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THIRD WORKSHOP ON LASER RANGING
INSTRUMENTATION

M. R. Pearlman
Smithsonian Astrophysical Observatory
Cambridge, MA

INTROBUCTORY REMARKS

During the decade of the 1970s, we have witnessed the transition of sat-
ellite geodesy into geophysics. Where once we were trying to measure "fixed"
quantities, now we are trying to measure how quantities change. Workers in
the field of geodesy embraced opticai-tracking techniques as a means of con-
naeting points over large distances. Now, we are dealing with a new community
with far more stringent reguirements, but more exciting science. In earth
dynamics, geophysicists are trying to medsure a number of things: gravity field,
plate motion, fault motion, uplift, subsidence, earth tides, polar motion,
earth rotation, and other crustail and solid-earth motions. In oceanography,
workers are studying ocean dynamics, ocean-surface topography, tides, currents
and general circulation. Each of these studies uses satellite dvramics and
position either as the fundamental measured quantity nr as a means to unravel
data from specialized sensors. Laser ranging to satellites and to the moon
is one of the fundamental tools for these pursuits.

As we have seen during the last two Morkshops the develonment of Easer
ranging systems has been very rapid in resnonse to the needs of the qeo—
physical community. Workers are taking advantage of the newer laser techniques
and fast electronics to improve system performance. Short-nulse lasers, pulse
processors, minicomputers, and sophisticated optical hardware are being de-
veloped and applied to these programs. Lasers now in oneration are alreadv

Qasuring base1ines and earth rotaticn to decémeter accaracies Tndeed, e




In addition to the dramatic improvement in ranging accuracy during the

current decades there has also been an increase in participation in routine
laser ranging activities. Not only have new groups joined the laser ranging
~community, but most have brought new concepts and improved hardware to bear

in this field. A list of stations is shown in Tables 1 and 2. Although

these stations have been built and are being operated by many different grouos,
all recognize the need for improved range accuracv and performance to meet
on-going and projected program needs.

Laser ranging activities have received great impetus from five new
retroreflector-equipped satellites that have been placed in orbit during the
past three years. The Starlette satellite, launched by the Centre Mational

‘d'Etudes Spatiales in February 1975, is now a major elerent in the develop-

ment of refined geodetic models. The National Aeronautics and Spnace Administra-
tion's (NASA) Geos 3 satellite, in orbit since April 1975, is the first global
test of a radar altimeter, while NASA's Lageos satellite, launched in May 1276,
is already being used to measure interstation baselines and polar motion. The
Navigation Technology Satellite (NTS-2). placed in orbit last June by the
U.S. Navy, has applications similar to Lageos. In addition, the Interkosmos

17 satellite, launched by the USSR in September 1877, is plaving an important
role in the Interkosmos -geodatic and geophysics progran.

In June of this year, NASA's Seasat satellite will be launched to sup-
port investigations in ocean dynamics. This spacecraft is eaquipped with an
improved radar altimeter for ocean-surface topographv measurements and a
retroreflector array for precision orbit determination.

The total complex of retroreflectors on satellites in orbit and on the
moon {see Table 3) represents a wide distribution in orbital parameters and
geomairies. As such, they give investigators a broad set of conditions on
which to base their research and to design their measurements (see Table 4).
For instance, the lower orbiting satellites at many different orbital inclina-
tions are the basis of gravity-field development, tidal studies, and shori-

term, PGS]t}Qna] geodﬁsy Tha hzgher sate]]%tes and: the moon are: fundamenta?

to prec1s1on 1ong~baseT1ne measurements and crusta1— aﬂd po?ar rotzon studwes




Because of the new capabilities and opportunities that have been avail-

able in this decade, plus the growth of programs to study geophysics through
Taser ranging, the Workshop on Laser Ranging Instrumentation has been a
prominent activity of both the GNSPAR Panel 1A and the IAR Special Study fAroup
2.33.

Once again, the Third Laser Workshop will provide a critical review of
laser ranging systems based on the accumulated exporiences of workers in the
field. The meeting will provide a forum to discuss problems encountered in
setting up, operating, and upgrading ranging systems. To encourage free and
open discussions, the Workshop will be conducted on an informal basis. There
will, however, be prepared presentations on system descriptions and other
specific areas during the sessions (see Figure 1). W%hile the specific format
of each session will be arranged by its chairman, the success of the Horkshop,
as in the past, depends on active participation by all who are present.

In recognition of the evolving needs of laser ranging groups, sessions
~concentrating on several new areas are being introduced at this Morkshop. In
Session 1, the meeting will be addressed bv several members of the geophvsical !
community who will review work now in progress, together with current data- @
acquisition requirements and projections of future needs. This overview s
intended to give us a better feeling for the scientific motivations for our
laser ranging efforts and also to let us understand what is expected of these
new measurements. Once again, we must stress the fact that our obiective is
not merely to develop sophisticated equipment but rather to provide the geo-
physical community with a data~acquisition tool that can be used on a routine
basis,

A session on software and data processing has been included in the Work-
shop with the recognition that this area is as fundamental to the laser systems

as any piece of hardware. We have also included a session on station timing.
As in the past, significant attention will also be devoted to new concepts
and system ideas. -




Table 1. Satellite laser ranging stations.

LASER RANGING STATIONS
SATELLITES
(AS OF T JULY 1978}

STATION

AREQUIPA, PERU

BERMUDA

BOROWIEC, POLAND

CAPE CANAVERAL, FLORIDA
 CRIMEA, USSR

DIONYSOS, GREECE

DODAIRA, JAPAN

GRAND TURK ISLAND

GRASSE, FRANGE

GREENBELT, MARYLAND

HELWAN, EGYPT

HRADEC KRALOVE, CZECHOSLOVAKIA .

KAVALUR, INDIA

KOOTWIJK, NETHERLANDS

METSAHOVI, FINLAND

MT. HOPKINS, ARIZONA

NATAL, BRAZIL

ONDREJOV, CZECHOSLOVAKIA

ORRORAL VALLEY, AUSTRALIA

PATACOMAYA, BOLIVIA

PENC, HUNGARY

POTSDAM, GDR |

SAN DIEGO, CALIFORNIA

SAN FERNANDO, SPAIN

SANTIAGO DE CUBA, CUBA

WETTZELL, FRG
ZVENIGOROD, USSR

AFFILTATION

SAQ/USA
NASA/USA
INTERKOSHOS
NASA/USA
INTERKOSMOS
NTU/GREECE

“TAQ/JAPAN

NASA/USA
GRGS
NASA/USA
INTERKOSMOS
INTERKOSMOS
INTERKOSMOS

THD/HETHERLANDS

HUT/F THLAND
SEO/USA
SAD/USA
INTERKOSMOS
SAO/USA
INTERKOSMOS
INTERKOSMOS
INTERKOSMOS
NASA/USA
GRGS
INTERKOSMOS
INTERKOSMOS
IFAG/FRG
INTERKOSHMOS




Table 2. Lunar laser ranging stations.

LASER RANGING STATIONS

LUNAR

(AS OF 1 JuLY 1978)

STATION

CRIMEAN OBSERVATORY
GRASSE, FRANCE

MCDOMALD OBSERVATORY

MT. HALEAKALA, HAWAII
ORRORAL VALLEY, AUSTRALIA
TOKYO, JAPAN

AFFILIATION

CRIMEAN OBS/USSR
CERGA/FRANCE

U. OF TEX/USA

U. OF HAWAII/USA
NATMAP/AUSTRALIA
TAO/JAPAN
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Table 4. Applications.

SATELLITE COSPAR "NO. APPLICATION

BE-B 6406407

BE-C 6503201

GEOS-1 6508901 Gravity Field, Tides, Positional

DIC 6701101 Geodesy

D1D 6701401

PEOLE 7010901 Gravity Field

D58

STARLETTE 7501001 Gravity Field, Tides, Positional
Geodesy

GEOS-3 o 7802700 Ocean Surface Topography, Gravity

S ' : Field, Tides, Positional Geodesy

LAGEOS 7603901 Earth Dynamics, Polar Motion, Farth

NTS-11 7705301 Rotation, Positional Geodesy

INTERCOSMOS

17 . 7709601 Gravity Field, Tides

LUNAR ARRAY

A1l
Al4
AlS Earth Dynamics, Polar Motion, Earth
L] Rotation, Positional Geodesy, Lunar

Science
L2 '
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The Use of Interkosmos Laser Network for

Satellite Geodesy

S. K. Tatevian
The Astronomical Council of the USSR Academy of Sciences

Abstract

Satellite geodesy has two tasks: a geometrically defined one and a
physical one. The first is the determination of the geometric shape of the
earth and its description through coordinates of terrestrial points; and the
second is the determination of the main parameters of the gravity field on
the earth's surface and in space. These tasks are the basis of activities
being carried out by many scientific argan1zat1ons Gbservatxona] equipment,
used for these investigations, includes cameras, wh1ch make observatTOns re-
iative to star positions, and laser or radio range equipment, which has
geocentric reference. From camera observations, a direction from a terrestrial
point to a satellite point can be measured with an accuracy of 2~4 arcsec
(1 sec under some conditions). At the present time, l-m range accuracies can
be obtained with first-generation laser systems and decimeter accuracies with
second-generation lasers.

Of great significance is the question regarding the contribution to the
streﬂgth of a geodet1c solution given by directions and distances. . The mode]
calcuTat1ons show that if photographic and laser range data are utilized
together for a determination of the terrestrial vector between two stations,

& range accuracy of 1 m is sufficient for our needs. In 1970 the Astronemical
Council of the USSR Academy of Sciences proposed to the scientific comnunity

"The Large Arc Arctic-Antarctic Project“ The objective of this ﬁrogect Was

meridian of the earth u31ng Cameras and }asers The ArCtICmAntaPCt?C-DTOJECt




was adapted by COSPAR in 1971 and many other countries have joined in the
project. Simultaneously, preliminary work on the "East-West" traverse has
also been undertaken.

In general the Observation Program has been carried out step by step,
and consists of series of campaigns, one or two each year, with the participa-
tion of different sites. There are many applications for the obtained data
in tying local geodetic surveys to global reference systems.

For distance determination required for this Program, the construction
of laser range equipment was initiated by the Interkosmos participants in
197G6. In 1972 the first stationary version of the Interkosmos laser was put
into operation in Czechoslovakia. Now there are 8 Interkosmos lasers:
Zvenigarod and Simeiz, (USSR}, Borowiec (Poland), Santiago (Cuba), Helwan
(Egypt), Ondrejov (CSSR), Kavalur (India) and Patakamaja {Bolivia). In
Potsdam (DDR}, Penc (Hungary}, Gradec Kralove (CSSR) and Simeiz (USSR) improved
laser ‘systems are also being nade operational. =~~~ S

Laser Observations Obtained by the Interkosmos Network
from July 1977 through December 1977

Simeiz Helwan Borowiec Potsdam

Geos 1 1942 1723 34 259
Geos 2 3912 1773 345 270
BEB 3 102
BEC - 413 899

Starlette . o , 21




The Scientific Objectives of the
Interkosmos Satellite Geodesy Program

Stations positioning ("Large Arc"). Geometric and short arcs methods.
Cameras and Tasers of the first generation

Precise orbital computations, orbital methods of satellite geodesy.
Cameras and lasers of the first generation.

Polar motion studies. Astronomical and satellite methods,
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PROSPECTS FOR EUROPEAN PROGRAMS TN SPACE
GEODYNAMICS AND QCEANOGRAPHY

J. Kovalevsky

G.R.G.5./C.E.R.G.A.
Grasse, France

HISTORICAL INTRODUCTION

The first european satellite laser was constructed in France in 1964 by
the "Service d'Aéronomie”. The first returns were obtained in january 1965
on the Beacon B satellite, only a month after the first return obtained in
Goddard Space Flight center.

This was the Startkof a ibﬁg period of european involvment in building
satellite, and lunar laser ranging systems,

During the last ten years, guropean systems participated to a number of
local or world-wide observing campaigns that led to collect a number of
good data that was used in most of the successive Earth models (Standard
Earth, GEM, GRIM) and in many others studies (European local laser networks,

determination of tidal parameters, search for specifiec resonance, terms in

the Farth gravitational field, determination of zonal harmonics, ete...)

It is also to be mentioned another fundamental european, actually
french, contribution to laser ranging : the launch of several satellites

with, on board, laser retroreflectors. These were

DI1C and DID, in 1967
PEOLE, in 1970
D5B and STARLEYTE, in 1975.




However, although european statiomsspecifically participated to mauny

international campaigns, like ISAGEX and "Eurafrique”, or to campaigns
organized by the Smithonian Astrophysical Observatory, it was always via

a direct involvment of various countries in the programs and not as a
coordinated european effort. There were many bilateral agreements with the
United States, and also with other countries, there were also the agree-
ment given by individual european countries to participate to campaigns
generally sponsored by COSPAR, but, till 1977, there were no specific
coordinated european effort in the domain of the application of laser

ranging to satellites.

This situation had several historical and conjonctural reasons that it
is not necessary to discuss here. A major fact, however, was that ESRO
(European Space Research Organization) never showed any interest to geo-
desy, geodynamics, ocean and solid earth physics and related sciences. It
is only recently, that its successor, ESA (European Space Agency) started
to commit itself in this direction showing its new intevest by recently

convening, in Schloss Elmau {(Germany), a european workshop on Space Ocea-

nography, navigation and Ceodynamics (SONG 78 workshop 16-21 January 1978).

' The first, and quite successful, attempt to start a european cooperationm -

in Earth Physics was initiated by the Council of Furope in 1871 : a Working
Group on Geodynamics was created and played an important role in gathering
scientists of various fields of astronomy, satellite geodesy, geophysics
and oceanography at the cccasion of the now well known "Journées Luxembour=—
geoises de Géodynamique'. No doubt that this group has stirred up european
cooperation, in particular in space geodesy. In 1975, a first Euro?ean
Doppler observation campaign (EDOC~-1) was organized, followed in 1977 by
EDOC 2. In 1977 also, a first European laser campaign (EROS= European
Range Observation to satellites) was crganlzed and ran successfully four
months with essent*aliy.three lasar stations in Dlonysos, Kootwijk and

San Fernando. The satellites that were observed are GEOS 3 and STARLETTE.
Finally, at the end of 1976, a group of eurcopean scientists made a joint

proposal for the eurcpean participation to the SEASAT program (SURGE=SEASAT

user Research Group for Europe)

NN Ty R S T T




}. Programs coordinated by the COSPAR Ad-Hoc Commitee,

In 1976, COSPAR working group | has created an ad-hoc committee under
the chairmanship of I I Mueller in order to establish a coordination of
the priorities in the observation of satellites. Although there had been
difficulties in getting some agencies responsible for the operation of
laser stations to apply these recommendations, the three active european
stations were following them, to the best of their possibilities (for exam-
ple, the San Fernando station has not the capabilities to range at LAGEQS}).
In any case, all the data that has been collected is available for the
general use in the scientific community.In Europe, several groups are or

have been using these data for the improvment of Earth potential models

(GRIM 2) ,the study of the tidal effects on the Earth, various studies on

short arc relative pesitioning using laser data, the computation of geode-

tic links between stations, etc...
2, EROS group.

The european cooperation in satellite laser ranging was initiated at a

meeting held in Kootwijk in January 1977. Representatives of all west

european groups building or already running a satellite laser tracking

station were present and agreed to start a long range cooperation between
existing and projected european-satellite laser ranging stations. They also
expressed "their strong interest in a group representation in the interna-
tional field". As a start, the EROS preliminary campaign was organized,
with a distant goal that all european station could be sufficiently well

geodetically linked, so that they may be considered as a unique system of

stations. It is expected that this group would continue its cooperative
work and coordinate the future european participation to programs invel-
ving satellite laser ranging. In particular, this group would coordinate
at the european level the participation to the campaigns recommended by the

COSPAR ad-hoc committee.

3. SURGE programn.

The european p&rt1c1pat10n to SBASAT progett is now wclI defined, During




part of the program, an intensive 6 months tracking campaign will coincide

with the calibration period, in order to obtain the best pessible trajec-
tories of the satellite to permit the calibration of the altimeter. All
european satellite laser stations are to participate to this campaign, to-
gether with several Doppler stations. After the calibration period, the
laser stations will continue their tracking as a european contribution to
the whole project that will permit to many european scientists to obtain

and exploit the data acquired by the satellite during its mission.

More generally, it is important to mote that in many cases, the ran-
ging data obtained by european stations are not sufficient for independent
investigations. They will serve as an exchange for data obtained by non-
european countries. It is evident that the more data are collected and the
more precise it is, the more it will be valuable for other countries out of
Europe, and the more data european scientists will obtain. This is why,
european satellite ranging stations play an extremely important role for
the european scientific community. The future scientific achievements in
space geodesy, geodynamics, oceanocgraphy and related fields are dependent
on the activity of these stations.

4. Lunar laser ranging

No west-european station is yet engaged in this activity, though some
returns have been obtained between 1971 and 1974 from the prototype station
in Pic du Midi. Until future stations in Grasse and Wetzell will be ready,
the general management of EROLD campaign (Farth Rotation by Lunar Distances)
is done by the Bureau International de 1'Heure with the cooperation of
CERGA in Franmce, This campaign is still pending since still only one lunar
laser is operationmal in the world. So Europe can still expect to play an
important role in the world wide network of lunar laser stations which have
applications to dynamics of the Moon and of the Earth-Moon system as well

as to the study of the rotation of the Earth and the motion of its poles.

PROSPECTS FOR THE FUTURE




The task of the SONG 78 workshop in Schloss Blmau was indecd to propose

a comprehensive space~oriented program for a european solid Earth physics,
oceanography, navigaticn and geodesy and to identify detailed objectives for
this program. As an outcome of this meeting, such a proposal was formulated
and although it has not been approuved, several actions may soon be taken
by ESA along its lines. This is why I wish to report on this propesal which
indicates what might be the divection of the european efforts in space geo-
dynamics and cceanography during the future 10-15 years. As voeu will see,
many space techniques will be involvad among which laser ranging plays a

major role.

.One of the specific features of this proposal is that Europe has a
dense coverage by geodetic and geophysical ground metworks, so that it
should be used as a test area of an exceptional quality. This fact also
implies that Europe should have a dense and very accurate tracking support.
The proposal splits into two main programs : a solid Earth program and a

surface studies program.

1. Solid Earth program (tectonics, positioning system)

The ulitimate goal of this program is to have a satellite that can
monitor local, regional and - possibly ~ global relative motions of passi-
ve markers installed on ground, ice, etc... Among the scientific objectives
of this satellite, there are detailed studies of crustal motions, creep,
crustal loading effects, Earth tides, etc... Together with an important
network of ground based automatic geophysical stations supplemented by a
relay satellite system with sufficient data collection capacity, it is
expected to contribute to a recognition of possible corrclations of such
movements with the occurence of earthquakes. The satellite will also meg-
sure vertical and horizontal motiong of large glaciers and ice sheets in

order to study ice dynamics, ice mass balance, ete...

The preparation of such a precise position determination system is a

long term project, estimated to be operational around 1990. It involves

three actions that should be conducted in paraillel (see fig.l).




- A Doppler system, extension of the present MEDOC system, later to be

improved for accuracy.

~ A laser tracking system including LAGEOS tracking for short period

precision and lunar ranging for long term consistency of the measurements.

- A european VLBl system that is already studied by ESA for astronomi-

cal and geodynamical applicatiens.

This action is of the world wide importance and it is hoped that euro-
pean actions will be coordinated with similar programs in other countries,

especially in the U.S.

B. Development of a Precise Position Determination System. This part

is a technological development project for the next 5 years. It includes
space tests in order to make a choice between microwave and laser techaniques.
It includes also the development of an improved time synchronization system.
A first step could be to launch the LASSO-STRIO II experiment. The principle
of this experiment proposed by J. Gaignebet and M. Lefebvre is that the sa-
tellite has retroreflectors that permit to determine the distance of stations
and z detector which measures, oil board, the time separating the arrival-of

laser pulses coming from the two stations to be synchronized.

€. Ground Based Segment of the Mission. All kind of geophysical ins-

truments, able to register perturbations in the Farth's crust (gravimeters,
stressmeters, tiltmeters, magnetometers, seismometers, etc...) should be
installed in all areas where disturbances are to be expected. A good test
area would be Greece and Turkey. But all these instruments should be auto-
matic and the information send fo a data reduction center through a space

data retrieval system.

2. Surface studies program (Ocean, ice, gravimetry and vertical motions de-

termination).

The general goal of this program is to provide global informations on ocean




The determination of ocean topography necessitates the determination

of a precise (10 cm accuracy) reference surface which has to be the geoid.
This is, therefore also a major goal of the program which involves, like the

first one, three parallel actions (see fFig.2).

A. Determination of a Precise Geoid. It is not possible to know, at

present, what technique will be the most suitable to achieve g 10 cm preci-
sion for a short wavelenght (200 km or so) description of the geoid. It is
therefore necessary to start technological developments and to test the
methods during the 7 years to come. This may be a low-low satellite to sa~
tellite tracking or gradiometer. These studies should lead to the definition

and the launch at the end of the 1980's of a geoid satellite.

It is also to be noted that for the operation of such a satellite, it
is also necessary to know with high accuracy the motion of the pole and the
rotation of the Earth. Therefore, the first action of the solid Earth pro-
gram, that is the establishment of a polar motion and Earth rotation ser~

vice, is also a part of the surface studies program.

"By Oceanographic and ice satellite, Such a satellite may be launched

before the geoid satellite since there is no major technical difficulty to
overcome. The european participation in the SEA SAT experiments (SURGE) is
a fundamental preparation step and will unable an optimum definition of the |
proposed satellite. The launch around !985 would permit to obtain with a
better precision and resolving power than SEA SAT, many oceancgraphic para~
meters, Bul one woﬁld have to wait the launch of the geoid satellite in

order to determine the absolute ocean topography.

C. Ground based segment of the Mission. The calibration of the satel-

lite implies a good kndwlégde of the real parameters of the sea surface.

This implies important campaigns on occean and jce fields.

Furthermore, the geoid satellite will imply an intensive and very

accurate tvacking system.

he SONC workehop b,




- Monitoring of changes in the magnetic field of the Earth using a

low orbiting satellite carrying a 3 component magnetometer,

~ Study of the global radiative balance of the Earth for climatology

using a spherical homogeneous satellite equipped with a micro-accelerometer.

- Development and testing of navigation systems.
CONCLUSTIONS

It is important fo stress that the programs described above are not
approved projects and it is difficult to say what will really occur. The
important point is the recognition of the field by ESA. Actually, several

preliminary steps have already been taken, among which

~ A general study of a low-low satellite to satellite tracking system.

- The endorsement of SURGE.

- A phase A study of SIRIO II-LASSO experiment for a possible launch
on a test flight of ARIANE.

- A mission definition study of am european space supported VLBI

_system.

Among the other steps that are not yet taken, but are now specifically
requested by euvopean scientists, one may quote an extension with ESA sup~
port of the MEDOC experiment, a technical feasability study of low cost
mobile laser ranging systems and some technological studies for an cceano~

graphic satellite.

So, there are good reasons to hope that in continuation of the actions
in which european laser ctations are now engaged , there will be new and
exciting european programs in geodynamics, oceanography and ice dynamics
requesting a strong support of the european and probably other laser ran-

ging systems.
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SCIENTIFIC GOALS OF LUNAR LASER RANGING

J. Perral Mulholland
University of Texas at Austin, U.S.A.

and

Odile Calame
Centre d'Etudes et de Recherches Géodynamiques
et Astronomiques, Grasse, France

INTRODUCT I10H

The first direct distance measurement to an extraterrestrial target was
accomplished in 1946, when a radar echo was reflected from the Moon; it re-
quired six months of data processing to separate the signal from the noise,
and the result was probably not better than could have been achieved with
classical indirect methods. There was no direct scientific exploitation.
Two decades later, the problem of locating landed spacecraft led to exploita-
tion of radar tracking of points on the lunar surface, but scientific appli-
cations were of sccondary pricrity.

The Mcon was also the target in 1962, when the first laser echos were
obtained from an extraterrestrial body. Scientific exploitation soon became
the main focus of this technique, with an early suggestion that reflectors
be placed on the Moon to provide targets that could be localized with ex-
treme precision. The first reflector was set down by the first man on the
Moor, on 20 July 1969. Four additional arrays have been carried aboatd
Luna 17, Apollo 14, Apollo 15 and Luna 21. Since 1968, the near-daily ob-
sérving program at McDonald Observatory has permitted & number of important
scientific results. Several others remain to be achieved, either because
they require data from multiple stations, or covering a longer time span, or
of a higher accuracy. A comprehensive statement of the scientific goals of
tunar laser ranging (LLR} is to be found in the proceedings of the SALUR
symposium], where many of the applications summarized here are elaborated,

with experimental results as of early 1976
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aspect of the problem, and thus it is where some of the most spectacular im-

provements were made early in the LLR program. Over the past decade, the
absolute accuracy of the numerical lunar ephemeris has been improved by 2-3
orders of magnitude (e.g. wiiiiamsl), although there are some uncertainties
as to whether the means for accomplishing this truly represents improved
understanding of the physics; there is much more to be done.

One of the most vexing problems is more procedural than physical: how
does one assurc that the ephemeris adequately represents the physical situa-
tion? The necessary precision is easier to obtain with numerical integra-
tion, but one must beware of the possible effects of finite difference ap-
proximations to differential equations. The numerical and analytic methods
share the problem of including all significant influences in the accelera-
tion model. The use of LLR has led to the inclusion of several effects
never before used in the construction of a lunar ephemeris, for example the
influence on the orbit of the lunar physical libration. It is far from

certain that all such effects have been identified, and LLR can play a major

role here.?

The 18.6-ycar precession of the lunar ascending nodc a!@ng t%c cclaptic

{combined with other motiens) provides LLR data with a sensitivity to the
Earth's obliquity and dynamical equinox. This gives a direct tie to, and
capability of improving the celestial inertial coordinate system, an advan-
tage not shared by artificial satellite techniques.

It is an observed fact that angular momentum is not conserved in the
lunar orbit, but we still insist that it must be conserved in the Earth- .
Moon system. As the Moon is observed to gain orbital angular momentum, the
Earth is observed to lose it in its rotational motion; the glebal change is
supposed to-be zero. How does one observe this change in the lupar. orbit?.
The relative change of the specific orbital angular momentum is, to first

order

h/h = Sn/n + 2 Sasa (1)

where # 1s the orbital mean motion and @ the mean distance; a change in &

‘as requnred by Kep¥er s Erd iaw Tho secuiar change aﬂ , referred to as

oS




After three centuries, the lunar erbit centinues to provide critical

tests of gravitational theories. There are at least two ways in which rela-
tivity theories can be tested with LLR., A test of the eguivolence principle
has resulted in a confirmation of Einstein at the 7/2% level, by showing
that the Brans-Dicke scalar field is neg!igible.h An unresolved problem is
the existence of a time-variation in the gravitatiornal constant, which would
violate Einstein's theory. As can be seen Trom differentiation of Kepler's
3rd law

$G/G = & n/n + 3 Safa - SM/M (2)

this also involves secular variations In the mean motion and mean distance,
but the functional relation between these two parameters is different than
for tidal friction.

At present, the only reliable way to determine a current velue for
da/di appears to be to use cohservations that parmit simultaneous sclutions
for both dn/dt and da/dt. An attempt has been made, but it appears that a
considerably longer time span of LLR data is required.3 in any ctase, the
tidal and cosmological components of the observed dn/dt and da/dt wi not be
separable without additional independent information, either thGKfQ?maluegf
pression of G(%) or a tidal determination unmixed with the cosmological
compenent; the former wmight come Trom astrophysical data, while the latter
might come from solar system ephemaris studies, This is the most delicate
.possible application of LLR, and the possible existence of orbit mudel ervors

could easily give Invalid results.

LUKAR ROTATION AKD MODELS {OF THE LUNAR [HTERIOR

*

Cassini's Laws for the lunar rotation are modified by both forced and
free librations, due to external phenomena. The forced oscillation is due
to the gravitational couples exerted by Earth, Sun and planeils on the non-
spherical Tigure. This resulis in periodic displacements of surface points
of about 1 km from the Cassini position, so an accurate knowledge is neces-
sary for lecating the reflectors. LLR has alrveady given significent Improve-
ments in the theory of the librations., In addition, the problem can be in-
verted to study the gravity field. New values are already obtained for the
'ﬁﬁﬁﬂfaégtéé]anﬂ'Sqm¢”3rﬁﬂdéf?éé”héfménftéﬂfé,Q;”Wii? ams. ), and one ex?ectﬁuu

fu rither_ ,I,mp.z?o,v,aments .
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The free libration is an unforced oscillation resulting from meteorite

impacts. These may occur at three frequencies, corresponding to the homo-
geneous solutions of the differential eguations; the periods are about 3,

24, and 75 years. The amplitudes, and even the existence, are controversial.
We believe that the 3-year mode has been unambiguously determined from LLR
data (Caiame’), with a tangential amplitude of about 14 m, with less certain
determinations of the other modes. Still, the perieds are so long that
these results are certain to be improved with more data.

The librations are strongly influenced by the structure of the lunar
interior. The moment of Inertia ratios appear explicitly in the equations
of motion, and were among the first parameters to be improved. These can be
used {with other data) to determine the principle moment of inertia, a
function of the density profile. As LLR data accumulated, it became evident
that the density is larger towards the center; the current LLR value is
C/ﬁ?er.SQZ (wiiliamsi}, consistent with a core. If the uncertainty can be
reduced further, this will place important constraints on models of the
interior.

Internal dissipation will influence both the forced and free librations,
which can thus be used 1o study the elastic propearties of the interior. The
dissipation function & will produce a phase lag in the forced Eibrations.s
The higher-degree gravity harmonics will also introduce phase Tag in some of
the same frequencies, which presents a difficult parameter separation problem.
The first LLR attempt to measure dissipation6 directly has given the result

=10. We find this unbelievable, because it is about the same value as the
tidal g for Earth, which is due to the liquid oceans. More work is needed
here.

Dissipation acts on the free librations to attenuate the amplitudes;

essentially & represents the e-folding time in cycles. |If g=1¢, then there {
should be no free librations during most of history; they would be damped
rapidly compared to the meteorite influx. In the absence of large recent
events, Calame's result for the free libration implies a @ of arcund 5000,
which seems consistent with the seismic data. Kovatevsky] noted that this
result might be evidence of a recent major impact. Hartung7 has hypothesized

have found that this is-dy- -

this event, however, does not-




Another elastic effect that may be accessible to LLR is the solid tide

raised by the gravity of Earth, as the Moon moves around its eccentric orbit.
bf it can be observed, constraints can be imposed on the density profile in
the outer layers of the Moon, possibly eliminating some currently-viable
modefs.9

Finally, in the distant future, the LLR reflectors should provide high-

precision benchmarks for selenodetic control systems.

GEOSCIENCES

LLR is capable of studying the several phenomena that affect the space
motion of a point fixed on the Earth's surface. Several sensitivity
studies (e.g. ]0) indicate that a network's nominal coordinates can be
established with an accuracy comparable to the accuracy of the cbservations,
Thus, one could use the LLR stations as an intercontinental system of geo-
detic baselines; one such baseline has been determined. M Host of the
interest, however, arises from the fact that the Earth is not rigid,

We have already mentioned the transfe? of angular momentum from Earth
te Moon, which arises from fraCLlona! losses in the oceans, resulting In 2
deceleration of the Earth's rotation, corresponding to increasing the
Tength of the day by about 2 msec/cy, with a current uncertainty of 5%.12
This is very small, and it secms unlikely that LLR will contribute to its
improvement for many years to come. There is some evidence (Ca?ame}) for
unexplained long-periodic fluctuations in the rotation, but it is not yet
clear if these are in Universal time, nutation, or some other phenomenon.,

Even at short period, the Earth's crust is not Tixed relative to the
rotation pole, nor is the rotation rate constant. A single station will
exparience fluctuations in the apparent Universal Time and the apparent
tatitude, due to processes in the interior of the Earth., HNeither the
origin nor the mechaniism of these processes is understood, and there are
random (i.e. unpredictable} components in the motion. A network of several
LLR stations is capable of measuring the three components of Earth retation
with an sccuracy better than that with which the distance to the Moon is

observed (Sto}z ¢ Larden ) _An observing . cafpuign {LPQLD} has.. ﬁcen organized

to demonqtratt this, but most of the qiattcna are not vet :n fu T opcratzon.
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siations have not yet fired at the Moon. Hopefully, both will during 1978.

discontinuities inherent in orbit rectification. This is important, because

it is widely believed that the thandler motion of the pole is driven by
seismic energy. If this be true, then massive earthquakes will oroduce dis-
continuities in the path of the pole; such correlations appear to exist
(e.q. Smyliel). Orbit rectification may mimic or mask this effect.

Finally, the high geodetic accuracy attainable presents the possibility
of studying the relative motion of the stations. Tectonic drift should be

readily detectable with LLR systems of 3-cm accuracy.

NINE YEARS AFTER APOLLO I

We have summarized in the following table the physical parameters that
can be studied by lunar ranging, noting whether improved values are already
available, or whether this remains for the future. 1t scems appropriate to
end with a few words on the present status. Ghservations have been attempted
from nine sites in five countries, and all nine have reported the acquisi-
tion of echos; four of those stations are now dead, but two additional
About 2500 high-quality observations now exist, with the addiffon‘bfxéhoﬁfl
20-30 now ones per month. In principle, this is adequate for the lunar ob-
jectives, although higher accuracy would be desirable. The geophysical goals
require that several more of the seven present potential stations produce
ohservations regularly and frequently. We urge that every effort be made

in the immediate future to accomplish this.
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TABLE 1: PARAMETERS AND PHENOMENA DETERMINABLE FROM LUNAR LASER RANGING

ATTEMPTED

Observatory Coordinates and Baselines
Raeflector Coordinates and Baselines
Mass of Earth~Moon System
Lunar Orbit Model and Initial Conditions
"Tidal" Acceleratioi, in Orbital Mean

Longitude
Relativistic Equivalence Principle

(Nordvedt Effect)
Time-Varistion of Gravitation X
Dynamical Equinox and Obliquity OF Eeliptic X
Lunar Libration Model

Lunar Moment of Inertia Katios

Lunar Gravity Harmonic Coefficients {x)
Lunar Dissipation Function Q 4
Free Libration Aﬁbl?tﬁﬁeé and Phases X

Long-Period Terms in Larth Rotation
UTG and Variation of Latitude X
Universal Time (UT1) end Polar Coordinates

Continental Drift

IMPROVED

X
X
X
X

FUTURE

Parentheses indicate only a subset of the possible parameters are intended.
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OPERATING SATELLITE RANGING SYSTENS; INTRODUCTORY REMARLS

L., Ahardoom

Delft University of Technology, Delft (The Wetherlands)

orequiremente putidn a oneave, medivm wnd lohgetorm b

Laser ranging is potentially the most precise of the currently
operational techniques for trackiesg artificic? satellites from the
Barth's surface. This feature iz due basically to the high precision
of modelling ratios of ranges in terms of ratiocs of propagation
times of light through the refracting atmosphere, On the other hand
meteorological conditions can seriocusly hamper the spplication of
laser ranging. Therefore satellite laser ranging in e global context
is a compromise between precision and orbital coverzge, the latter
as limited by wveather conditions, Fevertheless, becauss of the
potential precision, the development of lasecr rapging egulpment and
the deployment of such eguipment has over the years been &n ine
tegral part of planning solid Farth énd“ece&nuﬁhysics studies by

neans of spece techniques, This emphasis cn satellite laser ranging

is in fact the very reason for holding a sequense ¢of workshops on

leser ranging instrumentation,

Initiated tc create an international forum for digcussing mainly
technical items on the_level of construction, operation and de-
velopment it now seeéa appropriate that these discussions, at
least partly, take plece against the backgrounds of scientific re-
niguez. It is therefore fortuvnate that the satellite tracking re-
quirements from a scientific point of view will be gpecilfied in
the firet session (1) of this workshop. The issues of that session
should be guiding eargumente for the work in ihe present session
(E/BA) end in session %B on lunar ronging systens,

broad cutline Rk

1 should then be used to contre) further work ss to meot the gpecified

30
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gufficiently specific these requirements may be interpreted in

terms of coneluding issues which then may be adopted to guide the
discussions in subéequeﬁt seasions, The other way arcund users of
satellite laser datse should tune in there reguirements to the ree
alistic paien%iala and planned development of laser ranging end

to the intended deployment of eguipment,

fo promote this dislegue between the users of laser rangiﬁg daty
and those responsible for the construction, operaticn and develops
ment of luser ranging eguipment, probably is the main task to be
performed in sesaion 2/5A. Such feed-backing dialogue most likely
tekes place within the larger groups cperating a regional or globsl
| retwork of laser stations. Smaller groups eager to contribute
to regional or glebel werk, in particular those newly
entering the field of lsser ranging and those about to make major
decisions concerning further development, may however need this
dizlogue to base their policy on., This in turn is of importence to
the entire satellite laser ranging community because a global de-
ployment of facilities is needed in a Joint activity {o best meetl

scientific requirensentis,

Such reguirements may be stated in a variety of temrms, varying
from & vague indication to a specific data request. The requirementis

will probably conceri:

¥

precision and other data characteristics;

orbiftal coverage;

H

data formats, in particular as regards informetion providedj

%

deployment of eqguipment, where and when?

In part these will have to be interpreted in terms of design goals

or technical specifications for individual instrumental items, in
terms of operation plans and precedures, The deliberstions in session
2/34 will have to be structured ms to assist in tbis interpretation
where needed,

P by p&lse&~l&aeTWW&ﬂg1mg to artificial sa-

- %héﬁ 1w this practicai limit auppssed 4o be yeaghed?




= what are the least demanding specifications under which o woathere

restricted laser ranging syaten coulc, with ressonable sciesntific
prospects, be developed in the next fev years?

= noting ithe advent of precise alleweather sstellite observing teche
niques, what will bs the desipgn gosls for lasewr ranging syvatems
by 198G and by t9as, say?

= what will the critical system components snd development steps be?

- which soientific programmes foreseen wp $ill 1985 and eventually
thereafter draw on satellite leser ranging?

= which retre-reficcting satellites arve planned for launch vp i1l
1985 and thereaflter?

- ig there 2z future for immobile laser ranging systems?

« what will be the evallability of laser gystems, grouped acoerding
to eriteris of precisicn, mebility ete, by 1980 and 1985%

=~ how will such systems most likely be deployed?

The answvers to guestions like these may be criticel as starting
‘peints for further planning of satellite laser ranging activities
and sclentific programmes to be supported by those,







THE CRES SATELLITE HARGING LASER SYSTEMS

Gaignebet J.
GRGS/CERGA
Obs.du Calern - 06460 3t Vallier de Thiey

INTRODUCTION

Two systems are working. One, since a long time is a modified first
o 2 y)

generation and works in San Fernando, Spain.

The second one "Second Generation" now Tixed at Observatoire du

Calern near of Grasse, Prance, This statiocn is under tests,

PIRST GENERATION MODIPIED

~Mount automatic Alt-~Az mount open loop encoding

Resolution 13" of arc

Accuracy 20" of arc

Speed 40°/s maximum

The mount is computer driven with =2n option ef joystick or
punch taype.

~Laser:The Laser has been modified by use of a dye cell to have a

pulse width of 12ns FWHA | 1J , THz .

—-Receiver optic: 3b6cm Cassegrain telescope gold plated

-Detection: the 56 TVP PHT is used only for day tracking and an
RCA 31034 . 15 used by night connected with a 40 db amplifier

and a 3 K,40%§filter

- =Iracking scope:. .we replaced the edge . piece by a TV Camera/Nocticen = -




Epoch firing time of the Laser is controlled by an early/late

ad justment to correct fer long track errors/Ius to 10s/

~Computer: A WANG 2200 is used to compute in real time the coor-
dinates of satellite/Keplerian mouvement/Alt,Az, range time
and the corresponding speeds and accelerstions are computed
from previocusly entered sets of orbital elements

~Performancesg: 75cm RS

Future plans call for the installation of a pulse digitizer and

recording the data on magnetic tape,

The expected accuracy should be better than 40cm RMS,

SECOND GENERATION

~Mount: Alt-Az avtomatic mount ¢losed loop encoding
Resolution 1,2" of arc
Accuracy 5 x 10" rad
Speed 6°/s maximum

The mount is computer driven with an option of jJjoystick

~lLaser: Ruby Single mode diffraction limited Laser with the follo-
wing periormances:

2 J per ns pulse width

4 J, 2ns to 15 J, 10ns

repetition rate 0.2% Hz

0.75 J per ns pulse widih

1.5, 2ns to 7.5 J, 10ns

repetition rate 0.5 Hz

~Laser optics : Variable afocal system with a focal ratios from
1 —to 10 . Lo

~Receiver optics: 1m Cassegrain telescope Al plated

- Detection: RTC P 1210 PMT for daylight tracking RCA 31034 A

by night. A filter of 3 A is used in connexion.

All the detection is concelved in a modulated way and with




~Computer: Télémecanigue T1600 computer working in & two pass way.

Orbital elements to position and interpolation
A digitizer is used. Thomson System adaptable on a Tekitronix
7903 scope.
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STATION DE TELEMETRIE LASER
Z2éme GENERATION

J. Gaignebet
CERGA, 8 bd Emile Zola
Grasse, France

CRITERES DE CHOIX DES SOUS-ENSEMBLES

Les caractéristiques de : portée
' précision
conditions de tir
ont déterminé les sous-ensembles suivants :
- laser et son optique associde
~ télescope de réception
- tourelle

- ensemble té€lémétrie (intervalomdtre et circuits
associés)

-.horloge de datation
- calculateur

~ optique de reprise
- lunette de visée

le niveau des caractéristiques a &té choisi comme suit :
I. PORTEE

Les projets ou lancements de satellites de différentes classes c'est &
dire : bas, de faible surface coopérative "Starlette"
hauts, mais plus importants. "Lageos®
geostationnaires
nous ont amené a définir une portée opérationnelle égale i 40 M

sur des satellites du type Geos A.

II. PRECISION

Cette précision est définie comme un Ecart type soit la moyenne quadra-

tigque:




Un progrés important par rapport aux stations dites de leére génération

(U = 1,5m) est nécessaire pour rester au niveau des meilleures réalisations

étrangéres.

Une premiZre étape avec une précision de 15cm a €té choisie, la possibi~-
1ité d'une meilleure précision est prévue mais nécessite un développement

ultérieur de la méthode de traitement du signal retour.

Ty T e T

TIT, CONDITIONS DE TIR

Les trois configurations suivantes sont nécessaires pour assurer d'une
part, 'une bonme couverture, d'autre part, une acquisition aisée en début de
campagne.

T1I.1, Tir de nuit sur satellite viable avec une poursuite manuelle

III.2. Tir de nuit en automatique avec une poursuite programmée sur &phémé-

rides.
111.3. Tir de jour en automatique,

“Evaluons maintenant 1'influence de ces-caractéristiques sur les sous-
ensembles.

I. PORTEE
La portée est limit&e par la possibilité de détecter un signal au milieu
des bruits. !

I.1. Bilan de Liaison

Le bilan de liaison permet de calcuier, pour chaque niveau du signai

détecté, la portde de la station. On peut l'exprimer de plusieurs facons
dont la plus simple est 1'adaptation de la formule de portée des radars faite
par Mr. PlotKin, . -
Soit @ wy 1'énergie regue sur la photocathode du détecteur en photons

We 1'8nergie émise par le laser en photons

Be le diam@tre angulaire du cGne d'Emission en radians

sla surface efficace des réflecteurs en mz

”TA_le_coefflclent de tran3m1351on atmospherzque

”'Tb'Ie coafficient de transuission @& 1'ensemble optzque ée recep~'
tion

8¢ la surface &e”celleétzon - telescepe ‘en




la formule de Mr. Plotkin s'éerit

W(* - we 4‘6{5 . 45t“' . 7; 7:4

AoFeg  DreR

avec b@; = 3,2 2018 photons par joule pour 1la longueur d'onde du laser
utilisé (Rubis A = 6943 4°)

Une seconde formule développée par Mr. Fournet utilise un terme d'effi-

cacité du panneau réflecteur tenant compte de plusieurs facteurs :

~ angle d'incidence du faisceau sur les n différents réflecteurs
~ défauts des triddres réflecteurs
~ diffraction des triédres réflecteurs

- aberration de vitesse

Ce facteur d'efficacité tient compte de 1l'attitude du satellite par
rapport & la station et varie donc tout au long du passage. On peut en
€tablir une valeur moyenne pour chaque satellite et pour la portée maximale
envisagée sur ce satellite. A partir de cet indice :E;f (G;) il est pos-

sible de calculer un o¢ g équivalent
S . : , % ey
%5 (nf) = 024 (106 S, F(Gi)
Nos possibilités de validation des &chos nous conduit & définir un ‘Alr

€gal soit & 2 photoé&lectrons » soit 3 4 (voir 2l I3 protection aux bruits).

I.2, Choix des E&lements

Au moment de la conception et des premiers appels d'offre de la sta-
tion, le développement de photocathodes dopées 3 1'arsenure de Callium
(Ag Ga) permet de mettre sur le marché des photomultiplicateurs ayant un
rendement quantique de 13a PS%,'(JA = 6943 A®). Ce progrés considérable
(2-37%7 =3 13-15%) compose pratiquement le choix d'un laser Rubis comme

émetteur,

Pour pouvoir continuer 1'exposé, nous allons pai<ir d'un certain

nombres d'hypothéses. Par la suite nous analyserons le pourquoi de ces choix.

-+ les paramdtres éclairés sont +

5. P}?ﬁiﬁﬁﬁm; O o o é;it:dg../nai—i--&_a~-< e

32 .photons. en. tirs.d RN

.= 3@ 15 joules
Be = 21074 rad.




s~ 3,6 10-3m? (satellite type Diadéme)3-610“2m2 (satellite type Geos A)

T, = 0,7

T, = 0,4

Sy = 7,8 107! m?

Gr = 51073 rad. a 107 rad.

Nous pouvons calculer la portée minimale obtenue

A 18 -3 -1
D= 3x3270  4x36 /10 427810 o4 4(07)

X
32 Tx (2 10792 7 Ty (51079)%
Soit D" ™ 2,676 1030
D O 40 My

Sur satellite type D, en tir de jour

]
Sur satellite Geostationnaire la portée est obtenue avec le facteur
multiplicatif

-2 1/4
K= ( 3,6 1072 x 5%4) 4

3,6 10™3
' Soit une portée voisine de T60 My
En pratique la portde calculée est optimiste. Le rapport entre cette

portde calculée et la portée opérationnelle est en pratique de 3 (valeur

déduite de 1'expérience de la l&re génération).

On en déduit des portées efficaces de jour égales &
p 213 My, sur satellites type DI1.C ou Starlette

D 2 50 My sur satellite Geostationnaire

Ces parties sont obtenues avec MJ; = 3j en fait nous avons prévu 3 a
15} & I'émissions. Il semblerait que ces énergies importantes solent sur-
abondantes. Cette surpuissance permettra, par un traitement de la forme de

1'écho, d'augmenter ultérieurement la précision.

I.2. Bruits

La portée calculée ci~dessus n'est possible que si le signal regu peut

~8tre discriminé du bruit de fond & la réception. .. ...




I.2.1 Bruits internes . Dans notre cas, la source trés nettement pré-—

pondérante de bruits est le phetomultiplicateur (PM).

-

Néanmoins, cette scurce de bruit (]02 a 10% photoBlectrons par seconde)
est en général négligeable devant les bruits externes. I1 n'est pas néces-
saire de refroidir le PM et seule une climatisation (18 & 20°) 1'empBche

de se détiorer si la température externe devient trop &levée (30 i 45°),

I.2.2 Bruits externes. Ces bruits sont dug & la lumidre collectée

par le télescope en dehors de la réflexion de 1"impulsion Laser.

Le tableau suivant fournit un ordre de grandeur des bruits avec les

paramdtres suivants :

Télescope de ¢ = lm

Champ objet du télescope 2.107% rad.

Bande passante SA® centrde sur A = 6943 A°
To = 0.4

Rendement quantique du PM = 0,13

Photoélectrons : . Source de bruit

Bruits en seconde

1.7 102 Ciel nocturne sans lune

5 102 Ciel nocturne 3 20° de la pleine lune

2.5 103 Ciel nocturne i 10° de la pleine lune

1.7 102 Satellite Dt.C &clairé

5 107 Lune &clairé dans le champ

1.7 108 Ciel diurne

2.5 103—10é Fluorescence du laser 5nS aprés 1'émission

103 Etoile polaire dans le champ

11 faut noter que dans le cas d'un photomultiplicateur rapide oli 1'im~
pulsion d'un photoélectron unique présente une largeur & mi-hauteur, égale
& 3nS la fréquence limite ofi 1'on peut considérer le bruit comme une succes-

sion d'impulsions discrétes est : £ O (3 10"9)”1£§£ 310 8 Hz ce qui est

assez voisin des valeurs obtenues de jour ou sur la lune Eclairée.

-




Les moyens 4 notre disposition pour éliminer ces "faux échos" sont

de deux origines :

1.2.2.1 OEtigue

T AT

- réduction du champ objet du récepteur

~ réduction de la bande passante du filtre interférentiel

I.2.2.2 Electronique

~ génération d'une porte encadrant le moment prévu de 1'écho
- déclenchement de niveau

~ déclenchement par un systéme de coincidence

Trajitons sucessivement ces différents moyens

RN
o
Er
©
144
=
o

1.2.2.1.a R&duction du champ de récepteur (I}

I1 est difficile d'adapter un champ inférieur a 2.107% rad. Néanmoins
toute amélioration du télescope,du systéme de poursuite, des éphémérides
et qui permettent de réduire le champ , sont directement rentables car le

bruit croit comme le carré de ce champ.
1.2.2.1.b Réduction de la bande passante du filtre’

Un filtre interférentiel étroit (1,5 & 5 A®) est interposé sur le trajet

du faisceau lumineux entre le télescope et le photodétecteur.

Cette valeur a d&ja été choisie en fonction des possibilités de la tech-

nologie au moment de 1'achat des filtres. 11 est difficile de descendre au-

dessous avec des filtres classiques.

Une étude est en cours au CERGA pour essayer de réaliser des filtres
avec une bande passante de 0,6 & 0,2 A°. Ceci permettrait une réduction du
bruit d'un facteur 3 & 10V

1.2.2.2.a Génération d'une porte

Les éphémérides nous fournissent les éléments de position du satellite

par rapport & la station et en particulier la distance,




A 1'heure actuelle, les incertitudes sur la position du satellite ne

permettent pas de réduire cette porte au-desscus de Eq;gd; excepticnnellie-

ment, et dans les cas difficiles on pourra essayer S/Ué.

Le tableau suivant fournit les probalitds de "faux &chos" dans les

conditions précédentes

Bruits internes 103 x 107° 1072
Ciel nocturne sans lune 1,7 102 , 1075 1.7 1073
Ciel nocturne & 20° de la pleine lune 5.10%.107° 5 1072
Ciel nocturne i 10° de la pleine lume 2.5 103. {072 2,5 1072
Satellite Dy &clairé 1,7 102, 10-5 1.7 1073
Lune &clairée dans le champ 5.107. 1075 5 10“2
Ciel diurne 1.7 108 x 1073 .7 1073
Fluorescence du laser 5n$ aprés 1'&mission 10%. 0 0

Etoile polaire dans le champ 6103, 1072 6 1(}“2

‘Ces différents bruits étant indépendants, il faut additiomner les proba-
bilités de "faux échos" dans chaque condition de tir. Cettle porte est donc
en principe suffisante dans de bonnes conditions de tir (nuit assez loin
de la lune), et avee des éphémérides précises. C'est effectivement lo~

procédé employé par beaucoup de stations.

1.2.2.2,b Détection de niveau

Ce procé&dé classique revient 3 réduire le rain de 1'ensemble de la
g

collection et de la détection.

On diminue 1'amplitude de 1'ensemble du signal bruitd et 1'on fixe un

seuil qui sélectionne statistiquement le signal seul.

La courbe ci-~dessous représente la probalité de répartition des photo-

€lectrons de bruit en fonction de leur niveau.

Si U représente cette moyeune, on volt par exemple que la probabilitds

pour avoir des impulsions de bruit de niveau V = 2 U est de 10"2




1°
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P probalité pour qu'une impulsion de niveau donne V apparaisse
P P q P Dpp

U niveau moyen des impulsions de bruit

Si nous appelons : p la probalité désirée de faux Echo

Nous avons la relation

- 81 par exemple nous prenons

I

" : | l { N

o

v o2 5U fou [ Y,

t le temps d'ouverture de la porte

P la probalité pour qu'une impulsion de bruit dépasse §
© ie niveau V j
M la fréquence moyenne d'apparition des impulsions

de bruit

P o L
Mt P ou P ME




Pour avoir V = 2 U i1 faut qu'il y ait au moins deux photoélectrens

superposés pendant le temps de retour de 1'impulsion laser.

Cette impulsion est au moins &gale & la largeur de 1'impulsion laser
émise qui est elle-m2me beaucoup plus large, en général, que les impulsions

de bruit du photodétecteur.

AT

Ceci signifie que dans le meilleur des cas {(impulsion émise trés courte

(5; InS) et fonction de transfert du satellite trés &troite) 1l faut deux
fois plus de photons de retour gque dans une détection simple. En général,
pour des impulsions laser plus longues et (ou) une mauvaise fonction de
transfert du satellite le facteur multiplicatif est beaucoup plus important
(un traitement mathématique voisin de celui développé pour les coincidences
peut &tre fait. Il faut noter que si le signal regu est trds puissant, c'est

-

a4 dire si les photoélectrons ne sont pas séparés, le rapport est effective-

~

ment égal 4 2. Comme nous allens le voir, réduction de portée &gale ou
inférieure, le bruit admissible par une coincidence & 2 photoélectrons est
beaucoup plus important que celui admis par une détection de niveau de

rapport 2.

1.2.2.2.C Auto déclenchement d'une porte par 1'impulsion de retour

Nous grouperons dans cette rubrique plusieurs procdés :

- systéme de coincidence temporelle

~ gystéme de colincidence spatiale

- systime de coincidence mixte spatio-temporelle

Ces méthodes mettent a profit la trds grande concentration temporelle

de 1'émission d'un laser déclenché.

1.2.2.2.C.a. Coincidence temporelle

Le principe est de n'accepter un signal que s'il présente la caracté-
ristique de comporter au moins n photcoélectrons pendant une durée égale ou

trés légérement supérieure i celle de 1'impulsion de retour.

Le signal issu du photodétecteur est divisé en deux. Une des voie

attaque un circuit de mise en forme qui fournit une 1mpu1310n de sortie

-

-,normallsee A une. 1argeur . 1egere%ent superlﬁare A la duree éﬁ 1 1mpulﬁloﬁ L

de retour prevue

rrrrr La seconde veie -aprés passage dens une ligne & retard attague une porte

-commaﬁéee par ‘le signal wmis en forme.




L'impulsion de la seconde voie doit se présenter & 1l'entrée de la porte

juste avant celle venant de la premiére voie, de sorte qu'il n'y ait d'im-
pulsion en sortie que si 1'impulsion du photodétecteur est, soit : plus

large que celle de bruit, soit multiple dans le temps d'ouverture

Schémas

P.M. M. F \ Arrel” o
LR |/ Comptage

Szgnal‘ Faible 51900( ‘For.*r
YOYY Y V—‘—m'
[ S B U l

Y1y Y —L//————

Sortie coincidence i
VY - /S

5i nous admettons que 1'émission du photodétecteur est un processus de

Sortie photodé&tecteur

Mise en forme

Seconde voie

Poisson.

Le nombre q d'@lectrons &mis dans 1'intervalle & a pour moyenne M&= p

(M bruit moyen du photodédrecteur en impulsions 5"]) et pour probalité

q
d'apparition JU{q) = &°F
\q %“

La proballte de fausse aiarme dans un intervalle est dome

;:PQ {@%ﬂ ” 2173_.




1.2.2.2.C.b Coincidence spatiale

F ’j
PM 1 M. F —1

ArceF
Comp!age

' PM2 MF 2

le faisceau de retour est distribué sur deux photodétecteurs. Les signaux
jssus de chacun d'eux sont mis en forme puis attaquent une coincidence &

2 voies.

I1 est possible par ce procédé d'effectuer des coincidences sur plus de

2 photodlectrons en répartissant le faisceau sur plus de 2 photodétecteurs.

On notera que chaque photodétecteur ne regoit plus que la moitié du flux ;

. éollecté,xcé'qﬁi vermet de doubler la fréquence de bruit sans saturer 1¢
photodétecteur tant du point de vue glectronique (impulsioms de bruit

discrites), que du point de vue @lectrigue (dissipation maximum).

Si nous supposons, comme précédemment ue 1'émission des électrons
¥ 3

suive une loi de Poisson et que tout &lectron émis soit détecté. 51 le
signal recu comporte P &lectrons et si le détecteur nécessite n Electrons,

le possibilité de manquer le signal :

K=0-1 "
P! = Z =P _EM
no fizo . KI_

Si 1'on divise ce signal en deux pour attaquer deux détecteurs fixés
i n/? 8lectrons (n pair), et dont on exige que les deux se déclenchent, la

probabilité de manquer le signal devient :

2/2f

P'n

1t




11
P2 2

P'Z I+p

p/27!
e

toujours supérieur 3 1

En particulier, en limite de portée oii P est égal 3 2
N -2
P = 3 e "0V 0,4

P, = 2 e lnv0,6

Nous n'effectuerons pas le calcul pour un systéme ol la division est
supérieure 4 2 (&quivalent de la détection sur coincidences temporelies n»
2) car le montage devient assez complexe et le rapport de sensibilits

décrolt encore.

Par contre, un systéme 3 coincidence spatiale présente aux ﬁruits une
protection plus efficace car les &missions de deux photomultiplicateurs ne
sont pas absolument pas corrélées. fn effet, 1'émission électronique d'une
photocathode n'obéit pas parfaitement i une loi de Poisson, il y a au con-

traire une émission de "rafales d'électrons”.

I.2.2.2.C.c  Coincidence spatio temporelle

Dans le schéma de la colncidence spatiale précédent on impose 3 chaque

photodétecteur de fournir au moins une impulsion de signal durant 1'inter-

valle & .

Si An représente Je nfme signal issu du ler photodétecteur pendant un
intervalle €.

. - éme . & - .
Si Bn représcnte le n“c signal issu du 2™ photodétecteur, le signal

d'arr@t du chronomdtre C peut 8tre représenté dans 1'intervalle & par

C = (A! + A2 seres ALY (B1 + By 4+ By ol By .Ll)

En limite de portée, le minimum imposé est




Clest & dire que 1'arr8t ait lieu
q

Soit si la coincidence gpatiale fonctionne

Soit si une colncidence temporelle sur un des 2 photodétecteurs fonc-

tionmne

Le schéma suivant est un exemple possible de r&alisation de ce circuit

= P M1 MFT

Arce F
Ceonp Fage.

D

PM2 ; MF2 F .

N

Cette méthode combine en grande partie les avantages des deux procédés

et peut Stre généralisée & plus de 2 photoélectrons.

L'optique de reprise est mécaniquement prévue pour réaliser un systéme

a4 deux voies et permet donc 1'adaptation de colncidences

soit,temporelle sur 2 ou 3 photoélectrons

soit,spatiale  sur 2 photoélectrons

soit,spatio temporelle sur 2 4 6 photoélectrons

I1. DETERMINATION DE LA PRECISION

On peut séparer les erreurs en deux groupes :

IT.1. Erreurs Systématiques

I1.2. FErreurs Alfatcires
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11.1.2. Fréquence de l'oscillateur local

Cet oscillateur pilote tant la chronométrie que la garde temps de la
. . ca s ~13 .
station horaire. Sa stabilité est de 1l'ordre de 10 {(Cesium). L'erreur
de chronométrie qui en résulte sur satellite est extr@mement faible <g:

-

4 lmm.

IT.1.3. Définition de la grandeur mesurée

Ni la station, ni le satellite ne sont ponctuels, pour le satellite on
portera une correction moyenne, en tenant compte de la position des réflec~—

teurs par rapport au centre de gravité.

Des satellites tels que STARLETTE ou LAGEOS ont &té &tudiés pour mini-
miser cet effet et 1'incertitude est réduite 3 des valeurs aussi faibles
que quelques mm. Ce sont ces satellitess qui doivent permettre 1'évaluatiom

de la précision de la gtation.

D'autre part, le point de référence fixe de la statiom est choisi & la
croisée des deux axes. Ce point a un mouvement par rapport & 1'embase de

la tourelle trés inférieur au mm.

IT.1.4. Synchronisation horaire

I1 est &vident que la datation de 1'heure de tir est extrémement impor-

tante.
La solution actuelle est de se synchroniser sur un &talon counnu.

Les moyens actuels permettent de synchroniser 1'heure station sur le
Temps Atomique & une valeur inférieure i EA?S dans les pays développés
( Europe, Amérique du Noxd) par les méthodes de synchronisation télévisioen

ou par le réseau Loran C.

. . . . . ~1 .
La vitesse radiale des satellites étant au maximum de 5km 8 = ceci
introduit une erreur externe & la station de télémdtrie, &gale 3 0.5 cm.
Dans les pays ayant un support technique horaire moins développé, un oscil-

lateur "Cesium" associé 4 une synchronisation VLF et & des transports d'

heure relativement fréquents (1/mois) doit permettre ¢e déterminer 1'heure




s1 les perturbations inconnues introduites par la réfraction troposphérique

€taient plus importantes,

Un certain nombre d'études ont &té entreprises i ce sujet, en particu-
lier par H.S. Hopfield. Les résultats suivants sont tirés de ses hypothises

et résultats,

Le passage de 1l'impulsion optique & travers la troposphére, introduit
un accroissement de la durée du trajet. La connajissance de l7indice de
réfraction le long du chemin optique fournit la correction 3 apporter sur
la distance mesurée. L'étude de H.5.Hopfield peruwet de déterminer cette

correction en fonction des conditions météorologiques locales.

Soit N 1'indice de réfraction de la troposphére en un point. Nous le
diviserons en deux composantes Nd et Nw, composante s&che et humide de cet

indice local.

.

N = Nd + bNw
ou Nd = M P
T
M= 3,735,107 S
T
avec P : pression totale en millibars.

e ! pression partielle de la vapeur d'eau en
millibars.

T

Yy

température absolue en °K.

'8i nous admettons une décroissance lindaire de la température en fonc-
tion de 1'altitude, la fraction séche de 1'indice de réfraction s'exprimera

par la formule :

[ Vo
(524

o

=7
x®
; i
2

I




R : constante de gaz : PV = RT
avec Ol = 6,8°C/Kn et ft = 4

N d .
Nd = e (hd-h) h £ nd
(hd~hs) -

de la mEme fagon

Nw
s

Ny = TEE:EET_

4
(hw=h) h & hv
ot les indices s correspondent aux conditions au sol qui
peuvent étre différentes de celles du niveau de la mer.
hd et hw les altitudes &quivalentes pour lesquelles Nd et

Nw deviennent respectivement nuls.

On déduit de ces formules les temps de trajet :

hd

Nsd (hd-hs)

hol
Nd dh_

A A
b d

Nsw (hw~hs)

il

Nw dh
5
h e

[H

Les facteurs hd et hw de ces &quations théoriques sont ajustées en
utilisant la méthode des moindres carrés de fagon i rendre compte des résul-
tats expérimentaux avec la meilleure approximation possible.

Les valeurs trouvées sont de la forme :
hd = bo toa, TC on hod est la valeur de hd quand la temp&rature au scl
est de 0°C

ad est le coefficient de temp&rature de hd TC

en °C

T B o L R o S S s S P R M e




avec

hw= 13,268 km

2
i

-~ 0,09796 km/°C

Ceci fourrnit la valeur zénithale du temps de trajet i travers la tropos—
phére avec une précision de quelques mm sur la.
composante séche Nd dh

de quelques cm sur la

composante humide N dh

l'ensemble J‘N dh étant déterminé 3 1Z sur une valeur z€nithale de

1'ordre de 2,5 m.

Depuis cette E€tude d'autres ont &€té réalisées, tenant compte neon seulement
des conditions locales au niveau de la station, mais aussi des conditions
au sol autour de cette derniére (10 & 50 km), ce qui permet d'établir un
modéle d'atmosphére anisotopique. La correction de réfraction peut alors

étre calculée avec une précision de quelques millimdtres.
II.1.5. Constante d'€talonnage

Un certain nombre de retards €lectroniques existent dans la station et
se compensent plus ou moins. La somme de ces retards fournit la constante

d'€talonnage ou décalage fixe de la grandeur mesurée.

L'étude de la précision d'appareillage de la station se fait en négli-
geant tous ces facteurs qui déforment 1'orbite d'un satellite de plusieurs
fagons

~ soit, par une homotélie par rapport 3 la station dans le cas d'erreur

sur la vitesse de la lumi&re ou d'@cart de fréquence de 1Toscillateur local.

- soit, par un biais constant lors d'erreur de définition de la grandeur

mesurée et de la constante d'étalonnage.

- soit, par un décalage des noeuds ascendants de l'orbite dans le cas

d'erreur de datation




Si nous premons e“P = | (M@<«&x7 ) et limitons le développement au

premier terme

P(q;n): f_f_ done

— p——— o fe——— [T A

p,_. £ P _ & (Me)"
E= 5 AT e n!

-

Calculons la limite de bruit admissible dans les m@mes conditions que

la détection de niveau étudiée au paragraphe 1.2.2.2.} soit

t = 10048 P o= 10_2 n =2 et pour deux intervalles &lémen-

taires €& = 4nS et €2 = 12nS ( & est la durée de la porte autodiclenchée)

- 2

t = 100/,5 P o= 10 n = 2.7 105

H

ns e M

£ = 10045 P =102 pn=2 12n§ —>» M
{1'hypothése ME & 1) est bien vérifide)

H]

1.3 10°

Il
il
i
I

Les bruits admissibles sont donc beaucoup plus élevés que pour une
détection de niveau qui, dans pratiquement tous les cas, améne une perte

de portée de loin supérieure.

Si nous adoptons les valeurs limites pratiques suivantes :
-2

tzto%; P = 10 no=3 = 3ng

On en déduit M maximal égal & 4. 100

t = 105 P=107% ne3 =g
7

M devient voisin de 10
donge, sauf en tir de jour. ou avec la lune &clairée dans. le champ .la

probabilité de faux écho est trés faible.

En réalité, le raisonnement ci-dessus néglige le fait que les inter-

valles € divisant t sont juxtaposés alors que 1l'instant initial d'un
J P q

intervalle &2 susceptible de comprendre plus de n photoélectrons est en

,,,,,,,, R P L LT VRN . D

""""" au nombre de photoélectrons ¢hoisl dansg Ta doincidence.
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Si nous supposons qu'aucun phénoméne aléatoire n'intervient, la forme de
1'écho est celle de départ cenvalude par la fonction de transfert du satel-
lite cible. $i nous admettons que les deux sont des phénom@nes Caussiens,
le temps de mesure est le temps pris entre les deux centres des courbes.

Ces deux datations sont tributaires de variations aléatoires.

1T1.2.1. Déclenchement de la chronométrie

Nous avons adopté un systéme de détection centroide. Pour cela, nous
. fe . . . . b .
intégrons 1'impulsion qui est ensuite distribuée sur Z voies de rapport de
tension 1 4 2. La voie de niveau le plus haut est retardée d'une durée au
moins &gale & celle de 1'impulsion. Un comparateur rapide géndre une im—

pulsion au croisement des deux signaux

Y

e
Impufs {‘oﬂ




quel que soit le niveau de 1'impulsion le moment daté est le centre de

gravité de 1'impulsion.

Les premiers essais du systéme réalisé & 1'heure actuelle définissent
un &cart type sur AT de 1'ordre de 50 PS pour des énergies laser variant

de 2 &4 15 § et des largeurs d'impulsion € variant de 2 & 10 nS

11.2.2. Arvét de la chronométrie

L'amplitude et la forme de 1'impulsion de retour sont al€atoires. En
cas d'échos faibles, cette forme peut méme &tre représentée par des impul-

sions de photoglectrons uniques disjointes.

Dans le cas de fonctionnement sur des coincidences, le déclenchement se

produit sur le second photoélectron.

On peut estimer qu'en cas d'écho fait, on a un déclenchement avant le

. . - . &
somnet avec un décalage moyen de g@ et un écart type égal & B en cas
d'écho faible, le déclenchement se produit aprés le sommet avec un décalage
moyen de + Y et un écart type €gal & %?

11.2.3. Erreur due & la résolution du compteur

Dans notre cas, le compteur a une résolution de 100 PS. Ceci signifie
que 1'on compte un nombre entier d'incréments de iC0 PS. Si T est un
multiple de GO PS5 . nombre compté peut &tre la partie entiére de
ou cette quantité plus une unité. La répartition de l'erreur x (en P8) a
pour densité de probabilité& P (x) = 1-x et pour variance 3 {(&cart type

6
1788).

Le tableau suivant fournit done les erreurs aléatoires calculées,
suivant les conditions de tir. Pour réaliser ce tableau nous avoemns ajouté
les variances des erreurs aldatoires, ce qui n'est pas vigoureusement

valable,

& = ZnS & = 6nS 6 = 10 nS

impulsions fortes 3 om 9 cm 15 om

30 e B 45 cm o o




Il deoit &tre possible de diviser ces chiffres par un facteur 2 4 10 avec
une analyse de 1'écho de retour. Le facteur de division sera d'autant plus
important que la quantité 4'information donc le nombre de photons sera

plus important.

Retour sur 1'&taleonnage
La détermination de la constante d'é@talonnage peut 8tre réalisée de

trois fagonsg différentes :

- mesure des retards €lectroniques et optiques dont la somme fournit la

constante d'étalonnage.

~ tirs sur cibles i distances connues en affaiblissant le signal suffisam-
ment au retour pour simuler un écheo sur satellite. La différence entre
la valeur vraie de la distance et sa mesure par la station fournit la

constante d'étalonnage.

-~ Réinjection par un appareillage optique (8querre optique, fibre de verre)
d'une partie de 1'@nergie émise dans le télescope de réception. Ceci doit
permettre un étalonnage interne et éventuellement une calibration A chaque

tir,

I1¥. CONDITIONS DE TIR
Nous avons défini trois conditions de tir :

TiT.1. Tiy de nuit sur satellite visible en poursuite manuelle

Du p01nL de vue télémétrie, cette condition esit extrémement £8011e a
empllr. On peut d&ja fonctionner avec un fitre relatlvement gtroit

(1,5 A®) et une simple détectionm.

Un gystdue 4 colncidence temporelle sur deux photoélectrons permet de
travailler avec une porte large (plusieurs nS) et une trés faible probabi-
lité de faux &chos facilitant grandement la validation des résultats et

le traitement ultérieur,

La poursuite sera réalis@e grdce 3 un "manche & balai" commandant la

teurelle et d@ une v15ee opt}que a1 azde d une lvnette couplce & une caméra

de telev1slon (ﬁot1c0ﬁ) gqui pezmcttra en llmlLQ de” V1€1b111Le de poursulﬂ”

vre un. sgtai}:rte de: f&ﬂaie maz’f}ltade comme . STARLETEE (128 13 cm).




II1.3. Tir de jour en automatique

Cette condition de tir n'est pas encore mise au pdint,

Néanmoins, en fonction de ce que nous avons analysé lors de 1'étude des
bruits il est possible de la remplir en adoptant un ou plusieurs des moyens

suivantsg e T

- réduction de la bande parasite du filtre interférentiel (&tude et réali-

sation CERGA en cours)

- mise en service d'une coincidence spatio—temporelle sur 3, 4, 5 ou 6
photoélectrons.,

~ détection de niveau en sortie des deux photomultiplicateurs.

La préférence est, bien slir, donnfe aux moyens qui réduisent peu la

portée c'est & dire dans l'ordre oli nous les avens classés ci-dessus.

CONCLUSION

Cette &tude, non exhaustive, du choix deg &léments de la station de
télémétrie laser 2&me Géndration, permet de mettre en évidence la défini-
tion des sous ensembles pour satisfaire aux exigences exposées au début de

1'étude.

Ce choix ne limite pas la station & sa configuration minimale de départ
et permet, sans interrompre son exploitation :

ler) d'augmenter sa précision par une étude de la forme de 1'écho de retour

28me) d'étendre la couverture, par une extension de périodes de tir (tir
de jour) et par une réduction des domaines interdits (1une’ - voisinage du

soleil).
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THE SHORT-PULSE LASER-RANGING SYST
INSTALLED IN WETTZELL

P, Vilson, X. Notterp., H, Secger
Institut fir Angewandte Geoddsie (Abt 1g.JI BQFI), rrwn furt

and

Sonderforschungsbereich 78, Sab61llbeht60ﬁuule, der TU ﬁnch@ﬁ

Fed, Rep. of Germany

HARDWARE DESCRIPTION

1, TINTRODUCTICH

In December 1974 the Institut fir Angewandte Geodisie
Frankfurt a.lM., acting together with, and on behalf of the
Sonderforschungsbereich Satellite Geodesy of the Technical

University Munich, (SFB 78) placed =n order with Gliu-Syivania,

Mountein View, California, for en advanced laser ranging svsten.
The contract was financed Jointly by the Bundesministerium des
Innern (Ministry of the Interior) and the Deutsche Forschungs-

gemeinschaft (German Research Council) through the Sonderfor-

schungsbereich 78 and the system has been installed in ¥Wetizell
in a new building provided by the Institut fir Angewandte Geods isie,
the stationary components being maintained in z climatically

controlied environment.
The system characteristics are summarised in Tables 1 - 5,

2. PRESENT STTUATION

Following the difficulties experienced during the insta

(see later discussions during the other sessions) the system is
now being used daily for ranging to near-earth satellites such as
GEOS-2 ete. No recent ranging results have been completely
analysed, but first results obtained in Wettzell from Starlette
(2 passes. chserved in June. 19??) “indicate a % emonoise level. A
'lamer pass ObSPTVéd to GJO «A gave indicatlions of dmocrete rangi
45 e T ' THeSe and other vesul
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5. THE PROBLEM-AREAS ENCOUNTERED

The following summarises the main design problems which came to
light during the first year of experience with the new systenm.
Thege topics will be discussed in more detail during the sub-
sequent sessions:

a) problems have been experienced with the laser power supply
e.g. due to inadequate vprecautions against over-heating
of the transformers in going from 60 Hz to 50 Hz opera-
tion;

b) the adjustment stability of the laser had to be
upgraded;

c) problems are still being encountered with the surface
loading on the optical components in the Coudé path;

d) an unsatisfactory coupling design gave rise to encoder
damage;
e) the cable wrap proved to be poorly finished.
Apart from these design defects, the most significant time
logses were suffered from

£} damage to the heat-exchanger, which occurred during
transport from San Francisco to Frankfurt;

g) the search for a fault in the receiver electronics which
prevented the recording of data for about five months.

Although we have been disappointed in the quantity of data e
delivered to date, we are optimistic for the future and look

forward to making a significent contribution to future tracking
campaigns.,
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Table 1.

Original Specification

General

Range 350 to 20 000 km

Data recovery rate up to 1 range/sec
Operating staff / 2 persons

Mount

Configuration alt-az, Or X - ¥
with Coudé axes

Angular travel - elevation 1100
« azimuth 540

Tracking

Continuous from -10° through zenith
to ~10° under control of computer

Tracking rates from 1°/min to 1°/sec
in plane of orbit

Orthogonality of rotaticnal axes/Iot
18 bit encoders
'Trénsmitﬁiﬁg'dpfiés
Effective beam divergence 0.1
5.0 nrad

to

Recelving Optics
Cassegrain

Diameter 60 to 90 em
FOV 1 to 15 arc
Laser

Ruby or N4-YAGQ

Pulzse transmission mode or mode-~
locked operation

Helfenergy pulse width/100 psec to
5 nsec

Peukpover 1 to 2 GW
Natural divergence 1 mrad

Spectral region - green or red,
694 nm or 5%2 nm

- Pulse repetition rate/ipps or better

Recolver

Electrastatic ..

‘Hite time’ better than 2 naec’

2 Pulss Analgele o0

Suwmmary of Specifications for Laser Ranging System

Qriginal Proposal

350 - 20 000 km
3 ranges/sec
2 persons

alt-az., with Coudé

190
54,0°

Continucgs from -10 to
within 2~ of zenith to
~-109 under computer
control

1%/min to 1%/sec
Ton
18 bit

0.1 to 5.0 mrad

Cassegrain
61 cm
0,05 to 2.3% mrad

Ruby or Nd-YAG
PIY or mode~locked

200 psec to 5 nsec

1 G¥ or 1.25 GV
1.2 to 6 mrad dependent
on rep.rate, or 1 nrad

694 or 5732 nm

% pps

"“< 2 nsec or 0.5 nsec”'
liif“re@uiréé

-cressedmfield”” Ciiein
0.5 Hsde RPN
;Hwﬁet'#eqRireé :

Acceptance Tested

900 ~ 9000 km
up to 5 ranges/sec
1 person

alt-az. with Coudé

190°
540°

Continuous from ~10° to
within 2° of zenith to
«~100 under computer
control

1%/min to 1°/sec

1"
18/20 bit

0,025 to 2.0 mrad

Cassegrain
61 cn
0.05 to 2.3 mrad

Nd-YAG
node~locked

200 psec

1.25 v
0.3 mrad

532 nm

& pps

,_Iﬁﬁu+wautputwteletype, ﬂug.mt§§
' punched tagc -

.,allthree,..m,,,”

..maglwaape}punched.tap@,
printer
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Figure 2, Block Diagram of the Optical Lay-Out of the
GTE Sylvanis Hd-YAG Laser

Table 2. Characteristics of the Frequency Doubled Nd-YAC Laser

Peak power ouﬁput°
Energy output:
Output stability:
Pulsewldth:
Repetition rate:

Bean divergendes
(full engular-field containing
90 °/o of the energy)

Beam diameter:

Spectral linewidth:
Spectral line stability:
Spectral line position:

1 25 x 109 watts at 0, 53 m

0.25 Joules per pulse at 0,53 un
+50/0

Less than C.2 nanoseconds

4 pulses per second

Less than 10 times the diffraction
limit from the final amplifier
gsgembly

12 mm _
Lesgs than 2 nanometer
Better than 0.1 nanometer

Repeatable to better than 0.1 nano-
meter from one operational cvele to
anothur

Table 3. Specifications for the Positioning Mount

Rotational freedom in elevation
in azimuth

Orthogonelity of rotation axes
Wobble on each axise

irasking velouiﬁy in elevation

in aziwath~~~ SR

in aaimmt&

10° tc + 190
2709

2 arc ssac

i b4 ef

1 arc sec
0.5%min to 2%/sec

OU5R/tiin e ?20/*90
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Table 4, Specifications of the Optical Subsystems

Trensplitting cptics
Configuration

Magnification

Iyput diameter

Output diameter

Focus (divergence)

Aligrnment stabillty

Correction wavelengths

Peak power input

Optical coatings - maximum loss

Receiver optics
Configuration
Aperture diameter
Focal length
Correction wavelength
_ Alignment stability
Field of view

Sighting telescope
Configuration
Aperture

Focal length
Magnification
Field of view
Resolution

Galilean

12 X

16 mm

200 mm

0,025 to 2.0 mrad
10 /o of aivergence
572, 64%, 1064 nm

2 GW/cmz

0.25 %/o / surface

Catadloptric Cassepgrain
60 cm

440 om

5%2 nm

10 are szc over ¥ ¢

©0.05 to 2,3 kad

Maksutov -~ Cassegrain
90 mm

1 300 ma

50 x

55 arc min

1.5 eyrc sec

Table 5, Specifications for the Varisn 15%A Static

Crossed~F¢eld ?hotomulﬁiplier

Photocathode / window material
Cathode dismetsr

Cathode quantun efficlency
Cain

number of stages

Dynode material

" UAnode dark current

Cutput current

5-20/Sspphire

5 mm

10%/0 typical at 570 nm
1O5typical,6 p:o 10h min.
6

BeCu Alloy

- 3%1077 typieal at 20T

"260 nid max, centinuous '
'f‘m?*:,{"dt’"
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INTRODUCTION
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- nodification of the receiver control unit permitting

operation in the normal satellite mode {(using a renge-~time
counter) in lunar mode (event tinming);

- dntroduction of remote mount control to permit fine
pointing e.g. to stars, from the cbservers telescope
pogitions

- reduction of the laser firing Jitter from currently
125 msec te approx 1850 isec;

- Upgrading the photomultiplier by introduction of the

orx o . o
newest Varisn static crossed field unit, with 2% /0
cuarantesd minimum quantun efficiency (35 ©/o typical);

o

- introduction of =&

tio
band filter to replace the current 25 A units

thermogtatically c@nirslsca 10 A narrowe

- introduction of a video tracker to permit optimsl target
pOlitiﬁg during the calibration procedures.
SOFTWARE
Begides tlhe ftware support to be described implicltly
during the session on calibration, an extensive software package

at
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LASER RANGING WORK AT THE
GODDARD SPACE FLIGHT CENTER
- AN UPDATE ~

Thomas E. McGunigal
NASA/Goddard Space Flight Center
Code 723
Greenbelt, MD 2077}

INTRODUCTION

A pa f'wrl which described the Goddard laser ranging systems was included in
the Proceedings of the 2nd Workshop on Laser Ranging Instrumentation which was
held in Prague in 1975, The purpose of this paper is to describe the current status of
the laser ranging work at Goddard. There are two main thrusts to this work; 1) the
development and operation of the network sysiems to meet cperational rfcquire—

ments, and 2) advanced systems development and system lmproveinent.  Within the

Goddard organization the retwork engineering and eperations work is be

c done by
the Networks Directorale and the advanced development iz being dons by the
Engineering Directorate. The work being done in both directorates will be brisfly

summarized in this paper.
THE LASER TRACKING SUBNET
For the last several years the network activity has been in a period of

dynamic growth. In 19735 one fixed and two mobile stations were in eperation and

by the end o 1978 the notwork will consist of one fixed and elght mobile s

ials of systemn opsi

ihe performance goals are the same

5 systems are sumimarized in Table 1. The

S . v g n 2 P B T PR, S SN oyl “ i
mobtle systems were designed and integrated inchouse at Goddard,  The

systems, Moblas 4-8,a-¢ (wo traller systems consisting of the Mobile Optical Mount




Moblas 4-8 Characteristics

Ao The Mcbile Optical Mount System. Tne Mobile Optical Mount System
nas been described in detail by Economou et 61

Briefly, it consists of a trailer
housing a two axis tracl <ing mount including an 0.75 meter receliver telescope and a

coude type transmit optical system with a J0em clear aperature. The trailer also

includes a transmitter compartment which is a class 10,000 clean room and

additional space for laser power supplies and electronics racks, The mount

compartment has a retractible roof and walls which deploy to form a working

platform around the mount., The specified performance characteristics are
. . 2
summarized in Table 117,

B. Laser Subsystem.  The laser for the Moblas 4#-8 systemns is a frequency

doubled Nd:¥Y AG laser which was manufactured by General Pheotonics, Inc. It is a Q-
switched laser with a 6 nanosecond pulsewidth and an output energy of 0.25 Joules at
a wavelength of 532 nanometers. It has been designed to operate in any orientation
and over a wide temperature range so that it can be mounted on the elevation axis
of the telescope. A colilmator is an integral part of the laser resulting in a beam

divergence of 0.2 milliradians.

C.. Receiver Subsystem.  The receiver subsystern is essentiallythe same as the
earlier systems. It uses an Amperex 56TVP photomultiplier tube and a fixed
threshold pulse discriminator in conjunction with a wavelorin digitizer for pulse
position measurements. The waveform digitizer is a Tektronix 7912 system rather
than the previously employed LeCroy WD-2000. The time interval unit is a Hewlett

Packard 5360A computing counter.

D. Computer Subsystem. The Koblas 4-8 system's use a Mod Comp Il computer

unit with lé-bit word length and 64K BYTES of memory. The soitware package is
being extensively revised to accomodate the new computer and to conform to
Network standards for data format and satellite predictions. It is not complete at

this writing so that no details are available,

E. Systerm Status.  The Moblas 4-8 systems are now in the process of final

integration. System testing is pr f‘SCﬂd} schedufd for the Summw of 1978 \mﬂ

. '-Gi}@zazmw& c}’ﬁgfl@ymen‘i pidnned to begin in  the Fall,
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ADVANCED SYSTEMS DEVELOPMENT

Advanced systems development at Goddard is being done by the Electro-
Optics Branch in the Engineering Directorate. Facilities are available for both

taboratory and field test work.

1. Field Facilities

The centerpiece of the advanced development activity is the 1.2 meter
telescope located at the Geddard Opiical Research Facility - four miles away
from the central complex at Goddard. This telescope is Hlustrated in Figure 1.

The telescope employs a coude optical systemn with a 1.2 meter aperiure, a
focal ratio of £ 26.3 and an equivalent focal length of 32 meters. The mirrers have

polished aluminum surfaces on fused silica substrates. An indexable mirror within

s

the pier at the couderoom level permits the light bundle to he quickly redirecte
through any cne of eight ports to eight possible experiments, It is possible to
reconfigure the telescope to a Cassegrain system to meetl special requirements.
Also,machined surfaces are provided. on.the elevation.axis for raouting eqipmant
directly to the telescope. Elecirical connections to these arcas are provided by a
cable wrap and sliprings. The entire moveable structure rides on an azimuth axis aly
bearing. Precision roller bearings are used for the elevation axis. Each axis is
equippaed with a directly coupled torque motor, tachometer and 22-bit digital shait
angle enceder.

The system is controlled from an operator's conscle in the computer/control
roorn or from an observer's position on the azimuth-axisy A Honeywell 716 computer
is interfaced to the telescope and to the operator's console and controls telescope
pointing. This computer has a 16-bit word length and 48 thousand BYTES of
memory. In additisn to its realtime interfaces, It has two magnetic tapes; a line
printer, card reader, typewriter and paper tape equipment. For satellite tracking
the 716 computer generates telescope pointing commands in realtime from
polynominals describing the sateliites position.

Another function of the 7146 is t¢ model the structural and alignment errors
of the telescope. Typical errors include a lock of orthogonality between the azl muth

o

1ts, etc.  These errors are determine

L T4
o TRe CaETHE

clescope,  The wiadel squationg are evaltuated during satellite tracking to-correct

i anghe; encoder offsets; coude
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An Interdata 8/32 computer has been interfaced to the Honeywell 716. This

machine has a word length of 32 bits and 384 thousand bytes of memory plus a 10
megabyte disc. A software system has been written which allows the two machines
to exchange data and makes the line printer, card reader and magnetic tapes
available to the 8/32. The &/32 was added to provide more mathematical computing
power. It will be used in realtime to correct the predicted satellite state vector on
the basis of the actual range measurements in order to improve orbit prediction
accuracy. In non-real time it will be used to analyze the ranging system
measurement data,

In addition to software directly related to satellite ranging, the software
system includes capabilities for solar, lunar, planetary and star tracking.

Two experiments which have an immediate bearing on the improvement of
future laser ranging systems are currently in progress at this facility, The first of
these is a more or less conventional ranging system using a 5 nanosecond pulsewidth
cavity dump Nd:YAG laser producing 75 millijoules of energy at 532 nanometers.
The receiver uses a static crossfield photomultiplier tube with a risetime of 200
picoscconds and a high performance constant fraction discriminator developed by
Branko Leskovar and C.C. Lo at Lawrence Berkeley Labor-atorieas « The time
interval unit is a Hewleit Packward  5370A with 20 picosecond resolution which was
recently introduced. The purpose of this worl is to test on a coentinuing basis under
actual field conditlons new ranging system components or concepts which might he
of value to the network systems.

The second experiment is being conducted with NASA and Navy funding by
Prof. Carroll Alley and others of the University of Maryland. The purpese of this
work is to demonstrate the feasiblity of using single photosiectron ranging
techniques for satclite ranging. He is using a 200 picosecond pulsewidth Nd:YAG
laser which operates at 30pps and with less than a millijoule of energy per pulse at

532 nanometers.

2. Laboratory Facilities

Extensive laser laboratory facilities are available at Goddard but the

precision ranging laboratory Is uniquely equipped to perform state-of-the-art

Tneasurements through variable length atmosphicric paths,
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PARAMETER

WAVELENGTH (f;i)
ENERGY/PULSE (.J)
PULSE WIDTH (Ns)
RECEIVER APERTURE (M)
DIVERGENCE (Mr)

" QUANTUM EFFICIENCY (%)

SYSTEM EFFICIENCY (%)

STALAS

5300

0.25
0.2
0.5
0.1
12
15

TABLE I

MOBLAS I-111

6943
0.75
5
0.5
0.1
2.5
15

MOBLAS IV-VIT1

5300
0.25
5
0.75
0.2
12
20




Table II
Summary of Mount Operational Parameters

Receive Optics: 30-inch clear aperture
/5 Cassegrain telescope
/1.5 primary mirror

15% optical loss
10% obscuration loss

80% of energy in 5 arc second blur
over 3 milliradian field

Transmit Optics: Five identical but independently

' adjustable mirrors allowing a 10
centimeter diameter transmission
path from a stationary point off
mount,

Mirrors:

A10 @ 532 nm
...99.8% reflectivity at 532 nm
70% reflectivity between 450
and 650 nm
1.25 gigawatt energy and handling

Servo Performance: 2{)0/ sec, azimuth axis velocity
5 /sec‘ elevation axis velocity

0.001%/sec, minimum velocity, both

axes

5 /sec.g azimuth axis acceleration

3 /sec. elevation axis acceleration
Readout: 21-bit natural binary
Physical Measurements: 110 inches maximum height (teiescope

pointed to Zenith)
82 inches of height to elevation axis
9500 pounds of weight
45-inch azimuth swing radius
34-inch elevation swing radius
50 Hertz resonance (legs)

Pointing Accuracy: Transmit optical system 12 arc
seconds 3
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INTERKOSMOS LASER RADAR NETWORK

K.Hamal

Faculty of Nuclear Science and Physical Engineering
Brehova 7,Prague 1,Czechoslovakia

To fulfil the reguirements of the Interkosmos program rela=
ted to the projects of Long Are Arctic Antarctic and the Long arc
East West,the international Laser Radar Wworking Group and the Inter-
kosmos Laser Radar Network has been built 11,21 .The accuracy
¥ 1.5 m and ranges up to 3000 km has been expected.

Twelve stations of the first generations have been build in
the cooperation of CSSR,GDR,PRH,PRP,USSR,Cuba and have been ope-~
rating together with ISRO in India,HIAG in Egypt,UMSA in Bolivia.
one station is kept in Prague for training purposes.

-~The~main~pexformancesware.summ@tizeduﬁnwﬁigf;:?be_QXPQCted

retrosignal is shown.However,the measured signal was 10 times lo-

wer.The explanation is possible to find in the saturation efect

of a PMT due to the scattering,especially when high humidity.The
efect was examnined and confirmed at Crimean observatory (station
No.4) | 3]|.PMT was covered when the beam passes through the atmosp-
here.The description of the typical station is in |2].The block
scheme is on Fig:2.There are~certain.ﬁifﬁereacgskeﬁP@Cia;iy,rgﬁ'
to the mount,data output and time base.See Tab.l,Station No.Z2 is
equiped by HP 30 desk top calculator |41.The stations No.8 and 11

are equiped by SBG 2 motnt.The station No.6 is equiped by a. spem
cial mount.The upgraded station No.2 is described in 151.The trans-
portability aspect are desribed in |6].The time interval measuring
technique including the calibration is decribed in 171.

Long arc f£it using |81 SAO Differential Orbital Improvement

Program with abbruated gravited field,residuals and the internal

"chéhéxéhgeﬂaraIShQWﬁfiﬁQT3§52ﬁZf‘m'”'””

tionary station No.9
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Fig.l. {(a) The calculated“retrosignal'based on radar equation.

Fig.2. Block scheme of the staticn No.lo,

Fig.3. Interkosmos Laser Radar Network May 1978.

(b) Characteristics of the Interkosmos stations.

Fig.4. The photograph of the station No.9.
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Tab. 2.

Station Helwan

Long Arc fit using | 8] SAO Diferencial Orbital Improvement

Program with abbruated gravity field.Residuals.System errars.

(adaptive threshold).

Year 1977,Month October

SAO No.of Observ. Range Standard
da range reiject residuals deviation Note
4 obser. by SAO /meter/ /meter/
42339 21 17 from 382 0,63 Residual systematic
to 297 Possibly timing
procblem
42340 61 9 from 375 0,35 atto
to 184
42341 15 1 -10.7 0.72 Data looks good
: . S B W e
42342 14 O -10.7 1.01 atto
-12
42342 52 4 ~6.8 0. 46 atto
~9.7
42343 25 1 -20 0.54 atto
-15
42344 91 15 -11 0.46 excellent
- 7
42346 50 5 0.2 0.42

13

nice pass
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THE SMITHSONIAN ASTROPHYSICAL NBSERVATORY
SATELLITE RANGING HARDWARE

M. R. Pearlman, N. Y. Lanham, J. Wohn, J. M. Thorp,
&, Imbier, and F. D. Young

Smithsonian Astrophysical Observatory
Cambridge, MA

~conditions,

INTRNDUCTION

The Smithsonian Astrophysical Observatory (SAG) operates four satellite ranaing
laser systems to support research in geodesy and geophysics. The systems — in Natal,
Brazily Arequipa, Peru; Orroral Valley, Australia; and Mt. Hopkins, Arizona — have
been in routine operation for 8 years. During the last 3 vears, the lasers have
been equipped with pulse-processing svstems and minicemputer control and data-pro-

--cessing systems.,  Work has-also been under-way-to-install pulse choppersin-the

systems to reduce the laser pulse width.

The SAQ laser ranging system shown in Figure ] has a static pointing mount that is
aimed by means of computed predictions of satellite azimuth and altitude. The pre- :
dictions are computed and fed to the mount by minicomputer, which also collects and
prepraocesses the laser data on Tine. The system overates in both day and night

LASER TRANSMITTER
The laser, a ruby system built in an oscillator-amplifier configuration,
generates an output of 5 to 7 joules in a 25-nsec pulse (haif-power, full width).
The system uses a Pockels cell and a Brewster stack for a Q-switch and operates at
8 pulses per minute. Both the 0.95-cm (3/8~inch) diametar oscillator ruby rod and
the 1.6-cm (5/8-inch) diameter amp?wfier ruby rod are mounted in 15.2-cm (6- 1nch)
?ha ogtlcal

- This work was supported in part by Grant NAR 09=N15 HQZ From the aﬁ}oﬂd} gep01duts g

and Space Administraticn. . .



The oscillator outDJt of 1 to 2 joules is coupled into the amplifier through

a beam-expanding telescope. The amplifier has a sinale-pass gain of about 5. Both
ends of the amplifier rod are antireflective-coated. The amplifier output is ex-
panded to a diameter of 7 cm and passes through the 12.7-cm (5-inch) objective lens
of a Galilean telescope. The diameter of the output-beam divergence can be adjust-
ed from 0.5 to 5.0 mrad. Mounted at the output of the Tlaser, photodiodes pick up
atmospherically scattered Tight from the outgoing pulse and send an electrical start
signal to the ranging system electronics. This basic laser transmitter has been in
use in our network since 1969. Additional details on these lasers are given in
Pearlman et al. (1973, 1975).

During the past 3 years, SAO has made several attempts 1o improve range ac-
curacy by reducing the laser output pulse width with a chopper. The early versions
of this system, based on a laser-triggered spark gap, provaed to be too sensitive for
our operational environment and could not be made to operate in a routine, reliable
manner. To overcome this prob1em, SAD and iasermetrics, of Teaneck, New Sersey,
have dOSEQﬂed an e]ectw0n1cQ11y trwgoered svstem that is now being tested at Mt.
Hopkins. Additional units are being built for the other three stations. A diagram
-of the chopper is shown in Figure 2.

The chopper is basically a krytron-activated Pockels cell with appropriate
polarizers for the necessary transmissions and isolation. A Blumlein circuit pro-
vides the proper high-voltage pulse to operate the Pockels ce]?, and a PIN diode
and avalanche transistor circuit to trigger the system. The Blumlein is essent%a?iy
a delay-line structure, in which delays and reflections are used to nroduce a high-
voltage rectangular pulse of desired width from a voltage step provided bv the
krytron. The pulse width is adjustable by the length of the Blumlein. The hresent
configuration utilizes a ceramic Blumlein with a length of 15 cm, a width of 1.75
cm, and a dielectric censtant E = 30; this system produces a f-nsec-wide output
pulse with a l-nsec risetime.

The optical assembly of the chopper has been de51gned to fat between the

"""preseﬁt Taser o0scillator and amp?xf?er Sectzonss thus mﬁn1m1*1ng 1ﬁ8t8115t70ﬁ 1mgac*'

";.aw"f"hwﬁ_ﬁ T dﬁa?artwr nﬂ"i;w‘i pch Qhar{}&ﬂ@i"

The Peck s cell is. ope
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optical attenuation in front of the PIN dicde; fine tuning is made bv threshold

adjustments to the preamplifier.

The laser can be readily switched electronicailv from the (-switched nmode to
the chopper mode. The laser produces about 1 joule in the 6-nsec chonper mode. In
routine eperation, the chopper will be used with most of the low orbiting satellites,
while the Q-switched mode will be used with Lageos, NTS-2, and possibly some of the
Tower satellites with small effective cross sections.

RANGING SYSTEM ELECTRONICS
The ranging system electronics consist of a clock, a firing conirol, & rance-

gate control, a processing system for the start and step {return) pulses, a time-
interval unit, and a data-handling system, which feeds an on-line minicomputer, The

clock, synchronized to within 1u sec of each station's master clock, contrals the Tivine
rate and the time of the laser firing and PFQVldES the epoch of 0bservat1on Both the

f1r1ng rate and the time of the laser firing can be controlleo bv the Tager canir
unit. The Tiring time can be shifted manually by multinles of 0.091 sec, with a
maximum of 3 sec, to account for the early or late arrival of a satellite at &
predicted point in its orbit. The range-gate control unit, which crovides a oate
to the counter and the pulse-processing system, is normallv operated with a 20-psec
window. The time-interval unit, with 2 resolution of 0.1 nsec, is triggered on and
of f by outputs from the pulse-processing system.

The pulse-processing system records the width and area of the outgoing laser
pulses and the pulse shape of the returns. The range measurements.are referved- o
pulse centers to avoid random and systemstic errors dus to pulse irreqularities.

The putse processor is divided into two sections, the start and ston channsis. The

start channel is based on dual discriminators and pulse integrators to measure nulse
width and area. The stop channel, which records return-pulse waveTorms is hasical

¥

a commercially avajlable waveform digitizer and a time-interval unit. The digitizer

. has 20 sampling channels with spacing adiustable. from 1 to Za RSEC. - O sw*tcamﬁ

operation uses 5-nsec QQELEHf while the chanpbr Pgﬁe @maxOVQ 1- HS@C snac:ﬂ Th@




In operation, the laser output wave shape is recorded before each pass and
then used in a cross-correlation analysis to determine the pulse centers. This re-
quires, of course, that great care be taken to ensure that laser operating condi-
tions (pulse shape) do not change appreciably during a pass.

MOUNT AND PHOTORLECEIVER

The azimuth-altitude static-pointing mount has a pointing accuracv of better
than £30 arcsec. The system is driven by steppina motors in an opeﬁ—]oop mode, with
the stepping-motor drive-system gears allowing for slewing speeds of 2°/sec and
positioning increments of 07001. The mount has geniometers graduated to 07001 for
reference and verification. Predictions, including pointing angles and range-gate

© settings, are entered in the system on a point-bv-point real-time basis from the

_;memary;anﬁ;a,f}matingepoiﬁt‘processor JLts perqphﬁra?s 1nc§uée three block- aéd?essw_____”

on-line mintcomputers.

~ The receiving telescope is a 50.8-cm (20-inch) fassegrain system with addition-
a] optics designed to focus an image of the primarv mirror on the photocathods of
the photomuttiplier tubs (PMT). The ontics following the flat secondary mirror
pass the collimated return sianal to a7/ R filter that is both tilt- and tempera~
ture~dependent. Effects of age and temperature are compensated for by means of a
micrometer tiit adjustment that tunes the filter. Adiustable field stons and a
provision to insert combinations of neutral-density filters are available.

The pﬁotodetcctor, an RCA 7?65, was chssen for its cuantum ef f1c1encv of ﬂ% at

6943 A, The PMT has a gain of 5 x 107 and a risetime cof approximately 3 nsec as

.operated in the SAN system.

MINICOMPUTER AND CONTROL SYSTEM

The SAO Taser staticns have Data General Hova 1200 minicomputers for data
processing and system control. Each minicomputer has 32K words of 16-bit core

“ébie'%aééééié'féﬁé'uﬁ%i . alphanumeric CRT display units, a h%gh spmed naper tape ”

Lrreader e p@:&.’;gﬁ‘t,~
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The minicomputers were originally installed at the laser sites for stand-

alone operation in 1975, The direct connection with the lasers was undertaken

over the past year. In connecting the minicomputers to the Tasers, we locked for

a scheme that would have minimum impact on the laser operation and existing hardware
and software, We decided to build an interface that made the minicomputer emulate
the original paper-tape input-ouiput equipment in terms of electronic interaction
and communication. To do this, the control pulses originally used to start the
paper-tape reader and punch were adapted to cesuse havdwarz interrupts in the mini-
computer. The interface was designed to distinguish between the interrupts (input
or output) and to enable the software to perform the anpronriate action, i.e., either
put data on the laser systems by input Tines or take data off by output lines. WWith
the apprenriate interrupt-driven software, this relatively simplie system has ful-
Tilled our needs for both interface and display. A diagram of the winicomputer
system and interface is shown in Figure 4.

The minicomputer generates pointing predictions from orbital clements provided

-by Headquarters and feeds them to the laser-in-real time for peinting-and vange-
gate adjustment. The minicomputer receives all incoming data on Tine from the

laser system in real time and performs most of the preprocessing, including centroid
determination, start-channel correction, and calibration. A second nass through the
machine prepares the quick-look data messace for transmission to SAD. The mini-
computer provides detailed analysis of hardware (start and stop chennel) and taraet
caiibrations as well as a review and summary of satellite and associated prepass and
- postpass calibration data on & pass-by-pass basis.

During ranging operations, the operator has a real-time display of point and
“pass parameters, including return-pulse shapa, output-pulse parameters, rande

residuals to predictions, and data and hardeare error diagnostics,
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Figure 1. Block diagram of the laser system.
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THE SATELLITE RAMNGING SYSTEM AT KOOTWISK

L.Aardoom , F.W.%eeman

Delft University of Technology, Delft (The Netherlands)

INTRODUCTION

At the cbservatory Jor satellite geodesy near Kootwiik - lat. 520 10" ¥
long. 50 L' E -« the Geodetic Institute of the Delft University of
Technology operates a laser ranging system since August 1076,

Routine day and night operation is possible on 21l cooperative geodebic
satellites presently in orbit, with the exception of daytime operation
on LAGECS. Modification of the system in order to decrease the minimum
signal-to-noise ratic for daytime tracking is in preparation.

The measurements sc far show an accuracy level of 15 - 30 er {r.m.s.) in
satellite ranging and 3 - 6 cm on ground targets up till 1 km.

Accuracy will be improved using waveform analysis.

LABEFR BYSTEM

The ruby pulse laser system consists of a multi-mode Q-switched oscilla-
tor, a spark-gap activated pulse chopper and two amplifier stages. It can
produce b ns wide pulses at a maximum rate of 15 ppm. The output energy
in routine operation is 1 - 2 Joule (3 Joule max.). A sketch of the con-
figuration of the oscillator, the pulse chopper and the alignment optics
is given in figure 1,

The laser has been installed on an optical bench in an air-conditioned

room to avoid any prdblems.with”ﬁoisﬁure;.dust”énd stability of aligrment.

TRANSMITTING AND RECEIVING TELESCOPE

The transmitting ftelescope is of & refractive coudé design and the recei-

ving telescope is of a partial coudé design {optical path passes through
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reduced {(figure 2.).

The transmitted laser beam has a dismeter of 19 cm and the divergence is

adjustable from 1 to 20 arcminutes.

The aperture of the receiving telescope is 50 cm and the field of view is
adjustable from 1 tc 20 arcminutes.

The mount”s angular position is read out using fine and coarse absolute
optical shaft encoders. The mount control unit then compares the actual
position with the desired position. The error signal generated is used to
drive the DC servo motors. The absolute pointing error of the mount is less
than 20 arcseconds. The totzl positioning range of the elevation axis is

0 - 180° 3 the range of the azimuth axis is 0 - TBO .

By means of a dichroic red reflector the received light is split into wave-
_lengths >> 6500 2 which are directed to the photomultiplier and wavelengths
‘z:GSOO R going to an eyepiece. In this way the operator can see sunlit
satellites to a visual magnitude of + 13. This feature has shown Lo be
extremely useful in acquiring poorly predicted satellites with a narrow
beam. -

The reflection of the transmitied laser beam on the second prism has been
directed via a secondary optical path (not shown in figure 2) and an-
adjustable attenuator to the photodetector. In this way it is possible to

perform system calibrations without an external target.

The detection circuitry and time interval meter is composed of the following

principal equipment:

-

XX -

XX =

:range gatm-genﬂr& @r.;SAﬂ Qﬁ51gn, wlndﬁw Joem QQ Ps, range 1 o 9999 g

MEASURING SYSTEM

photomultiplier: RCA model 8852
interference filters: bandwidths 3 2 anda 10 8

preamplifier: Hewlett Packard model 108554, ampl. 24 4B, 1300 Mhz, noise
figure 848

preamplifier: Trontech W 500 B, ampl. 31 dB, 500 MHz, noise fig., 1.5 dB
progr. attenuator: Texcan PA - 51 , atten. 0 - 63 4B

amplifier: Avantek AV - OT , ampl. 30 dB, rizetime 0.9 ns
amplifier: Trontech W 500 C, ampl. L0 dB, 500 MHz

tlme 1nterval counuer Hewieﬁt Pac%@rd 536OA > h01 - 53TOA N resolu+1on

1




XX

XX

 Standard frequency and station time is derived from a rubldium standard.

light path has been measured with an AGA 700 laser geodimeter to a prelimi-

- discriminator start pulse: Ortec 4T3A constant fraction discriminator

~ discriminator stop pulse: BG & G T 105/ N leadin@ edge discriminator
- waveform digitizer: Tektronix R 7912 transient digitizer, package WP 2003,

to be linked to & Hewlett Packard 21 MX-E minicomputer (second half 1978)

- epoch clock: SAC design, resclution 1 us
The xx marked instruments have been integrated in the system recently (May

1978).

S

CALIBRATION PROCEDURE

Before and after each satellite pass a minimum of 10 calibration measure-

ments are carried ocut, using the internal short circuit light path. This

nary accuracy of 3 cm.

During the measurements the transmitted beam is attenuated by a factor of
about 106. On the photomultiplier side'an opticel attenuastion is introduced
in order to egualize the calibration return signal with the average return

sigral from the satellite.

STATTION TIMIKG

The principal synchronisation technique is time comparison against the
Netherlands national time standard UTC el in The Hague using television
broadeast synchronisation pulses.

Present overall timing accuracy: 1 microsecond UTC.

LASER SAFETY

-~ personal protection: safety goggles, warning signs, optical and electri-
¢al shielding, edc. -
- careful control system design, including strict operating procedures

- attenuation of the laser beam when performing tests and calibration

measurements

= airtratic protection: an opticsl airplane detection system with amto- |

.




PREPROCESSING

A1l satellite observations are subjected to an adjustment with respact to

& best fitting elliptical orbit, in order to have a first insight into the

number of likely succesful returns. After rejecting probable cutliers each

regidual is individually tested statistically with respect to an a priori

estimated single shot precision of 1.5 ns (reund travel time). Figure 3

gives an example of the residuals of a typical LAGEOS pass.

As mentioned already pre- and post-pass calibrations are carried out

routinely. These wcasurements are used to update the value of the system

delay with respect to the reference point at the intersection of the two

telescope axes.
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SATELLITE LASER RANGING INSTRUMENTATION AT THE
POTSDAM STATION V)

Hargald Fischer and Reinhart Weubert
Zentralinstitut fir Physik der Erde

Potsdam, DDR

INTRODUCTICH

The Potsdam laser ranging instrument is based on the satele-
lite camera SBG made by Zeiss Jena, which was already in ope-
ration at the beginning of our laser work, The modification of
the camera was done in such a way, that both photographic and
laser observations are possible with quick switchover between

the two modes of operation,
Tab. 1.: Specifications

Transmitter

Pulge width:
Beam divergence:

Receiver

Effective aperture:
Field of view

Filter pasesband:
Photomultiplier type:
Resolution of time
interval counter:

R R
15 ese 25 ns
T ses 10 min of arc

320 mm dia

T eee 10 min of arc
1 nm, T>50 %

RCA C 31034 A

10 ns -

According to the main data (see Tab. 1.) the instrument be-
longs to the firgi generation characterised by accuracies of
about 1 m. The lager modification was put into experimental
operation at the beginning of 1974,

....An unread
" shop.




Since that time more than 1000 points have been collected

mainly from GEOS~satellites, but some from STARLET and LAGEOS
too, The number of meagurements may be increased by operating
the instrument more routinely and by the planned modification
for daylight tracking. In the following we give a short dege

cription of the insgtrument.
!

SYSTEM DESCRIPTION

The Potsdam laser ranging system is of clmost conventional
design and the diagrams of figure 1 and 2 are thought to be
quite gelf-explanatory. We note here that both the start and
stop channel contain constant fraction discriminators of
identical characteristics. The epoch timer ig initiated from
the game pulge which gtarts the range counter, This is new
cesgary to eliminate the time Jitter of the passive Qegwit-~
ched lager. To protect the sensitive GaAs~cathode photomulti-
plier, pulged supply voltage is used. The output data are
_printed and punched on paper tape.

 Fig. 1.: Block Disgram of the Laser Ranging System N
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1o Lager Trensmitter

The laser used is a two~slage ruby system, which wae cone
structed in our laboratory. The oscillator is Qwawitched by
the gimple saturable dye method, giving pulses of 15 to 25
nanoseconds duration and energies of 0.3 t0 0.5 Joule., After
pagsing through the amplifier rod, the pulses have an energy
of about 2 J. Both ruby rods are pumped by itwo linear flagh-
lemps in diffuse reflection cavities. The repetition frequen-
cy is determined by the power supplies to 0.2 cps maximum,
Using high stability charging units for *he condenser batte-
ries the reproducibility of the laser pulses has been found
to be quite satisfactory. The Q-switching solution has to be
exchanged after about 1000 shots,

2e HMount and Receiver Optics

The SBG~camera has a 4~-axis mount which is well suited to
vigual tracking but the original tracking system is not suffi-
ciently accurate for automatic operation, We have attached %o
the mount a theodolite for exact setting of the inclination of
the Bré'axis and digitai enéédefs to the ST& and 4th axis. This
way an abgolute pointing accuracy of better than 1 min of arc
has been reached as checked by reference stars /1/. The Schmidt
telescope of the SBG has been equpped with a hinged Cassegrain
mirror which may be swept into the ray path in front of ihe
photoplate assembly (figure 2), The switchover between photo-
graphic and ranging mode takes about one second. The photo-
electric receiver package is placed behind the main mirror. It
consists of the iris field stop, the temperature controlled
filter unit, the photomultiplier and two bending mirrors. In
1976, the first bending mirror has been replaced by a dichroic
one so that by an additional eyepiece the main telescope may be
used as a guide too. this low cost improvement enabled us to
track STARLET and LAGEOS visually.




12 1314 1516 i7

‘Fig, 2.t Optical Diagram of the Transmitter and Receiver System

4 = Objective Lens, 2 = Negative Lens, 3 = Parallel Plate,
4 = Silicon Photodiode, 5 = Amplifier Ruby, 6 = Beam Ex-
pander, 7 = Neutral Density Filter, 8 = Oszcillator Stage,
9 = Etalon Reflector, 10 = Omscillator Ruby, 11 = Q-Swit-
ching Cell and Prism Reflectoxr, 12 = Schmidt Plate, 13 =
Photographic Plate, 14 = Field Flattening Lens, 15 = Shut-

~ ter, 16 = Hinged Cassegrain lirror, 17 = Hain Mirror, 18 =

Tield Stop, 19 = Interference Filter, 20 = Prigm, 21 =
Photomultiplier, 22 = Dichroic Hirror, 23 = BEyepliece,

#

3 Receiver Electronics

Since 1977 we have used a RCA C 31034 photomuliiplier. The
measured quentum efficiency of about 20 per cent and the dark
pulge characteristics let us expect a gensitivity enhancement
of about 20 times compared to the former used € 31000, This was




Unfortunately the C 31034 has +o be operated at anode cur-
rents below 10”7 A for a 30 g averaging time according to the
manufacturer. To guarantee this the PMT supply voliage iz held
at 800 V de and switched fo cperating voltage of 1600 to 1800 V
for some milliscconds during possible echo reiturn. In sddition

a pafely circult swiiches off the PHT vcltage if the snode dc
current exeeds 1077 A,

The constant fraction discriminator is of the ghort cir-
cuited cable reflection, zero crossing type. The superposition
of the signal pulse with reflected delaysd pulse of opposite
polarity has & zero crogsing point which is almost independent
of signal amplitude /2/. A tunnel diode *rigger is used as zero

- crogsing detector.

OPERATIONAL RESULTS

Leser tracking results obtained using visual gulding are
quite satisfactory. For GEOS-~gatellites o dats rate up to the
meximum, determined by laser repetition. frequency has been . obe.
tained., The possibility of alternating lamer and photographic
obgervations during one passage has been verified nany times,
In thig caze the time lost for lager tracking is about 20 sec
for each plate depending on satellite height, A good test of
gensitivity to date ig the possibility to get echoes from the
newer satellites STARLET and LAGEOS. Using visual tracking we
got echoes from both satellites, but LAGECS has been found to
be very close to the sensitivity limit, Table 2 shows the priine
tout of LAGEOS measurements of September EG%h, 1977 The lager
energy was 0,8 J and the divergenco angle T min of arc. The re-
celver trigger level wss sel to 2 to 3 photcelectrons leading to
an overall return rate of about 20 per cent,




Tab. 2.: Printout of LAGEOS-Measurement §
STATION HO.: 1181 SATELLITE NO.: 7603901 ;
DATE.: 1977 9 24 ;
NO EPOCH DISTANCE DEV.FROM PRED. ‘
Hoo M S MEGAM, K ’
13 32 49,8073  6.273913%5 ~4,10
2 3 34 54,2709  6,1509417 ~4 .37
303 35 27.1611 6.1261924 —4 42
4 3 37 7.8637  6.0713424 -4, 54
5 3 37 21,3421  6.0664348 =4, 54
6 3 37 42,7388  6.0598334 -4, 56
7 3 37 54,9485  6.0567290 ~4, 5T
8 3 40 40,2293  6.0619274 -4, 55
9 3 41 4.2506  6.0700023 -4, 52
10 3 41 40.3580  6.0856035 -4, 48
11 3 42 35,335  6.1172631 -k 40
12 3 A4 44,6120 6.2283076 =414
References
/1/ TFISCHER, H,; WEUBERT, R.: In: "Arbelten zur Satelliten-

geoddale", Verdffentlichung d. Zentralinstituts f.
Physik der Erde, Fr. 40, Potsdam 1976, S. 77-95

/2/ WEILING, W.; STARY, Fe: Wanosecond Pulse Techniguesg.
Berlin: Akademie-Verlag 1969




THE DIONYSOS SATELLITE RANGING LASER, 1978

W.C.Johnson and G.Vels
Dionysos Satellite Tracking Center

The Dionysos satellite laser ranging system has been improved
since previously reported, (1), to increase it's rate range and
accuracy. Work 1s in progress to further increase it's ranging
rate, it's measuring accuracy and to automate the system with
computer control.

A new laser has been installed to replace the previous 1 joule,
rotating prism Q-switched ruby laser. The new laser was manu-
factured by Holobeam Laser presently of Orlando, Florida, U.S.A.
This laser is water-cooled and has a single ruby rod, 6"x1/2"dia.
with a hellical flash lamp. The rod output is Q-switched by a
Pockels cell producing an output energy of 4.5 joules with a
half energy divergence of less than 7 milliradians and a half
amplitude pulse width of 25 nanoseconds. Included with the laser
is a Pockels cell pulse slicer. The output energy after.slicing
is approximately 0.75 4. with a half amplitude pulse width of 7
nsec. This slicer will be used routinely in the near future.

The laser is installed on an optical bench in the control
room and the output is directed by prisms into the altitude-azi-
muth (£ig.1) mount above this room. In the transmitting telescope:
the divergence can be adjusted to less than 1 mrad. The laser is
capable of a firing rate of 60 pulses per minute at it's maximum
energy, however in 1977, the laser was routinely used at 8 ppm.

The Coude' allgnment of the laser rangﬁng mount output was
first used in 1977. The 9rev1ous 1asel wag mounted directly in
the transmitting telescope. The mount is driven by stepping
motors in altitude and azimuth in steps of 0.001 degree. The
pointing accuracy of the mount and attached receiving telescope
is +0.003 degree of +10 arcsec. However the overall pointing

accuracy of the transmltted beam aﬁtex passing through the mount _é

and transmltt¢ng opticy is pres&ntly only #1 arcemin. Routlne'

all paxthDF thequ hag been done with ”mmi




. analog system of pulse di

To accormodate the increased ranging rate of 8 ppm, seve-

ral changes were made to the control electronics (fig.2). Pre-
viously, the difference in altitude and azimuth to the next
position for the mount and the predicted range delay were en-
tered manually for the 2 ppm ranging rate. Presently, a paper
tape, generated by the prediction program, provides the neces- :
sary input to track and range for each satellite pass at the

8 ppm rate.

Current work is aimed at entry of the prediction para-
meters through a 9825A Hewlett-Packard computing calculator
(fig.3). This calculator will control the system during ope-
ration and handle the input and output of data. Connection
will be made by telephone data link to the maine computer in
Athens. This connection will transfer orbital elements as re-
ceived at Dionysos from the Smithsonian Astrophysical Observa-
tory and the satellite pass predictions as generated by the
computer xn Athens. The predictions will be recorded on magneu

tic cassettes and the calculator will drive the system through

each pass with various adjustments possible by the observer,
Returns data will be recorded together and other auxiliary in-
formation on cassette and summaries prepared by the calculator.’

The ranging rate will be increased to 20 ppm in the
planned system. The rate will not be fixed, but will vary
within each pass. This will allow maximum pass coverage w1th~
in the limits of the mount drives speeds. The calculator w11l
record also the local temperature, pressure and relative humi-
dity from sensors at the time of each observation.

The addition of the pulse slicer in the laser output w1ll
require improvement of the pulse detection instrumentation.
Presently, the range counter uses fixed thresholds for starting
and stopping. The stop pulse is derived from the received pulse

after operator controlled attenuation. It is planned to use an

”llar to that presently usad in the SAO tanglng systems (2)




DIONYS50S LASER

*
SUCCESSFUL MEASUREMENTS (1977}

BE-3 GEQS I STARETTE GEOS ITT
June - 3(1) - -
July - 45(9) - 85(14)
August 555(22) 310(15)  439(31) 284(15)
Sept. 12(1)  36(1) 138(12)  151(7)
oct. 336(12)  74(4) - 191 (8)
Nov. - 4(1) - 4(1)

¥ Numbers refer to successful return.

Number in parenthesis successful passes,

TOTALS
3(1)
130(23)
1588 (83)
337(21)
601 (24)

8(2)

2667 (154)
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THE SATELLITE LASER RANGING SYSTEM

AT CAGLIARI OBSERVATORY

L. Cugusi
Istituto di Astronomia

Universita di Cagliari - Italy

INTRODUCTION

The laser ranging station of Cagliari Observatory was
originally conceived in 1975 as an improved first generation
system. Its ranging capabilities are estimated to allow to easily
~track-the recently launched geodynamic satellites as Starlette
and Geos 3,

The main scientific aim is to study polar motion and Earth's
rotation by means of the satellite observational data collected.

Indeed laser range observations will join at Cagliari Observatory

more conventional observational techniques for geodynamic studies:

VZT (operating at Carloforte since 1889), PZT (now undergoing the
final testing), Doppler receiver {opeérating from last yvear) and

Danjon Astrolabe (operating by the end of this year).

STATION DESCRIPTION

1. LASER THANSMIT?ER SYSTEM

110




The output of the oscillator is fed into a KD*P Pockels cell

and polarizer combination, which forms an electro-optic shutter
(with laser-~triggered spark gap) to chop the Q-switched pulse. The
outpug‘éf'éhe.shutter drives a 6'"x1/2" (15x1.3 cm) ruby amplifier:
typical final output is 1 J in 5 ns pulse width at 30 ppm, or 200
MW peak power. The beam divergence reaches the relatively high
value of 3 mrad, typical of the multimode rescvnant cavities.

A power supply provides pulsed energy to the flashlamps and
Pockels cells. A control console includes electronics for controlling
bank voltage, lamp triggering, Q-switch triggering and timing.

Both the laser heads are cooled by means of a refrigerated
water-to-air system, which provides temperature controlled éooiant
water.

A laser energy meter and a vacuum photodiode together with a
~-B00 -MHz - real-time~bandwidth-oscilioscope permit- to -monitor the -
laser output,

The optical rail is supported by a graniite slab, resting on
a concrete foundation. The laser beam reaches the collimating
telescope through a coudé optical path of five multidielectric
layer coated flat mirrors.

The collimating telescope is & 6x Cassegrain guasi=afocal

optical system; so the beam divergence should be at least 0.5 mrad.

2. TRACKING SYSTEM

The turret is an EOTS-E Cinetheodolite with a rebuilded
optical section. Blind tracking is not jet possible (future

tracking improvements are described in the last section)}: after

oosunset and before sunrise observing satellites is possible through......

~a TV system, by controlling both azimuth and elievation motors of

T the ‘mounting by mean




:gstopﬁmthaLtimeainterval"c@unterﬂaﬂd“a&&éﬂ'thé”pﬁihtér”td'féﬁéﬁﬁ“j1..”'

installed at the first focus of a 25 cm diameter Maksutov type

telescope: the focal lenght of the telescope was chosen to give
a 2° field of view on the TV monitor. Objects as faint as 12th

magnitude fall within the capabilities of this TV system.

3. ECHO RECEIVER AND DATA RECORDING SYSTEM

A telescope of 50 cm diameter collects and focalizes the weal
echoes, through a suitable filtering optical system, on the photo
cathode of a Quantacon type (RCA ©31034) photomultiplier. This
photomultiplier is estimated to be very suitable only for night-
time ranging. .

Both the laser output pulse and the satellite echo reach the
photomultiplier: indeed a fiber optic shunts a small fraction of
the output pulse to the photcmultlpller, SO that cnly one d1 cri_
mination 01rcu1t is nccesSary

The anode pulses are amplified externally before discrimination
is feasible in practice: a low noise, fast amplifier {(ORTEC 454
TFA) has been chosen.

The discrimination is carried out by means of a constant
fraction timing operation (ORTEC 473 CFD), intended to avoid that
timing depend on pulse height.

The output of the discrimination circuit is a shaped pulse
(Eldorado 786, 1 ns resolution) and the preset counter {see block
diagram) and allow the printing of the content of the clock
register. Any pulse discriminated before preset time has elapsed
is considered to be the expected satellite echo (stop pulse): it

the time of- illght On. the Contrdry any ngnal cros&1ng Lhe




T

4, TIMING AND TIME SYNCHRONIZATION

A cesium master clock (Oscilloquartz B 3200) provides 1 MHz

external frequency to the time interval counter; it controls also

the c¢lock register, giving 1 us resclution.

e A LA A I

Time synchronization is carried out by means of both Loran-~(
and TV techniques. In the former case, time signals df the Simeri
Crichi station are usually received; in the latter, a mutual data
exchange takes place with the Institute "Galileo Ferraris" of Turin.

In the best conditions, it seems possible to obtain. time

synchronization within less than 1 us,

5. EXPECTED SYSTEM RANGING ACCURACY

A theoretical evaluation (L.Cugusi et al.,, 1975) of the final
accuracy of the range data collected by means of a laser ranging
station like that described, shows that a value close to 20 cm
should be obtained. Nevertheless it is only a rough estimate, this
value depending strongly on the height of the return signals,

calibration techniques and system internal stability.

S = FUTURE IMPROVEMENTS

In the near future, priority will be given to blind tracking:

1ite electronice with our minicomputer (Honeywell Series 60, Mod,
6/43, 64 KB Memory). Another interface will aliow to record on

the magnetic tape unit of the minicomputer the observational data.

MEEEE AL spEEsrTREnge iraeiings

PO Geodvnamis Satellites, Publ. staz. Astron. Intern. Latity

- carloforte-Cagliari, NOSl,. 1975. ..
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THE ZIMMERWALD SATELLITE RANGING STATION
TECHNICAL DESCRIPTION

I. Bauversima, G. Beutler, W. Gurtner, P, Kldckler, M. Schiirer
Astreonomisches Institut der Universitidt Bern
Bern, Switzerland

This report contains a technical description of the Zimmerwald
Laser Observatory, as 1t has been constructed from 1975 to 197E.
In the second section we state the evolution taking place during
1978. In the final section the planned completion works for the
years 1979 - 1981 are listed.

TECHNICAL DESCRIPTION QF "STATUS QUO"

(see diagram)

Ruby Laser System

Energy 3 - 5 joules
Halfenergy pulse width .. .15 = 20 nsec
Natural beam divergence *) 3.5 mrad
Beam divergence, when leaving

the telescope 0.7 mrad

Dye Laser Svstem

Energy 12 Joules
Naturel beam divergence 10 mrad
Beam divergence, when leaving

the telescope : 2 mrad
Halfenergy pulse width some usec

The Telescope

Biaxial horizontal mounting
Both axes are driven by stepping motors with a resolution of
2.7 arcseg¢ in elevation

5.4 arcsec in azimuth o
CMaximum velocities: 2,57 /sec in elevation T

O : .
5,07 /sec in azimuth

*) Beam divergence: Angle between axis and the outermost bear




Transmitting telescope (TT)

Three prisms to conduct the beam into the transmitting tele-
scope. The lowest prism may be switched from the ruby to the
dye system and vice versa.

The transmitting telescope is a Galilei-~telescope opening the
beam 5:1.

Pracking and receiving telescope (RT)

Main mirror (spherical}, diameter: 52,5 cm. Triple lense systen
in front of the TV-Camera to correct for the sphericity of the
mirror. The surface of the first lense reflects the ruby light
via Barlow and Fabry lenses into the echo photomultiplier.
TV-Camera {Grundig FA 42 S): Allows the observation of objects
up to the magnitude of 9.5.

Tracking

The picture of the TV-Camera is displayed on the TV-Monitor
(diameter 55 minutes of arc). Direction and velocity of the tele-
scope may be preselected and started automatically by the station
clock. The image of the satellite can now be centered manually.

~The~peinting,agcuracyuinmthis_mode.Qﬁ.Qperatigﬂ“iﬁmlimiteﬁwbyn,.”
the resolution of the TV-System, which is 15 arcseconds. V

Epoch Timing

A HRG~receiver ensures determination the epoch within ~ 20 usec.

Beho—detection

Is established by a photomultiplier RCA 7265 with $-20 cathode.
In front of the photomultiplier there is a 10 K interference . .
filter. An electromechanical shutter and a digitally presettable
range gate reduce the probability of error counts.

Light travelling time is measured by an "Eldorado 796" counter
{(Resolution 1 nsec).

Waveform analysis




Data registration

Epoch time, light travelling time, approximate position of the
telescope (azimuth, elevation) are printed on a HP 5055 A
printer.

WORKS IN PROGRESS (1978)

Installation of a better TV-Camera (JAI 740 ISIT) permitting
the cbservation of objects up to the magnitude of 15.

Instaliation of a PDP 11/40 Computer system with two disks and
32 k words of memory.
The system will take over the following tasks:

- data registration {(replacing h), Section 1}
- Satellite predictions adapted to TV-tracking.

PUTURE PLANS (1979-~1981)

= Computer tracking
= new epoch timing (accuracy # 1 ps)

- reconstruction of transmitting telescope to allow for a
variable peam divergence.
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THE METSAHOVI LASER RANGING SYSTEM

S.J. Halme, M.V. Pauncnen, A.B.R. Shorma
Helsinki University of Technology, Espoo,Finland
J. Kaklari and X. Falliomfid

Firmish Gecdebic Tnstitute, Heleinki, Finland

1. INTRCDUCTION

The Finnish-Swedish Satellite Laser range finder is lo
. PO . . ) 0. ., - .
Metslhovi Space Geodetic Station (Iat. = 60 1312, Long, = 24

40 km from Helsinki. System planning was initiated in 1972 wi

from the Academy of Finland, and in 1974 a cooperation agrearent was made with
the Geographical Survey Office of Sweden, which has provided Purther funding.

The ranging system is row Tully operational ard the firs: range determination
to the Geos-3 satellite has been done. The detsled Gescription of the existing

apparatus 1s reported elsewhere /1/.

2. THE LASER RANGE FINDER

M
F._J
-1

aser transmitter

The electro-optically Q-switched ruby laser oscillater consists a weter
cocled diffusely reflecting head (Keorad K“) a helica flashlamp, g 100 mn long
X 9.5 mn dia. ruby rod, a XFP Pockels cel 1 (Lasermetrics, Inc. Model 81%),

& Brewster stack polarizer (Interactive Radiation Inc.), a dielectric rear mirror
and a 26 % sapphire etalon as the front mirror. The optical length of the
resonator is 500 mrn. The charge storage capacitor, 400 uF/5kV, is cher zod Lo
C...5kV using a convertional inductively current limited step-un transformer—
rectifler system. The repetition rate is limited to 1/6 Hz by the laser nead,

cooling system and the charging system. The cutput nulse length, Fig. 1.

on the punping level., The length normally used is 20 ns and the pulse ene

lJ. The beam divergenc 15 ab“ui 5 mrad. Th@ outout heam. ?s_

a;upur‘ _I A,Jukﬂ

u .LJ:;’

nYy s g £y gt P
piration. The temperature-contralled .




jaser housing is situated on top of the telescope mount.

R T R T T

0 25 50 75 100 125 7S

Pig. 1. Typical shape of the ¢5 ns aong Q“S?‘tched
ruby laser pulse.

2.2. laser recelver

The return energy is collected using a 630 mm parabolic mirror with

g focal length of 1730 mm. The & mn aperture of the electro-mechanical shutter,

used for -Alﬁlﬁatlﬂ? the near backscatter to the photomulticlier, defines

a 3.5 mrad field of view. The packground radiastion is Timited by & 5 rm
interference filter with a transm Faasion of 70 %. The 1ipght is collimated

by a lens before 1? ent.ers the f lter Tre photomultiplier used ig an RCA
C310%4 which has & fahds cathode with a quantum efficiency of 10 4, and ' a

multiplier gain of 6 107 st 1680V, This photomaltiplier is protected against

excessive anode current and cathode voltage. Also =n RCA 8852 with a multialkal

cathcde{quantun efficiency about 4 %) can be used, especially under twillght

conditions or if a higher amplification (un to 107) is needed. The ancde

Ci‘

Qd th&ovmq a 12 mﬂwr o ial ¢zl le to thc electronic ampiifier.
e, Lhe Ancoming

rowith a long




eliminates amplitude dependent time walk, is realized using the half-max

plug~in of the counter (Nanofast H/2-unit}. The random error of the ecuntern
system is about 0.15 ns(rum.s.), while the systematic error is about 2 ne
within the dynamic range of 0.3 V to 12 V.

Range calibration is performed using a 332 m calibration Iine. A

typical set of 24 pulses is shown in Fig. 2

START-STAOP
(ns)

22811 *

¥
*

%
*
*

22801

»*
22794 * *

2278 g ¥ y >
0 10 NIMBER OF CALTRRATIONG

Fig.2. A calibration easuremenit. The averape content of the
return pulse was sbout 600 photoelectrons. The time
interval between shots was 30 5. The standard
deviation is 0.77 ns.

dgitizer (Tekironix R7912) is comnected inm paralisl
to the PMI ancde ca ‘e, via a sampling resistor and an amplifier, to monitor /

i

Che photomultiplier pulses.

2.3, Telescove mount and electronics

5 L

. . B s e e
Iven; thus

allowing easy ¢alibigt?

N

(D715

principle, ... i o

127




The pointing sccuracy is better than +0.6 mrad or #2 nin of arc.

The satellite positlong are caleulated in advance on the basis of predictions,
which are in the format of the ATMLASER programme. This programme has been
received from Kootwijk /2/ and modified for the PDP 11/10 minicomputer at
the Finnish Geodetlc Institute.

The D-116 minicomputer zives the comands to the drive system fTo move
the telescope to the correct position in advance of the expected arrival

time of the satellite. The computer also fires the laser at the predicted

time corresponding to the predicted direction. The firing times can be cor-
rected during the satellite pass if needed e.p. after visual acquisition.
Alsc marual speed and position control is p0531b1e using a joystick or
trumbwheels. The resulting data are losged by the computer and include epoch
of pulsing, nanosecond counter reading, right ascension, declination, air
tenperature, atmospheric pressure and relative humidity.

Station time keeping is achieved using a crystal clock which is
phase locked to the IORAN-C transmission. In this way short term stability
is provided by the crysbal while long ﬁerm,sfability is assured by the atomic

clocks used for contﬂo¢11nr the LORAN-C. The accuracy obtained ig petusen

-5 us.
The weabher station is automatically ope rated using ¢ apa citive type :
tpransducers. The measurement accuracy has been found to be +0.57C for temper-

ature, +0.7 mb for air pressure, and *3.9 4 fop relative humidity.

Two guiding telescopes are used for pointing purposes: a 30 mm auxil-
iary firder telescops with % 6 maganlcanlou, and a 20% mm Cassegrain Lelescobe
with a Schmidt plate (Celestron 8, £/10). The guldlnp relescope and the main
parabolic mirror arve aligned using a fixed star by detecting the increased
anode currert of the PMI. The laser transmitter 15 allqneu towargs the
calibration target against marked positions LOfruscomdLmh to the relative
positions of the guiding receiver and the transmitter telescoves. The laser
beam spot at the target 1s well defined, and therefore its size and pogition

can be adjusted apainst crossed MATKS.

ha

B TR




Preliminary work has also been carried out to shorten the nulze Lo

5 ns, to use a common detector for both start and stop pulses, and to uze

a transient digitizer and 2 computer as the timine processor. Also improving
L P oy

the telescope's pointing accuracy is under work.

4,

71/

2/
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Future Plan on the Laser Ranging Systems

at the International Latitude Observatory of Mizusawa

S. Yumi and C. Kakuta

Internaticnal Latitude Observatory of Mizusawa
Mizusawa-shi, Iwate-ken, 023 Japan

We are now planning to be equipped with a satellite laser ranging
system in a couple of years and a lunar laser ranging system in the next
couple of years at the International Latitude Observatory of Mizusawa.

OQur interests are concentrated mainly on a cooperative work in a
derivation of the rotation of the Earth and of a relative movement of the
station referred to the other stations.

1) The system for satellites will be of the second generation and should
have a capability of observing Lageos. Details of the system will be
fixed in the near future but the main specifications now in our minds
are as follows : o *

Laser : Yag, Nd, Glass Q
Power : 0.2 Joule
Pulse width : 1 nsec or less
]
Wave length : 5320 A

Pulse rate : 0.33 pps

Optical System
Emitter : ¢ 250"
Receiver : ¢ 60077

Mounting : Alt-Az, Coudé

Accuracy of pointing :

b
<o
* o,
[

2) The system for the Moon is under investigation,
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OPERATING SATELLITE RANGING SYSTEMS; CONCLUDING SUMMARY

L.Aardoom
Delft University of Technology,Delft (The Netherlands)

Four levels of satellite ranging can be distinguished:
~centralized operation of station networks (NASA,Interkosmos,
CNES,SAQ) ;
~operation of single stations {(Wettzell, Kootwyk, Poitsdam,
Dionysos) ;
~-preparation of staticns for near-future operaticn (Cagliari,
Zimmerwald,Metsadhovi, Tokyo);

-planned preparations of stations.

In all there are about 30 satellite ranging systems in operation
or about to start. Theée'aré”globaiiy deploféa} aiﬁhdﬁghmféi.ffdm
uniformly. Their reported single shot rms precisions range from
about a 100 to about 5 cm,

Three classes of satellite ranging systems are somewhat loosely
defined, retaining their potential single shot rms precision as
the criterion: those of:

~first generation: not better than 50 cm;

~gsecond generation: better than 10 com;

~third generation: better than 3 cm;

There is some concern as regards the implementation of sophisticated
TV-aided visual acquisition devices, in that such devices might divert
the attention from the need to obtain fully automatic blind firing

capabilities.

The requirements put on satellite ranging data by the scientific




satellite range data. It is felt that the ultimate design goals
for satellite ranging systems-should be about 1 cm (rms single

shot) instead, as far as precision is concerned.

Data condensation is a controversial topic. High repetition
rate systems will give rise to questions of practical data
handling, considering on the other hand the requirement that
no signatures of geophysical or other scientific phenomena
should be lost. To retain one data point per second is stated
as the possibly highest demand. On the other hand one could
hardly think of geophysical phenomena which require more than
30 or 50 points per pass in order that no information is lost.
Unless further scientific requirements are specified, this
problem is likely to be solved from a purely datca-handling

point of view.

Although systems precisions-at- the 10 to 5.cm level are .
attainable, the construction of satellite ranging systems
with first generation characteristics could still be
considered of value: '

~-for groups to enter the field in case such first genera-

tion systems are substantially cheaper;

-provided they will be soon, if not immediately available.

The near or mid-term prospects for all-weather satellite
tracking devices are that it iis very unlikely that second and
third generation laser ranging systems are to fear competition.
Even in the long-run, laser ranging is likely to be the only
technique capable of providing data on the 3-1 cm precision
level.

Although there is a tendency to develop precise satellite laser




NASA LASYER SYSTEM
PERFORMANCE SUMMARY

4.

The estimated aceuracy of the NASA systems is between 5 and 10 em
depending upon the characteristics of the satellite being tracked.

Range calibration is performed by prepass and postpass calibration to an
external target. The target position is surveyed with respeet to the laser
station to an accuracy of lem using an AGA Model 76 geodimeter. During
calibration the RMS jitter of the data is typically<5 em and the drift in the
mean values for periods of several hours are typically<4 em.

Epoch time is maintained by using a cesium beam frequency standard as the
local time standard. Synchronization is achieved by & combination of
techniques depending upon the location of the station, to an accuracy of +1
microsecond. These techniques inelude travelling clocks, Loran ~C, Loran -
D, VLF (For frequeney synchronization) and finally NTS reccivers.

Internal safety at the laser sites to protect against accidents with either
high voltages or by exposure to high encrgy laser beams are documented in
detail in & laser system safety manual. They include safety interlocks,
warning signs, use of approved safely goggles, ete. External safety to
avoid illumination of overflying aireraft depends upon the use of a safety
observer for close - in aireraft and a high powered sequisition radar to
detect the approach of aireraft beyond visible ranges.
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SAQ LASER RANGING SYSTEMS

T. SYSTEM ACCURACY (25NSEC PULSE)
SYSTEM NOISE LEVEL:
LOW ORBITING SATELLITES:  15-30CM
HIGH ORBITING SATELLITES:  1-1.5M
SYSTEM STABILITY:  7-10CM(UPPERBOUND)
SYSTEMATIC ERRORS:
LOW ORBITING SATELLITES:  20-30CH
HIGH ORBITING SATELLITES:  1-1.5M
SUBSTANTIAL IMPROVEMENT ON LOW ORBITING SATELLITES
ANTICIPATED WITH CHOPPER({6NSEC PULSE)

2. RANGE CALIBRATION
METHOD:
SURVEYED LAND TARGET
EXTENDED CALIBRATIONS FOR SYSTEM RESPONSE
PRE~ AND POST-PASS CALIBRATIONS
STANDARD DEVIATION AT 100 P.E.: =~ £INSEC
SHORT TERM DRIFT(PASS): 5= 7NSEC

3. EPOCH TIMING
CLOCK SYSTEM: EECO CLOCK (VLF/OMEGA FREQ REF)

OSCILLATORS: RUBIDIUM STANDARDS
EPOCH REFERENCE: NTS RECEIVERS(1978)
EPOCH SET: PORTABLE CLOCK

4. SAFETY

INTERNAL SAFETY: SIGNS; VISUAL ALARMS; NORMAL ELECTRICAL
SAFETY PRECAUTIONS; ROUTINE EYE EXAMINATIONS
EXTERNAL SAFETY: VISUAL SPOTTERS AND DIRECT CONTACT WITH
SO VIATION AUTHORITIES (AUSTRALIA) FOR
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LASER RANGING SYSTEM WETTZELL,
FED, REP, OF GERMANY

1.

© availeble for contact with the NATO Alr Force Command Centre.

The estimated ranging accuracy of the system is s cemor
better.

The range calibration is performed by firing at a fixed
terrestrial target 1,2 km distant. During ranging all variable
parameters influencing the measured range are varied through
their entire range. An average of about 40 ranges are taken
with each setting. The characteristic results are summarised
by

typical spread seeccessenns 2 cm

I+ 1+

1 om
drift over period of 1 pass not observed.

standard error of ranges ...

Epoch timing is performed on-line by system clock (rubidium
frequency standard). This clock is controlled by daily time
comparisons with a cesium standard, itwo Loram-C chains and
periodic clock-transfers between Braunschweig (PTB) and Wett-
zell. Additional comparisons are made with other rubidium
standards at the station.

The station 1s occupied 24 hours/day, 7 days/week. Maintenance
and internal tuning adjustments on the electronics and laser
may only be performed under the supervision of one of the
electronic engineers at the station, with a minimum of two
people present, The station is located in an Air Defence
Identification zone, but there is a local sport flying club

in the vicinity. No civil air traffic is permitted to fly
within 18 km of the station. A special telephone comnection is

tween the loc

ailable
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SUMMARY OF LASER RANGING SYSTEM CHARACTERISTICS

Observatory for Satellite Geodesy, Kootwijk (The Netheriands)

Ranging sccuracy: At present an accuracy level of 15 - 30 c¢m has been

achieved in range measurements to GEOS - 1, GEOS - 3, Starlette and
LAGEOS.

Calivration: Calibration of the system is based on prepsss and postpass
range measurements along a short internal light path. The standard devia-—
tion of these measurements is 5 cm or better.

The stability of the system calibration during a satellite pass is in the

sane order of magnitude.

Epoch timing: Standard frequency and timescale is derived from a rubidium

standard. The station timescale is related directly +o the Netherlands
national time standard (one of the standards contributing to the definition
of UTC), using TV sync pulse comparison. Accuracy of timescale synchroni-

sation: 0.5 microsecond UTC.

Laser safety: The following safety measures have been itaken:

- all legally dictated general safely measures {gogsles, warning signs,
ghielding, etc.)

~ attenuation of the laser beam when performing tests and calibraticn
measurements

~ airtraffic protection: an ophical airplane detection system with

automatic laser inhibiting.
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SUMMARY OF THE CHARACTERISTICS OF THE LASER RANGING SYSTEM

AT THE CAGLTIARI OBSERVATORY

Owing to the fact that the laser station has not yet been

assembled, the following characteristics are only indicative.

1. RANGING ACCURACY

The ranging accuracy is expected to be about 20-30 cm.

2. RANGE CALIBRATTON

Two or three targets at different azimuts and distances (500-
1500 m) will be placed around the laser dome; however it is not
excluded to perform prepass and postpass calibration through an

"internal light path.

3. EPOCH TIMING

A cesium standard will control the laser--clock. Daily this

time base is compared with the LORAN-C station of Simeri Crichi
and, by means of TV methods, with the timescale of the Institute

"Galileo Ferraris'of Turin. Accuracy within 1 aus is achieved.

4, LASER SAFETY

For internal security, safety glasses are used. Moreover,
all power supplies are disabled and energy storage banks are

automatically dumped every time the capacitor box doors or the

optical rail cover are opened,

131




v

:
H




1

ZIMMERWALD SATELLITE RANGING STATION

Baversima, G. Beutler, W. Gurtner, P. Xlbckler, M. Schiirer
Astronomisches Institut der Universitit Bern
Barn, Switzerland

Ranging accuracy (see 1 )

- Without waveform-analysis ~ 90 c¢m
- With waveform—analysis v 40 om

Range~calibration

Special method, described by I. Bauersima 1 .
Estimated accuracy * 14 cm (from 10 single calibrations)

Epoch timing

A HBG~receiver, contrelling an internal oscillator is used.
Estimated accuracy of the epoch < 20 us.

Control is done by transporting a cleock to the Zimmerwald
Station.

Security

Internal: An "Interlock-System" allows turning off hicgh
voltage from varicus points of the observatory.

External: During observaticn-pericds the civil and military
flight~control authorities are informed daily
about our operation schedules.

The maintaining of security during operation is
granted by visual observation of the sky.

Reference:

I. Bauversima: Entwicklung, Zweck und Perspektiven der

Satellitengeoddsie, Mitteilungen der Satelfltenbeooachtungs~

staticn Zimmerwald Nr. 1
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The characteristics of the Mets#hovi satellite laser range finder are
the following.

1. Estimated ranging accuracy of the system is about 1 m.

2. The system is calibrated in the 332 m long test line. About 20 shots
are made for each calibration. The calibration is made with formula

T =T -
¢ 's 'm

Ty T 2224.73 + 0,1785(p/T)

T. is the calibration correction factor, p is the athmospheric pressure
inmb, T is the temperature in XKelvins, and r_ is the mean of all 20
calibration range measurements. The result is in ns. The accuracy of
one single shot is from 0.5 to 1 ns corresponding to 7.5 cm to 15 cm.

In some cases drift from 1 to 2 ns per hour has been found.

3. The time in UT units has been determined with a LORAN-C phase locked
quartz clock. The system has been calibrated with a flying cesium
clock (from EISCAT). Accuracy is between 1 and S/HS.

4. Maintaining internal and external safety is not yet arranged.
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For meintaining saltey at the ranging site | separie lines with over
loading switch sre used besides a set of battaries is connected with

CHARACTIERISTICS GF HEIMAW SATELLITE LASER RANGING STATIOM

BY
M. FAHIM end A. 5. ASAAD
The charecteristics of Helwan

Lotive paterial :+ Robyro
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gccuracy ©f + 1 microsceconds is reached. Sigrals from EECO clock isn
ynchronized to wiithin + 1 usec., The iime was
clock two times per year. The signals received

om Home. The firing time, the repetition rate
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observations are conitreoled by a laser .clock and
u
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CRIMEAN LUNAR LASER RAWGING SYSTEM

Yu.L.Kokurin, V.V.Kurbasov, V.F.Lobanov,
A‘E,Sukhanovsky
Academy of 3cicences of the USSR
P.N.Lebedev Physical Ingtibtute

The ransing accuracy of the ayaten s calculated on the

*

npasls of measured and calculeted srrorg and delay:

2 1.5 ne, or 2 5cn

1,

where é7é; ig the mean square valué of the error due to lager

pulge duraticn = 0.8 ns; 5%, is the error in electronical

,'/ F)
and geometrical delays =1 ng; 5¥c, is the error due to the
digeretenegs of the counters =~ 0.3 nsy 5 ., ig the srror

p’
tiplier = 0.5 ng.

g

ma gisgnaly tranguiited by T

Tl i
cinanncls .The propogation time of the TV-channecls ig measureﬂ
{ 1

&
by means of the trangporitable c¢lock.
Tire pavamnelers of the aveabem:
lager tranzmitier pulsewidih 2 ng;
regolution time of the counters 1 ng;
time resolution of the photomuliiplier 0.5 ns;

scale -5(usq

time of {the lager pulse in UDC(SU
Internal safaty Tor per

ied by uging

Xl
speclal spectacles. Ixternal H?feﬁy ig provided by nanguard

at the top of the telescope building.
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UHAR LASER RANGIHG SYSTEMS
SESSIOH 3B

REMARKS BY THE SESSION CHAIRMAN

£ric £. Sitiverberg
MeBonald Observatory

The University of Texas at Austin
fustin, Texas 78712

Despite considerable effort over the last three years, routine iunar

ties is still not availeble. It

—

rancing by a number of laser tracking facil
is certainly difficult to characterize in & few words the reasons for the
slowness of development in this technique. Unlike satellite ranging, no two
lunar systems are alike, accounting to some degree for the difficulties,

since each must address an almost unique set of probiems. it is also

_table that this technique has such 8 high threshold of performance before

even rudisentary results can ba delivered. Even the lack of mean!ﬁgfui in-
termediate targets over 5 orders of magafiuée in signal level musi take s
credit for the sporadic development. And lastly, the lessening of priority

for lunar data relative to very intere esting lower targets has, and will con-

tinue, to slow progress. Honetheless, no one would now seriocusly doubt thet
4

routine lunar data cen be attained and, in fact, must be attaincd i tha
high potentisl for gain in celestial wechanics, general relativity, and earth

dynamics is to be realized,
As pointed out by Mulholland and Calame in Session 1, the scientific

goals for lunar renging cover a vide range.of discipliines, some of which are

et}

not sccessible in the foreseeable future in any other practical manner, i rom
the standpoint of station development, it is important to note that many of

these goals can be attained with limited data sets, although a complete solu-
tion of the full set of problems requives an ambiticus global chserving pro-

gram. The latter obsery vation 15 lmportont in the context of cur praosent

!un

EERRRETIL PP T P WA S-SV, S S
vationy by atiainsa wnene

Ceessible,  even.




widely scattered institutions can be of great importance in many instances.

Station development need not be predicated on the full time supply of data
to expect to be an extremely important contributor ta the scientific goals
of this technique,

The immediate goal at this time is to begin to collect lunar data, how-
ever limited, from more locations. It is particularly important that these
data be well calibrated for, if this is true, even @ dozen range measure-
ments can produce a scientifically meaningful baseline and ecarth orignta-
tion solution. It is equally impartant to start the preliminary data trans-
fers to exercise the technical capabilities at the station and to test
analysis capability for this technique at many analysis centers. Most im-
portantiy, the meaningful results which can be attained with even a few well
calibrated data points should have tremendous scientific and political con-

sequences for all of the nationalities associated with lunar laser ranging.




FRENCH LUNAR LASER RANGING STATION

0. Calame
J. Gaignebet
Centre d'Ftudes et de Recherches Géodynamigues
et Astronomiques
8 bd. Emite Zola
Grasse, France

organlzat;Oﬁs. The equipment is installed at the Calern plateau, while th

sy stom ueing

INTRODUCTIGON

After an initial operating period, partisally successful, at the Pie-
du~Midi Observatory, the French lunar laser ranging experiment started a
new development with the establishment of the CERGA installation (Centre
d'Etudes et de Recherches Géodynamiques et As tronomiques) at Grasse.

The construction of this new station is the responsibility of a laser

team, housed =t both CERGA locations, with funding supplied from various

\

scientific work is performed at Grasse. This is a unique situation for a
lunar laser station in that the entire computation string {predicticn com-
putations, observations, data processing and the scientific analyses) is
performed by the same group. In this paper, only the experimental portions

will be described in some detail.

HARDWARE SYSTEM

The overall system is entirely new and was designed and constructed
specifically for this station, including a new telescope dedicated to this

experiment.

Telescope
The 1.5 meter (f/20) Cassegrain telescope provides the transmitting and
receiving optics. A dichroic mirror splits the return beem between 2 guiding

system and the receiving ensemble. The resciution of the optics is about 3

Careseconds. - The azimuth-aliitude configuration 18 driven by a continuous’

WOET GEGT Sy LOFgUe B

sabOho, to the drive system and checks the posi
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Guiding System

A computer—driven guiding system is placed in the beam passed by the
dichroic mirror. This apparatus is able to offset a television camera in a
polar coerdinate system, allowing & visual tracking of lunar reference fea-

tures, while the main optical axis follows the reflector direction.

Laser Transmitter

The contiguration of the QUANTEL ruby Yaser system consists of an os-
ciltiator, a double-pass amplifier and a power amplifier. It generates
pulses of 3 nsec lenath, with an energy of 4 joules, at a repetition rate
of 1 pulse every &I seconds. Coupled to the mount by four mirrors in a
Coude arrangement, the beam is directed through the telescope via a fiip
mirror selecting the transmitting/receiving mode. Fixed at the back of the
first Coude mirror, an optical fiber picks up a sample of transmitted 1ight
and routs it to a photodiode within the ranging system electronics for the

timing of the pulse start.

Receiving System

~Fhe.receiving system.is. placed. near. the telescope's-main-focal poimt,
It is designed to contain principally the multidielectric filters {3-5 ﬁ),
the collimating lenses, a mechanical shutter and the photomul tipltier tube.
This device is maintained in temperature to within 1°C to allow the use of
narrow-band Fabry-Perot filter (about 0.3 ﬁ), now under test. The system is

designed to have the capability of being equipped with two photomultipliers. E

Ranging System Electronics

The Péhgéﬂgusféte&'ébnsiété.é?gméfily.oF é”réﬁéé‘déf?ca? gate control
and an event-timer. The range gate, which eliminates all pulse detection
ocutside a pr“G¢Ioctﬁd Lhaﬁ el, can be chosen with a Tength from 200 micro-
scc to 20 nsec. The range and range rate predictions are supplied by the
main computer in real time.

The event-timer is a very accurate clock which is able to time 5§ suc-

cessive avents (extension to 10 is anticipated) reprasenting either the las-

er start or photon stop or clock stop signals., The precision of the mea-

sured cjorh is ?GG pfe and Lhe rpcovcry t:m baLh@€R_tWQ_CGﬂSQCUtiVB.ﬁ@G“

sures ish nsec, fhcgb event: times are recordcé it m_més




(PMT) pulses, so that the accuracy of the time delay measures can be signi-

ficantly better than the laser pulse length.

Computing Facilities

The CERGA Tunay laser station is equipped with two computers working
in real time:
a) a Data General ECLIPSE scrves as the main computer., lts config~

uration includes:

H

CPU (32 K memory)

1

disk package
- double cassette driver
- aiphanm&eric Tektronix display

- Texas Instruments Silent 700, with modem

i

teletype

b} a DG NOVA 1220 is slaved to the ECLIPSE for the telescope quiding.

SOFTWARE SYSTEM

Four principal tasks have to be performed in real time by the computer

system in the course of observation runs.

Predictions

For both the telescope driving and the determination of the range gate,
o \

as well as for the construction of an histogram, it is necessary o know, at

Lo

[

c

ecach moment, the position in space of the obscrved reflector with ros
the operating station and the position in the guiding fosafxp}aﬂa Qf the
reference craters, These computations are required et o high accuracy
level, such that the programs have a grest complexity and require 2 long
computing tima. Thus, the predictions are evaluated in sdvance on a CDOO

mathematical modal,

7600 computer, using a very accurate ephen

taking into account the small effects acting on the motions of the reflector

with respect to the station. To conserve computer cost, these prodictions
i

are calcuiated at large intervals {every 20-30 minputes)

cassattes. in tﬁ; course o» @t OJ CfVlWU rung t @ EELE?J&
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Driving and Guiding

These tasks are performed by the HOVA computer which converts the co-
ordinates (equatorial to horizontal), computes the refraction effects and
transmits the deduced position of the reflector to the driving system, each
second. At the same time, it checks the values of the encoders, takes into
account the eventual manual offsets, the instrumental flexures and driving
inaccuracies, before making & correction to update subsequent predictions.
In addition, the computer selects the reference points corvesponding to the
observed reflector and the tunar phase; then, it transmits the calculated
positions to the guiding system so that the TV camera is positioned on the

selected crater.

Kanagement of the Experiment

The ECLIPSE computer works as a master control for all the other de-
vices, hoth for inputs and cutputs. Indeed, in several aspects, it ensures
the ties between the various elements themselves and the external world.

The pr|n€|pa1 linkages are with the predrrtuom cassettes, the NOVA computer

Lhe ranging e!cctroﬂ:cs the ovent“timer, and varicus devices for data such

as temperature, pressure, humidity.

Pata Processing

"Vﬁt€Ol dota

In addition to the general control, the ECLIPSE must perform some data
pracessing. For the lunar laser ranging, it is necessary to integrate
several shots, and detect the eventual signal by @ statistical process ¢
s important to have that capability in real time lno ordar to properly di-)
rect the experiment. Therefore, the laser shot end the four ph@tﬁn stop
times are recorded; the corresponding time delays are computed; and, at
cach firing the results are compared with the predigted range. -Using a
statistical process based generally on a Polsson distribution, an histogran
can be built over the course of a series of shots.

*

A series of shots is stopped when the probability that an event can

be atirihuted to the statistics of neoise is sufficiently small., Those re~
sults are then recorded on cassettos and are later processed by the CDC
':-compthV”%ghrthe“c@ng f-ﬁ i ?m;”.g hic% rapza send: the obselr oo

scien ifm "-.*T.U'.'-'

“ttots cﬂ%%??@ﬁ&é that Tt w§}%~be-iﬂ'?uﬁﬁtéeﬂ%ﬁv-in'avﬁaar~£u%u?e.,




RIMEAN LUNAR LASER RANGING SYSTEM

Yu. L. Hekurin, V. V. Kurbasov,
V. ?.,lobanaw “;d Ao N. Sulkhanovshky
Academy of Sciepces of the USSR

P. K. Lebedev Physical Institute

er /2/.

fu}i Pipewidth &A

LASCR TRANSMITTER

In paper /1/ a laser ranging system has been described with the laser
placed in the coude configuration of the telescope. However, due to high
losses in the optical system as well as the lack of ohserving time, work on

further improving this system has been suspended.

-

For these reasons and with accompanying progress in testing a telesopis

amplifier, a new laser transmitter is now belng prepared for ranging. The
new %ystem may be placed on the rotating polar platform as described carli-

A schematic diagram of the system is shown in Figure 1. A driving os-

(;
£ /37, consists of two cavity mirrors,

cillator, developed on the basis o i :
and 2, with reflection factors 100% and 80%, 2 ruby crysta! 7 mm in diame- 5

o
=
e
o
<
&)

ter and 120 mm long, and G-switch cell with two triggering char
of the contrel channels Is used for Q-switching of & giant pulse, and with
the help of the second one that utilizes a laser-triggered spark gap,

cavity-dumping is carvied cut for time duration = 2 gs. The resulting os

cilltator bean is directed into @ telescopic amplifier. The creray o

tailored pulse is = 50 md with a pulse-width = 2 ns.  The telescopic.

~

o R . £t P E o i -
Tier consisis of the mirrors 3 and 4 and a ruby crystal 16 mm

and 250 mm long.  The gain of the ifler is = 60. For details on the

other parts of Figure 1, see reference /i/.
A summary of parameters for the laser transmitier are as follows:

pulse-width oo~ Z ns; pulse encrgy W= 2.5 J; wavelength A = 6843 A,

C.h &; been diveragence 0 ?’;”Qgtpui SRETIMIE

0.5

=16 Cﬁu' u3 = .33 eps.

A
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e
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Pip, 1. Sehematic disgram of the laser ranging systom.
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resolution of +0.5 ns has been obtained for the photomultiplier. The

guiding system was repeatedly described in our papers, and remains un-
changed.

The measuring and recording equipment are based on a TPA-100Y-7 mini~
computer and are modernized in comparison with 1975, The system permitted
us to improve the accuracy for measuring the time of laser signal propa-
gation to c:](‘)m9 s. Moreover, the system performs lunar ephemeris inter-
polation for each 3 seconds using reference poinus with an interval of 0.5h
/1/. There are three independent time counters, having 1 ns resolution,
which may operate parallel as well as in series.

The epoch timing system uses time signals transmitted by TV channels,
This system permits measuring the time of the laser pulse in UTC (SU) scale

with an accuracy +5-6 usec.

ACCURACY

The ranging accuracy of the system is calculated on the basis of mea-

sured and calculated errors and delays:

=V “ 4o 2420240 % = 1,5ns, or 25 em
e eg ¢ P

whare v, is the mean square value of the error due to laser pulse duration
= 0.8 ns; Ueg is the error in electronical and geometrical delays = 1 ns;
GC is the error due to the discreteness of the counters = 0.3 ns; and, ©

P
is the erreor of the photomultipiier = 0.5 ns.

SAFETY

Internal safety for personnel 1s provided by using special spectacles,
External safety is provided by an observer at the top of the telescope

building.

REFERENCES
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Research XVI1~0, p. 77, (1977).
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STATUS OF MAUT LURE OBSERVATORY

S. F. Cushman
The Institute for Astronomy
University of Hawall
P.0. Box 157
Kuls Maul, Hawail

Essentially, the cbservatory is complete as designed by the LURE team,
The transmitter has been in operation for several years, with minor down
time. It consists of a A1 cm aperture, fixed telescope with a 72 em {lat
mounted as a coelostat in front of it. The telescope points due north,
thereby permitting the flat to direct the laser beam, without diminution, to
the moon at all aspects for an observatory at 20° latitude.

Attached to it is a neodymium:YAG laser which is presently operated at
three hertz, with pulse width of three quarters of a nanoseceond, and about
one third joule per pulse. After considerable trouble getting this device
operational, the laser technicians ¢an now use it virtually as desired. A
full year of cperation has required approximately twelve thousand dollars of
supplies, not including necessary power.

At the opposite end of the building is the multi-eyed telescope consis-
ting of eighty refractors of 19 cm aperture on a common suspension. Opti-
cally, this telescope has performed well; much time was required to align
it initially, but alignment has held well. Mechanically, this telescope has
not yet achieved a satisfactory state. Full cperation is expected before
the end of the year.

To control these devices and to record data, two Nova computers were
chosen. VWhile these seem able to do the job, by hindsight, a single, fTaster
computer would have been a better choice. Complete software has not vet
been developed for the ranging routine, mainly beczuse software provided by
others has been difficult to debug. As the system stands, much manipulation
is reguired by the operators which couild be eliminated with = singie com-

For a1l the shortcomings, the system works as has boen demonstrated on

TseversletesTione durtng Yo and Gree T T8

Tites. The transmitier is being made into a trapsceiver, and it
ps E
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being fitted with better motors. Lupar ranging is temporarily being sus-

pended until these changes are effected. It is hoped that a combined pro-
gram of ranging to both the moon and near earth satellites will become
routine within a few months.

At present therc is an unexplained spreading of lunar ranging data,
which limits the confidence of the data to about five nanoseconds in round
trip time. Range calibrations are performed during ranging by a fibre op-
tic cable between the two telescopes which transmits the laser pulse direct-
ly to the photomultiplier. The same spreading of data is observed. In
addition, ranging is performed to a retroprism mounted on Mauna Kea Obser-
vatory, the round trip time to which is 853,371 nanoseconds. Since a
slightly different system must be used, uncertainties are on the order of
a nanosecond, and this increased precision is also observed in the fibre
optic cable results. The difference between lunar ranging and range cali-
bration has generated much research, which is as yet unrewarded,

The epoch timing is performed by an Event Timer developed by the

University of Maryland, which is driven by an Austron Hodel 1200 Frequency

Standard. Continuous check on the drift of the oscillator is made again
a Loran-C signal originatiag barely one hundred miles away with shout 60%
over-water transmission, with daily calibrations performed during ranging
periods.

Internal safety is governed by OSHA and University of Hawaii Radiation
Safety Office regulations. External safety is governed by visual observa-
tion of the sky in the region of firing before and during laser firing. -At
an elevation of over three thousand meters, few airplanes pass near the

observatory.
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MCDOHALD ODSERVATORY STATION REPORT

Eric €. Silverberg
McBonald Observatory
The University of Texas at Austin
Austin, Texas 78712

1

The University of Texas, McDonald Observatory lunar laser system In
Fort Davis has been in regular operation since September of 1970, The sys-
tem has produced over 2300 ranges to the reflectors on the lunar surface
using the 2.7 meter reflecting telescope a5 both transmitter and recelver,
The recently upgraded pulse-transmission-mode ruby laser permits transmit-
ting approximately 1.2 joules of energy from the telescope once every ihres

seconds, with a pulse width of 2.5 nsec, FWHM. The epoch recording timing

system is based on an EGEG TDC 100, time digitizing module. Guiding is done
either manually or by computer-driven offsets from lumar features.  The sys-

tem is operational three times daily, for 21 days per lupation.
The rangs precision with the Mchonald systen for a single shot is esti-
mated at 420 cms, with range-averaged normal points precise to approximately

7 cms.  Annual signal leveis average about 0.04 photoclectrons per shot, al-

though a sigral of 0.2 photoelectrons per shot is not infreguent, The cali-
bration of the system Is maintained during ranging by routing a highly at-

tenvated portion of the transmitted beam onto the receiver detector at thsa
single photoetectron level. Scatter in the calibration dats, in the retuins
from the lunar reflectors and in the analysis of the data from run to run
indicates that the actual ranging precision is very close to, If nob identi-

cal with, the estimates, with the exception of a few points affected by

laszer pulse shape anomalies., However, a constant bias offset of up to 30 oms

due to telescope geometry is possible in the entire seven year data span.
The relative epoch at the station is maintained to +2 usec by continu-

cus recording of the Loran-f transmissions from a central U.S. station,
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LASER RANGING SYSTEM AT THE TOKYD ASTRONOMICAL GESERVATORY

Yoshihide Kozal and Atsushi Tsuchiya
Tokyo Astronomical Observatory
University of Tokyo
Mitaka, Tokyo, 181 Japan

INTRODUCT I O

The TAD laser ranging System is a combined svstem for lunar and satel-
lite ranging; that is, the electronic system and conputer are commonly used
for both lunar and sateilite observations., The system is installed at the
Dodaira Observatory, which is located about 100 ¥m north-west of downtown
Tokyo. A 3.8 m telescope is used solely for receliving the lunar signal,

while & 0.5 m telescope is used for both satellites and the moon.,

. ...3.8 M TCLESCOPE

The 3.8 m telescope uses a metal mirror with the diameter of 3.8 m
mounted on an azimuth-elevation drive mechanism. The primary focal length
is 3.8 m, i.e., the f number is 1. The combined focal length with the 40 en
Cassegrain mirror s 30 m. The filter has a bandwidth of 0.1 nm at 0.6843

pm.  The photo~detector is an RCA-8052.

50 CHM TELESCOPE

A 50 cm off-axis Cassegrain telescopa is used for transmitiing the

.

laser beam to the moon and also used for receiving the satellite refurn sig-
: : . RiLY elbite

e
nal. Tor satellite observations, the laser beam is transmilied by a smali
telescope commonly mounted on the 50 cm telescope. In both cuzcs, the laser
beam is transmitted through coude optics from the twe lasers. This tele-

scope is mounted on an X-Y drive mechanism.

LASER
The Tunar laser is & three-stage amplified ruby system. The pulse




The satellite laser is one-stage amplified ruby laser with pulse-slicer.

The pulse width is about 3 ns and the output power is about 0.5 J. The beam
divergence is about 5 m-rad. The lasers are installed in an air~conditioned
room and the output laser beams are led to the telescopes through coude

optics.

ELECTROMICS SYSTEM

The main f1ight time counter is HP-5360A computing counter with 1 ns
accuracy. The resolution of the range gate is 0.1 us with the whole system
controtled by an HP-2100 mini-computer.

The timing is controlled by a crystal frequency standard, which is
linked to cesium frequency standards at Mitaka (main office of the Tokyo
Astronomical Observatory) by VHF radic, and also, is calibrated by loran-

€ radio slgnal.
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LUNAR RANGING MOBIFICATIONS
FOR THE LASER BRANGING SYSTEM
IN WETTZELL, FED. REP. OF GERMANY

Peter Wilson
Institut fur Angewandie Geodasie (Abtlg.!i, DGFI)
Frankfurt and Qonderforschungsbe;ezgh ?8,
Satellitengeodasie, der TU Munchen
Fed. Rep. of Germany

HARDWARE

Introduction

Already prior to installation of thz new laser ranging system in
Wettzell, 1t was recognized that the system has potentially the capability
for ranging to the moon. The computation of the energy balance, assuming

the laser to be operating at full energy, showed that the transmitted

energy per second, divergence, receiver diameter and detector efficiency

more than meet the minimum requirements for lunar ranging. However, to
implement this capability a number of hardware modifications are necessary

and the technigues for applying the system have to be define

Hardware Modifications

The hardware modifications may be considered under the following

grouping:

- changes in the computer interface unit, system control and modifi-
cation of the servo amplifier to achieve the optimally smoothed
low-rate pointing of the mount required for lunar ranging;

- introduction of a lunar range gate unit and modification of the
system range timing counter to permit event timing, since some
12 Yaser puises will be in flight before the return signal asso-
ciated with the first one is detected;

- modification of the receiver control unit pemitting operation

in the normal satellite mode {uqing a range-time counter) and

RS i lanar mode {event: ti%ing}

- lntroductlon of remcie mount cowtra% to permit fine pointing,
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- upgrading of the photomultiplier by introduction of the newest

Varian static crossed field unit, with 2E8% guaranteed minimum
quantum efficiency (35% typical);

- introduction of a theirmostatically controlled 3 A narrow-band
filter to replace the current 258 unit;

- introduction of a video tracker to permit optimal target pointing

during the calibration procedures.

SOFTWARE

Besides the software support to be described implicitly during the
session on calibration, an extensive software package is being developed in
support of the Tunar ranging modifications. This package is being planned
as an independent operating system,

The lunar ranging procedures controlled by this software visualize
the computation of the lunar ephemerides, system calibration, ranging exe-

cution, preliminary data precessing and system diagnostics. The ranging

Cexecution consists of the selection of and pointing to a suitable star

towards which the lunar reflector 1s moving, to determine the momentary
differential offscts due to instantancous refraction and optical deforma-
ticns. The differential offset will then be extrapoleted to the predicted
lunar pointing angles to obtain the anticipated reflector position. In
the event that returns are still not possible an automatic search pattern

can be introduced.
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STATION DESCRIPTION
ORRORAL, AUSTRALIA
CPERATED BY THE DIVISIGN OF NATIOHAL MAPPING

B. A. Greene®
Division of Naticnal Mapping
P.0. Box 548
Queanbevan, New Scuth Wales 2620

T

The Orroral astro-geodetic complex has, as its basic alms, the pro-
vision of cbservations relating to the changes in the earth's size and
shape: the inclination of its pole and the rate of rotation; and the
movement of crust. These aims are being tackled by optical (Jaser) and
radio frequeacy ranging. The former is to be used for all precise deter-
minations of geodetic guantities, such as geocentric coordinates, position
of the instantapeous pole, universal time, and other similar parameters.
The tatter is used for time transfer, time scale and lower order geodetic

~work..

The central feature of the Orroral complex s its HP-21M/X computer
which operates under a real time executive, currently RTE-3, which allows
it to provide both control and analysis capacity to system users. In par-
ticular, it has the capacity to provide all ranging activity with dif-
ferences between observed and predicted ranges. The residuals, termed &
deltas, violate the Poisson distribution law and hence they can be detected
against this background. Satellite chservations, at this ifnstant derived
from radio frequency observations, usually chey the classical Doppler §
shape curve, &s the greatest error is ths along~track error. This allows
a different but useful criteria to be adopted. A marriage of the current
tunar laser technology and the current NTS radio frequency techrology ap-
pears to be necessary for single photon detection of high altitude satel-

Tites.

HP-21H/X HARDWARE




Counter

1

firmware implementation of double precision and

common FORTRAN functions

3

DMA at 1.5 megabytes per second

Mass Storage - 4 discs each of 2.5 megabytes

]

magnetic tape unit, 9-track, 800 8P1, NZRI standard

Peripherals
and Terminals ~ paper tape reader

two visual display units operating at 2400 Baud,
terminals have local memory and enhanced character

sets

300 Baud hard copy terminal

f

200 line per minute printer

The second common system in the Orroral complex is the time scale. At
Orroral we are not blessed with access to global time systems such as lLoran-
¢ and hence we have been forced into the art of time keeping with the neces-
sary ancillary function of performing time transfers. This function of time

keepina provides us with a time base capable of measuring time of flicht of
g P £ g

‘a photen package to a Felarive precision greater than Tri0, 000,000,000 1t

i= to be noted that 1 nanosccond in 2.5 seconds is 4:10,000,000,000. The
time scale also provides us with epoch of event capacity which is limited
by the long-term stability of the clock system. This is about 5 micro~

seconds per year rvelative to the UTC scale.

TIME SCALE HARDWARE

Cesium Clocks - 4 F 50 6 1A type units to provide long-term stability
Rubidium Clocks - HPS06GA type with excellent stability in region up to
1000 seconds

Linear Phase
Comparators

two HP units to record at 200 nanoseconds full scale
to provide analogue monitoring

Distribution

Amplifiers - two HP units to correctly balance loads onto cesium

and rubidium clocks; output drives linear phase

cmmﬁarétor% aﬁd cﬁu&terf.:;;p:'~

Eldorado one nanosecond counter for time interval

.




the bigoest component, It consists of the laser, the 1.5 meter Cassegrain

The radio range system is commonly referred to as the timation or NTS

system since it is used exclusively vo track this series of satellites.
Briefly speaking, the system uses a sequence of range tones from 100 Hr up
to 6.5 Mz to resolve a range which is currently accurate to less than 10
nanoseconds if both the L and P bands are available. The system uses both
the Hp~21M/% computer and the time scale since the one way range is resolved
in terms of the propagation time from the satellite to the ground station,
In addition to these components, the following form up the total radio fre-

quency system.

HTS HARDWARE

Receiver - Magnavox duai frequency receiver and associated
decoders and storage units, Receiver capable of
resolving range to 1% of highest tone - 6.4 MHz

fAntenna Systen - Steerable antenna system comprising helix for P
band and dish for L band.

The optical tracking, laser, portion of the Orroral complex is by far
telescope which doubles as both the transmitter and receiver and a detector
consisting of a photomultiplier tube and discriminator. All of these sub-
systems are connected to the HP-2IM/X and clock system. 1t is appropriate

to discuss these subsystems.

The Laser Subsystem

Laser Type ~ rod size 10 ¥ 100 mm operating at 0.6943 microns

H

Pulse Frinciples reflection mode with on to off pockels cell

Oscilliator Pulse
Characteristics

- 20-25 nsec, FWHM long pulse of ebout 100 millijoules,
low transverse mode content . - |
Cavity Parameters - 0.74 meter long, plano-concave geometry, saphire
etalon used as front element, a 10 meter $9%
reflecting mirror is the back element, a 3 mms
aperture is used to suppress high order trans-

verse modes

Rupiifiers “'f?fﬁf‘&ﬁ?gif%é?”“'?ﬂ”%”?ﬁ@”ﬁﬂ“ﬁu&"ﬁUﬂpéd'tﬁ“E:?'ﬁj@ﬁ?éﬁn.
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senting the desired offsets are then inserted into these registers under

The Telescopo Subsysten

The telescope is driven dynamically by pulse trains which can be ap-
plied to both the polar and declination axis. The rates on both axes are
infinitely variable with 25 pulses per second on the polar axis approxi-
mating the sidereal rate. The rates apnlied to the respective axes are
computed via a program called TRACK which generates lunar rates from
Chebyshev coefficients of the moon's right ascensicn, decliration, and
horizontal parallax, while satellite rates are generaied Trom fundamental
theory. The program is self-scheduling at any required repetition rate,
nominally set as once per minute. The telescope is resonance free up to
eight times the sidereal rate. Currently, it is not possible to point the
telescope in an absolute mode; however, 1t is possible to drive the tele-
scope from a known position to ancther position. This is accomplished
through an offset facility which operates in conjunction with the track pro-
gram. The essential Teature of method is that a known or determinable

position is located on which certain registers are zeroed., Steps vepre-

computer or mapual control and the telescope is then driven until the number

of steps applied to each axis enuals ths nusber held in the appropriate
{ ¢

registers.  Program HOWIR does this Tor lunar features while an independant
module does 1t for offscts which originate from a star position. These
latter positions ere determined through an interactive program which is
capablie of searching the SAD catalogue on visual magnitude, right ascension,
decliination and spectral type. Options are also included for automatic up-
dating of positicns. These features allow the telescope to track slow tar-

gets such as the moon and the siow high altitude satellites.

The Detection Subsystem

The deteciion system consists of the following componsntis:

Photomultiplier = The PHT is an RCA 3100F tube operated in the side
position at =1950 volts. Measured efficiency is 8%

Amplifier - a quad amp is connected by rigid coax to the PMT. The

total gain IS 64 thu rise time fis 1.4 nsec per

amphifier

fTL Subﬁ
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a small photediode 18 mounted in Lhe dotlector area

Calibration
which can be driven at the single photon rate.
in conjunction with a constant rance control pro-
gram and the clock system, it is possible to pre

and post calibrate the system clectronic delay.

Frequency Filter a 3 Angstrom interference filter is used

Spatial Ancle - the receiver Is limited 1o 12 arcseconds

Nanosecond Counter the current counter is arranged so that the start
divde pulse and the stop PHT pulse both enter the
same channel of the Eldorado counter. The stop
channel is a 100 KHz pulse from the clock system.
This overcomss variations in the levels of the
different channels and lowers the reguirement for
a stable time base in the Eldorado counter,

Predicted Event

Window -~ this is provided by software in the HP-218/X counter.

CSudrveys have recéntly bien done to efisure that the optical dnd madhan

cal invariant points of the telescope are known relative to standerd ox-

=

ternas! geodetic marks. The precision reached for the optical Invariang
point was + 3 centimeters. The principal problem being the lack of coin-

cidence between the optical and mechanical invariant points.

CONCLUSION

In conclusion, we have attempted to put together a complex aimed at
tackling some of the problems of modern geodesy., We have altespted to make
our system as general as possible and to ensure that it is readily switch-
alle from one mode to another,

The system described above hes been in operation for about & vear, ale
though as with any system, constant improvements are always being mada. In

particuler, we are attempting to refine the laser so that we can deliver

more energy to the target without increasing the total power of the laser.

3

nationally used UTC and TA! time scales. Similarly, our clock system and




time scale function with such reliability that the Orroral system provides
coordinated time for the whole of Australia.

In the important optical area, the first statistical Tunar ranging
events were recorded last June (1977). Since that time a small number of
events have been recorded with August 1977 and February 1978 being the most
suceessful months to date. 1t is hoped that as the next round of modifica-
tions and Improvements to the system are effected that this data yield will
increase. lmprovements that will shortly be completed include a TV image
enhancement system, a one Angstrom Etalon filter in the receiver/detector

area, and hopefully, an improved laser.
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STARD - FULOE

JF. Hengin and J. Gaignebet
GRES/CERGA ~ Qbs, Du Jalern
06460 St Vallier de Thiey (France)

INTRODUCTTION

The time delay & measurad {fig.1) by a laser ranging system mush

be as accurate zs pessible,

MW Shapt Pulse

AN
L [
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going puls of the laser may change in widih and energ
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As the ouw
Centroid detector is developed to minimise the jithter of the

signal,
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The device is a combination of ar
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and 1o routed to u Tast response photodiode, To maintain a rela-

tively long time copstant, the photodiode load is quite high:

1 W3, 82 KO and a pair of raacaded common collector transigtorse in
parailel. BDelore its Aigtribution on the entries of an MC1651

double comparator, the integrated ouupul is divided, on one

chisnnel by 2N =~ 6,on = second one by He 3 (fig. 3}

The signal of the Tirst charnel is distributed on the entries 6

snd 11 while the second champel delayed 12,518 by a coaxial cable,

1s wired on entries 9 and 12, To ovald any noise-triggered outputes;

the last entries are prepolarised by a 5.6 K resistance.

fhere sre four output pins: 1, 2, 15, 16 wich must be loaded by

5G 0 to ground.

A test point allows :

%) A visuelisetion of the integrated pulse on the screen at an
oscilloscope

b) A test of comparators by means of injection of calibrated
pulses.

?PRPTBF‘&E ES

The -esolution of the comparstor is 20mV, IT we 1imit the integrated
signal to 4V (12V at the photodiode level) in 4ns {Isser pulse
2. PWHA ), the theorical time resolution is 20ps.

Ty fact, =28 we use the =s%me device for pulses of 2ns, tne and 10ns
340 12 joules the integrated signal slew rate is of 250V/ 5 or &
time resolution of BUps.

CONCLUBION

The lamek of time hes not =2ilowed us to 2o through a complete
sbudy of the stability

prWQﬁﬁ tWr 1denf1Cd} 6@V1ceh,

)

S been be?@ﬁ*?ﬁ. %év\r*hﬂ}ewu,

Cpulse contered with an-aoourse]
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LASER WAVEFR

Bize D,

2 av.
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lern —

CERT / DERO
055 Toulouse

Goignebal J.
GRGS/CERGA

CHA60 3% Vallier de

ONT DISTORTION WMEASURLMENTS
and Duchenco B,

in order to improve the

directions are mainly followed 1
— Reduction of the pulse width to sub-nznosecond

o
Pulse shape

accurscy of

lasger ranging systems two

values

Thias second way is limited by the wavefront distortion of the
transmitted laser beam., The device devm]oppea by CERT, to mes—
sure these distortions will be described.

PRINCIPLE
The beam's light is sampled at nte by a set of op-

al Tibers, Each of the
respect to one of them (g
vulse width).

the output dis

They are

then

played on an

aamples

g glight by longer than

Tooused

oscilloscope (fig.?).

o ’t}g_@ &_’

The oscillogram allows us to know

.

€,

20 ,~——ng with
the overall
whodiode and




The device 18 a 25cm-side cubic box. Within the box are stored

optical fiber rolls.

One of it

in two crosses of

fitted the end of an optical fiber (fig.2). :
The oppoesite fac

of the opticzl fibers are visible in a single bundle. It is then
to det

photodetector as scon as its sensitive area is homogoneous

possible

onn & diam

The delay
each optical Tiber. The length differences are chosen to give &
time delay of 12ns (2.5m of fiber),

Coupled with a fast photodetector (RIC XA 1003 for example),
laser pulse navrover than 10ns is transformed in a successlon of

.20 separate pulses, sllowing the study of the wavefront distor-

tion shot

The choic
fact that

a) The outgoing pulse

telescope

s foces 19 drilled with two geries of

eter larger than 10mm.

DESCRIFTION

20 holes displayed

20mm snd 20cm width., In each of the holes 18

-

e shows 2 single hole where all the second ends
£

4]

¢t the output of all the fibers with a single

belween each way is done for a different length of

1

by shot.
¢ of the width of the two crosses is governed by the

T LSed s - - o g
we want to study

¢
o)

2t the end of our 2Cem collinmating

b) The pulse at a focal point of the beam 1o ?now the farfleld

pattern,

FIRST TRIALS

After ansdjustment of the laser and the emitting optical system,

the first

— on the beam at the ou

500m at = oint obltained by o convergent adjustment

trigls were done @

tput of the first afocal telescope {(f 45mm)

S =1 S5 C}"l{idl K




amplifiers (Y£AV it is necessary to divide the i

attemuation al the fibers oubput).

With the laser set up to 10ns pul
phase partition but an irregular

irregularities vary from Shot to

CONCIUST

The device designed

by, MY, Bize

|
a
oy 3V ! PP t S T G e e
GRGS/CERGA Second Generation stat
T
I

satislactory way.

£2s
-

wavelront distortion allowing a

oy
"

i

joh

pattern

WOTH &
It seems very promising to determine
better knowledge of the fz;

a more efficient processing received
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THy CALIBRATICH PROCEDURES FOR
o

UDE TN WRDTZELL

Ingtitut fiir Ange
Senderforachungsbe rc=6ﬂ

ar-w
L]

\1»62 (PR

ad

With the increasing sccurscy of

o -

Z renging it 1s necessary to
adept more stringent and possibly more tinme-consuming methods

e gy
*'3-? Sremn

in view of other problens,

3 i

¢
to date, the technigues described here are being vrovosed as
oundation of future calibration exmeriments for the

&

d in VWettzell., Experience with the svstem will then show
extent the extensive calibration proceduresmust be
‘repeated for ezch pass.

GE~CALTERATTION - THT PROBLEM QUTLINED

fomd
ot
j =

s a commonly acknowledged characteristic of such renging

e A
systens, that the range measured varies with certain paramciers
[l

the systen. These perameters are typiczlly those vhich in

ot

ffect determine received power, i.e. divergence, attenustion,

laser pover ct it has been

chenge can be cxpressed as

—
o
St




singly over the range of possible settings and recording ranges

to the terrestrial target over e.g. 10 seconds (40 shots) per
setting, a multi-dimensional matrix of calibration numbers can be
recorded. The calibration number, tagged with its characteristic

parameters ig computed as :
additive constent = reference range ~ observed range

The satellilte ranging may then be performed with complete freedon

to vary all parameters, Drift and randen scattering may be i
estimated from the changes in observed renge monitored over the
ranging period and over subsequent ranging pericds,

2.2 THE CORRECTICN PROCEDUNE

Each observed range requires the application of a calibration
correction. For sztellite passes the calibration number is inter-
polated from the celibration matrix durlng pre~-processing.

S2.% -80VE- PROBLENMS WITH CURRENT REFLECTOR HARDWARE ...

are possible, the parallax resulting from the e r-centy
receiver relationship results in certain difficulties in ranging.
These difficulties are v gh degree of repeatsa bility

eflected in a hi
the differences being only

*

e
for each of three different solutionsg,
 wvisible on the digitiger. The three solutions CFQTQC ise the

zero-point uncertainty and are seperated
c

+ should alse he noted here thet in the caose where time intor-
& 5

ignificant errcr can cccur which

rom the delay gating inter-

rogator procedures. This

170
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REVIEY OF ATMOSPHER!
LASE R HANGH

it Center

t, MD 20771

During the past three years we have devoted considarable effort in time
and funds to the Improvement of the refractive-index corroction to laser ranging
data. The starting point for this work was the November 1973 Goddard
Flight Center Report X-591-73-351, "Correction of Laser 2a ge Tracking Data fo
Atmospheric Refraction at Elevations above 19 Degrees" ?*“j I, Marini and C.W
Murray. This report was drawn from the available literatuce on refractive index
corrections and produced an improved formula for corraction that is in use to this

day for all NASA laser tracking data. - The Marini and %Eurray (A3 formula-

requires the use of only surface level measurements of pressure, temperaturs and
retative humidity to predict the total range correction for | propagation on a vertical

path through the atmosphere. The formula is most sensitive to the value of surface

1 -
aopove

atmospheric pressure, since this is in effect a measure of the column densit ty
the surface. the connection hetween range error in cm oand
aout 9.%cm/mb at 20° elevation angle, Marini and Murray checked their formula

against a series of ray trace calculations made on radicssnde-based vertical

prafiles of refractive-index,  Agreement between the ray trace results and the
. N {
formula was found to be better than a few millimeters above 20° elevation ansle,

Prespite this
and ray trace

eteorniogical da

iy

the atmosphere. The real atmosphere varies in threc
important to investigate the effoct of horizontal sradients on the refraciive~index

correction, At about this time a




their own unique 3-D ray trace program to compute reiractive-index corrections

tor any selected azimuth and elevation angle of propagation through the
atrnosphere.  They compared the 3-D ray trace results with a 1-D {spherically
symmetric) ray trace and the MM formula. Results indicated an rms difference of
about 1 to 2 cm near 20° elevation angle between the 3-D ray trace and 1-D ray
trace. The 1-D ray frace results and MM formula results were much closer in
agreement as expected. This indicated a possible 1 to 2 cm error in the MM
formula due to horizontal gradients'in the atmosphere.

In a parallel effort the Univ. of Illincis reported on turbulence effects on
range tneasurements and concluded that for most combinations of turbulence
strength, turbulence scale sizes and propagation path lengths the turbulence-
induced errors are below | mm. For long, nearly horizontal paths near the earth's
surface, such as in calibration links, turbulence-induced errors could be on the
order of a cm,

Subsequent work by the Univ. of lllinois showed that, at least in the
Washington, D.C. area, the mean difference between the 3-D ray trace and 1-D ray
trace or MM formula is a sinuseidal function of azimuth with a maximum to the

South md a minimum to the North. This suggests that there is a strong

temperame Gewndeme for the azimuthal variation in refractive-index correction.

A correction formula was then developed to modal these variations. It required
temperature and pressure data at a remote point directly underneath the slant path
of laser beam propagation to the satellite. The remote data was obtained by
interpolation between existing surface weather stations. It was found that residual
etrors between the 3-D ray trace and the new surface correction formula with
azimuthal dependence were reduced to the level of several mm at the worst case of
20° elevation angle. Further data analysis showed that expected errors in the raw

metecrological data (+1 mb, +1 °C) would produce about this same level of

uncertainty or more in the range correction. Henge, there was little to be gained

by further reduction of model errors. We felt that the MM formula plus the
horizontal gradient correction term for azimuthal variations represented the best
available range correction formula.

The Univ. of Illinois surface data correction models have also been applied

to ana l_y ze the refractive-index correction for a spaceborne laser ranging syste%

i




vectors of the graund-based laser retroreflector targets, Resulls indicated thar

range uncertainties could be held to about the | om level. Once again interpolation
techaéquess were used to cstimate surface meteorological data at the reqguire

lorations when data was available only at a s pattern of existing weather

.

stations. Interpolation proved to be a valuable tool in suppressing the magnitude of

ticular ground station, This resulted from the

issuad by the Radio Research L ﬁwraiory {ERL) of

AR Gengs b bt d fieed A e ey Ay s ey Py el b
the Unive of Jlincis (see attached list), A summary of thelr malor resoli

companion GSFC study of the range correction is available in four publications (see
C

The major results of this work can be summarized as followss

(1} Laser range correction based on a formula such as that of Marini and
Murray is accurate (within +2 cm) under most circumstances for ground-
based laser ranging.

+

(2} The first step to be taken in improving upon the result of (1) is installation

~of-a pressure sensor at the-taser site-capable of subamillisar data 560
(0.2 mb is recommended. Then the limiting errors should be node! ervors,
&) The model can be improved by the use of a horizontal gradient correction
tetm such as that developed by the Univ. of Hlinois. This term de epends
largely on the temperature field {within 50 km) surrounding the laser tracking
site. At this point model errors and data errors are approximately equal

and lzss than ] om in total effect at 20° elevation angle,

{t:) - When multiple paths through th ¢ atmosphere must be considered, as with
spaceborne laser ranging to e series of ground basad targets, a statistical
covarience model based on interpolated surface data gives good results,
The interpolation has the added advantage of suppressing meteo Qil ical

mMeasurement errors.
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trophysical ﬂ‘:é%‘ﬂaﬁiv iagers

Catibration procedures for the Smithsenian As
fall into three catecories: Start T cal

tions, and prepass and posipass targel calibrations.

The start-channei calibration procadure is a Tull electr
ulse-processing system, which provides the routine parameisors
o . S

-

operations. The calibration of the start channel i3 developed fro
of sysiem delay on the output-pulise charactevistics. It is nerf
pulses with a rangs of widths inte both the start and the ston ¢h
varying the pulse amplitudes at the stari~channel input. In each
widths and amplitudes are varied azhout the normal las

System delay is then meesured es a function of pulse width or are:

Calibration runs Tor the 25-nsec-wide pulse range (using ele

[
annals and then

&
*

with widths of 20, 25, and 30 nsec and +3 d¢bh Trom nominai %mp]iiq~w

3

relationships with mezsured pulse widths with standavd deviations

nsec. Similar calibraetions. for the 6-nsec pulse vegion {using pu

i

and & nsec) give linear relationships to measurad puitse widths o

deviations of 0.2 to (.3 nsec.

arget calibration 1s used extensively to measure svstem de
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CALIBRATION AND FRRORS

Yu.L.Kokurin, V RLTLu V. E, Lobanov,
h,ﬁ,Su ATV S kv
Academy of Sciences of the USSR
P.N. Lebedev Physical Institute

(transit time) and the delay in the amplifiss Constitutc the mais COnponents !

Cthe ma

Cﬁ[zh[&iioﬂ

In contrast to the satellite laser systems our lunar laser Tanging equip-
ment is not calibrated by the target, Onc of the reasons heve lies in the
failure of the telescope to descend to zenith ancles 73809,

&

Determination of the equipment corrections and estimation of th 2 Systen

errors are porformed as a whole and in parts. The delay in the photodetector

. R St

of the electronic delay of the "stop' channel in relation to the “start' chan-
nel.  Besides, there is the correction which is caused by the difference in
the length of the coupling cables. The correction as a vhole is measurcd

by the time counters at laser action. Here thh time counters were as usvally
initiated by th@-ph@ﬁedéeﬁe; and stopped by tﬁe laser pulse (a small part of
which is directed to photomudtiplier). Measuring of the delay components in
parts wus performed by the same time counters.

~

The valuszs of the

I oy e - 5o
determined in parts and as
i} : eninrids wirhdy fha P + o v
a whole, coincide within the accuracy of the conmters,

The eryer of the counters is determined by measur ing time intorvals with

duration 1-% sec. 11 was nsiderad that

‘,fif?i"f; %?”’ ?}‘u T OY

SR vy e x e w&éﬂh i?*{ : <-4;3?§ 1




Those tests were performed before and after each laser tun. As a rule,

after one héur operation there is no systematic drift of the counters. To
refer the measurcnentsto immovable point of the telescope, i.e. to the centre
of the diagonal mirror, the measured time intervals are corrected for the path
of light inside the telescope (Fig. 1). This path is measured directly with

accuracy + 3 cm or + (.1 ns.

Atmospheric refraction.

The trajectory of the laser beam in the atmosphere is curved because of
the atmospheric refraction. It may be demonstrated that the path's extension

. . .. i .
due to curvaturc for zenith angles up to 70 is negligible. Besides, the opti-

cal path of the beam in the atmosphere is extended in comparison with the geo-

metrical one, because of the nomunity vefraction index value, This extension
way reach some meters.

The calculation of the extension is carried out by the method, taking
into account the temperature, pressure and humidity near the surface of the

earth, and which was developed in /1,Z/. For the Crimean observvatory (550 m

I

above sea level) at

@

0°C temperature and the pressure 1013 Mb this cxtension
is 225 om.

At chanpes of m@teorejcgicai conditions this Vaiuc.may change for 15 cﬁ;
Taking into account, that up to now the msasurements of lunar distances have
been performed with an accuracy of + 60 cm (laser of the first generation,

electronics of the sceond gencration), it was not expedient to determine the

~atmospheric correction move accurately.  This correction was calculated, there-. .

fo

by the fomula:

re for tv

A e e AR A AR
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correcticns we have been carrying out for the last two vears the measurements

of pressure (with an accuracy I mm Hg) and of temperature {(with accuracy (.2°0)

That permits one, if necessary, to find the atmospheric correction with an
error = 0.3 nsec /1,2/.

Epoch Timing.

The propogation time of the light signals from the telescope to lunar
corner reflector snd back must be referved to the moments of the laser pulses.
For the formation of the local time scale the rubidium frequency standard is
used. long period of instability of the standard is 2*5.10”11, Hence, for one
day period the local clock may give an error -~ 2-5 usec.

Tq rgiaﬁe the.}ocal time scale to the UIC (SU) scale the tine signals.
transmitted by the TV-chamels zre used. The correction is introduced heve for
the propogation time of the TV-signal from TV-transmitter to the chservatory.
This correction is measured with an accuracy 1.0 jnsec by means of transportable

clock. 'The correction for the delay in receiving system is also estimated

%
)

with an accuracy 0.2 psec. The sumary error of the moment of the jaser puise
in UIC (8U) scale is not higher than 5-6 unsec,

Overall System Fyrors.

The swmary error in the propogation time consists of: a) an crrer due o

laser pulse duration, its mesn sguare value is " 1= 0.8 ns; b) en error in

electronical end geometrical delays W, _ =insec: ¢) an error due to

resolution of the counters =03 £=0.3 ns, where £=1.0ns, this errvor

ariged {i

codyanerror ot photosntt

(8]

be ¥= 1.5 ns or = 75 o

*
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Figure 1, The optical paths in the telescope
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CALIBRATION PRNCEDURE AT KOOTWIJE

F.W.%ceman

- - 5 viy - . ! - .
Delft University of Technolosy, Dolfi {The Yetherlands)
o o 3

Calibration of the Kootwiik ranging system is bvased on range measuremsnts
(prepass and pos stpass) along a short internsl light path. This light path
has been measured with an AGA 700 laser geodineter o a preliminary accuracy

of 3 om.

To reduce the total dynamic range of the gignal at the ancde of the photo-
muitiplier different cathode voltages are used for measuremsnts on diffeyent
satellites (i.c. ~1600 V, <1700 ¥, -2250 V), in combination with different
beam divergences

The calibration values for these three voltages are determined from a

minimum of 10 prepass and prostpass calibration measurements at a standard

.

average return signal level (- 60C mV) at the discriminator. The electricnl

caltenuation in the detection circuitry is set according to the averasge

value used during the satellite pass; the optical astenuation is adjusted

then to reach the standard 600 mV rulse smplitude. The trigmer level of
the return signal disceriminater is constant at -250 mv,

During the actual satellite pass the operator tries to keep the average
return-signal strength at the same -600 mV by giving manual correcticns o

the predicted attenuator settings.

Figure 1 gives examples of prepass and postpass calibration measuremsnis
for the three photomuliiplier voltages.

Figure 2 gives a summary of the mean velues of ithe two ecalibration runsg
Tor all passes in the period 1. March te 11. May 1978,

The differences in the mean value of each of ihe two calibration runs, for

all passes in the period 1. March to 11, May 1678, are given in Tigure 3.

The main cause of the spread in these calibration neasurenents is time

TAN

valk along the lead ng edge resulting from ﬂhaf”ea in p“?"e am

“(rigetine of the pulses: as 2.5 pad. mnrtvei performance can we hXﬂect




The main source of systematic error in the present system is the rather

poor relation between the average return pulse ampliude during calibration
and the average return pulse emplitude during actual ssiellite ranging.

This error can easily be greater than 1 ns ( 15 em } in spite of the effort

of the operator to keep the signal within limits.

Pulse analysis will alsc improve this situation.
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CALIBRATION VALUE (NANOSECOND)
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CALIBRATION OF A PULSE LASER RANGING SYSTEM

H, Billiris and N. Tsolakig

National Technical University of Athens, Greecce

ABSTRACT

The Pulse Laser Ranging System Calibration is one of the
most important activities in Laser Range measurements and we
must pay the right attention to it. It has been showed experi-
mentally that the system delay has not a "constant" value but
it changes with the various conditions of the experiments, In
this paper we give a new procedure for the system calibration
which takes into account the basic factors which influence the

value of the system delay.
INTRODUCTION

The experiments took place in Dionysos Satellite Center
using its own old Pulse Laser Ranging System, consisting of the
following basic units:

a. The transmitter which consists of a TRG type 104A ruby
laser head with an output pulse of about 60 MW and a half power
width of about 25 ns. It is”an air_cooled.unit with a rate of
two firings ?er minute. As a monitor it uses a FW 114A photodicde.

b. The receiver: It consists of a cassegrain mirror tele-
scope designed for maximum light gathering capacity and of a
PMT type RCA-7265 multiplier phototube.

¢. The Time-Interval Counter which is made by Hewlett
Packard, #Hp COﬂnutlnG Counter Model 5360A _with the HP moﬁel 537 A
Pime Interval- Plug in unit, - '

Model 437) @UJQL Jmpllflgr,_aoupled alih an attenuator so




any laser pulse up to 60 db with a step of

that we can amplify

one db.

Although we had used a "first generation” laser head, we
believe all the pulse Laser Ranging Systems have similar behaviour
so that the proposed procedure can be used for any of those -

systems in order to find the "instant" system delay.

FACTORS WHICH INFLUENCE THE SYSTEM DELAY
1966 ,1967, Billiris and Tsolakis

gtudies of Korobkin et al.
1975, and Billiris, 1977, showed that the laser pulse has a corru-
show the laser pulse wavefront

gated wavefront. Figures 1 and 2,
as derived experimentally using different methods.

z 20 nsec

Fig. 1. Laser beam waverfront as was photografed by a streak

camera (Korobkin and all, 1966).
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This wavefront characterizes basically the laser transmitter,
but, in general, it depends in some way on the whole system. So
it might be better to discuss about "an effective pulse wavefront"”
which depends on the special conditions of each measurement or
experiment, Every laser ranging system generates its own "effechive
pulse wavefront" which influences all distance measurements
according to the degree of development of its unit. Their close
study and confrontment will improve the accuracy of the distance
measurements and the value of the "real" system delay.

Figure 3, showg the rate of change of counter readings vs

pulse height by using different neutral density (ND) filters before

nsec
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P

the system's PMT. An explanation of the differences in counter

reading is given in figure 4, for the various filters. This

means that the choice of the right ND filter is of great importance
in measuring the system delay, for a given number of range
measurements,

7 'gjnimg.__m"'_{?ﬂ_g Aot amplification

Fig. 4. An ND filter absorbes a glven laser pulse, some parts
of which remain with very low energy which is below the thresholé

of been ampllfled In this way the pulse (a) coming out of ayND

flltef(TE) behaves as having less W1éth(5;;;;::]?&%;;T;;;f;;p11w_

fication (c) {but with the same final pulse height), than the one
coming out of a smaller’ND filter.

CALIBRATION PROCEDURE

In or@er to take into consiéeration the influence of the

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Ccons 1sted each of 6 cube CoOrners at a dlStance of 19”*“;“Gvér """"""""
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one.

During every working night we run measurements to all three
targets, by using a matrix of nine points with the aid of hori-
zontal and vertical movements of the laser system's mount.

The movement step was the same in all targets. In its point
we measured 5 times and we were chaged the amplification in each
point so that the STOP pulse had the same height in every measure-
ment,

System delay was computed from the mean value of all 45
measurements. In this way we "substituted" the corrugated pulse

wavefront with a mean flat one, Fig. 5.

mmmmmmmmmmmmm i

w3

d

"g: step of matrix

t ! 5 P

portof daser pulse X
which 4>iggeyr the . 3
ounter imthe case [/ .
of o clifuse targel -y ] S R U

ﬁtt

G

&

L

£

Fig. 5. The mean flat wavefront.

The step of the matrix is suggested to be of the orger of
the inaccuracy which results from the errcrin orientation of the
mount and the error in peinting to satellite, plus the inaccuracy

of the satellite orbit. This means that any measurement to

satellite”will be occured in the angle subtented to the calibration

matrix. The value of system delay complted in this way we believe

LR
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On the other hand we chose the ND filter for every target

with the folleowing procedure. The detection and amplification

of laser pulse in any case must be done under the same conditions,
which means that the absorption of ND filter plus the atmosphe-
ric absorption (and other losses) for the two way transmission

of the laser pulses from the system to target must be egual in
every target case. The "right" Nb filter can be calculated ana-
lytically or can be found experimentally by changing ND filters
for a given STOP pulse height and pulse amplificattion.

The distance to each target was measured, at the same time,
by an AGA Model 8 geodimeter, which is one of the most accurate
instruments for distance measurements and it uses a CW~laser at
0.632 m. In this way the error from atmospheric coqrection was
reduced to minimum.

Table I, gives the results of three experiments. The difference
of the value of the system delay of the last value cccured because
we had yerformed a laser head maintenance including parts repla-
mcement, like £lash tube as well as replacement of some wires

hetween units.

TABLE I
VALUES OF SYSTEM DELAY AS MEASURED BY USING THE
SUGGESTED PROCEDURE.

DATE Target at | Target at | Target at | Mean [pf] *8my
~1.3km {ns) | ~1%m (ns) ~ 26k (ns) Values— s
) B e
45.5.76  |~63.00 + 0.71] -62.98 % 0.67| ~62.86 + 0.58] ~62.94 & 0.04
17.5.76 ~63.41 + 1.02 ~63.70 + 0.59| -62.97 + 0.46, -63.26 + 0.24
17.6.76 ~71.10 + 0.76 ~71.35 + 0.55/ =71.35 + 0.48/ ~71.30 £ 0.07
ND filter 4t 6 A4 4 At 3
AAmplifica~-

hion-at theloo o
_|Center of




From Table I, we can see that the system delay as was mea=—

sured from all three targets was about the same for each night
independing from the distance to target, and its standard deviation
is low.
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CALIBRATION OF THE INTERKOSMOS LASER RADAR NO 12

K.Hamal

Faculty of Nuclear Science and Physical Engineering

Brehova 7,Praguc 1,Czechozlovakia

Using a counter to measure the time interval at the laser

radar station, one can select either "common" or “separate"
mode. At single photoelectron retrosignal level, the "common®
mode is used /1/. At multifotoelectron retrosignal level,be-
cause of pulse shape distorsion due to the guantum response
of PMT, according to McGunigal /2/, the calibration procedure
is to measure the time interval between the transmitted pulse

and the received pulse, while the signal is attenuated over

- the entire dynamics range expected on a satellite pass. Simi-

layr procedure is used at SKO stations, at Dionysos /4/ and
some other stations,; to return the pulse, the permanent target
is used.

At Interkosmos Laser Radar No 12 we use two fibers of

different length belween the laser transmitter and the receiver.

The counter is coperated in "common" for both the calibration
and ranging. If "separate" mode is preferable for some reason,
just one fibre is used.

The calibration at different signal level has to indicate
possible error and to verify the computer simulation because
of difficulties to simulate signal processing (adaptive thre-
shold, centroid etc.). Once the performances are known, one
can introduce them to postpass gignal processing.

To analyze the calibration erxor'budg@t for a pesrmanent
target retropulse, one can consider:

calibration vid gendniety

atmospheric propagation correction . =




6}

7)
8)

9)
10)

i

12}

When “"separate" mode,additionally:

different jitter of detectors to start and stop the counter
(the voltage dependence of a PMT)
different signai processing channels
different channels and possible delay in a counter;

There are existing observing sites where it is difficult
to build a target
to garantee safety.

To decrease the error contribution caused by
system stability |21 we have the time interval measuring sys-
tem |6} with two stops.First stop is to calibrate the system
via fibre retropulse,the second to range the satellite.Because
of shielded PMT during first 3 msec,the reflected pulse is not
influenced by scattered light.When prepass and postpass calibra-
tion is applied,the system stability must be considered for 20
min interval at least,while for the suggested each shet techni-

que for the range time only.Each shot may be corrected indivi-

QuAlTy.

The prize of a calibration shot may be of interest.

The start signal level for “common® can be adjusted via neut-

ral density filters and either matched to the expected retrosignal

level or simply chesen to be high enough to avoid the influence

of the pulse distorsion.The bandwidth of the fibre is appr.20 M z/km.

Having ten meter fibre,

13

the signal distortion due to the fibre is negligible.

The error contributions have to be considered for different

technigues are summarized in Tab.l.

References

ey

{21 MocCunigal Th. at all:Satellite Laser Ranging Work at the Goddaxrd

C.0.alley,private commmication.

Space Flight Center,Proc.of the Second Workshop on Laser Trac-
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Billiris H.at all:Laser Beam Wave Front Distortion Measurement




in Fit.2.

151 Hamal K. et al.:Computer Simulation of Pulse Centroid Correc—

tion Procedure,in 1it.2

j6] Hirsl P. at al.:Long Distances Measurement Electronic System,

in lit.2.

Tab. 1.

Error contributions have to be considerad

for different technigue

permanent
 target fiber
"separate™ 1,2,3,4,5,6, 3,11,12,13,6,?,8

7,8,9,10,11,12

" common"” 1,2,3,4,5,6,
7,8,9,10,11,12

each shot cannot be
applied

3,11,12,13

3,13
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COMMENTS ON THE FEEDBACK CALIBRATION METHOD

E., C. Silverberg
HcBonald Dbservatory
University of Texas at Austin
Austin, Texas

Due to the great distances involved, s meaningful remote calibration
target for lunar ranging systems is not available. As a result, a feedback
calibration method, suggested by D. G. Currie, has been in use at McDonald
Observatory since 1971. The system works by routing an attenuated portion
of the outgoing laser beam back to the receiver detector. In this manner, §
the delay between the start diode and the receiver photomultiplier can be j

statistically measured during each laser run. GSince lunar systems operate

at the single photoelectron level, the feedback return is highly attenuated.
in theory, any signal level could be calibrated or the feedback varied elec-
”f%b?dpticéiiy'?%ém'shotkib”SHof'sd'that"varyiﬁg”intensitymreturn-signals-~-»
could be accommodated. (See McDonald Statien Report, Session 1.)
As long as the intensity of the feedback is maintained at the same fevel
as the returns from the target and the electronics measures the very short

ranges with the same bias as the long ranges, the feedback system is fool-

proof. It is almost impossible for the McDonald ranging crew to change any
timing cable or timing parameter and not have the results automatically cali-
brated at the next ranging session. More than once the automated feedback
calibration system has saved data which might otherwise be lost by an operator
error. The disadvantagc of the feedback calibration system is the much more
complex electronic routing requsred to accomplish the timing as well as't he
necessity to completely eliminate any RF! in the photomuitiplier circuitry
during laser fire. With the advent of mode-locked lasers not requiring puise
shape analysis and the increased use of low level returns for satellite

ranging, we expect this method to gain wider acceptance in the laser ranging

commun:ty Csrcult dlaqrams for the McDona%d timing system are available on

201
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SAD HETHORK TIMINA

E. labier, N. Y. Lapham, and K, R, Pearimen

Smithsorian Astrophysical Observatory
Canbrides, WA

THTRODUCTION

The Smithsonian Astrophysical Observatory (SAD) timekeeping hardware fo Tocal-
ed at a1l four' 540 laser tracking sites {Kt. Hepkins, Arizons: Katal, EBrazil;
Brroral Valley, fustralia: end Arequipa, Peru} plus the cosperating leser sites
(San Fernando, Spaing Athess, Greece; Dodsire, depan; end Helwen, Fgypt). ¥Haile
the equipment was originally bellt for Baker-Hunm camerz eperation, the hardesre
system and the lime-reduction procedurves have been upgreded (o mest the hicher
ageuraty requiresents of laser fracking.

-

TIMING SYSTEM HARIMWARE

Llock System

ATT tracking stations have a timekeeping system to provide epoeh time data for
h Taser ebservation, Fech stztien ¢lock is corprised of an epoch counter/display

v
noy menitoring equipment, and @ frequency standard. frizona, Peru,

Brazil, and Groece heve rubidiva standards; Australia 2nd Spain heve sccess to one
site reference timing signals from cesum standardsy the other stztions use cvystal
oscillators. Dual timing chamnels, duplicate time accumulaters, spare running
rebidium and/or crystal esciliators, end o baitery backup power system guard against
any loss of fime continuity. Digital phase-shifiing circuitry for pracise timing
contrel permits epoch adiusteent in 0.l-psec steps. A1l the clocks use YiF or _
Grega For frequency/phase-trackd g reference, Ddrmd the past year, one ¢lock at
cach laser station has been converted to Omogz reception becauss of recent chanass
in the VLF tramsmission format and lapses in YiF statipn cperational retiehility,
[See Pezriman f 81, {1573) for furiher details.]

Z. Epoch Jime Trancfer Foaiprent

To date, ihe nelwork has relied primarily on portzhle crysta] clocks for apoch

transfer and verification. Portable-clock romparisons provide epoch checks through-

_Un occasion. tha Usited Stales Naval ﬁ%}gw-m-tmg«-.------

{LB.’\;{B) ‘“%a Hat oﬁal Acﬁﬁﬁautﬁcs and Space ﬁdmnis?raﬁon, nd the Pio Gbsorvfm‘%c

in ﬁraii? : ha‘

s CommtaT ik w'ﬁ"’i ?= !“*'»h?:x s f e ﬁ?aabr'}ié, ;é{g‘;

This work was swgrertuf in part by Brant H8R 09-015-002 {rom the Mabticnal
Aeronautics and Spage ﬁ:m“;ctr tion.

eut t%e he tuurs' w;th accurcf‘ma frm +1 te 18 HSEC, depanding on the sroximity of &




The SAD laser stations will soon be using the U.5. Hevy's Navigational Technology
Satailite (NTS} system for one-way time trapsfers for epoch reference. RIS receivers
measure the rasce to the HTS-1 {crystal osciilater) and NTS-2 {cesium asciliator)
cateliites through a sidetons rznging system. From these measuresents plus satellite
clock offsets determined by the Reval Research Laboratoery {urL), station time can be

determised 1o #1 usec. Gperationelly, NTS reasurements are made at Teast once 2 day
oyer a 20-min period centered on tirz of closest approach. At pur stations, the
data will be recerdsd on cassette tapes for transmission to SA0 and forwarding to
NRL in Wasmington, 0. C., for reduction. The stations in Arizena, Pery, and Brazil
are being equipped with BTS timing receivers this year; Orroral Valley atready has
access to an NTS receiver on site. '

Tha staticns in Greece, Egypt, Spain, and Japan use Leran © for epoch reference.
Once the propagation delay has been accurately determinaed with a portable-clock comw
parison, Loraa © provides sd-psec aceyracies for direct-wave Loran reception and
+15 psec for multfhop sky-wawe recepiion.,

TINME REDUCTION . -

Epoch data are recerded digitally along with the iaser observation data. Time-
interval measurzments, freguency tracking data, end VLF chart recordings are record-
ed wnd plotted, TYhese data sheels and graphs are submitt@dkbiw€ek§y to SAD Head=
quarters in Cerbridge, Massachusetis,

The epoch time data of the lsser ohservations are than correctzd Tor the followingt
1) Clock fumps or walfunciions, 2) results of epoch chacks by portabis clocks and HTS i
catellite measurements, 3} variations in transamitied YLF, Omega, and Loran signals
relative to USND, from published USHO reports, and 4) varfstions ir time due to
mazter-clock pscillater drift, These straightmifﬁé f%ﬁé'é??%bkimétiéﬁs“é%enécb;'”"
witted to SAO Data Services.

HETHORE SYRCERONIZATION

Synchrenization of a1l station clocks is achieved by relating ail the time
and frequency vefervences lo UTC es maintatned by USHD. Clock frequencies are

steered by noting daily varietions in Unega, VLF, and toran measurepents, HTS
pmezsurensnits will be used after results have been obtained from an HRU computer
evaluation. Poriable-clock comparisons ere conducted youtinely onge & year, and

pore frequently as regoived,  Frow a1l these technigues, épsih time £t each station
is normally maintzined to £25 psec. Through roduction, time 13 currently recover-
able after the fect fo £10 psec. With the implementation of the NTS recaivers,
aceuracies of 1 to 2 psec ere anticipsted.

REFERTNCE
Penriman, M. R., Thorp. . H., Tsieng, €. R, Ho, frnold, B A, Lehr, £, A, and
Wohn, J., 1972, SAU network: Instrymentation and data reduction. In 3873
Sof thsonian Stapdard Earth (1110, ed. by B, M Gaposchkin, Swmithsonian

Astroshys. Obs. Spec. Rep. Ha, 353, §p. 13-84.




EPCCH TIMING
A REVIEW

Klemens Nottarp, Peter Wilson
Institut fUr Angewszndie Geodisie (Abtlg. LI, DEFL), Frankfurt and
&8

Sonderforschungsbereich 78, Setellitengeodisie, der TU Minchen

1e IETRODUCETON

The problem of epoch-~timing, with vhich we are confronted in
making renge observations has two aspects, viz.

=~ fthe Synchronisation of a local clock to dﬁ acceptable

- the extraction of Tthe momentary epoch of the nmeasurement
as an integral part of the range information.

VL o oguarhs 200 psee {(with cave)
VIF +  rubidium 100 psec

Loran~-C + rubidiom

Loran-0 + yubidinm

€Z?

el Future el e

ed oyt apett oF GveEal

have a profound




of NIS-type Synchronisation technigues with rubidium frequency

standards for the mobile systems will permit epoch timing of
unprecedented accuracy with respect to & truly global tinme scale.

%e Some Ixperimental Projecits of Significance for the Puture

£ L =

Althovgh it should not be forgotlten that time in the context
of these discussions 1l used ag supplemcniary data to the ranging,
the following topics have a particular relevance to the ranging
community, whiech will be agke

.,

to perform calibration meassurements
for experimental purposes:

~ the Buropesn Lasgso experiments

possible accelerated clock system experiments:

relativity experiments;

o

T poggible verification experiments for new clock designs. 7

These topics should be addregsed during the discussions snd a
summary ol detalls of these and other known experiments would
be welcome for the proceedings.

B




EPOCH TIMING FOR THE STATIOH
WETTZELL, TED, REP. OF CGERMANY

s delivered epoch
resoliution at that

poritable clock compes

ngding systen, with s antici-
Leran-C replaced VIF Tor the
idium clock was introduced at

1ity. The

integzral to the a resclution of
epoch interpolation inde geﬁucqi of the clock Tto obltain the sinql%
ricrosecond. Again, clock trensfers have been used for enocch sett

More recently, a cesium stendard has been added to improve the
long term frequency stability.

2, CURRENT ACTIVITIRG. :

To ensure betler epoch synchronisation on the global time secale
an NIS-IT receiver is currently belng installed &t the stetion.
Linked to the cesium via a time interval counter with 100 pzec

0 1lity)




between the US Heval Observatory asnd the station. The station

has slso been approached to participate in the Lasso experiments

planned for the early 1980s, whereby the NTS controlled time
sesle can be unged to monitor the success of Lasso.

Finally, it is intended %o automate the time comparison

T
procedures at the stetion. For thie 4 comparisons will be con-
ducted daily, with results recordsed on a suitable data carrier

(probadbly punched tape).
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TV GUIDING FOR SATELLITE
AND LUNAR RANGIHG

J.Gaigneber and C. Sinse
GRES/CERGA Chservatoire du Calern

06460 Saint Vallier de Thiev FEANCE

. IHTRODUCTION

i
by

Since the firet station set up in France {1968), with vhich only visual tra-

"

cking was aschievable, we felt that we must waintain that poasibilicy.

The %éxﬁ rTesgong were

a} To decresse the need of sccurate ephemerides when satellites arve vi-
sible,

b} Te make visual checking and eventus :1ly to corrvect the ephemeridis
(AH or A7)

d) To edjust the zeros of the AzimutheAltitude encodars

e) To ensure the safety around the laser beam path

fe the developuments of the stations do not allew dirsct visual recking, &
guiding telescope coupled with & sensitive T9 camers and g remote monitor

waz chosen,

in addition to the preceding rezeons, it was found that the sensitivity

wae incresssd, and slso the tracking comfort
I¥. GUIDING TELESCOPES

Ii.1, ?i?ﬁt gengration

& . Zﬁﬂ dismeter refractor, Im focal le agth iz coupled with & HOCTICOW
tube ¥ cemera, The diatance between the opticel axes of the guiding teleg-

Ceope dnt the Yeeeiver ie L60H. ThHe Tericle ie etehed dires %}?-cﬁftﬁ¥7ﬁeﬁiiﬁ?

serean,




An optical relay gives foenl lengthe of 2m
optical exes of the guiding telescope

Five rempte controls are located beneath the monitor screen. They are |

a) & luminous projected recicle in

From dim during night operation te bright on day time.

b} Variable optical attenuators with

a4 revo attenuation mavk {hole in the

attenuator disks). They are used for day time

bration test and they protect the ghotoo

athode,

¢) Variabie sensitivity of the TV tube.

d) Focusing of the telescope

g) Choice of the focal lenght (2m or 5m)

11.3, Lunar aystem.

The incoming light in the 1.5m telescope is picked
splicting mirvor. The yeceiving camera 13
ting device which allowe the camera to follow a lunar crater w

“ccpe-ﬁrackﬁwthemxattgrafiegﬁaﬁq_TﬁtﬁﬁmQﬁﬁﬁ???.?i%}”?Q tried : NOCITICON,

Is000, VIDICOH.

sounted on a computer-driven sef-

111, SPRCIFICATIONS

I1T.1. Satellites statioons.

up through

and 5m. The distance hetween: [he

and the receiver is 85om.

which the intensity mey be increased

operation oy for target cali~

Generations jrst 2"
Objective diameter . 20m .20m
Focal length Zm= Sm
viewing angle 30!
gensitivity{magnitude stars 12/13 1V/12

a dichrolc

wittle the teles—




In the seocond generation, two other camerac will be displayed on the same

wmonitor.

a) a wide angle camera viewing the entire mount and telescope gveten,

mainly for =afeiy reasons,

24

b) a ROCTICON sensitive camers to display din cscillograms of return or
laser pulses. 8y this mears, we will be zble, throush a digitizer, to check

oxh

the quality of the laser and study the pulse processing apparatus,

To imorove the manual trackin e blan to introduce added daras on the -
3

wonitor sereen sucn as, mouat pogition, clock time, range, error Messanes. . .,

ITT.2. Lupar ransing gvaten

For satellite tracking rhe tlooming effect of the Nocticon camera is not
very important. Men’s eves aznd brain ere able to detect, with a great ac~
turacy, the center of a neavly cireular spob,

In the case of lunar tracking there are additional problewms,

= On the illuminated moon the light flux is encugh to track with a vidi-
con. The blooming st be eliminated asz it tasks the details.

= near of the terminator, the effect is even move eritical,

= Onctheearth shineg, the contrast 18 very wesk and a sensitive camera
is neceseary. It has to be improved by contrast-processing of the video

gignal,

1t geems that an ISOCON camera, which is blooming~reeistant, could be

a good cheice,
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CFMALMLY LASERS)

S.A. Ramzden
Department of Applied Physics, Urilversity of Hull,
Hull, HUS 7RX UK,

HE LABER TRANSMITTER

used U-switohed ruby lasers

The first satelliite laser ranging systie

giving ~ 1J in a 20-30 nsec pulse with the aim of obtaining & recognisablc

return pulse which was then analyssd to obtain a precision beiter than
of the pulse width itself. Early lunar laser renging systems wers similar
except that they used larger telescopes and operated with singie photo-
electron {or less) detection,

Many of these systems were later modifisd o give shorter Z-Sn=zec

nitlses, by savi dunping or Lzse chﬁl ing ﬂchmxmues, and hence higher

pféciéion, and the éajérity of systems in use st the moment are of this
type producing much valuable information.

It hes long been recognised that gven bet
with mode-locked lasers giving sub-rancsecond pulses, used in conjuncition
with single photo-eleciron counting technigues, but technical difficulties
have delayed their gensral acceptance.

Ruby lasers cen be mode-locked, albeit with zome oifficulty, but
they have low efficiency, need large power supnlies and cannct be usor
at a high repstition rate becausg of cocling problems. For mode-locking
Nt YAG is the preferred materisl, having none of these problems but,
because it emits at 1-0Bu, the output reeds to be converted to the seonnd

harmonic for deteciion purposss.

Nd:YAC lasers can be mods-locked pa sively, using a bleschable dye,
or using an active element such as & acousto-ap

casg the




arder of 1mj and can vary by at leest X 0% . Atmut 90% of the trains

1
are well mode-~locked but the system needs a skilled ope :rator to keep it
working satisfactorily
Until recently active mode-locking was used only with c,w. systems,

producing a continucus train of hig

m]

1y reproducible pulses, The energy

in each pulse was very low (of the order of W~ 1nJl and a somewhat complex
b Y

regenerative amplifier system had to be used to bring this up to & usable

tevel, leading to relisblility problems,

Now, howsver, an actively mode-locked pulsed system has been developed,

usion systems, which is very reproducib ble end yetl

-t

for use in largs lassr

(..)

nore

contains sufficient ersrgy in each pulse. This uses hoth an acopusto-optic
modulator and an acousto-optic Q-switch, Tha laser is pulsed

i

c.w, way for ssveral miiliseconds during which the loss in the Q-switch Is
.
15

adjua*aj oo that the laser just exceeds thrashold. The modulastor is on
during this pre-lase period sllowing the mode-locking proocsss to reach a
staaﬁy st' 62 uhat when the laser is Q-switched, at the end of the

guasi-o.u. p@rwad g tr&nsfﬁfm limitgd, 5
1

cavity leading to a reproducib

pulse duretion depends on the modulatio

length and varies {rom 50-100psec. The energy in a
v (3,5m7 and the repetition rate 2Up.p.s. The reproducibility is *4% but

because such a good value is not required Iin a lassar ranging system some

ification may be poseibla, The average power is about an order of
magritude lower than the O. 1~ 1.0 required,~iﬂ&the gr@éh, for seteliites
such a@s Starletts and Lapeos and thus amplificatlon will be nesassary. It
is preferahle to increase the energy rather than the repetition rate to

avoid problems of stress birefringence and lensing which coccur at bigh

An alternative, which may be atiractive for moblle systems whe

complexity and cost are 11 imporiant factors, may be te transmit the

E

whole mode-locked burst instead. ardditicnsl dex

but.

ection and

AT

ing . oroblems these are pe

212
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transmission at this wavelength, may make second harmonic conversion

UNNeEcessary .,

Anpther way o energy might be to use a mode-lncked

unstable rescnator configuration for the oscillator. This uses & larser

5

¥
-
]
3]
o

volume of mesterial and can give un rder of magnitude increase {(u
< El Rl {:i

to 10mj1 in the energy in a single mode-locked pulse.
Some of these matters, and others, are discussed further in this

session.
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HIGH ENERGY PICOSECOND PULSES FROM A

Holo Dewhdarst, 0. Jecoby and S.A. Ramsden

Department of

1. Introduction

in tha cperation of conventional mode-loched cscillators, lassr beam

diameters are of the order of a few millimstres at most in order to achieve

diffraction-limited cutputs, At the sams time, in high gain sycotems,

there is a meximum power density which can be generated befors the onget

of self-focusing and subseguent damage. These two limits lesc to s
restriction in the useful energy developsd within such resonators. The

use of an unsteble rescnetor offers the advantare of obtaining diffraction-
i £
(1,123
23

limited outpul from active volumes having larger diemeter .

“Incressed power and smaller hesm divergences can then be obtained.

There are a number of unstable configurations which may be considerod

(Fig. 1} being classified into n- or p- hranch categories. in both casss :
the active volums of the laser is fully exploited. However, in n-branch

resonators the laser cavily is characterised by a focusing point within it
and at the high peak powers developed in mode-loucked oscillators, gan
breakdown or bulk damage in componants can then occur and thus p-branch
unstable resonators are mere suitable for mode-locked unstable laser
oscillators.

It is woerth noting the unusual characteristics of travelling wave

ring resonaltors when used in unstahle configurations; the high magnitude

of the losses leads to irreversibility of the peih of the light rays and

5] X
to the possibility of constructing unidirecticnal ring generators, Fig.
1 shows two types of systes of this king. The first of “ig. 1d,

utilises a ring rescnetor with a mirror configuratian equivalent to

that of Fig. Inb; slacing o in the plane of the real centre
] i

of the wave propa




roperty is achieved by appra ricte positicning of an angular radlation
propg b4

sglector, In hoth cases, introduction of one additional element {aperturs
or selecter) provides simultaneously the unidirecticnal nroperty and
angular selection of radiation.

We have used mode-locked ring resonators in stable configuratiens[
in the past but have experienced diffliculty in maintaining alignment for
mare than a few hours. With a ruby rod, Pozzo et aE{Q) constructed a
mode-locked unstable ring laser using prisms. As expected, large intensity
diecrimination between ths Two opposite propagating waves was obtained, the
intensity ratio being 400:1. The resopator could therefore be sald to be
operating unidirectionally, giving pulse durations of ~ 100ps. However,
since the rescnator configuration was n-branch, with the beam focusing in
the resonator, such a laser is unlikely to be yseful in the generation of
very high powers. Experimental work on two-mirror unstable systems has

(5,81(15,18] (2,8)

heen carried cut using Cazglaser Nejrglass lasers . HF/DF

3
{13,14) {g,10,11 .

lasers ’ and Nd:YAG lasers ' ]. However, in all ceses the

_pulgawigtﬁg_hava”peenwgf Qanosecond duration or longer. Wa have now

oxamined mode-locking in such a system, ganerating pulses on picosscond

timescales from a p-branch resonator.

2o Experimantal Work

Our experimental configuratiocn is shown in Fig. 2. The cavity was
. . : - . {1,12) . . -
designed using the formulations given by Siegman ’ . Mirror radii of
curvatura for the positive confocal cavity are glven by

i
R, = - Sk and R, = T%ng where L is the empty cavity

length, and M is the magnification, equivalent to the ratic of the rod

[y
~
=
i
e
et
t

diameter to ths oubtput mirror diasmeter. The gecmetrical cutput coupling

. 1 \ . . . .
is § = 1 ~ E?a though in practice diffraction offects reduce this coupling
to values slightly less than §. For approximate corresponderce with

conventional cavities, ths sgulvalent Fresnel number is

-periods in the phase changa along the mirror




with least loss have values of NPQ = 1*5, 25, 3»5

-
»
*
4y
3
-+
K
-

s s 5w

'l

where n 1s integer.

As @ general rule, the unstahle resonatop should have the largest
ossible megnification compatible with output counling reguiremsnts., Ong
p g i

of these demands sufficient feedback for stimulated laser action io develop.

Sirce the saturable absorber used for mode-locking, in cur case Kodak 98643,
is a lossy slement, prelimi nary experiments used a mudenb magnitication
of two.

In the firnal stage of the tasign it would he necessary to inclug
effect of thermal Iensing in the rod which hecomes importent for Ne:YAG
lasers ocperating at repetition rates in excess of lpps but to maintain
simplicity and study only the mode-1 ooking capabilities of the laser, we

operated at O+lpps. Our initisl design parameters wers:

"

EH

2, Rl = -Zm, RZ = +4m, § = (075,

L= 1Im, N = 12
£4g

Satisfactory mede-locked trains were abtailned, Fig, 3, using a Luwrlng
energy. of -51J- Peak-outgut'anﬁrgies”o?”ﬁ ij'id'aihg;e'buiééc‘;a;a

recordaed, with good shot-to-shot reproduc

Since It was possibl

g
in higher gains within the Nd:YAG rod,
&

a
to M = 30 with R = =1+3m, resulting in mode-iocked pulses with peak
energies of v 11lml.

Further work is required to improve the spatial structurse of the
pulse, which can be dependent on the pumping geametrj of the‘lagsr”ra;

o
we used a one flashlemp ellipticel = stem for these preliminary resul ts
3

but for homogensous pumping it may be necessary to constru g Tour -
flashlemp system. For the same input gnergy, flashlamn l1ifet:
would then bpe greatly lengthened - an important consideration in

nigh-

repetition-rate laser ranging

3. LGnc‘u 3

ng

e have shown that 4t 1s possinle to extract llmj pelses from a

'maﬁ@~incgadjtwa it ;g;fua' . resonatan,

216
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With similar magnifications others have shown that unstable

resonator Nd:YAS lasers can be operated with diffraction limited beam
{11}

P

. La3 . e
putputs of approximately 0.25mrad . at repetition rates of Zlpps

Combining these characteristics would make the unstable Nd:iYAG laser

an exiremely attractive device for lunar/zatellite ranging.
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NEW DEVELOD
TRANSHITTERS FOR T
AND LUNA

d. Gaignebet
GRGS/CERGA Obs. du Calern
06460 3t Vallier de Thiey -France

Here after is a brief description of the lsst +two laser transmitters
used for the GRGS/CERGA ranging systems.

The satellite lzser has now been operatins Sin
L

-

gained some trazining through unexpected troubl

The TLunsr laser has been delivered in March 1978 and its gimplici
el

S
of design and use seems to be good both from the viewpoint of.
i

W
o

ilivy,
I - SATELLITE SYSTEM

operations and rel

I.10 Introductiion
When designed in 1974 only a ruby system was azble to have the Tollo-—

ned
wing advantages :

!

wavelength 6943 A° where PMT cathodes have an acceptable effi-
ciency

~ Good space and time cohersnce

- Narrow bandwidth

~ Short adjustable Bviqew‘dth% and mode-locked possibilities

- Mean power important for 2 Q-Switched laser

— High peak power to =llow pulse shape processing

- High degree of reliability

Hoped to be transportable and vewsatzle the qystcm is rather

Cheavy and complex and nebds frained. oper ors.-

-

e P o m@;z

iy
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The oscillator cavity consists of a concave mirror M3 immerged
in & dye cell (Dicarbocyanine®)and two Fabry-Perrot etalons F?1

?Pg, The overall assembly i® a 1.5m long cavity designed for

23ns pulse width. A pin hole, placed between the output end of
the 6.35 diamebter 122mm long oscillator rod and the first FP, acis

as a selector for a lﬁﬁﬁo mono-longitudinal mode operation.

By switching the FP etalons it is pessible o mode-Jlock Tthe
oscillator,

Through a pulse slicer P, Pl the width is reduced to Zns, 6&ns, 10ns.
The outgzoing beam goes through a divergent lens L1 to cover the
following rods and is amplified by a preamplifier (6,35x122mm),

a double pass amplifier (12,7x203mm) and, after a collimating lens,
a power amplifier (19,05x197mm).

T.3. Specification
0.2 Hz repetition rate

Energy output Pulsewidth FWHA
123 10ns
B BT
33 &ns
0.% Hz repetition rate
23 10ns
123 ons
43 2na
-3

— 70% of the energy within.20x10 -
80% of the pulses within 2104 energy stability
- 100,000 shots flash tubes lifetime

rad,beam divergence

In the mode-~locked operation the oscillator delivers seven QOOps‘

pulses in 10ns the energy has not yet been tested.

IT. LUNAR BSYSTEM

I7.1. Introduction

COﬂﬁl@beij new . ﬂg&%em,u

qoue mg% T owWas chleved

W BRI e@mcﬁg"fﬁ@

PR O

"""""" gLﬁﬁﬁ - better access to the compoment

are Zéwu oritical than vefore,




In sddition a new »rrang

. R AN T S B N -
rements of the sscillator generates 3ns

2l mode,

ﬁOO mone-—-longitud

1T.2. Hardwzre

The ruby lsser system shown in fig.2 is built in an oscillator—

double preamplifier— zmplifier configuration.

el

The oscillator cavity consiste of a2 concave mirror Ej immersed  in

a dye cell {3icaﬁboegaﬂiﬁe%581ikova, Hamal ) and the combinzation
of the output face of the rod with a lem Fsbry—-Perrot etzlon.

The overzll zssemb

c__ﬁi

is close coupled on each side of the 6 , 35mm
t

oly a
diameter 132Zmm long ruby rod to shor tie cavity ag much as pPoOE~

@
o
é

eible. The mode selection is & pinhol en the mirror m1 and

the frontface of the ruby.

The outgoing pulse is collimated by two concave mirrors I and trz-

3

vels twice through the preamplifier beqa.dz@ 52x152mm). A 10 escope
L?L? expands the beam to cover the 14, 3mm~dianeter, 204n-long nower
amplifier rod.

11,3, Specifications

The tested and guazranteed specifications are

43 3ns pulses
0,3 Hz repetition rate

e -3
70% of the energy within 10 °rad bean divergence
80% of the pulses within ¥54 energy stability
100,000 shots f£lash tubes lifetine
IT.4 Conclusion

It seens poseible Lo enhance the energy output,=zs some shots
delivered €] without damage.

The development of the Dicarbocyznine-~Metharol dye{delikova U

opens the possibility of passive (Q-swi Tehing with a very high
degree of reliability a it seems almost wnaffected by temperaturs i
(200¢ L 10°C) znd time (3 months tests i

-
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COMPACT SATELLITE RANGINC LASER SUBSYSTEM

K.Hamal ,H.Jelinkova

Faculty of Nuclear Science and Physical Engineering
Brehova 7,Prague 1,Czechoslovakia

The accuracy of 10 cm is expected from the second genera-
tion of the satellite laser radar |1l].Except the satellite
retrocarray and atmospheric transmission there exist also error
sources in the laser radar itself,mainly due to finite length of
the laser pulse and the ditter of the electronics including the
time base.From the point of view of the pulse length, to obtain
the required 10 ¢m noise level, there are in principle two solu-~
tions,either using a nanosecond pulse laser together with a2 cen-

troid detection technique or using a subnanosecond laser.Subna-

-nosecond pulses-of the reguired peak and avarage power wWere ohtai-

ned from the sophisticated YAG oscillator-amplifier system |21
installed at the Coudd focus.However, there are still certain ad-
vantages of the simple altitude-—azimuth mount with movable laser
transmitter.The altitude-~azimuth mount gives strong limitaticns
on the size of the laser subsvstem.To obtain satisfactory retro-
signal from Lageos, the laser transmitter should deliver about one
Joule in 5 nse¢ in multinmode regime.The requirements can be Fulfil-
led with the oscillator-amplifier system.The cylindrical arrange-
ment pumping cavity creates inhomogenities which can lead to ldSD“
rod distortion.The rotational OIELPSOld gives a better znvexbmor
distribution 13],14|,on the other hand,it reguires more space.

We would like to report on the arrangement,where two rubies
and two flashlamps are placed symmetrically inside one rotational
ellipsold according to its axis (Fig.1) .This arrangement exploits

the aé rantages of the rotational pumm;ng s;mm@try and

'”1”"'”5"f?ir'{ﬂ3ciq §;<;U1 damp.

it

To obtain 4 n@cc mpisegg

JQ.WQr@ uqz ”.PTH techniguse with A/4




voltage.The Pockels cell is driven by two alr spark gaps;the first

is electrically triggered,the second cocaxlal optically triggered
5| ,both of them at atmospheric pressure.?o obtain a short rise-
time,a new technigue was applied [6!.The risetime is less than
0.8 nsec.To obtain a short fall time,the Pockels cell was care-
fully terminated.It was found that even a little mismatch causes
remarcable fall time lengthening and distortions.To avoid postla-
sing resulting from pilezoelectric retardation, two different vol=-
tages are applied on Pockels cell.The polarizer P2 in Fig.l 1s
used to reflect the pulse to the amplifier and to decrease the
backeround as well.To obtain acceptable reliability usually re-
guired for ranging at remote observatories, the oscillator is kept
at medium values.The output of the oscillator is between 0.2-0.3
Joule.The amplifier gain is about three.Both flashlamps are kept

at the same pumping voltage to simplify the power supply.
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Sufficiently completle congideration of the main charac-

terinticas of the telescoplic smplifier is rwased on an unstable
cavity theory /8/. In view of & relatively low ruby amplifli-

cation fTactor one can confine himsell to & gepmetrical appro-

ach, neglecting the problems of stability of the amplifier.
lescoplic system /6/,

A simple calculation for two-mirror tel

length 240 mm, gives R1=3 200 mmy Rgzr 250mm,
curveture radiuve of = big mirror, and Rp, is
g curveture radiusg of a small mirror. Dismeters of a small

g mirrer for three-pass amplifier
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Figure Captions

Fige Te Sehematic disgrams of the ftelescopic amplifiers.




CGUARTUM LIMITED 4 NESEC LASEE HANGING RCCURACY
K.Hamal, roova
Faculty of Nuclear Ecience anc FPhyvsical Frngineering
Brehcova 7, Fraague 1, Czocheslovakia
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LASER FOR SATELLITE RANGING

AT QUANTEL

Georges G, BRET

QUANTEL  AvERUE DE L'ATLANTIQUE 91400 QREAY FRANCE

Today's satellice tracking and ranging laser systems are
concerned with two types of catellites :

Geodesic satellites of small size including retroreflec—

ting mirrors that allow for high precision low lsss tracking, in
the ultimate precision range of 1 to 5 cm when a good atmospheric

model is available.

Other satellites of 1arger size allOTing only for high
losses, low precision ravgzr (100 ca).

Ceodesic satellites ranging systems can make full uwse of

mode lock lasers. Such lasers tacking adventage of the prelass tech-
nic zre under development at QUANTEL and ave described in pavagraph 2

However they are still expensive instruments devoted to wvery specific
experiments and wost weasurcments can be made with pulses a few nano-
seconds long,

A pow Q-switch system is now availabie from QUANTEL that

+

can covey in a simple ruggedized unit all tracking needs for both

e

types of satellites since it's pulse duration cam be as short as

2.5 to 3 ns.

1/ A w&m ie O-switch laszer for zatellite ranging

Let's consider a laser ewmltting a single veproducible pul-

se of full width half mexinum duration T

In the case of hich los 3 tracking at low

'31 Togr for'”’ ""}”Agng}n precision with no shape




When used on geodisic satellites the collected energy

from the same pulse is arcund §04 to 305 photons and an increase
in ranging precision on a factor 10 is possible using threshold
and shape analvsis methods.

1f a final precision of 5 cm is needed a pulse of dura-
tion T = 3 ns is sufficient. Our present laser emits such pulses
with the following characteristics :

~ FWiltt pulse duration < 3 ns

- Diffraction limited beam

- A single amplifier stage for 1

- Qutput energy at 1,06 1 300 md

~ Qutpui energy at 0.53 Y 100 mJ

~ Repetition rate 1 to 10 Hz.

4

fligher energy can be obtained with a gecond amplifier.

~The short pu]@@ 15 p}OQHCCG d]TG Léy by a short ]cnth
laser cavity that includes a high gain gnart YﬂG rod. o

In order to keep & high beam qual
works on a TEMoo mode and uses the Pelarex
(1). It's general crganization is given on figure 1.

Figures 2 and 3 show the laser bench with the different
components in the case of one and [wo auplifier stages.

Pulses shapes are given on figure 4.
@ grvel L TRBUTE

2/ A stable mode lock laserx

High energy mode lock laser system ave usually very pren~
sive (regenevative amplifier systems) or vather unstable (passively

mode lock lasers).

There use in laser ranging is therefore limited and cumber-

SOome .

We have experimented at QUARTEL an actively mode Jock laser

{ﬁcoqua Gpalc F”

iuiatoz}nﬁmﬂzitched by”a Eackeia.Cﬁll

_driven by



It is possible to run this laser in a quasi continuous

fashion since the current in the flash iamp is precisely contro-
lable and to have a long period to develop @ stable mode lock
‘hehaviour (2},

When the laser is then Q-switched with the Pockels
cell a stable pulse arvises (Figure5 ).

In an other configuration giving similar results a
standard pulsed power supply was used and a controle loop was
driving the BG voltage on the Peckels cell in order to keep the
output power of the laser constant around 10 W,

e

The same prelase operation was observed with the same
type of pulse srtability. Figure 6 shows the cutput pulse of the
laser when it is not Q-switched.

This laser is followed by a fast pulse selector working
~at high repetition rate and by two stages of wnpli

Cutput energy for 0.3 ns pulse cau be 1060 mJ ar 1,06 i

and 50 mJ at 0.53 1 at a 10 Hz repetition rate.
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The second harmonic generation crystal is in its

at the far left of the hench, ;
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pulse Q=gswitch lager. o ' ' B ;




FIGURE 5

¥Mode lock pulses obtained with the prelase technic.

LA gt

Ty

FICURE 6

output of a lager in the prelase mode when the (Q-switch

{a Pockels cell) is not opened.




200 PICOSECOND LASER DEVELOPMENT - A STATUS REPORT

T.5. Jehnsen, 1.J. Degnan and T.E. McGunigal
Goddard Space Flight Center
Code 723
Greenbelt, MD 20771

An important long term goal of the laser ranging R&D program at Goddard
has been the achievement of 2 cm overall ranging system accuracy. In order to
achieve this goal it has been our consistent belief that the pulsewidth of the laser
transmitter must be reduced by approeximately an order of magnitude below the 3-5
nanosecond pulsewidth which can be achieved using Q-switched or cavity durmnp
techniques. To this end; we sponsored the development beginning in the early 1970
of a high energy frequency doubled Nd:Y AG laser with a cw modelocked oscillator at
GTE Sylvania. This laser was intended solely for ground based applications. We
have now had an opportunity to gainy operational experience with this laser and to
make certain Improvements in its design.  Reginning in 1975, we sponsored the
development of a {lash pumped modelocked laser transmitter at International Laser
Systemus.  The goal of this development was to develop a laser with a configuration
that would permit operation in a spacecraft environment. Obviously, if the laser can
be made to operate properly it can be used in ground based systems,

The operational characteristics, performance and status of these develop-

ments is the subject of this paper,
THE CW BODELOCKED OSCILLATOR APPROACH

The high energy, short pulse, N&YAG laser systern manufactured by GTE
Sylvania, consists of a cw modelocked oscillator, a regenerative amplifier, three
single pass amplifiers, and a type Il KO*P second harmonic generator,  The laser
system s capable of operating at 5 pulses per second emiiting a nominal 750

milljoules of energy at .53 micrometers  with & pulse width of less than 200

pleoseconds fullwidth Balf max. “(?:%;féhiﬁ% o




of a short pulse of halfwave voltage in syncronization with the modelocked ouiput of

the cw osciliator. This single seed pulse is directed into the regenerative amnpliiier
by calcite polarizers and passes through the regenerative amplifier "Q" switch
pockels cell. The "Q" switch pockels cell is biased at the quarterwave voltage and
the seed pulse after reflection from the regenerative amplifier cavity end mirror
passes back through the "Q" switch pockels cell. The quarterwave voltage on the
"Q" switch pockels cell is then reduced to O preventing any additonal pulses from
the cw oscillator from entering the regenerative amplifier and allows the
regenerative amplifier circulating energy 1o remain in the cavity. The initial seed
pulse reflects back and forth between the regenerative amplifier cavity end mirrors
and is amplified each time it passes ‘th;‘cz;g%‘s the regenerative amplifier rod. After
several round trip passes iw«p‘ ly 10-30) through the amplifier rod the circulating
energy reaches a maximum value and the cavity dump nockels cell is operated. This
rotates the polarization of the circulating energy by a halfwave and the energy is

t

coupled out of the regencrative amplifier and through the isolator pockels cell fo the

three single pass amplifiers. The original seed pulse from the cw osciliator is
rroa e -9 3 . .
amplified from €x10° "Joules to about 1077 Joules by the regenerative amplifier.

The three single pass ampliffers am};iny thfz one mﬂi joule regen r‘*“ative amnplifier

a

output o t?‘% > EGU railtijiouls level, The ouiput “of the final L,%"V)hf”"i’ is ey’wam‘au aad

doublad by the :'ypf:  KD#P second harmonic srator with a norninal 50%

conversion efficiency.
The successful operation of this laser system depends on several factors.
Princinle among these factors are the maintenance of proper alignment or opto-

mechanical stability, the p?'a:f:ise and stable control of the optical radiation and

switching and the maintenance of good beam homogeneity throughout the systerm.
Except for the question of damage to the various optical components, irntroduced by

bearn inhomegeneities, optical instability, dirt or operation at unusually high power

levels, the control of the optical radiation ah;mg}w it the laser effecis it_s_

pericrmance for the ranging application as much as any other single factor. In fact,
proper control of the radiation through stable reliable operation of the drive voltage
to the electro optic switches will tend to prevent the destructive effects of changes
in alignment and the beamn Inhomogeneities introduced by these changes. As
manufactured, the & Kilovolt pulses for the pockels cells were generated by krytron

onds in duration

’Z'E“W cvoltage ‘tz;z;ﬂ‘z"mm were typ;miiy w«ﬁ 6

f i §w3 nanosecond




energy, Furthermore, the timing between the 0" switeh and cavit dumngp
E)) ? ¢ };

transitions was fixed by an adjustable delay synchronized to the cw oscillator optical
output. Any variations in the Gain of the regenerative amplifier from misalignment
or pump energy fluctuations would cause the b ildup of the circulating seed pulse to
occur at different times with respect to the fixed cavity dump timing. In order to
stabllize this buildup time, the regnerative amplifier was usu ally pumped at a vo ry
high level which would give an output pulse with energy close to or exceeding the
damage threshold of some of the optical components,

Two modifications have been implemented in one of the laser systems to
achieve stable and reliable control of the clectro-optical switching, The original
pockels cell driver boards were placed with EG&G (Ortec) HVI00/N Bigh voltage
pulsers. These pulsers supply the pockels cells with the correct volt tages with a
risetime of less than L5 nanoseconds and a jitter with respect to the ir put trigger

3

pulse of less than L5 nanoseconds over leng periods of time. The cavity dump driver
chang@d from the original fixed thming synchronized to the cw mode

trigger was
locked cutput to a i gEer generated by a radiation detoctor sens ing the buildup in

the regencrative amplifier itself.  This radiation detector Was f b*;c

—avalanche mode  transistar With the top of the can cut off and the junction
Hluminated by leakage radiation from one end of the regencratis
Control of the cavity durnp pockels cell driver is hetter than |

dumping always ocowrs at a glven energy level within the regenerative

i

cavity. This allows operation of the regenerative amplificr at a level low enough 1o

preclude the development of any pulse enargetic enough to damage any optica

i
components.  Furthermore, triggerin«g on the ener gy buildup itself compensates for

reinor misalignment changes in the rege nerative amplifier which normally manifests

jtself as & major change in bii'ée:%r;zp time rather than a large reduction in buildup

energy.
ang rs_éqazé a high SRETgy, short pulse laser can be satisfied
under certaln limitations with this laser systern if the modifications as deseribed are

£

- e S N B P . .  pe gy
tade. However, this laser system does fequire frequent alignment

utput energy.
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systemn capable of ranging from the Space Shuttie to ground-based retroretlectors

ith a single shot accuracy of two centimeters. Present ruggedized lasers are Q-
switched oscillators having pulsewidths ol 10 nanoseconds or mare which, with
realizable receivers, are not capable of such precise ranging. Flashlamp-pumping
the oscillator reduces the system prime power requirements to about Z00 watts
compared to over 3000 watts for ground-based systems which use CW-pumped,
mode-locked, oscillators to generaie & subnanosecond seed pulse for the laser
amplifier chain.

The ILS systemn uses an RF-driven, electro-optic KD*P modelocker in
smbination with a dielectric thin film polarizer to provide a sinuseidal modulation
of the cavity loss during the pre-lase period. During this period, which lasts for

sevaral microseconds, the laser oscillates at a very low level just above threshold
while the modelocker gradually reduces the temporal width of the circulating pulse
to its steady state value of approximately 200 picoseconds. A voltage-programm-
able KD*P Q-switch and a second déeiecﬁ;s‘ic polarizer provides a variable loss for
three separate cavity conditions: (1) the pre-lase condition {roderate voltage)

during which the modelocker acts on the circulating low-level radiation to produce a

~gubanosecond pulsewidihy- (21 the Q-switched -cendition {zero.voltage) during w hich. .

the subnenosccond pulse bullds up ropldly In energy; and (3} the cavity-pump

condition (ouarter wave voltage) in which the circulating pulse 15 ejected from ihe
cavity. The pulse is then amplified in a double-pass arnplifier end frequency-doubled

na Type U KD#P Crysmik The use of a double-sided convex-concave mirror and the
crossed TIR prism resonator enhances the mechanical alignment stability while

providing a Jong resonator length for the oscillator within a compact volume. The

(&
long resonater length relaxes the switching time requirements for the cavity dump
eperation and provides lavge spot size within the resonator which in turn improves

the mode volume and energy extraction efficiency within the N&YAG rod and raises
the energy threshold at which optical damge Will occur. In addition to proviging &
subnanosecond pulsewidth, the prelase period also allows the TEM iap ©F gaussian
spatial mode to become dominant.

The breadhoard consists of four separate unitss (1) the transmitter unity (2)

the modalocker driver unity (3] the power supply unity and (4) the cocling unit.

Expﬁfis'ﬂemg io date have vemm d the gp'}r—ret-an of a single mbnauees,cmd
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FIGURE OF MERIT OF A LASER FOR RADAR APPLICATIONS

cal Ingineering

Paculty of Nuclear 5o ic
Ty ovakia

hBrehova 7,

The applications reguirements on lasers can be expressed
by a fiqure of merit.Born and Wolf /1/ separate the brightness
and a time bandwidth product of a light source.We examine /2/
some pulse laser applications and demonstrate the ratio of the
brichtness and the spectral width defined as the spectral
brightrness can be used as a figure of merit for a laser source
in most applications including a laser radar.

The radar scheme has a transmitter,target and receiver,

The received energy S is determined by the radar eguation /3/.

I

assuming the transmitter terms only
1
o G —jw?; —'"f}'" - {1)
R @T
Here E 1s the transmitted energy,aly is the target distance

5 b )
iR

and @,, is the beam divergence due to the transmitter.The factor
E/@h is controll

ed by the transmitter.The transmi

O

vergence G refers to a laser Hﬂdm collimated by a telescope
eo

and can bm prr

@ T e, S}; . ( 2 )

wheze'DI ig the diameter of the inpult laser beamFDT ig the dia=
A4
mater of the telescops cutput beam and @L is the laser beam di-

vergence.Combining (1), {2} we obtain

lager and At the

”%w Jui&it@f wi ﬁ_

Cand time gate

rresponds. to the condifions

P N R [ R S,
width of a laser radia-




tion.Then

B

N
SNR 0 = . (5)
Thus the spectral brightness is the figure of merit of a laser

for radar applications.
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During the two previous workshops, the problems of laser safety have
been talked about and scme major ideas or actions were developped

- we are responsible by our vocabulary (fire the laser, shot, target)
for maintaining the reactions of authorities to the laser ranging sys-
tems which are different from those for military applications.

- the standards in most of the countries are either not yet defined or
under consideration.

- besides injuries that concerned people at the laser station which
still keep, in most cases, the character of laboratory, aircraft sa-
fety is a probiem as far as concerns us.

cokt o the workshop hold i

dily available by sending d

SAD. He would disiribute co

be looked at as far as its

ven if necessary or wished.

uments or biographies to Or. M. Pearlman from

e L T R

cume;
ies to requesting individuals. This action wil
esult 1is concerned and further developmenis g

1, Evaluation and control of Laser hazards

In U.S.A.  since 2 years a national standard 1ist is used. It was defi-
ned by the Bureau of Radiations Health.

In other countries, it seems that utilisation conditions are under in-
vestigation (R.F.A., Australia) or not existing (France excest for medical
use of laser}.

A NATO Standardisation Agreement (STANAG 3606) has been written. The
issue should be finalised in the near future.

chnical Commis
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has a technical Committee {N° 76) on Laser equip
and publishes security levels for the parametars,

On the other hand, the International Electrote
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2. Parameters in lLaser hazard avaluation

These parameters are

- the wavelength,

- the pulse duration,

- the pulse energy,

- the natural heam divergence,

- the emergent beam diameter,

- the pulse repetition frequency.

Laser are grouped in four classes which correspond to output of these
parameters. Then a Nominal Ocular Hazard Distance (N.C.H.D.)} can be computed.

It corresponds to the distance where safely for the eyes or skin is respec-
ted with respect to the appropriate Protection Standard.

However, factors are affecting this distance, such as atmospheric ef-
fects, magnifying cptical instruments, raflection hazards, beam pointing ac~
curacy, pulse repetition frequency.

A1l these parameters are important in order to choose the appropriate
attertating glasses to wear.

o
3
~
3 e
o

PULSE REPETITION FREQUENCY (™)

 For example, it is specified that with repetitively pulsed lasers, it

‘*?g~apprgﬁwiaté'tﬁfﬁéﬁﬂﬁ%*%ﬁ?'ﬁﬁaﬁéﬁ?é“v&1u@5vfer:max%m%m.Qarmisaible_ex?éé&gfﬂu“
~res.of individua]

using th

pulses,. e correction factor Cp .




Several devices are used by the groups for airc raft safety. It can goes
from a permanent watching by radar for exanmple to simplier systems which o-
perate almost automatically by stopping laser aM1v10n when a plare is coming
too closely to the laser beam. Such systems should ba developpad because
they require less personnal contribution when operating the staticns.

The device used at tion is operating since the last work-
b ~A
i

shop and reliability wi

The autorities might become more conservative as they already were af-
ter reading the paper on "Laser Satellite ﬁ@ng?;g as & Hazard to Overflying
Adrcraft” pmv%wsned by G.J. Pert in Optics and Laser Techne}ogy ~ April 78 -,
As it is often t ,H¢ case, the reader looks through the abstract only and he
will find that “application of the formula to a typical case shows that one
such incident (causing eve damage to an occupant of the aircraft) wight oc-
cur every year.

CONCLUSIONS

The issue of the work initiated by Dr. #. Pearlman should be a kind of
"booklet" where parameters and cautions aou‘d be summarized in tabla easily
readable as scon as the internaticnal commun j v1?1 have as abi&%h Lheir
_propositions which are now. studied. S— - e

Morecover an easy system for detec ng aircrafts should be installed 1
stations which are mobile or semi- mooﬁ1e in order to facilitate their er*
tallation in 2 new site.
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-is restricted to specific, predictable hours. For each operatinag shifi, the air-

. end scheduled.  Visual spotiers.are.used at all three sites. -

LASER SAFETY AT SAD STATIONHS

J. M. Thorp and M. B. Pearlmen

14 i

Smithsonian Astrophysical Observatory
Camhridge, MA

Several safety measures have heen taken at the Smithsonian Astrophysical
Observatory laser stations. Warning signs have been installed at all exposad acoess-
ible places. In addition, red ares lichts at exvosed locations flash when fhe
capacitors are charged and lasing is possible. A1l electronics for the laser trans-
mitter and charging are enclosed and shielded; all chassis have safety interiocks
A STOP button to discharge the system is lecated on the laser transmitter head, with
a second one near the operator. A discharge hook built into each svstem allows.
manual discharge to a2 ground rod in case of an emergency. tach ohserver has an ove

examinatien once a year to evaluate any change in the retinal appearance. PRecords

are kept at each site and passed on to new sites when an observer is fransferred
To date, no tests have shown any eve damage.

Aircraft safety procedures vary from site to site, de pending on trafiic density
and scheduling. Orroral Valley is near a highly traveled air cerridor, but traffic

traffic controllers for the region are given a laser pass schedule that includes

the time of day and the sectors of the sky. Sector plot informaticn, in eight
sectors with high and Tow subsectors, is produced routinely by the station's pre-
diction software. A direct telephone Vine belween the site and the controtlers

is used to warn the staticen of airplane-sector conflicts. The sites at Mt. Hookins,
Arizonz, and Arequipa, Peru, are located in mountainous areas, over which air

is light. Commevrical flights above these sites are closelv scheduled., AL Mt
private flights are usually below the minimum elevation of the > dasary in Arvenuins,

they are essentially nomexistent. In Natal, Brazil, air traffic is also very

When-ohservers dre i

wte

be?&q the harize, is pr%a"'
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LASER SAF:

AT THE KCOTWIJK OBSERVATORY

H.Visser, Institute of Applied Physics, Delft (The ¥etherlands)

i

L

F.W.Zeeran, Delft University of Technology, Delft

INTRODUCTION

Apart Ifrom legally dictated safety measures (warning signs, goggles, optical
and electrical shielding, efc.) there are three ares”s of special importance
for a laser tracking station:

&. the control system and lay-out of the installation

b. calibration measurements to ground targets

¢. overflying aircraft

In this paper the solutions for problem area’s b. and ¢, at the Kootwijk

Ccbservatory will be described.

CALIBRATION MEASUREMENTS

For Lhis activity we have two arrangements avalilable:

e

1) Ranging to = Pixed target ot 1 km distance.

Instead of the common practice o fire with ful

[

. power to a diffuse reflec-
tive target, we atienuate the beam directly at the laser to & level in

3
agreement with the safety standards. This ﬁmn!;ea the use of a retroreflece

tive target in order to get returrs of the desired signal level. We use

2 . . . .
T m™ of plastic reflectors {as used for traffic signs). The properties of

the reflected light, as seen by the receiver, are similar to diffuse re-

flection because of the bad guality and the amount of retroreflectors, i

This retroreflective target is also very useful for aligrnment of the trans-
mitting optics Lo the rece: iving optice with a Hele lasze er, zspecislly ab

daytime.

Using this set-up there is no danger for operating versonnel or peopls out-

side the station when ivrznﬂ 1n horizontal diregﬁicna,_ R ”}ijj““
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the axis of the incident beam. If the polarization of this beam is in the

/3

o - § ;I:
S -
absorber ND filters 7

Y

A L
) N
NN RN 7 o RS RN =S ]
figure 13

The major part of the incident energy ig dumped into the cone shaped absor-
ber. The energy left over 2 internal reflections is used for the measure-
ments {after extra attenuation with normal ND filters). The attenuation of

this vlane parallel plate of glass can be adiusted by turning it around
P ¥ I dJ J

plane of the drawing,as hdteated the atterustion Hes & maxlmum value s
. o) . . .
When the complete aiienuato structure iz turned 900 arvound its AXiS the

transmittance {for vertically polarized 1ight} increases to & maximum of

jaed

a few percent.

2) Ranging via an internsl light path.

For roubtine calibration of the ranging system the light from the total
cross-section of the attenusted outgoing beanm is reflected via a secondary
1ight path and an extra optical step attenvator directly to the photo-

multiplier.

ATRORAFT BAFETY
Althoughthe totsl risk for an sirline passenger will not be significantly

increased by the operation of a laser ranging system at Kootwi jk (conclu-

robeotive  Elass




to have & maximum visibility of the red running lights and anti-collision
lights.

~- & passive optical airplane detector
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iris & ob;emw rotating field f!iter
diafragm pinhole lang

figure 2

For daytime and nighttime operation two different detection techniques &

o
H
@

used:

Daytime Detection

The instrument measures the contrast of an airplane 2, or any other object)
against the uniform background of the blue sky. A small off-sxis Tield of

view scans continuously around the axis of the transmitted laser bean {(Fig.3a).
The field of view is smaller than the apparent size of an airplane, there-

fore & good on -~ off ratioc is chtained,

r= 36 mrad

s

r=16rarad

ring width: 0.6 mrad

i

fig. 3a fig. 3b

When the AC signsl from the photonultiplier exceeds a fixed &i scrimination

=3 ?ar 5 seconds. This

‘levpl the fvrzﬁg of the ]asef is. ”ptcrru

Ctime Tor any ai
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peen adjusted in such a way that no airplane can enber the danger area

undetected.

Recause the contrast over greatb distances through ihe atmosphere is best
in the red part of the visible spectrum, & blue absorbtion Filter {Schott
type GG 475) has been placed near the fie1d lens. A RCA B8S2 photomulti~

plier has been chosen as detector pecause of its good red and near-infra-

T T L Tl i)

red sensitivity.
The average light level is reduced to &n acceptable level by means of the

iris diafragm in front of the chjective,

Nighttime Detection

During the night when oniy the running lights and anti-collision lights

of the airplanes are visible, the field of view of the daybime system is

inadequate.

Tnatead a static patitern of concentric transparent rings is placed in the

S

focal planc of the objective (fig. 3b.). When an airplane light passes a
ring the AC coupled photomultiplier will produce an electriecal pulse that
will inhibit laser firing for 5 seconds.

Messurements of the brightness of airplane running tights on the ground

and comperisons of running lights ggainet sters have shown that the grest

. . - Q - . . .
majority of airplanes above 30" elevation can be seen wilh a visusl magni-

sy

L

tude bebtween +h and

The main problem of this detection system ig to avoid false triggerings

il s

from stars. To reduce the chance of false slarm to a level of about 14

the following three provisions have been made:

- the effective area of the field of view has been reduced to 1 degree

square by using Verj'ﬁiffow rings *

-~ the photodetector is sensitive mainly in the red part of the spectrum
(ss for daytime getection) in order to favour the incandescent lamps of
the running lights sbove stars - ' '

- the detector is effective only one second before firing when the mount

has slready been positicned.
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THE USE OF THE AIR TRAFFIC CONTROL RADAR BEACON
SYSTEM (ATCRES) FOR LASER GROUND STATION RANGE SAFETY

Thomas E. McGunigal and Janis Bebris
Goddard Space Flight Center
Code 723
Creenbelt, MD 20771

INTRODUCTION

A continuing concern in the operation of high energy laser ranging systems is the
avoidance of accidental illumination of overflying aircraft by the laser. The
generally accepted standard for maximum permissible exposure In the visible and
near visible regions of’ the spectrum widely used by pulsed laser ranging systems
is 5X10° -7 Joules{cm (Ref. 1) The wr‘admnce from most laser systems currently
in use exceeds this level by a substantial mar gin and because of the use of highly
collimated beams, the danger zone may extend for many miles. The use of a
safety observer is a substantial help at very close ranges but even the optically
aided humnzan eye cannot reliably spot aircraft under hazy conditions at distances
corresponding to the danger zone. Radar systems can be quite useful but large
and expensive systems are necessary if ranges out to 30Km are reguired. The
system suggested here is one that takes advantage of the fact that all aircraft
ﬂymg in controlled asrospace (L.e. over 3800 m in ahtitude or under instrument
tlight rules) must carry a transponder, The transponder can be jnterrogated with
a relatively simple ground system compared to a radar. The two main elements
of this ground system are a phased array antenna with eight elements and a
irtervogator/amplifier system. The systemn uses a sidelobe suppression system
which produces an effective beam widih of iGO in azimuth and approximately :'22(}
(Half Power) in elevation, When it is boresighted with the laser ranging system’s

telescope, it can easily detect the presence of transponder eqsippad aircraft

nearm&, the lager beamn

' S“’E{Bp"mﬂ & thE ijgfﬁm aircraft whi
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DETAILED SYSTEM DESCRIPTION

Since the late 1950%, the ATCRBS has become the primary means of
air traffic surveillance, with the radars to which it was added assuming a backup
role.

The ATCRES consists of airborne transponders, a ground interrogator-
receiver processing eguipment, and an antenna system. The antenna may or
may not be associated with, or slaved to, a primary surveillance radar. In
operation, an interrogation pulse group is transiitted from the interrogator-
transrnitter unit via an antenna system triggers each airborne transponder loca-
ted in the direction of the main beam, causing a multiple pulse reply group to be
transmitted from each transponder. These replies are received by the ground
receiver and, after processing are displayed to the controller.

The ATCRES has a number of interrogation modes to accommodate its
various uses., EAch interrogation consists of a paér of 0.8 s pulses {P},P3) trans-
mitted on 1030 MHz carrier. An additional pulse, the PZ pulse, is transmitted 2
s after the initial (P1) ,)ui from interrogators equipped with sidelobe
- SUppress

The mode is designated by the Pi-P3 interpulse spacing. Modes | and
2 are used only by military interrogators. Mode 3/A Is the basic air trafiic
control (ATCY identity mode, common to both civil and military syste

The transponder reply consists of a sequence of up to 15 pulses on the
1090 MHz carrier, each of nominal duration 0.45 s and with an interpulse period
a multisle of 1,45 s. Fach reply includes the two bracket or framing
pulses F1 and F2, spaced by 20.3 s, Thirteen uniformly spaced pulse positions
are defined between the bracket pulses.

The Federal Avalation E{eguid“{mn, General Opereting and Flight Rules
requife that after Juiy I, 1975, all aircraft in controlled airspace above 3810
meters must be equipped with an operable coded radar beacen transponder having
a Moded/A 409%6 code capability.

I A Simple Interrogator Ground Statiom

For the purpose of laser ground station range salety we will use a

narcow beum inter*“agator antenna boresighted wl‘ih and Qiaved to the laser

pae
o




If a transponder equipped aircraft, either civil or military, flew into

the microwave antenna pattern, its presence would be detected and lazer firing

would cease until the aircraft was clear. The mevimum range of Interest for this

appiication is 50 kilometers although the system is effective at s up to 200
kilometers.
2. S-ubsystem fﬁescriptia;z

The A PR - 76A interrogator set consists of the following subsystems:

1. Intermga‘tsr Set Centrol
2. Receiver - Transmitter
3. Switch - Amplifier

4. Synchronizer

A, Interrosator Set Controls, Fach AN/APX - 76A interrogator set

controls contains five thumbwhee! switches to select the desired in ierrogation
mode or standby and the desired code, A momentary two-position toggle switch
(TES’E’/’?Z’ZHE%L CC) permits loop testing the interrogator set or providing a correct

code challenge,

B. Receiver - Transmitter.  The as ssembly consists Of: a receiver module, &

pressurized fransmitterpower. supply. module and fo roplug. dnoprinted.-cireuit-
boards. The printed circuit boards mount on a "mothet” bosrd which provides the

necessary board interconnzctions.  The power supply operates from a nominal
T15-voli, 400 Hz source. The trarsmitter module contains five coaxial! tube
amplifier stages and operates at 2 fixed freque ey of 1030
poessible power outputs (high, medium, or low) selectable by & f

Cooling air must be provided to insure safe operating temperatures within the

unit.
C. Switch - Amplifier.  The switch « amplifier i implements switching of the
interrogator system R-IY output from the sum antenna channal to the ditference

antenna channel for the dwation of the inter rogator side lobe suppression (P2)
pulse. The assembly consists of three printed circuit board assemblios: a coaxial
cavity tube amplifier; & high power, E‘zégh speed solid
diplexer. The unit has a self-contained power supply

nominal 115-volt, 400 Hz source. Periormance monitoring clrcuitry camp—ies a!l
e

eritical cﬁemém? parameters - and sizraly

mdicaaon




D. Synchronizer. In itsintended application as part of an airborne Interrogator
e synchronizer uses the main surveillance radar trigger pulses to
generate the various signals necessary for initlation of an interrogation cycle. In
our application, appropriaie exiern al trigger pulses are provided, |
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77 is achieved with an array of
eight (§) L-band dipoles mounted on B6x66 am ground plane, DBy radiating the
required interrogation signal and the control pulse signal on the sum an
difference ;}atim%.&s, {see Fig.l) respectively, of a dual feed lL-band antenna
array, responses to sidelobe interrogation are supressed at transponders equipped
with interrogation side-lobe suppression 1SLSY circultry for all angles beyond
about +6 degrees from the center of the antenna main beam (sum pattern)

F. Interrogator Systern Size, Weight and Power. The AN/APX-TEA

% .

interrogator system was developed for asirborne application. Its size and weight
are minimized. The largest uﬂitg the Receiver Transmitter, has the dimensions

hits & 6 leg. fno total weight of the four (4) units is

16.2 3< I ;} ut power ~ 115V, . 230 voit - amperes; 28 Vdg, 1.3 amperes.

CLOSE-IN RARNGE 5 SAFETY

H

Because not all low flying (less thon 3210 ¢ 71} airerafts are equipped
with operable coded radar beacon ransponders, we must provide close~in safety

by cther technigues.

M B &7 ¢ g ~0 N I, SO,
The Goddard {m“}g}ﬁ;g tions do not operate below 207 In elevation

tance from the station a low flylng alrcraft may be

Our calculations 1l antenna gain, a 10 KW
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Radar Set. The transmitter circultry generates the bigh power 9,37 5.0z pulses

which are fed to the Antenna Unit via a waveguide. The time interval betweon
any two transmitted pulses is used by the recelver clrealtry to process the signal

I"*fi?‘cie*" ba{‘]g’\ b}: ths far f!n*st

B.

Is 264 Vde. Howsver, in situations where a 26.4 Vde power source is not

The primary power required by the LNG6 Radar Set

available, the Radar Set is supplied with the AC Power Unit which is a simple

a1t

power sm;}}y to convert the 115, Vde primary power into the 24,4 Vde,

C. Antenna 2}1{'_{53, The Antenna Unit transmits the high power RF pulses
and receives the signal reflected back by the target.

We ars empmymg Scientific - Atlanta, Inc, Series 772 Reflector {1.22m
dia.}) and the Mods! 73 - g, 2/ Feed, The nomial beamwidth is 29 and 39.0R gain,
The 4.1t reflector with the x-band {ee and the L-band dipole array are mounted

on an Azimuth/Elevation mount which is slaved 1o the Jaser tracking telescope,

.. D.a SI AT ‘;‘:’J‘Q‘ ‘“h F2 33 .?Gz}ger.. e

Um‘i Dirpensions {cim.) Welghts (ke
Receiver - Transmitter G7x31.75x721.6 204
AC Power Uni 21x34.8x18.9 135

The Receiver - Transmitier unit reguire 26.4 Vde, 10, amps. The AC Power

Unit converts the 115 Vde primary power inte 26.4 Vde.

Theory of Oneration

transmizsion from the Radar Set is in the form i narrow, hig!'@

power RF

pulses which ar radinted by the Antenna Unit. tlepending u

range selected and mode of

S ey pose H - 7o dm SJave 5
Sion (narrow or wide puls ¢}, elther If‘isa’*i?, 1250,

T AT Py RS . RO
or &0 pulses per second are transmirted,

T - _'
ration is Ia




STATUS

The Interrogator ~ Transponder link has been exercised with excellent
resuits. The observed antenna patterns were very nearly as expected. The
range is more than adequate for the present and expected fuiure laser {ransmitter
power.

The LN6G6 radar subsystem is not yet completed and no experimental
results are available. We expect to complete the full system evaluation by

September 1978.
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CONCLUDING SUMMARY OF LASER SAFETY SESSION

Most of the stations have taken the neces 1SAYY measures

for preventing laser damages.

It most of the sites, there are local agreenents to avoid
striking aircrafts during tracking of satellites. The two
papers presented at the gession concerned +hat subiject

one, typically a radar systen, is still experimental and
reguires the agreement from air traffic control authorities.

the other one has been experienced for two years now, and

is used at Kootwiik station, on an optical basis.
Furthermore for some calibration methodes reguisring the

o

use of a near target, a special component was de 5scned fov
Tattenvating the beam.’ S

Some discussions then occured and were devoted to probha-

bilities of etriking an aircraft : it seems that the chances
can vary tremendously from an author to another and will bring

more conrfusion than efficiency.

i
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THE SATELLITE LASER RANGING STATION AT SANFRUINAY s SPATK

-—mmm—“nmlﬁimw»ﬁmmm’nwwwWmm-&ﬂ&mmml“-wmmmmm-c-wmmwmwmmmmmmmmmmmm*u&mwm

JeL.HATAT ¢ Centre d'Etudes et de Recherches
Geodynamiques et Astrenomiques.

INTRODUCTION

The satellite ranging séati@m at San-Fernande is the mobils stelion
of the G.R.G.2.(Greupe de Becherche de Geodesic Spatiale).
It io im routine night iiﬁ@ eperaticn,in this site,since the somaer k

ef 1975,

Yt is an impr irst generation laser station.The etaff iz formed
by French ang @igrzéﬁ techniciansg.

The co-operation agreements between the G.R.G.S./C.N.E.
Instituto y Chservaterio de Marina de San-Fernando uz?}
& full manazement of iﬁa% station by %ﬁﬂ 1.0.5. by 1874, :
Thie obseivi conditions at the present location are nhow thremter
by construction of Bigh buildings in the prsfgai?yﬁgne stationp wil
be moved {0 the dome on the GJM§?V&3§§£& g main building,

At the pressnt time,the cepsbilities of this station are the
following

- Blind tracking by night.

- Viguval gptical {racking by ¢ ievigion.{Both systems
on GEOS T.4 x% 3,BEC and STARLETTE satelli €5,

: e CEaNES hzégiy BEGO Ff@'“gj
TerrestPFisgl FRBEIHE 300 Yas on ?@i? ?ﬁff@é
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Technical charecteristics are the following @

LASER S5YSTEM

Type rubis Compagnie Generale a'Electricite. e
Pulse 27 ns 0,5 -~ 0,6 jJoule.
Repetition rate : max 60 ppm.
Beam divergence :4 miad. With transmitting optic 0,8 mrad.

Receiving telescope
Type cagsegrain.
Aperture 36 em F/IO

Visual tracking sysiem

Television camera SOFRETEC type CF I22.Furnished with a Noticon tube.
Lens ZC0mm  ¥/5

Liwiting magnitude I3 -~ I4.

With this system,it is possible to track also STARLETITE and LAGEQS.

Detection PMY : R.C.A. model 3I054 A.
pmplifier @ Avantek AV 8T, ampl.30 db.
Optical filters : 5 4,7,5%,18 LK.
Renge pate generador : GRGS design

Time interval counter : Model CC 20,Ins. Centre de recherche de la
CG&QEQ

Receiving coincidences system (T} figore I

Diserimiration ¢ type VDI/IT ref. SATP DASIRX.

-Coingldences : typa Ve 4 V fIiX ref.8A1P CR I33.

Epoch clock ¢+ GRGS design I ps.

Timing UTC : VLF {(Baker-Nuna).

?h@ pa&ztxea?&wg of the mount is performed in real time by a mini-

emputer WANG 2200 which uses magoetic cassgeltes,
Rep&%i%i&ﬁnéﬁ : I point every &ix &ecan&ws,

The mount is driven in both azimuth and altitude by two 250 W D.C
BotOrS. : _

Peinting accuracy aaaut 30 arcsec.

Optical coders are type MCB CGI 076 B . 300 pts resclution.

The final resnlis asre punched on & paper tape ready for transmission
by telex.
Tape punch : Tekelec siritrenic model 34,

Puﬁch ﬁh %%fé : &ﬁprax ?G ah/&as, gynshranense

o IV ’ 4 s % . 7 t & P
A5 These de doctoratl eg sciences physigues : Telemstirie spatiale
1
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CALIBRATION

The calibration of the system is by using one ground target at 830 m.
This calibration,approximately 60 points of range data,is performed
before and after each satellite pass.

it was impossible to find another farther target.

o i T A A Y o o A T 0 . O N W St

-A new laser will be fitted.Possibility to operate with pulses of
5 - I0 ns and 2 - 3 Joules,

-~ Increased ranging accuracy.
- Blind tracking by day.
- Possibility to get regular ranging data on LAGECS.

- COMMUNICATION INFORMATION . ...

e - e -

The postal adress of San=Fernando is

Station Laser
OBSERVATORIO DE MARINA
SAR FERNANDO '
CaDIZ (Espafia)

Telex number

76108
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Ranging Software and Daota Pre-processing

Chairmant®s Summary

The pr

iw
chareoc ﬁCFiSbiCS and needs a2t various levels
f

o B
o
L}
Ty
—Ia
b
o
=5 O
®
o
Iy
o0
n
;m.h
)

The pre~processing of data by various organisationz weg revieved
the main festures of both satellite and luner soft

rea e
with and the corrections applied to the data were identif;
group.
Discussions centred rainly on the following topics:

~ data compression =nd data handling, with particular
reference to possible implications on svatenm (hardware)

.

- the weighting of observs tions;

~ look angle computations snd satellite ephencrides;

~ the modelling of gvstematic errors

"5

- Gata filtering and corrections.

,
4

A Jively discussion followed +he 1 provecative statement thet
50 error-free measurements would contain all the information on

e - R K N . T B
the Q?b¢b end related field parsmeters thot can currently be

modelled,

which can be foreseen
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systen and the software the cheapest o duplicate, an important

congideration for the design of fubture syatems, for which the

e
advent of micro-proceszors may heve a significant Impact.
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SAD RANGING SOFTMARE AND DATA PREPROCESSIHNA

Jd. M. Thorp, J. Latimey, 1. G, Campbell, and M. R. Peariman

Swithsonian Astrophysical Ghservatory
Carbridge, HMA

MINICGMPUTER FLELD PROGRAMS

The SAD Taser stations have & software package to handie satellite ranving
from input quick-took orbits to final data preprocessing, The former system of
paper-tepe recording of data has been eliminated except for quick-look elements
and quick-lock data for orbital mainienance.

1. Predichtion Program

~A-compact Fortran -program-thet produces pointing predictions-frem Yeplerian
eiements, rates, and long-period perturbation torms has been developed for use in
11s sofiwzre, which is based on the SAQ Aimiaser program, opsrates

with the standavd SA0 laser orbital-element messages, which

£
"3
o
P
e
~
[
s
7
i
)
i

Using an abbroviated gravéiv~ Tield mudel selected for each satellite, the nrogrem

nerates geocentric voclors 2 min, apdrt for those periods in which the satellite %
is visible at the station. The program then interpelates between these vaclors to
produce topocentric prediciions at the lYeser Fiving vate end storey them "oiy Baghetic
tape for use during cpevation. A short summary of The nassas for sach day 16
printed during the prediction calculation.

Z. Pylse-Processing Program

1o
(RIS

“f"“"f“ {Av:rﬁ
LA Gala,

5 Tov both




L2

Calibration Frograms

Programs to calibrate the

extended target calibrations ave available on the field minicomputers and are used

routinely. These programs cal

the data, gi

1
tion enalysas, starit-calibration parameters are determined and electronic and
optical system vesponse is exan

4, Quick-Look Program

The quick-Took program scans the reduced data file and prepares a auick-Took
message of 12 to 15 points for each satellite pass to be teletyped fc SAD for
orbital maintenance. The prog
an attempt to eliminate noise stons, The 12 to 15 points are chosen uniformly

over each pass.

"'N

5. Direct-Connect Program

The direct-connect program provides the interface between the laser eguipment

and the minicomputer. The program is interrupt-driven Wwith core-memor

station a fully reduced analvsis. From these calibra-

culate 211 necessary corvections and apnly them to

T

svstem electronics {start calibration) and to process

ined.

ram disregards low-level returns in this process in

buffers

y
assianed to cach device. Prediction information stored on magnetic tape is read

into the core buffers, where it i3 available for delivery to the laser on de gmand

vevery 7.5 szC, lrggu;na raw datz are recorded on -magnetic tane and also sent to the

pulse-precessing software for on-line reduction. In addition, the program provides

real-time data for the operator. (nc1udzﬁg a granhic display of the return-pulse

shape, the satellite and calibration range data, and general housekeeping information.

Tne process described

".}

pass or calibraticn seauence

ol

ve takes 3 to 4 sec to accomplish. At the end of ead
summary of the data is printed Tor the operalor.
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