMOS LASER RADAR IN HELWAN
VERSION MODE LOCKED TRAIN

MOUNT

TRANSMITTER

RECEIVER

RANGING
ELECTRONICS

" EPOCH TIMING

COMPUTER

SOFTWARE

CONFIGURATION
TRACKING RATE
POINTING ACCURACY

LASER TYPE

OPERATIONAL

ENERGY

PULSE LENGTH

ENVELOPE FWHM

REPRATE

OUTPUT BEAM DIVERGENCE

CPTICS
BANDPASS FILTER
PHOTOMULTIPLIER

DISCRIMINATOR START
DISCRIMINATOR STOP
FLYING TIME COUNTER
TIME GATE

RESOLUTION
FREQUENCY STANDARD
EPOCH REFERENCE

CPU

MEMORY CAPACITY
STORAGE MEDIUM

I/0 FACILITIES

PREDICTION

CALIBRATICN/TRACKING
DATA PROCESSING

AZIMUTH/ELEVATION
ZERO TO ONE DEG/SEC
30 ARCSEC

Nd:¥YAG + SHG

MODE LOCKED TRAIN

15 mJ/TRAIN

70 PSEC

4 NSEC /2-3 PULSES/
2.5 PPS

ADJUSTABLE 0.2-2. mrad

REFRACTOR, 0.4 METER
I nm
RCA 31034A,GATED,COQLED

SPECIAL

CONSTANT FRACTION
100 PSEC RESOLUTION
100 NSEC RESOLUTION

1 MICROSECOND
Cs BEAM FREQUENCY STD
LORAN C,FLYING CLOCK

FLOATING POINT
64 KBYTES
5 MBYTE DISC

- PAPER TAPE,PRINT

GRAPHICS CAPABILITY
HP CASSETTES, HP~IB

0.2 ARCMIN ACCURACY
ON SITE IMPROVEMENT
COMPUTER CONTROLLED
NOISE REJECTION

ML TRAIN DATA ANALYSIS

Table 1.
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START DISCRIMINATOR FOR MODE LOCKED TRAIN LASER RADAR

M. Cech

INTERKOSMOS

Faculty of Nuclear Science and Physical Engineering
Czech Technical University

Brehova 7, 115 19 Prague 1 Czechoslovakia

Telephone (2) 84 8840
Telex 121254

ABSTRACT

A problem of start detector is very topical in laser radar sation
working with a train of pulses generating by mode locked Nd:YAG laser.
This article deals with new developed start detector used in INTERKOSMOS

Taser radar station in Helwan, Egypt. A time resolution of the detector
is better 150 ps.
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STARYT DISCRIMINATOR FOR MUDL LOCKED PRAIN LASEK RADAR

The start pulse for tne time interval counter is agenarated by
detecting a small part of laser beam in a start detector.

The described start detector consists of three part (fia. 1) .In
the first nart, a silicon rplanar PIN photodiode HP4207 as deorection
element is used. The photadicie 1s connected to -15%0V pias to optain
very fast response.

The second part is a discriminator. Tne discriminator consists of
tunnel diade (TD)Y. The 1D is connected as monostable multivibrator. The
threshold of discrimination is set up by the level of the multivibrator.
The third part 1s amplilier, the ocutvut voltaue {rom IO discriminator
is 100-200 mv. The gain of the amplifier 1s approximately 2. The first
stace is amnolifier with comion emitor {trans. Tl) and seccond transistor
1s connected as current amplifier. ''ne rise time is 4 ns and voltaae
output 1s 4V. 'The risc tine 15 sultalble for our apoplication (uniform pulse}.

The detector works as fi1xed tnresncld discriminator. This fact
1$ not 1mportant secause of rise time 200 ps and change of amplitude
is 30% only. The tneoretical error of the detector is 100ps only.

We nave train of pulses - f13.2, (aoprox. 2-3 pulses)., A problem
is in defining tne triagering pulse. The detector sends uniform triager
Ppulse, when the first laser pulse reacnes tnreshold of discriminator.
1f we take as reference point the maximum pulse in train, it can be
trigoered from different pulses in respect to this point. The time of
trigeering is different but this time differes at resonator round trip
time. (1.8 ns in our case}.

Both stability and accuracy of the start detector were measured.
The folloving measurina confiaguration was used: a laser pulse was divided
into two parts. One part was detacted bv photodiode and entered to
vertical amplifier of tne fextronics 7912AD oscilloscope. Second part
of light pulse was processesd oy start detector. Jutput pulse from start
detector externally triawros tne oscillosamae,

Fig.2, shows the overlan of threo pulses. Aporoxlmately 100 pieturcs
were taken. Theso pictures were processed by conputer. Two different
parameters wer. stuldied. '

The filrst paramet: 1o tee distance of relerence volnt {(the¢ centoey
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of maximum peak) from triagger puise. we can sec on tne fia.3. tnat
detector generates triaager pulse from toce same pceak in traln in ¥5%
cases, from second one L5% only. listance petwaen sulses there iz l.Bnzs.

Second parameter is a tine resdlution. Pli.4. was cotoin by Seoaratlno
one pulse from fia.3. Tne time reaclution of this detector is better
then 1530ps.

Conclusion

The start detector descrioved in this article 15 very oleple . e
reference point ootained by tue etector nas tne time rosplution beteer
150ps. A one resonator round trip tine (1.3ns) offscl of the rafor enco
point is observed in 15% cases. Fne detector is used by investigation
of mode locked lasers as trigaerinT element of oscillascopas., streak
cameras, etc.

Litcrature:

1/ t.Jelinkova, in this procead inas
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Fig.1.: Cixcuit disgrsm of the start detectlor
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MODE LOCKED TRAIN LASER TRANSMITTER

J. Jeiinkova

INTERKOSMOS
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ABSTRACT

The passively mode locked frequency doubled Nd:YAG oscillator/amplifier/
SHG Taser radar transmitter is dercribed. [t is generating a train of 2-3 pul-
ses, the pulse duration is 77 psec, output energy in green is 20 mJ, the re-
prate 1-2.5 Hz, The stability of the output pulses was monitored and statisti-
cally treated using a computer. To analyse the laser beam structure, an on line
diagnostic chain, giving a three dimensional graphic display of the output pat-
tern, was implemented.



MODE LOCKED TRAIN LASER TRANSMITTER

1.0 INTRODUCTION

Considering satellite ranging, the length of the transmit-
ted laser pulse is one of the main parameters, determining the
accuracy of the measurements. To increase this accuracy, in the
course of years, the pulse width of the transmitted light was
shortened. Since 1973, when the Interkosmos laser radars have
started to work, a total number of 30 laser transmitters have
been put into the laboratory and field operation. Among the
transmitters, there was a ruby Q-switched using either rotating
mirroxr or Pockels cell generating the pulses from 13-25 nsec
FWHM, PTM Q-switched (cavity dumped) ruby system having 6 nsec
pulse width and constant gain pulse forming configuration varying
in pulse width from 2-6 nsec /1/. In 1982 mode-locked Nd:YAG
laser transmitter generating a train of pulses has been instal-
led at the observatory Helwan in Egypt.

2.0 SYSTEM OF LASER TRANSMITTER

The laser system consists of TEMoo oscillator plus a single
pass amplifier, followed by a frequency doubler. The specifica-
tions result from the demands of the accuracy in ranging and
from the necessity of the system movability /2/. The technical
parameters of this system are shown in Tab.l and a schematic
drawing in Fig.1l.

Tab.l. TECHNICAL DATA OF THE LASER TRANSMITTER

Wavelength 530 nm OQutput divergence ©.2 mrad

Pulse duration 77 psec (Adjustable) MIN

No.of pulses 2-3/train Dimensions length 120 cm

Output energy 20 md/train diameter 23 cm

Reprate i-2.5 Hz Power supply /5/ 500 W
(Average power)

2.1 Laser Oscillator

The deterministic build up of passive mode locking in giant
pulse lasers can be achieved by careful control of lasing modes
between the first and the second threshold /3/. Stahkle stationary
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pulse train soluticns were found for passively mode locked sys-—
tems with easily saturable active medium. The autors /4/ used
tihhe intraresonator telescope to improve the output pulse repro-
duocibility of Nd:YAG system. In ourx system, the number of modes
was reduced by the gain excess and by increasing the intermode
freguency spacing via shortening the optical resonator length.
The configuration of the mode logked NA:YAG oscillator, we
employed, is shown in Fig.1l. As the active medium, a 80 mm long,
6 mm in diameter, NA:YAG crystal is used, one end is cut at
angle 8%% and second one is perpendicular to the axes. The crys—
tal and the flashlamp are placed in the elliptical silver coated
cavity. The optical rescnator is formed by the high reflectivi-
ty (R=9%9%) dielectric mirror and the perpendicular surface of
the NdA:YAG crystal (R=8%). Mode locking is accomplished using
a saturable dye ML51 solved in dichlorethane /6/, innitial
transmission T = 35%, thickness of the cell 1s 5 mm. The cell is
at the Brewster angle near the 99% mirror. Using a 5 mm satu-
rable dye cell the pulse duration was lengthened. Single mode
operation is performed by the aperture {(diam.l mm) placed between
YAG cyvstal and the saturable dve. The length of the resonator
corresponds to 2 nsec round trip time. The shape and the repro-
ducibility of the oscillator pulses are remembered in the secx
tion 3.

2.2 BAmplifier, Doubler and Detection

In the amplifier, & 120 mwm long, & mm in diameter, Nd:YAG
crystal is used, both ends are cut at 2¢ and antireflection
coated. The crystal is placed in the elliptical silver cocated
cavity and it is pumped by one linear Xe flashlamp. Both crys-
tals, oscillator and amplifier one, and the flashlamps also
are placed in a water cooled glass tubes. To isolate the oscil-
lator from the amplifier, the saturable dye cell containing
ML 51 disolved in dichlorethane is used. To extend 1 mm oscil-
lator spot, the telescope 1:3 is placed between the oscillator
and the amplifier head. For purpcse of the laser radar, the ge-
neration of the second harmonic is needed. The KDP crystal,
type II, is used behind the amplifier. The output pulse is mo-
nitored by a high speed photodiode. A sample of the output beam
is sent to the start detector /7/. The output telescope chan-
geg divergence of the beam. A He~Ne laser is incorporated into
the system for easy alignment of the oscillator/amplifier chain
and the pointing services. The whole optical system is protected
by a removable tight dust cover.

3.0 LASER PERFORMANCE

The experimental seiup for measuring of the output pulse
reproducibility and the beam structure is in Fig.3.
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3.1 Pulse Shape

The typical pulse shape is shown in Fig.2. The train has
2~-3 pulses, the pulse separation is 2 nsec and the individual
pulse width is 77 psec.

3.2 Pulse Enexgy and Divergence

The oscillator pulse enerqgy is about 7 mJ/train in infra-
red. After the amplification, 80 mJ output beam is entering to
SHG crystal, the conversion efficiency is 25%, the output ener-
gy per train at 0.53 am is 20 mJd.

The divergence of the system is 2 mrad. The ocutput Galli-
leo adjustable telescope allowes to achieve the output beam
divergence up to 0.2 mrad, minimum.

3.3 The Output Pulse Reproducibility and Beam Structure

The shot-to-shot reproducibility and the stability of the
output pulses are of the primary importance in satellite ran-
ging. The irregularity of the pulse may impair the timing accu-~
racy. Therefore, the detailed tests of the laser transmitter
stability and pulse reproducibility were carried in the indoor
experiment. The experimental setup is in Fig.3. The first part
is for measuring the stability of the pulse width of the indi-
vidual pulses and the signal to noise ratio, the second part
is for pulse train stability test and third one for beam struc-
ture measurement.

The laser pulse was detected by PIN photodiode and Tektro-
nix Tranzient Digitizer 7912AD. The bandwidth of the system was
500 MHz, effective resolution 20 psec. The measured raw data
were transmitted via HP 85 to the master HP 21 MX~E computer,
processed and stored on the magnetic disc. The laser was ope-
rating at 2.5 Hz and 100 from the 100 000 shots conseguence
were put to the memory and processed. The corresponding soft-
ware package consists of the programs for data collection and
storing, noise elimination, pulse characteristics determina-
tion, statistics and graphics /9,10/. The results are in Fig.4.

A part of the laser output pulse is sent to Hammamatsu
streak camera system. For data recording and processing, HP 85
calculator was interfaced to the Hammamatsu system (Fig.2).

The mean value of the individual pulse width from the 100 mea-
surements is 77 psec, RMS is 10 psec.

The far field structure was studied in the focal plane of
the positive lens. As the detector, the Fairchild CCD camera
was used. The camera signal was digitized and stored in the
Digital Image Memory Quantex with the resolution 256x256 cells
256 intensity levels each. The data from the memory were trans-
mitted via HP-IB to the HP 2] MX-E computer and stored on the
disc. The extensive software package /10/ for TV image pro-
cessing is available in the "nearly on-line®™ mode. The beam
profile etc. waszs available within seconds after the laser shot



on the monitor in the lab. The Fouriler two dimensional trans-
form of the far field structure was available within minutes.

the foval length of the positive lens used for far field
image was 2.5 m. In ¥Fig.5, there is the plot of the 3D pro-
iection of the far field beam structure of the oscillator
(1.06 aum} {a) and the contours {b). The far field beam struc-
ture of the transmitter (osc/ampl/doubler) chain is in Fig.6.
The output beam divergence is 2 mrad.

4.0 CONCLUSION

The system has been operating in Helwan observatory (Egy
through the summexr 1983 and 1984. The target and satellite ra
ging shows RMS belliow 10 cm /1li/.
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Fig. 1.

Fig.2.

Block diagram of the optical lay-out of the Nd:YAG laser
transmiteer

M End mirror SHG  KDP Frequency doubler
D1 Dye cell PDH Monitor detector

A Aperture PD2 Start detector

0SC  Oscillator head F Neutral density filters
b2 Dye cell T2 Queput telescope

T1 Telescope M1 Adjustable mirror

AMP Amplifier head M2,M3 Removable mirrors

The transmitted pulse
Streak camera trace /5 nsec/screen/
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Fig.3. The experimental setup for measuring of the output pulse

reproducibility and beawm structure

MLOA - Mode locked osc/ampl system, SHG - Freguency

doubler, PD1,PD2 - photodiode, TV CAM ~ SIT TV camera

Hamamatsu C1000-12, DEL - Delay unit, TA - Temporal
analvzer Hamamatsy CI023, MOR - TV wmonitor, COM -

Computer HP 85, F - Neutral density filter, A —~ Aperture,

0SC -~ Oscilloscope Tektronix 7834, TRAN ~ Tranzient

Digitizer TR 79124, COMPUTER - HP 21 ME-E, DISC - 50 Mbyte
disc, TV - TV monitor, GRAPH - Graphic display, L ~ Positive
lens /f 2.5 m/,-CCD - CCD TV camera Fairchild, DIG -

Digital Image Memory Quantex, TD — Temporal disperser

Hamamatsu C979
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PRESENT STATUS OF THE CERGA LLR OPERATION

€. Veillet

CERGA

Avenue Nicolas Copernic
06130 Grasse France

Telephone (93) 36 58 49
Telex 470865

ABSTRACT

The CERGA LLR station is now currently operating with a standard
range accuracy smaller than 20 c¢m. The normal points are sent monthly
to four scientific teams in France and USA, and are available for the
interested people on request to the author.
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PRESENT STATUS OF THE CERGA LLR DPFERATION

The Figure 1 summarizes the main characteristics of the
CERGA LLR ogperation. The station itself is located in Grasse
{sauth of France} at an elevation of roughly 1380 meters. )
1.5-m reflector is ussd both for the emission and the recep—
tion. The ruby laser has & 3.3 ns pulse and can shoot the Moon
every six seconds with @ 3 J energy.

The first returns from the Moon have been observed in
dune 1981, but the first good normal points have been obtained
in April 1982, after the sclution of some prablems with the
events timer. Bince then,the station has been given normal
points { mainly on the Spoilo XV reflector) as regularly as
possible. The Figure 2 presents an histogram of the number of
normal points obtained =ach month on Apolla XV. The main cause
of a lack of results for some montis (like February 1984) is
the weather linked sometime to a low elevation of the Moan
seen from CERGA. In July and August, where the weather 1is
generally good aoan the French riviera, the nights are very
aften wet and foggy and the number of results is not as good
as it could be expected in such a period.

The Figure 3 shows the distributiaon of the CERGA normal
points with the age of the Monn. At the present time it is
possible to obtain data on a reflecteor illuminated or not, but
only during the night or at least after the sunset or betore
the sunrise. This limitation is not really dus to the noise
higher during the day than during the night. It is mainly due
to the impossibility of pointing the reference craters with
the daylight. It should be passible to receive echoes around
the full asoon. However a lack of resulits is apparent on  the
histogram at this phase. These nights have been ruled out from
the cocbservation schedule far a long time : the number of
aobservers was not sufficient to cover 28 nights per lunar
month. Low moon and bad westher prevented from getting data
these last months around the full moon ...

The present laser used at CERGH is an old gne. His pulse
length prevents to obhtain a very good accuracy. A request for
maney for a new laser and the related squipmnent will be pre—
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sented once more to the french estronomical commuanity in next
October. During the waiting of such a change, two improvemsnts
are on hand. '

The first one concerns the calibration. Made actually on
an external target located on o mountain B ke far fFrom the
reflector, it will be obtained as soon as possible on an
internal way during the noreal laser firings. Thus it will be
possible to monitor bobth the calibration and the pulse length
during the cbservations. The uncertainty on these parameters
e the mein error source of the CERGA data.

The second improvemant concerns the pointing optics
{mainly the TV cameral) which contrast i1s too low to permit To
paint reference craters by daviight. The study of a new system
will be aade. if its implementation is easy, 1t would s
possible to obtain very sooan data in guite all the configura-—
tions {(night or day on Earth and Moon).

After a rearganization of the LLR team in last November,
mpme  modifications heve been sade concerning the predictions
and the analvysis of the data. & prediction softtware has been
installed on the main computer of the station. Every observer
is thus able to prepare the predictions for the next nights
using the last estimates of the BEarith rotation parameters. The
pragramm works with an extract of the JPL ephemeris (DE 121
and LLE 13) and gives direct residuals generally lower than 23
ns, giving wvery rapidly to the observer an insurance on the
reality of the schoes.

The normal points.are calculated by the LLR team on  the
CNES computer. It permits quick exchanges inside the station
staff and a rapid solution of eventual problems. They are
distributed to the interested people as soon as passible atter
the observations. After some problems of implementation, the
software i1s now working guite well.d Dr 0. Calame receives
directly the data in a file on the CNES computer. JPL and
Austin University receive them through HMark 11I. Everybody
else can get the CERGA normal poznts on request to the authos
and use them for his scientific work. |

A great many people are contributing to the laser station
at CERGA beside the author ¢ J.F. HMengin, J.E. Chabaudie, C.
Dumoulin, D. Feraudy, J.0. Langlois and J.M. Torre in the LLE
team itselt. In addition, we wish to thank same other CERGA
maEmber s  wiho work for onge o Lwo nignbtes each month and sereit
Lthus to cover more than 28 nights per lunar month.
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SPECTRAL FILTERS FOR LASER RANGIHG

B.A. Greens

Division of National Mapping
PO Box 31

Belconnen ACT 2616 Australia

Telephone 062 525095
Telex 62230

H. Visser
Technisch Physische Dienst TNO-TH
Stiettijesweg 7 Delft Posthus 155 Holland

Telephone 78 72 12
Telex 38091

ABSTRACT

The available means of enhancing laser ranging system performance
by means of spectral filters are reviewed, Multi-layer dielectric,
Fabry -Perot, and Dispersive filters are described, with emphasis on
the operational deficiencies and benefits of each Filter type. Some
projections for the future in spectral filtering for fully optimised
system performance are given.
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SPECTRAL FILTERS FOR LASER RANGING

1. Introduction

The need for enhancement of signal-to-noise ratio (SNR) in laser ranging
systems by means of spectral filtering is continually increasing. For SLR
systems the most severe requirements arise for mobile systems which have
generally smaller lasers and less well defined coordinates than fixed
stations. The combination of poor a priori station coordinates and
prediction uncertainties mean that temporal and spatial filtering of the
signal is limited, and only spectral filtering can be intensified to
enhance SNR.

For LLR systems, it is uswal to operate temporal, spatial, and spectral
filtering at the design limits of the system, since signal levels are
extremely low and noise can be very high (e.g. full moon or daylight
ranging).

For laser ranging systems there are two principal parameters which
characterise the system performance, signal and SNR. The goal is
generally to maximise both, and various measures are taken to accomplish
this in terms of varying or modifying system parameters. For example,
doubling the laser power doubles signal and SNR, whilst doubling telescope
aperture increases signal fourfold whilst not affecting SNR at all.

One of the most cost-effective ways in which most ranging systems can be
upgraded is by improving the performance of the spectral filter. Halving
the passband of the system spectral filter will double SNR. Doubling the
filter throughput efficiency in the passband will double signal. Thus,
for example, if an operational system could replace a 1.2A filter of 20%
efficiency with a 0.6A filter with 40% efficiency, this would result in a
doubling of signal and SNR - the same affect as doubling the laser power,
at possibly far less expense.

Considerable emphasis on filter design and selection is also required in
the design of minimal, portable, or eye-safe SLR systems.

This paper reviews the filter technology that is available to todays
system designers, with the emphasis on operational characteristics. Three
hasic filter types are reviewed:

L.
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{a} Multi-Layer Dielectric Filters (MLDI)
{b} TFabery Perot Filters (FPF)

(¢} Dispersion Filters {DF)

Z. HMulti Layer bielectric Filters (MLDF}

}'.
£k

¢4

The principles of operation of MLD filzers are well documented in the
literature, and widely known. The term MLDK is usually used in the
context of laser ranging systems to refer to a composite device consisting
of an all-dielectric filter, an induced transmission filter, and a
broadband (glass) blecking filter.

The particularly useful features of MLDFs are:

1. Compactness

2. Ruggedness

3. Basy to cemperature control or tewmperature tune
4. Relatively insensitive to incidence angle

5. Single passbhand only

These features represent why the MLDF is the basic and universal filter
for laser ranging systems. It is only in the area of filter efficiency,
or transmission, where high performance requirements are difficult to meet
with MLDFs. Typical transmission efficiencies for fully blocked filters
range from 00% at 10A bandwidth to 20% at 1A. Other filter types become
superior in transmission for filter bandwidths below about 3A.

For filter bandwidths in excess of 34, efficiencies of 50% (and higher)
can be obtained for MLDFs. This value of throughput, together with the
advantages listed above, make them the natural first choice for most laser
ranging systems.

3. Fabery Perot Filters

MLDFs evolved several decades ago from classical Fabery perot filters
(FPF}. The family similarities remain in that both use interferometric
principles to enhance or retard transmission. FP¥s, however, use two
mirrors separated by a distance which is very large compared to the
wavelength of light, and for some applications this original configuration
can be uitilised o betier elfscy than the MLDF.

in particular, high transmission efficiencies coupled with very narrov
bandwidths may be realised. For example, & blocked FPF with 0.5A
bandwidth may have 40-60% transmission at line centre - approximately
double that realisable with an egquivalent bandwidth MLDF. At first sight
this looks extremely attractive, but there are many factors welghing
against the operational application ol FPFs.
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The principal difficulties with FPFs arise in the following areas:
{al Free Spectral Range (FSR)} and blocking

(b) Bandwidth control

{c} Angular sensitivity

(d) Vibration sensitivity

(e} Temperature sensitivity

(f) TField-of-view (FOV)} problems

(g) Alignment/Servo is highly specified

The Free Spectral Rdnge (FSR) is the distance from one peak of
transmission to another in the 'comb' response of the FPF. It is given by

FSR = Ar%/2d
where A = centre (design) wavelength
d = plate separation

The finesse (F) of the filter is made up of a number of terms, but in
practice is usually given by

1
¥ T R2 /(1-R)

18

where R = reflectivity of FP mirrors

Bandwidth (BW) is given by

BW = FSR/F
If (typically) » = 532 nm
d = 0.1 mm
F = 28
then FSR = 144
BY = 0.5A

This represents a typical FPF design.

Now the overall efficiency of the FPF itself may be as high as 5% if the
device is very precisely manufactured and aligned. However, because the
passband recurs at a frequency given by the FSR, a blocking filter must be
used to eliminate all but the desired passband. The blocking filter
passband must be less than the FSR to avoid passing more than one
passband, In the above example, a 10A MLD filter would be used, yielding
an overall efficiency of around 50%.
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FPI's are extremely sensitive to angle detuning, because the
interferometric operation depends upon the path length travelled between
wirrers to be an integral number of half wavelengths., It is simple to
establish the angle sensitivity as

. (césa - 1)
or
8 = cos= (A /(Ao + 8A))
for A = 5320 4
ar = 0.1 A
then 6 = 1264 arc sec.

1f the filter is working at a X00 demagnitfication from the receiving
telescope, then the centre wavelength of the filter will move 0.1A over a
21 arc second field of wview. More significantly, the filter must be held
stable to 21 arc minutes (1264 secs) in its holder if the centre frequency
i$ not to move by more than 0.lA.

It is important to note also that spatial filtering wmust complement the
FPF, since the filter only ‘works' at normal incidence, and the passband
simply moves (spectrally) with angle of incidence. That is, the system
FOV is dictated by the FPF design.

Temperature effects can be the limiting {actor in FPF implementation.
Even INVAR stabilised mounts can ‘walk' a filter line centre by up to 3A
per °C. For a 0.5A filter, 0.5°C temperature control is totally
unsatisfactory.

A recent development has been the active control, using PZT or similar
drive, of the parallelism and spacing of the FP mirrors. Using a CW laser
injected off-axis and directed to a detector, the FP tilt and spacing can
be servo controlled for optimum performance. The off-axis alignment laser
can be at any wavelength, but is often at 6328A as little power is
required. A dither technique is used to lock the FPF to line centre of
this laser, and the on-axis passband tuned to the desired wavelength by
tuning the incidence angle of the alignment laser. This technique has
been very successful in overcoming mount creep, temperature drift, and
even some vibration-induced detuning of the ¥PF in tests at the Orroral
Observatory. However, the hardware is complex and sensitive, and major
efficiency improvements over MLDFs must be demonstratved before the major
task of integrating FPFs should be undertaken.

The Orroral Observatory is extending its examination of FPF
characteristics to determine the realisable pealk transmission efficiency,
the long term stability, and the (light) noise immunity of FPF servo
systems.
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4. Dispersive Filters

Both refraction and diffraction can be used as the dispersive mechanism
for dispersive filters. Refractive-Dispersive Filters (RDFs) and
Diffractive-Dispersive Filters (DDFs) are both common in a wide range of
optical applications. It is only recently [1] that either has been used
for laser ranging.

The principal of operation of these devices is extremely simple. The
spectral dispersion of the incident radiation allows spatial isolation of
narrow wavebands of interest by means of spatial filterine {pinholes,
slits).

The significant features of DFs in general can be sunmarised as:
(a} temperature stable

(b) vibration/mechanical noise sensitive

{c) complex design and optical fabrication

{d} relatively high efficiencies possible

(e} widely and easily tuneable

(f) efficiency not bandwidth dependent

(g} bandwidth alsc tuneable

(h) bandwidth and field of view not independently
ad justable

(i) precision alignment necessary

Apart from these general characteristics, ecach type of MW has specific
advantages and disadvantages. DDFs have an unfortunate characteristic
which causes temporal dispersion of the processed optical signal.
Precision correction for this effect, duc to the non-normal incidence of
the input beam on the grating, is extremely difficult., Thus an additional
ranging error is introduced. Further, the dispersive mechanism is not
more efficient than 50-060%. tinally the coupling of bandwidth and FOV by
the exit slit (spatial filter) results in impractically small FOV for very
narrow bandwidths. A typical DDF [1] will give 3.54 per 60 arc sec FOV.
Thus a 0.54 exit slit would give a maximum FOV of 9 arc seconds.
Increasing the FOV is not possible without expanding the BW also, despite
the fact that this is desrimental to system performance. The example
given will give a BW of 2A for a FOV of 35 arc seconds and an efficiency
of 50%, a performance level around which an excellent SLR may be built.

RDF characteristics do not include temporal dispersion of the signal, and
efficiencies near 90% are feasible. The major limitation with RDF
application is the practical limit to the size of dispersive prisms which
cat be constructed. This limits the degree of dispersion attainable, and
filters for (typival) ranging configurations may be limited to 3A (min) by
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this. However, it is unlikely that an GDF of less than 3A would be of
general use, since the FOV for smaller bandwidths becomes unreasonably
small.

. VFuture Developments

further development is likely to see incremental! Luprovements in MLDY
efficiency at all bandwidths.

The use of FPF technology should move sradually into the operational
sector from the research environment.

A most promising long term development is the combination of FPF and DDF
to ferm 0,54 filters with 75% throughput in the centre of the passband.
This proposed design would use the BDIY in its optimum role - as a high
efficiency wide band filter. Thus the DDF would not limit the system IOV,
If a DDF was used as (say) a 10A block for a 0.5A FPF with 14A free
spectral range, an efficiency of 90% is possible, with a werking FOV of an
arc minute. This FOV can then be controlled independentiy of the spectral
filtering process using a conventional lens/pinhole combination., This is
not really necessary, since in the DDF/FPF combination, the DDF can be
used as the spatial filter as its transmission efficiency will not vary as
its FOV and bandwidth are¢ tuned. Clearly a FOV corresponding to a DDF
bandwidth greater than 14A cannot be selected, since the DDF is then not
effectively blocking the ¥PF. Similarly, a IFOV corresponding to a DDF
bandwidth of less than 0.54 canneot be sclected without reducing the
etfective bandwidth of the DDF/FPI combination. This lower limit of
filter bandwidth is most likely to be fixed by the power spectrum of the
laser., For a 100 ps laser, a filter of around 0.06A is needed to transmit
the power spectrum. If a 0.0A FWHM fiiter iy used, a large proportion of
the signal from a 100 ps laser will be transmitted at an efficiency below
the peak transmission of the filrter.

For the example given above, if a FPF efficiency of B5Y% can be achicved
routinely, then the spectral filter will operate at 757 efficiency for
0.5A bandwidth over a wide range of FOV. This is four times better than
MLDF performance, and almost 1.5 times as good {efficient) as a MLDF
blocked FPF.

Large systems, and particularly LLR systems will gain 300% to 50%
improvements in data production over current capabilities at 0.54.
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EPOCH TIMING FOR LASER RANGING

B.A. Greene
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ABSTRACT

The well established advantages of epoch timing are reviewed in
the Tight of recent and iminent developments in laser ranging hardware.
The capability of asymetric Stop~Start time interval measurement tech-
niques to meet the emerging demands for timing system precision, accu-
racy, and event rates is questioned. The ability of systems using epoch
timing to adapt to the new technology and meet the highest performance
specifications is emphasised.
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EPOUH. TIMING FOR LASER RANGING

. Introduction

The advantages ol epoch timing for laser ranging have been known for some
time. Some of the earliest timing equipment specifically designed for
laser ranging used epoch timing principles (e.g. the 'Maryland' event
timer).

The principal advantages of epoch timing have been:
I. Measurement symmetry for START and STOP.

2. Capability to accommodate many shots in flight with a single
instrumeat (i.e. multiple~stop capability}).

3. Precise epochs are produced as well as range measurements.

Recent developments have highlighted these advantages as well as throwing
light on some previously undetected advantages.

2. Epoch Timing Principles

A epoch timing system measures range by determining the epoch of the
transmission and reception of the Jaser pulse, and obtaining the
difference by subtraction.

An epoch timing system can be constructed from commercial electronics
modules, since all that is required is a scaler/counter and a time
interval unit (TIU). If the scaler and TIU are properly chosen, the epoch
precision is the precision of the TIU. The specification for these 2
components are that the maximum count of the TIU must be greater than the
period (1/f) at which the scaler is clocked. The scaler is simply latched
by the event, which alse starts the TIU, which is stopped by the same
clock pulse which clocks {(increments) the scaler. For example, the
original (1974) Orroral LLR timing system consisted of a 10 MHz scaler,
which, when latched, gave 100 ns precision epoch. The event which latched
the scaler also started the ins precision TIU, which was stopped by a 100
KHz pulse train, giving a maximum count of [0 microseconds.

The epoch 1s given by

K Lo {e-t)

where L epoch latched in scaler
¢~ maximum count ot TiY
t TIU measurement
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In practice the epoch E is formed in a minicomputer which first truncates
L to eliminate least significant digits which would overlap (c-t}. If the
STOP pulse train going to the TIU is pot in phase with the latch clock
pulse to better than the precision of the TTU, then additional adjustments
need to be made to B,

The cpoch £ will be absolutely accurate enly to the extent that the
frequency standard which supplies the latch clock/TIU stop is abselutely
accurate. If the clock rate is known, then the epoch accuracy can be
upgraded in post-processing. The range measurements derived from these
epochs will have a precision approximately equal to 1.4 times the epoch
precision plus the frequency standard’'s error over the measurement
interval.

The major difficulties in epoch timing systems are:
1. Overlapping of START and STOP events in TIU.
2. Perfect recombination of E and (c-t} to give precise epoch.

The overlapping of START and STOP cvents in the TIU will generally cause
errors. Some systems employ two TTUs with one TIU having its STOP channel
input frequency 180 degrees out of phase with the other, so that overlap
can be avoided. This of course introduces more calibration complexity,
but has been successful. An alternative is to make the TIV input pulses
very short, and the maximum count very long, and accept overlaps. For
example if the pulses were 4 ns wide and the max count 1000 ns, only 0.4%
of measurements would be affected. Lengthening the max count also makes
combining the TIU and scaler readings simpler, as more overlapping digits
occur for longer counts, and the software algorithm for combining the two
numbers into a single epoch is simpler.

3. Recent Developments

Laser ranging systems now routinely operate with a single-shot precision
of 5 cm. Soon 2 cm single-shot precisions will be routine, bhased on new
laser, receiver, and timing system technology. The precisions required by
the new laser ranging systems may demand the adoption of epoch timing
techniques.

An acceptable standard for ranging timing systems for the next 5 years is
likely to be 30 ps (RMS) accuracy in range over 100 ms ranges, and 50 ps
over lunar ranges. It is now relatively easy to acquire or even construct
a TIU with 20-30 ps precision. However very few available designs will
maintain this precision over more than a few microseconds. One exception,
the HP5370 series TIU, limits the rate at which the laser can be fired to
5 Hz once the max count exceeds 50 ms. .

Thus the newer technology in TIlUs may be applicable only as the vernicer,
or as an add-on, to an existing measurement system. Since epoch timing
scalers can easily run up to 100 MHz, giving a TTU max count requirement
of 10 ns, minimal demands are placed on the TIU in this regard by epoch
timing. That is, epoch timing systems are ideally suited to take
advantage of high precision, short count TIUs,

i
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An additional problem for conventional systems using direct time interval
measurements to measure range arises from temperature drift of TilUs. It
has recently been discovered that the HPS370B shows a measurement bias of
10 ps per degree Celsius.  Other TIUs show similar biases. The error,
which is systematic, does not depend on the length of count, and thus is
removed entirely if the TIU is used as the vernler for an cpoch timing
system, since the error will cccur in both epochs, and cancel out in the
formulation of a time interval by subtraction.

The development of solid-state pumping for Nd:YAG lasers raises the
possibility of significant improvements in laser efficiency, and may lead
to higher repetition rate capabilities well beyond the present 10 Hz. At
200 Hz repetition rates, even the lower satellites will require multiple
shots in flight. If recent developments in detector technology lead to 1
micron ranging systems, even higher rates could be required. Only epoch
timing techniques can meet these event rate specifications. (The data
acquisition and control specification is not considered here.)

Finally, new streak cameras are now available which allow 2-D scanning of
the electron beam. If such a streak tube was to be integrated with a 2-D
CCD array of large dimensions, then it is conceivable that it could be
used as a picosecond precision vernier for an epoch timing system. If the
2-D scanning algorithm is correctly specified, it is possible to use a
large proportion of the addressable space on the CCD to give an
unambiguous, picosecond precision epoch readout over long periods (up to
10 ns, i.e. 10 ns maximum count}. It seems unlikely that this ultra-high
precision development will integrate naturally with timing systems other
than epoch timing systems.
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