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PREFACE

The Fourth International Workshop on Laser Ranging
Instrumentation was held at the Thomson Center on the cam=~
pus of the University of Texas in Austin during the week
of 12-16 October, 1981. It was sponsored under the au-
spices of the Special Study Group 2.33 (Barth-satellite
laser ranging) of the International Association of Geodesy
and the University of Texas.

The Workshop, which for three of the five days com=~
prised parallel sessions on hardware and software aspects
of laser ranging, was attended by participants from 15
nations and information was exchanged on the status of 44
of the 51 ranging systems for which hardware is known to
exist. The meeting was opened by Prof. Dr., Harland Smith,
Chairman of the Astronomy Dept. at the University of Texas.
In his remarks Prof. Smith spoke of the intimate associa-
tion his department and the University of Texas have had
with the course of laser ranging to both the moon and to
Lageos, laying stress on the progress which has been made
over the years since first the technigque was applied.

Indeed, with this, the third set of published pro-
ceedings, it can be seen that considerable consolidation
has gone on in the four years since the previous Workshop
in Lagonissil. Laser ranging is at last moving from experi-
mental to application oriented research. The contents of
these proceedings high-light the changes which have taken
place in system design over this time and represent the
state of the art in 1981.

In the interests of expediting publication there has been
no extensive editing of individual papers, which are
generally presented in the form submitted by the authors.
Several papers have been included which were submitted
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for publication, although the authors were unable to
attend the Workshop. Only two or three of the papers
presented at the sessions have not been submitted for
inclusion in the proceedings.

Particular thanks are due to:

the Programme-~Committee (Prof. Dr. L. Aardoom -
Netherlands, Prof. Dr. K. Hamal ~ Czechoslovakia,
Dr. E. Silverberg - U.8.A. and Dr. P. Wilson -

Fed. Rep. of Germany) and the session chairman, for
preparing the programme;

the hosts and hostesses of the University of Texas,
for making the Workshop a valuable scientific and
social experience;

the authors, for their valuable contributions;

the publisher, for making it possible to produce
extensive Proceedings within the limitations of
the available budget.

P. Wilson
President, §.5.G.-2.33
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SESSION 1
PROGRESS SINCE 1978; A REPRESENTATIVE OVERVIEW

CHATRMAN

ERIC C. SILVERBERG

Within the 11m1ts of a short proceedlngs it i8 impossible Lo go into
great detail on all of the changes which have occurred in the last few
years. There are now wgll over forty active laser ranging efforts in
the world, many of whioﬁ were not in existence in 1978 at the time of
the last workshop. Some of these systems have  undergone major
overhauls, invblving from first and second generation laser ranging to
systems of bhifd generation capability, while others have fhiad only
minimal improvements. The intent of this first session is to give a
representative, but Sy no means.complete, sample of the various programs
and to outlitie these changes which haVe resulted in improveients to this
area of becﬁnoiogy since 1978. The following papers, some of which were
not read at bthe meeting, serve that purpose ddmirably and place in
context the maore specifie discussions which follow 1n the later

sessions.



UPGRADE AND INTEGRATION OF THE
NASA LASER TRACKING NETWORK

CONTACT: JOHN J. DEGNAN
ANDREW ADELMAN
NASA/GODDARD SPACE FLIGHT CENTER
GREENBELT, MARYLAND 20771 USA

1.0 Overview of the NASA Laser Tracking Network

The Goddard Laser Tracking Network (GLTN) consists
of both fixed and mobile laser tracking systems used
for precision satellite tracking to provide precise
geodetic measurements.. The mobile systems are deployed
and operated at various locations around the world in
response to program requirements, The composition of
the GLTN will vary throughout the decade. Initially,
the network will consist of seven mobile laser systems
(Moblas-2, 3, 4, 5, 6, 7, and 8); three. transportable
laser ranging systems (TLRS-2, 3 and 4); and two fixed
laser ranging stations (SA0-2 and 4) located at
Q:eq#ipa, Peru and Orroral Valley, Australia, respec-

vely, : : S |

The SAO-4 at Orroral will be deactivated at the end
of FY84, and will be replaced by the Australian National
Mapping Laser (NATMAP), This laser will be operated and
maintained by the Government of Australia.

- In 1983 a single mission contractor will manage the
GLTN to provide specified tracking data in a timely and
cost-effective manner. He will be responsible for
generation of the necessary orbit predictions, scheduling
of GLTN activities, data management and preprocessing,
and data quality assessment. He will also be responsible
for planning, analysis, and design of new systems;
evaluation and analysis of operational systems; and co-
equal responsibility with the government for technology
development and maintenance, preparation of operations
and technical documentation, property management, hardware
and software configuration management, implementation of
GSFC directed improvements, training, telephone communi -
cations, site design and construction at GSFC direction,
and maintenance and operation of the laser systems.
Additionally, the contractor will have property
accountability for these systems and will be responsibte
for associated facilities and utilities.



Figure 1 depicts the entire network of existing and
planned observatories locations including the foreign
cooperating observatories we hope will support the program.

From an observatory standpoini, figure 2 clearly
shows the extent of measurements possible across most of
the important global tectonic plateés.

2.0 Upgrade of the Mobile Laser Stations

2.1 Subnanosecond Transmitter

The first set of Mobile Laser stations (MOBLAS 1-3)
. were equipped with high energy, cavity dumped ruby laser
transmitters built by Korad. Upgrading of the latter
stations, which currently achieve 2 to 3 cms precision,
has bean deferred for fiscal reasons. The second set of
stations (MOBLAS 4-8) were equipped with Q-switched
Nd:YAG laser transmitters built by General Photonics
having a' FWHM pulsewidth of about 7 nanoseconds. Current
MOBLAS recefvers are designed to detect and process laser
pulses of about 5 nsec¢ duration. In the field, these
stations typically achieve ranging accuracy on the order
of 8 to 12 centimeters and a serious effort is currently
underway to upgrade the performance of these stations,
using the best available commercial components, in order
to meet the scientific requirements of the next decade.

In order to minimize the interruption of data from
the stations during the upgrade period, all engineering
modifications (hardware and software} will be implemented
and verified on MOBLAS 4 prior to its adoption by the
entire MOBLAS network., Modification and upgrade of
MOBLAS & is being carried out in stages at the Goddard
Space FYight Center and began with the installation of a
passively-modelocked Nd:YAG laser transmitter in late
July 1981, As of September 1981 the system has
successfully tracked three satellites - LAGEOS, BEC and
Starlette. The transmitter, bullt by Quantel International,
currently provides a single 150 picosecond pulse at a
repetition rate of 5 pps. The §ingle pulse output energy
is betwaen 60 and 80 mJ and, after two stages of colli-
mation, is confined within a 25 :to 30 arcsecond trans-
mitter field of view. In a recent LAGEOS night time pass’
a total of 4700 range observations resulted in a single

shot RMS scatter about the orbit of only 2.5 cms and a
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normal point scatter of 1 to 2 cms as determined by the
LASPREP processor. MOBLAS 4 has routinely tracked LAGEQS
down to the 200 minimum elevation angle and has had a few
successful daylight passes as well with no modifications
to the receiver. The passive transmitter, which is
considerably less expensive than a comparable actively
modelocked laser due to its relative simplicity, has
proved reliable in the field, and it is anticipated that
similar lasers will be installed in Moblas 5 through 8

by Spring 1983,

2.2 MOBLAS Receiver

One difficulty that remains is an occasional but,
sizeable discrepancy between the pre and post-calibration
measurements of the mean range to the target board. In
an effort to eliminate, or at least reduce, systematic
biases and to further improve the overall ranging
performance, several modifications to the MOBLAS 4
receiver will be implemented and tested during October
1981. These include the replacement of the 2233B
photomultiplier, which has a 2 nangsecond risetime and a
transit time jitter on the order of 200 picoseconds, with
a new low jitter, 300 picosecond risetime, high gain
photomuttiplier. Laboratory tests are currently underway
to evaluate new internal microchannel plate photomulti-
pliers available from ITT and Hamamatsu. The performance
of these devices will be compared to that of signficantly
more expensive electrostatic and static cross field
dynode chain photomultipliers built by Varian. The
latter devices are no longer available as an off-the-shelf
component but quantity buys may still be possible.

In a second modification, the current dual channel
range receiver will be replaced by a single channel
receiver which will accept both the start and the stop
pulse. Single channel receivers have the advantage
that timing delays caused by temperature, voltage, or
radiative background changes are automatically
compensated for.

Third, an additional pre-calibration procedure will
be added in order to determine the time walk of the
receiver as.a function of the signal amplitude. This
information will then be used to correct, via software
in the preprocessor, for timing errors introduced by
fluctuations in the signal amplitude from either the
satellite or calibration retroreflector.



Finally, the HP5360 Time Interval Unit, which has a

100 picosecond bin resolution, will be replaced by the
newer HP5370 having a 35 picosecend timing resolution.
A similar wideband receiver operated from our Advanced

Laser Ranging Laboratory to a fixed retroflector located
0.5 Km away, has provided range data with a single shot
RMS scatter of only 4 to 6 mm, Typical pre-and-post
calibration runs (100 point averages) typically agree to
better than 50 picoseconds which is very near the limit-
 ing timing resolution of the receiver. It is hoped that
comparable results can be obtained in the field.

. Consistent and reliable daylight operation is also
an important goal. Recent improvements in our
transmitter-receivér boresight techniques have allowed
us to narvow the receiver field of view for successful
daylight operation - even with the 10 Angstrom bandpass
filter. Star calibrations and boresighting have been
greatly simplified by the recent addition of a TV
monitor which displays the receiver field-of-view on a
CRT screen for the computer console operator. Daylight
ranging experiments will continue in which two narrow-
band spectral filtérs (1A% and 3A%) will be evaluated.

In November 1981, the MOBLAS 4 configuration will
be frozesi. The system will then undergo collocation
testing with MOBLAS 7. A spare actively-modelocked
Sylvania ‘laser has been installed in the latter station,
and MOBLAS 7 is replacing STALAS as the operational GSFC
system. Due to the advanced age .and poor reliability of
several key subsystems, the STALAS operation was
terminated following collocation ‘tests with MOBLAS 7.

: Following completion of collocation tests with MOBLAS:
7 in mid=December, the MOBLAS 4 ranging subsystem will be
installed in MOBLAS 8 and will participate in the 1982
measurement campaign in Southern California. Since the
MOBLAS 4 ranging system detects multiple photoelectrons,
it will provide a valuable comparison to other subnano-
second pulse systems, such as TLRS-1'and TLRS-2, which

use single photoelectron detection schemes.

2.3 Safety Radar

New safety radars will only be required for MOBLAS
2,3, 5, and 7. One spare will be procured to be used in
Mexico or any other location. Installation will be
completed by June 1983,



3.0 Smithsonian Astrophysical Observatory Laser {SAQ)

The four SRO stations are currently operating day and
night on low satellites and nighttime only for LAGEOS,
with a normal point accuracy of about 10 cm. During the
1981 period, modifications will be made to improve data
yield and quality on LAGEOS. These will include (1)
increasing the pulse repetition rate on LAGEOS to 30 ppm,
(2) upgrading the photoreceiver with a narrower band
interference filter and a faster risetime photodetection
system, and (3) replacing the waveform digitizer with a
less complex and more accurate analog waveform detector.
It is anticipated that these modifications will lead to &
cm normal point accuracy for nighttime ranging to LAGEDS.
Engineering analysis indicates that the changes needed to
improve the point-to-point accuracy to 4 cm would be feasible
but extensive.

4.0 Transportable Laser Ranging Station {TLRS)

Significant increases in station mobility are now
possible because of technology improvements and the years
of experience accumulated in satellite and lunar laser
ranging.

The Transportable Laser Ranging Stations-1 and -2
developed by the University of Texas and GSFC, respectively,
are expected to achieve the 1 cm normal point goal of the
Project.

TLRS-1 is presently operational and has become an
integral part of the crustal dynamics measurement program.

The TLRS-2 i¢ based on a modular concept, which differs
from TLRS-1 in that the station is transported by truck
and aircraft and assembled at the site. It has been designed
for high mobility and Tow cost and represents the 1imit on
size reduction achievable with current technology. TLRS-2
is currently in the integration and testing phase scheduled
for September-December 1981, Tests are scheduled for
completion by December 1981, with deployment and field use
starting in January-December 1982.

Two additional TLRS systems are planned for procurement
beginning in .FY82. These stations are required to meet
Crustal Dynamics Projéct needs for regional deformation
studies in South America, New Zealand, and the Caribbean.



The combination of operational data accumulated by
TLRS-1 and engineering/packaging data and test data
accumulated by TLRS-2 will be used to determine the
design of the follow on TLRS. At that time, a decision
will be made as to whether TLRS-3 and -4 should be
fabricated by GSFC or procured through a competitively
selected contractor. Primary considerations in arriving
at this decision will be the Crustal Dynamics Project
schedules as dictated by project-objectives and
international agreements, costs,.and availability of
in-house manpower. '

5.0 Haleakala Laser Facility

It is expected that the Haleakala Laser Facility will
have two separable ranging functions in the Crustal
Dynamics Project. The first function is ranging to LAGEOS
and the second is ranging to the lunar retroreflector
arrays.

~ According to data submitted to the University of Texas,
there weve about 100 returns from the lunar arrays in 1977
using the combination of the multi-element Lurescope
receiver telescope and the Lunastat transmit optics. There
have beeh no attempts to range to the moon since 1978 due
to problems with staffing, the multi-element telescope and
and priorities for sateliite ranging.

At the present time the station has ranged recently
only to satellites. However, there are some serious
Timitations to the amount and quality of the data being
collected. For example, the station does not have
daylight LAGEOS capability, due primarily to the unique
arrangement of the transmit/receive optics.

In July 1980, operation of the facility was
interrupted to incorporate satellite laser ranging upgrade
and improvements. The following changes are completed.
These changes are expected to improve the accuracy (4 cms
or less) by reducing systemmatic errors and to increase
the quantity of satellite ranging data.

1. Establish system delay calibration
2. Optimize receiver

3. Install new time interval unit
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4, Optimize electronics/optics

5. Install new computer and -develop
additional software

Following the satellite ranging upgrades, it is planned
to devote effort to achieving lunar laser ranging on a
regular basis. At present, it is not evident whether this
will require minor or major system modification. Tests of
the Lurescope will be conducted in early 1982 and will
provide the basis for a definitive plan. '

6.0 Mcbonald Laser Ranging Station (MLRS)

In December 1979 a contract was fssued to the University
of Texas for design and fabrication of the MLRS. This
system, which is a result of earlier work leading to TLRS-1,
will be capable of rahging to the moon and to LAGECS.

The MLRS will be permanently located at the site of
the McDonald Observatory. After completion of the MLRS
testing program in late 1981, the MLRS will assume the
}gggr ranging function performed by the Observatory since

2.0 Australian National Mapping (NATMAP) Laser Facility

 :The Australian National Mapping Laser Facility at
Orroral Valley was proyided by the U.S. to Australia on a
loan basis in 1974, This system currently has only a

lunar ranging capability. Initial ranging with this system
has achieved lunar ranging at the 30 cm level. Improvements
being carried out by NATMAP should result in ranging at the
15-18 cm level.  However, this accuracy is not adequate to
support the global program of lunar ranging. In addition,
it would be’'desirable %from the U.S. viewpoint particularly)
for this facility to also range to LAGEOS .

Through a series of discussions during the past year,
it has becoie evident that both Australia and the u.s.
would benafit from a cooperative program to modify and
upgrade the NATMAP facility for both lunar and sateliite
ranging. : : :

This modification would include:

1. Replacement of the current telescope
mount with a new X-Y system.
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2. Instailation of a Coude system.

3. Replacement of the laser and laser
electronics.

It is planned to accomplish the modificafion through
agreement with NATMAP. The U.S. would provide funds for
system hardware and NATMAP would' provide personnel to
manage the development, assist in the instailation and
checkout, and to operate the facility.
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PERFORMANCE AND RESULTS OF SATELLITE Hal LIl
LASER STATIOH AT Ka/aLUR, INDLA IN 19080 -~ Bl

by
po:JCDIXIT, Pni\-RfﬂO, R-RJ“\]\\‘GH; RAO, }\aC@}‘)r\Lrﬂl\.RISillg\l’ dri('_; }»1?05‘4*&0

Indian Space Research Organisation, India

S.5CHILLAK

gpace Research Centre, Poland

v/ KIELEK

Technical University of \Warsaw, Poland
and

1. ADELE

University of Riga, USSR

ABST L.CT

In this paper, the environmental data during lduti-vl,
Laser ranging system, system calibration andg 1its accur.cy
under various conditions, systen stability, quality or the
data obtained during 19:80-tl, pethods of rance rooductiog,
system limitations and the proposed method for uperading the
systam accuracy and its capability with reference to Interkos-
mos laser ranging station at Kavalur (India) arc sdiscussur,

1 I1'TRODUCT1ON

A Satellite Trucline and Ranginc Sstatior (01.010) is
cotahlished in the canpus of Tndian Institute of ~ciroplvsics,
lovatur ( 12°34'H, 78951 '€ and 700 i anove LGL y, India for
3 joint scientific and techirical collaboration betooen the
Indian 5Space Research Organisation ( ISRC ) arie! Lho acadely
of the Sciences of the USSR ( As-US3R ) for the investigations
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in the field of Geodesy, Geodynamics and upper atrmospheric
research. The Station is equipped with Interkosmos satellite
ranging laser radar, AFU-75 satellite tracklnq camera, timing
equipments and data processing systems? The basic characteri-
stics of the Interkosmos laser ranging rader has been described
in the refergénces cited ( A.G.Massevitch et al. 1973, K.
Hamal, 1978 ).

(In Fig.l is shown the monthly statistics of cloud-free
nights for satellite observations at Kavalur during 1920-81.
In Flg.2 is shown the ‘monthly statistics of the trend in
refraction constant during 1980-81 at Kavalur, showing the
quality of environment for the satelllte and astronomical
observatlons."-‘ - o :

II DESCRIPTION OF LASER EQUIPMENTS

The detailed description of the first and second genera-

tion Interkbsmbs laser radars are described in the referenc es
cited ( A. Asaad et. al, 1978, K.Hamal et. al, 1978 ). At
Kavalur laser ranging station, the first generation Interkosmos
laser radar is equipped with HP. 5061A Cesium beam frequency
standard, HP 1058 crystal controlled oscillator with time

code " generator, Datum 9880A VLF recelver and Volana-K all-
wave HF rece1Ver to malntaln epoch for laser and camera in

uTC and ut, ( BIH time scales P respectzvely.

Epoch at the statlon is maintalned primarily by means

of portable clock trips from National Physical Laboratory

( NPL ), New Delhi, custodian of" tlme and frequency in India.
VLF tracking receiver provides an accurate method of monito-
ring record of time position relative to the setting obtain ed
from the portable clock comparision. The HF time signals offeres
the station a convemient epoch of ‘the order of $0.5 ms as

well as regular DUT correction to UTC time scale. The current

‘accuracy of the Statlon s clock 1n UTC is of the order of
+ 5 micro seconds.

III SYSTEM CALIBRATION

Fig.3 shows the target calibration in micro seconds for
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the return 51gnal strength measured in photo-electrons for a
fixed target located at a distance of 519.18 ' +0.0l meter
from the laser radar and using a median detector ( w.Kielek,
1977 ). The performance of three photomult;pllers i.e. RCA
8852, FEU 84 (0B60) and FEU 84 (9143) of USSR origin are
shown in the Fig.a. Except for detector internal delay for
a given pulse detection system ( adaptive threshold ) all
the three photomultipliers, show similar performances. The
detalled target calibration shows the overall laser rancing
system accuracy of the order of 30 em. In Fig.4 is shown the:
performance of the above said three detectors using a constant
fractlon (0. 125) detectlcn system with an integrating ampli=-
fier. For the Kavalur 1aser radar both the adaptive threshold
as well as constant fraction detectlon technique gives almost
the same accuracy in the range ‘measurements. This may he due
to the fact that the resolution of the time interval counter
which is of the order of 2 nano seconds and the detectahle
errors between adaptive threshold and constant fraction detec~
- tion technique are less than 2 nano seconds.

Data taken from ‘day to day pre and post pass calibration
difference over 60 days are plotted in Fig.5 and cives a
standard deviation of the order of 0.65 nss» The long term
stability of the laser radar therefore could be assessed
from the long term pre and post pass target calibrations.
The short term stability: of the system is shown in Fig.4 and
Fig.5 by. plottlng the rms error of each observation at a

_prewselected 1nput smgnal strength.

My QUAL.ITY OF DATA EVALUATION AND RANGE REDLCTION

The laser range data obtained are precessed on IDN 370/
155 computexr using least ‘square polynomials, Tsechebycheff's
polynomlals ( short arc fitting technique ) and long arc orhit
fitting ‘technique ( P.S.DIXIT = et. al, 1978 ). For laser rang-
ing radar at Kavalur the aboveithree methods give ecuivealent
results j £ number of observations are suffciently qreater than
the degree of the polynomial used. In Fig. 6 is shown the pre-
dicted epoch against range (mg) for Geos C (7202701) satellite
The true laser returns obtained after computer processing are
also shown in this figure. Least squares filtering programnte
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is used to ellmlnate the spurious’ laser returns ( P.Lala,
1976 )+ In Flg.? is shown the distribution of range residuals
for. Geos ¢l 7502701 ) satelllte computed from several passes
for 1980-81.;ﬁ ;;--

In Table l are shown the number of laser shots fired,

. estimated probable returns and actual laser returns obtained
from computer processing of Geos A ( 6508901 ) and Geos C

(" 7502701) satellltes _between September - October» 1980 and
January - Mav 1981 The overall laser ranging accuracy of the
laser radar is of the order of 60 cm ( RMS Y+ In Teble 2 is
shown the comparisiqn between the orbital elements of Ceos C
asnderiVed frem the abservations ( Kavalur ) and that obtained
fromiSAQ for. the same mean epoch in order to access the quality
cf tracking data, since 1st September 1980, Kavalur laser
station is: 1involved in the tracking of Geos A ( 6508901 ) and
Geos c { 7502701 ) satellites for MERIT programme i.e. deter-
minaticn of polar motion and variations in the rotation of
the earth in gcmperatlon with other Interkosmos, CNES and SA0

f,.aaer network sta“hionsr .

Statistias ‘of laser return 51gnals for Kavalur

Table 1
_' - station durlng September - October 1980 and
' - January - May 1981 ' '
L . ‘ 3 Number of

L 1 Number of Number of good returns
Satellites | “laser shots probable within RIS
Lo oo b fired returns accuracy of

' A one meter

6508901, 125 95 £0
7502701 1530 1170 920




Table 2 : Orbital elements of 750270] satellite derived from
laser observations at Kavalur using indigenous
differential orbit improvement proqramme (IDCIP)

MID : 44610.0

PARA. sETER ~ STARS STANDARD DEVIATICN — SAQ

a ( km ) 7219 5942 - . 0,157705D-02 7219 .593107
e ( =) 0.0006005316  0.7868577D-05 ¢,001212951
i (deg) 114.9932 - 0,2634692D-02 114.99087

w (deg ) 29.26217 . 0.1162906D+01 £4.,87311

o (deg ) . 197.8669 . 0,1379284D-02 198.2673

m (deg ) 373.3692 0.1160242D+01 337,7804

n (deg/day) 5095 ,665 0.1669645D-05 5008, 668
n/z(deg/day )0.001750845 | 0.1394849D-02 0.001350
MID ¢ 44694.0 SR o |

a (km ) - 7219}.'3'{74746 0.00054676 7219, 3905456
e ( --) 0.001282280 10.2485407D-03 0,001 250815
i (deg ) 114.9930 0.14654230~02 114.,9891

w (deg ) 305 .8063 0.1264736D+02 35.82264
o (deg ) 67.02369 © 0.1836457D-02 67.41879

m (deg ) - 70.58636 . 0.1269409D402 3404544
n(deg/day) 5095 .897 - 0.57€90410-03 5095, 881
nx‘.o_(deg/day )0.002681672- 0.5540522D-04 000167652

\' CONCLUSIONS

The capability of laser range radar at Kavalur to range
fainter than " satellites and to improve the visibility of
Geos A and simllar satellités;is under consideration. A three-
stage imége intensifier coupled with a low light level camera
and a television system ( Sofreterc, CF 123 MV camera with
Nocticon TH 9659 ) will be incorporated in the laser radar
guiding- mechanlsm by June 1982. The TV guidance control is
expected to 1mQIOVe the p01nt1ng accuracy of the laser to tle
satellite and thereby ellm1nat1ng personal errors due to eve-
sight faflgue during the observation and inturn increzse tic
number of laser returns { P.S.Dixit et.al, 1979 ). The
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possibility of Kavalur laser staticn for the participation
in LASSO-SIRIO time eynchronisation experiment is under
consmderation ( B Serene et. al 1980 )
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TARGET CALIBRATION IN MICROSECONDS
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TARGET CALIBRATION IN MICRO SECONDS

KAVALUR ‘03 MAR 1980

PMT
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FIG-4:RETURN SIGNAL STRENGTH Vs CALIBRATION

DISTANCE FOR A FIXED TARGET FOR KAVALUR
STATION

(CONSTANT FRACTION DETECTION )
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TNTERKOSMOS SECOND GENERATION SATELLITE LASER

RADAR

K.Hamal, H.Jelinkové, A.Novotny, I.Prochdzka, M. Lech
' INTERKOSMOS

Faculty of Nuclear Science and Physical Engineering
Czech Technical University
Brehova 7, 115 19 Praguel

Czechoslovakia

To range the satellites, the Interkosmos Laser Radar
lMetwork of the £irst generation has been built since 1971 /1/
/2/.The network consists of 14 stations located in Africa,
Asia,Furope, South America and Cuba/3/. The visual tracking,
inherent for most of these stations, allowes a broad field
of view; however, the operational efficiency is limited be-
cause of sun ilumination requirements, daylight observations
are excluded. To avoid these limitations, the prototype of
the second generation laser station /hardware+software pac-
kage/ had been built during 1978-80 and since December 1980
it has been operatlng in Helwan, Egypt /4/.

content @

Syétem descrlption‘: Technical parameters Table 1.
Laser ranging system Fig. 1.
Computer hardware system Fig. ,2.
Calibration C Fig. 3.
System capability . Opeartioﬁal Summa ry Table 2.
"hotograph of the Mbunt/laser/receiver subgystem Fig. 4.

Literature



INTERKOSMOS LASER RADAR NETWORK

7. GENERATION LASER RADAR
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CONF IGURATION
TRACKING
TRACKING RATE
RESOLUTION

TYPE

OPERAT IONAL
ENERGY

PULSE LENGTH
PULSE REPRATE

OPTICAL ARRANGEMENT

DIAMETER
RANGE GATE

THRESHOLD DETECTOR
DETECTOR |

TIME INTERVAL RES
FREQUENCY STANDARD
EPOCH REFERENCE

CPU FLOATING POINT
STORAGE MEDIUM
1/0 FACILITIES

PREDICTION
CALIBRATION
SAT TRACKING

POST DATA HANDLING

TABLE 1

{ HELwWAN 7831 )

AZIMUTH - ELEVATION
CONT INUAL

UP TO 1 DEG/SEC

4.5 ARCSEC

OSCILLATOR - AMPLIFIER
Q-SWITCH/PTM/PFM
0.1-0.2 JOULE/NSEC
20/6/5/4/3/2 MSEC
15/MIN

REFRACTOR,ASPHERICAL
0.4 METER,F=0.8 METER
COMPUTER CONTROL, 100 N§S
MANUAL VERNIER

CONSTANT FRACTION

PMT RCA 8852/RCA C31034

100 PICOSEC
CESIUM CLOCK
LORAN C,FLYING CLGCK

32 KWORDS OF 16 BITS
5 MBYTE DISC
CONSOLE,PAPER TAPE,PRINT

MODIFIED SAO WETTZELL
POINTING,RANGING,ETC
MANUAL TIME VERNIER
ON-SITE PREDICTION
NOISE REJECTION
INTERNAL ACCURACY CHECK
TELEX TRANSMITTION
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Fig.1.
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PRINTER DISC OPER.
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Hardware computer system.
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TIME lNTERVAL MEASUREMENT
GEODIMETER -
ATMOSPHERIC cdaascnoa
TOTAL

CALIBRATION ACCURACY

MONTHLY REPORT
PERIOD AUGUST 1981
STATION HELWAN 2, 7831

RE-C GE-A STARL GE-C LAG

TRACKED 31 33 19 25 27
MEASURED 26 29, 33 21 24
NO RETURN : 2 4 o 2 2
HARW, FATLURE 3 0 T 2 )
SOFT.FATLURE o o) 1 0 1
CLOUDY SKY fa) o) 4 0 0
NO.,OF ECHOES 1459 2B60 1412 2889 1710
TOTAL NO.OF OBSERVING NIGHTS : 29
TOTAL NO.OF LASER SHOTS . 36 000

SYSTEM CAPABILITY,OPERATIONAL SUMMARY

27

+/-2.2
+/-0.5
+/=-1.0

CM
CM
CcM

+/=2.5

cM

TABLE II.

TOTAL

155

133
10

8321
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Photog raph of the mount/laser/receiver subsystem
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LASER RANGING SYSTEMS IN THE FAR EAST AREA"
(CHINA AND JAPAN)

YOSHIHIDE KOZAI1

TOKYO ASTRONOMICAL OBSERVATORY
MITAKA, TOKYO, JAPAN 181

There are not so many satellite tracking facilities, particularly,
satellite and/or lunar laser ranging instruments in the Far East Area.
As far as I know there is one laser ranging system at Tokyo Astronomi-
cal Observatory in Japan and there are four systems in China, namely,
at Peking(Beijing), Shanghai(Zo-se), Yunnan and Shensi observatories.
Also in Japan the Hydrographic Department intends to install a modern
satellite laser ranging system by this December (1981},

At the Tokyo Astronomical Observatory the project to install a sat-
ellite laser ranging instrument was started around 1967 with cooperaticn
of technical staff of the Hitachi Ltd. (T. Takenouchi et al., Satellite
Ranging with a Laser, Hitachi Review, 19, 153, 1969), It was installed
at the Dodaira Station of the Tokyo AsTronomical Observatory where a
Baker-Nunn camera was. We could range geodetic satellites by this in-
strument with 60cm accuracy, however, since the instrument was driven
manually any daytine observations as well as those wheh satellites were
invisible were not possible(Y. Kozai et al., Satellite lLaser Ranging In-
struments Operated at Tokyo Astronomical Observatory, Tokyo Astron.
Bull., No. 223, 1973},

Then by use of 188cm reflector at Okayama Astrophysical Station we
made some experiments for lunar laser ranging in 1970-1971(Y.Kozai, Lu-
nar Laser Ranging Experiments in Japan, Space Research XIT, 211, 1972,
A.Tachibana et al., Lunar Laser Ranging System in Japan, 3pace Research
XII, 187, 1972).

After that we intended to install a new laser ranging instrument
for both satellites and the moon at the Dodaira Station and a reflect-
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ing telescope of 50cm aperture and 380cm metal-mirror telescope were in-
stalled there. The 50cm telescope is on X-Y mount and for the tansmit-
ting for the moon and the receiving for satellites and the 38cm tele-
scope is on alt-azimuth mount and for the receiving for the moon. All
the axes are driven by torque motors which are connected with a mini-
computor. We bought also a ruby laser oscillator with three amplifiers
for the moon and an electric chopper for satellites.

Unfortunately the progress after that is very slow. We could range
some of geodetic satellites even in daytime and when satellites are in-
visible, however, the percentage of the number of the returned signals
over that of the transmitting ones is not so high because alignments of
the three axes, the optical axes of the transmitting and receiving tele-
scopes and the laser beam axis are not good and changing as the tele-
scopes move because of flexure of the transmitting telescopes. We are
now trying to range Lageos satellites by introducing new techniques to
keep good alignments and by using the laser oscillator for the moon.

For the moon we have been struggled with the torque motors to drive
the telescopes. Our problem is that once the telescope points the pred-
jcted direction the computor, of course, does not want to move the tele-
scope and, therefore, no torque acts on the motors. FHowever, once wind
comes the telescope moves, Such a standing torque is our serious prob-
lem, however, by introducing new device I hope that we can solve the
problem in near future.

The instrument which the Hydrographic Department wants to have is
one of the same type Wettzel station has. It will be Wakayama, south
of Osaka, and will be in operation as soon as it will arrive there.

There are reports on the laser ranging instruments at Shanghai and
Yunnan observatories. It)is very glad to hear that a new system will
be installed at Shanghai and it will range Lageos satellite even in day-

time.
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METSEHOVI SATELLITE LASER RANGING STATION
Matti V. Paunonen*

Finnish Geodetic Institute
Ilmalankatu 1 A
SF- 00240 Helsinki 24, Finland

1. INTRODUCTION

This report gives a brief description of the status of
the Metsihovi satellite laser ranging station (7805) of the
Finnish Geodetic Institute. System planning was initiated
in 1972 in cooperation with the Helsinki University of Tech=
nology with financial support from the Academy of Finland.
The system has beeén in operation since September 1978 and
has so far produced about 6000 range observations to various
satellites.

2.  EQUIPMENT

The equipment is in essence similar to that reported at
the previous Laser Workshop in Lagonissi /1/. The main tech-
nical data are given in Table 1.

The laser transmitter uses an electro-optically Q-
switched multimode ruby laser oscillator with an output
energy of 1 J, a pulse length of 25 ns, a collimated beam
divergence of 1.2 mrad and a repetition rate of 1/15 Hz,.

A 630 mm diameter parabolic mirror is used in the re-
ceiver. The field of view is also 1.2 mrad. An RCA C 31034

————— b —

¥nr150 with the Communications Laboratory, Helsinki Universi-
ty of Technology, SF- 02150 Espoo 15, Finland
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photomultiplier is used in night work and an RCA 8852 in
daylight. The pass band of the interference filter is 3 nm.
An electromechanical shutter is used to protect the photo-
multiplier from laser. light backscattering from the near
atmosphere. Approximated matched filtering with an impulse
response of teexp(-t/t) /2,3/ is used in detection. The
half widths of the laser pulse and the impulse response of
the filter are equal. Presently the integration time of the
photomultiplier preamplifier has been increased to 40 ns to
test the performance of median detection /4/. The start
pulde is filtered in the same way. The travel time of the
laser pulse is measured with a Nanofast 5368 counter and

a M/2 half-max plug-in (detection fraction 0.5 of the true
peak}, providing about 0.15 ns instrumental resolution.

A new equatorial; sidereally driven, telescope mount
was installed in 1979. The telescope system uses open looy .,
computer operated, stepper motor actuated point-to-point
tracking with a step size of 6 arcsec. The pointing accura.V
is sbout 0.3 mrad. The laser is mounted on top of the tele~
scope. The laser and telescope systems are operable down to
at least =-22°C. The ranging system can be operated by one
person, Aircraft detection is done visually.

Satellite positions are calculated in advance using
SAO élements and a new quick orbit program /5/ and stored
on magnetic tape. The range gate, which is computer con-
trolled, has a resolution of 1 ps. The gate widths used are
in the range 10 -~ 40 us. The difference between the observed
and predicted (0-C) satellite distance is calculated on line
and fed to a printer 20 allow monitoring of the return rate
and gate position. The resulting data ( epoch with 1 us
resolution, time interval with 0.1 ns yesolution, the di-
rection angles used, air pressure, tempéerature and humidity
and O-C differences) are logged on magnetic tape. Cor -
rections to the firing time of the laser can be made via the
keyboard. Visual detection of the satellite, when possible,
is used to check any time offsets.

Station time keeping is achieved using a quartz oscil-
lator (HP 105 B), which is phase locked to LORAN C trans<
mission (Sylt). The accuracy is better than 10 pus. The oper-
ating frequency of the counter (1 MHz) is derived from this
source.

Several problems have been encountered in the course
of operations. A major problem has been inadequate fastening
of the flashlamp electrode. Also, the original Pockels cell
was replaced by a liquid filled cell when it was found to
be producing multiple pulses. The counter is somewhat
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Table 1. Technical data of the Metsdhovi
laser rangefinder

Laser

Energy

Pulse width
Repetition rate

Beam divergence (laser)
Pransmitting optics

Receiver optics
Field of view
Interference filter
Overall transmission

‘Photomultipliex

Electronic amplifier

“Time interval counter
Timing processor

Telescope mount

Tracking
Guiding telescope

Timing

fCalibration

ruby, helical flashlamp, water
cooling, Pockels cell Q-switched

1 J, stability 10%

25 ns

1/15 Hz

3 mrad

Inverted Galilean telescope,
aspherical objective @ 115 mm,
power 7 X, adjustable collimation,
1.2 mrad used

@ 630 mm parabolic mirxror, £=1730 mm
1.2 mrad

3 nm pass band, 0.7 transmission

0.5 :

RCA 8852, guantum eff. 4 %, for
day and night operation
RCA C 31034, quantum eff. 10%, for
night operation
8 MHz bandwidth (3dB), two cascaded
RC~ stages,ilmpulse response 25 ns
(FWHM) , also preintegration possible
Nanofast 536B _

" M/2, half-maximum plug-in,
50 % of the true peak detected
0.15:ns r.m.s. resolution

Equatorial,sidereally driven,
offsetted by stepper motors and
worm gears, computer controlled,
computer 16 bit, 32kwords
Automatic, point-to-point, speed
1.5 degrees/s max.

Celestron 8, @ 200 mm, field of
view 1 degree. :

Quartz clock HP 105B, phase-locked
to LORAN C (8sylt), accuracy better
than 10 us

Flat target, 333.48 m distance
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température sensitive and can produce guite stable false
sublevels in readings. Also, the timing discriminator cre-
ates variable positive biases, even over 10 ns, for small
pulses that are just sufficiently over the treshold. Because
no return pulse monitoring is in use, the effects of small
and saturating pulses may be found in the observations.

3. RESULTS

The number of observed passes and ranges are shown in
Table 2. Passes with less than five ranges are not included.
The best ranging season is expected during the months March-
May and August-December. There are 50-80 clear nights during
these months in one year. June and July nights are luminous.

‘Table 2. Satellite passes and observations

LAGEOS STARLETTE GEOS-3 GEOS-1

Period Passes Obs Passes Obs Passes Obs Passes Obs
1978 Sept-Cct - - - - 16 140 - -
1979 8ept-Oct 8 85 1 5 2 25 16 380
1980 March-May 14 420 1 13 8 130 13 360
1980 Aug-Dec 25 1180 13 200 16 250 15 270
1981 March-May 34 11690 11 195 - - il 370
1981 Aug-Sept 8 . 330 2 30 6 110 - -

89 %3175 28 443 48 655 55 1380

3.1.  :Range capability

The measured range capability of the Metsdhovi laser
ranger. is shown in Table 3. Ranges to LAGEQOS are currently
limited by the capacity of the storage system for pre-
dictions (150 points, minimum elevation 34°). Daylight oper-
ation to GEOS-3 has beéen found feasible (ranges to 1700 km).

3.2. Precision

‘Several common méthods of data preprocessing have been
used: polynomial fitting to the 0-C differences, Kepler orbit
fitting with J, term {called Sterne solution /6/) and direct
polynomial fit%ing to ranges. Also a new method called
Quick-orbit has been tested. A reference orbit is constructed
using the first and last observation of the pass (accurate
ranges, directions taken from the predictions, accurate to
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Table 3. Range capability

Satellite Measured range Min. elevation Data vield

{km) (degrees) (%, max.)
LAGEOS 7550 34 60
STARLETTE 2490 17 30
GEOS-3 1850 20 100
GEOS-1 3600 25 95

+0.6 mrad as in /6/. The range differences of the obser-
vations are then formed. The guality of the range obser-
vations can be determined by ‘fitting a polynomial of suita-
ble degree to the range differences( generally under 1000 m).

' No iterations nor precisely computed predictions are
needed. Fig. 1 shows an example of the residuals obtained
with different methods. For this and the previous pass the
SAO QUICK LOOK processed data was also available. It is easy
to see that the QUICK LOOK and the double pass Sterne so-
lutions show trend-like residual behaviour. The single pass
Sterne, QUICK LOOK with a third degree polynomial and the
Ouick-orbit with a fourth degree polynomial produce very
gimilar residuals, but with somewhat different standard
deviations. It is obvious that this phenomenon is connected
with the quality of the reference orbit used and the degree
of the polynomial required to remove the trends.

In ranging to LAGEOS photon counting or single photo-
electron detection/7,8/hag been used from the very beginning.
The voltage of the photomultiplier is increased until the
single photoelectron impulses are able to trigger the
counter. Both photomultiplier have been used. Fig. 2 shows
an example of range residuals obtained with the Quick-orbit
(sixth degree polynomial). There were 74 signal counts from
116 possible, and no noise counts. The air pressure was
1014 mb, temperature 2.8°C, humidity 80% and the gate width
12 us. The histogram of the distribution of the residuals is
shown in Fig. 3. The standard deviation is 0.63 m. Generally,
the precision to LAGEOS has been about 1 m. In one monitored
pass (signal counts amounting-to 20, RCA 8852 tube), where
only a couple of two photoelectron pulses was seen, the
precision was 0.84 m. This is somewhat better than could be
expected theoretically by noting the duration of the trans-
mitted pulse (o, = 0.5¢+0.425T7). The precision to GEOS-3
has generally beén in the range 0.3-0.8 m, and to STARLETTE

and GE0S-1 0.4-1 m. :
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3.3. Accuracy
The

been determined from the LAGEOS data o
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coordinates of the Metsdhovi laser have recently
btained during the

short MERIT Campaign /9/. These coordinates and the Doppler
coordinates (NSWC 9%-2) of the laser from the EROS-DOC

determination /10/ are. compared
(Ax= 0.05 m, Ay= 0.00 m,

rection
coordinates

in Table 4.
Az= -0.20 m) to the Doppler
is applied because of the new mount. Because

A small

cor-

different coordinate systems are used, a coordinate
transformation is necessary before the results can be com=~

pared. Applying

Doppler coordinates with respect to VL
rotation angles €= =-09Y09, ¥= 0V0l, w
translations Ax= 0.44 m, Ay=
Doppler: rotation angles €=
-0.51-10-6, translations = 0 m) g
nates shown in Table 4. The resulting difference in distance

= ~0V23,

recently reported corrections to Laser and
BI /11/ {(to Laser:
scale -0.01.
~0.84 m, Az= -3.64 m and to
o"Q7, w= -0%01, w= -0V84, scale
jives the transformed coordi-

is 0.54 m. If arecently published combined Doppler solution
is used ( corrections AX= ~0.66 m, Ay= 0.18 m, az= .13 m)
the difference in Laser and Doppler determinations becomes

( Ax; Ay, Az);'_ n' = (0.13 m,

0.16 m. The

- ~0.04 m,
domparison with the Koo
stations also shows consistency of t

~0.09 m) or in range
twijk and Wettzell
he ellipsoidal height

to within 0.5 m, longitude to within 0v22 and latitude to

within 0%04.

10~

Table 4. Coordinates of the optical center of
the Metsihovi laser ranger
Detérmination x {m) y (m) z (m)
LAGEOS, MERIT data /9/ | 2892598.21 1311806.00 5512609.93
DOPPLER, EROS-DOC /10/ | 2892603.97 1311796.61 5512609.42
LASER, TRANSFORMED 2892596.89 1311805.97 5512606.95
DOPPLER, TRANSFORMED = | 2892597.42 1311805.83 5512606.91

6

L4
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4, PLANS FOR FUTURE WORK

To improve the performance of the Metsdhovi laser
station, construction of a short pulse Nd:YAG laser has been
started. The pulse length should be around 1 ns and the
repetition rate 1 Hz. So far, only the power supplies and
discharge circuits have bheen designed. The telescope will
ase 50 cm diameter Cassegrain optics. The mount will be
azimuthal.

There may still be some interest in uppgrading the old
ruby laser. A technique for shuttering a pulse of a few nano-
seconds duration has been developed using KN 22 {(EG&G)
krytron switch tubes.

5. CONCLUSION

The Metsihovi laser ranger still belongs to the first
generation. The performance has met, and in some respects
surpassed, the initial expectations. However, more work 1is
required to stabilize operation. The precision obtained
is about 0.5 m. The first resulis concerning station coordi=
nate determination indicate an accuracy of about 1 m or
better. .
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CURRENT STATUS AND UPGRADING
OF THE
SAQ0 LASER RANGING SYSTEMS

M. R. PEARLMAN, N. LANHAM,
‘J. WOHN and J. THORP

SMITHSONIAN ASTROPHYSICAL OBSERVATORY
CAMBRIDGE, MASSACHUSETTS 02138

The SAO lasers, which have been in routine operation
since 1971, haveé been upgraded several times with resulting
improved accuracy, data yield and reliability. At the last
Laser Workshop in 1978 we reported on the installation of
the pulse processing system centered around a waveform
digitizer and some fast pulse modules to determine pulse
centroid and signal strength. The work reported was based
on our. experience with the 25 nsec wide ruby laser pulse.
See Pearlman, et al., 1978.

CURRENT STATUS

Since the last Laser Workshop, SAO has introduced pulse
chéppers into the laser systems to reduce laser pulse width
to 6 ndec. This, coupléed with the previously installed
sighal  processing system  centered around a waveform
digitizer, gave us a very dramatic improvement in system
ranging ac¢curacy now estimated &t about l0cm (1 sigma)l.

. The chopper is, basically, a Krytron-activated Pockels
cell with entrance and exit dielectric polarizers for
negessary transmission and isolation. (See Figure 1). A
Blumlein c¢ircuit provides the proper high-voltage pulse to
operate the Pockels cell and a PIN diode and avalanche
transistor c¢ircuit to trigger the system. The Blumlein is
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egssentially a delay-line structure, in which delays and
reflections are used to produce a high voltage rectangular
pulse of desired width from a voltage step provided by the
Krytron. The configuration, installed in 1978, used a
ceramic Blumlein with a length of 15 cm, a width of 1.75 cm,
and ‘a dielectric constant E = 30. This reduced the laser
pulsé width from 25 nsec to a 6 nsec output pulse with a 2-3
nsec risetime.

‘Phe optical assembly of the chopper was designed to fit
between the original laser oscillator and amplifier
sections, thus minimizing installation impact in the field.
The 'assembly consists of a thin-film dielectric polarizer
sharpener and analyzer, a kBP 508 Pockels cell. The Pockels
cell’ 'is operated in pulse~on for transmission mode. The
pulsé chopper timing is controlled in a gross sense by an
optical attenuation in front of the PIN diode. Fine tuning
is made by bias adjustments to the pin diode.

The chopper was designed by SAO and Lasermetrics Inc.
of Teaneck, New dJersey. It was built by and is available

from Lasermetrics.

The return pulse shape, is recorded with the LeCroy
waveform Digitizer (WD2000) with sampling channels set 1
nsec apart. Pulse centroid is determined in real time on
the station minicomputer using a cross~correlation technique
based on a sample output pulse recorded at the beginning of
each ' pass. Experience has shown that the pulse shape is
well constrained by the pulse chopper and does not vary
appreciably during a pass (or even day to day).

The current characteristics of  the  system  are
summérized in Figure 2, Further details on the hardware and
software are given in Pearlman et. al., 1978.

‘The ranging performance capability of the lasers with
the pulse chopper has been assessed by examination of both
systematic errors and range noise. These refer to
performance of the ranging machine itself, leaving aside
issues such as atmospheric correction, spacecraft center of
mass correction, and epoch timing for discussion elsewhere.

The systematic errors of the laser system have beern
divided into three categories: spatial, temporal, and
signal-strength variations. gspatial variations refer tc
differences in time of flight depending on the position of



- 45 -

the target within the laser beam. Temporal varliations
relate to system drift between prepass calibration and
postpass calibration. Variations in range due to changes in
signal strength from pulse to pulse are a function of
receiver characteristics and digitizer sampling interval.

Spatial variations, or the wavefront error, which arise
from the multimode operation of the ruby lasers, have been
measured at Mt . Hopkins using a distant target
retroreflector to probe the beam. Pigures 3A and 3B shows
the results before .and after installation of the pulse
chopper. The wavefront measurements performed with the
chopper show a maximum deviation within the beam of +/-0.3
nse¢ (4.5 cm) from the mean value across the wavefront. The
standard deviation of the excursions is about 0.2 nsec (3

cm) .

The temporal variations on system drift are estimated
by the difference between prepass and postpass calibrations
measurements. These differences represent an upper bound,
since other statistical errors are also included. A typical
example of a month's calibration data is shown in Figure 4;
monthly means for all of the SAO stations average 4-6§ cm.

- variations in apparent range with signal strength have
been examined with extended target calibrations over the
dynhamic range of the laser instrument. Figure 5 shows an
example of one such calibration. The mean calibration over
the operating range of 1-300 photoelectrons is typically
flat to better than +/~0.4 nsec (+/-6 cm).

. Using systematic error values of 4.5, 6, and 6 cm for
the: spatial, temporal, and signal-strength variations
respectively; and assumning that these errors are
independent, the root-sum squares (rss) error due to
systematic sources is about 10 cm. We use this value ¢to
characterize the systematic errors that can be expected for
data averaged over a pass. '

. In the SA0 laser point-to-point range noise varies from
7-1% cm on passes of low orbiting satellites with high
effective cross~section (such as Geos 1 and 3) to 25~50cm on
Lageéos (See Figure 6). At intermediate signal strengths the
noise is dominated by the quantization statistics for the 6
nsec output pulse.

:~ In the low signal strength Lageos operating regime of
1-3 photoelectrons we anticipate a noise level of 25-35 cm
dué¢’ to the 6 nsec wide pulse. In reality, we have
additional corruptien due to the poor response of the
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photomultiplier and the inadequate sampling of the digitizer
at the single photoelectron level. The 5 nsec wide pulse
(at the single photoelectron level) is sampled only at 1
nsec intervals. At high signal strengths, inherent PMT and
detection system jitter which amounts to .2-.3 nsec (3-5 cm)
plug additional contributions from propagation effects,
satellite characteristics and wavefront distortions begin to
play a significant role in the range noise value. 3See
Peariman et. al., 1981.

CURRENT LASER UPGRADING EROGRAM

An upgrading program is now underway to improve laser
performance in the areas of pulse repetition rate, accuracy,
and signal-to~-noise (daylight) response. The current
operational characteristics for the SAO lasers and those
anticipated after upgrading are shown in Figure 2.

The laser power supply control unit is being modified
to enhable the system to fire at rates up to 30 ppm. The
fundamental limitation in the past has been the tracking
regime . of the mount which must stop at each point to fire
and is thereby limited by rates of speed and acceleration.
By adding the capability to vary the firing rate by
satellite and geometry, the nglower moving" LAGEOS satellite
can be tracked at much higher firing rates (15-30 ppm) .
There will also be an advantage with some of the lower
satellites that can be tracked at rates above the current

8ppm.

To improve range accuracyy, the pulse width 1is being
yeduced to 2-3 nsec by changing the Blumlein structure and
some of electronics in the pulse chopper. The limitation
here will probably be the response of the Krytrons and the
tradeoff with output energy (depth of chop). Based on our
experience to date,  we anticipate that the wavefront
distortion effect will be reduced in proportion to pulse
width with the chopper. The 2-3 nsec pulse should reduce
the effect to about +/-2 cm (peak to peak). The current RCA
7265 PMT is being changed for an Amperex 2233A with an EMI
Gencom base which has been tuned for 1low signal level
response. This combination gives a considerably improved
waveform stability at low signals (see Figure 7). In
addition, the front of the PMT is being apertured down to
1.5 cm to reduce jitter. We were able to reduce the jitter
(peak to peak) from about 0.5 nsec to 0.25 nsec (peak to
peak) with this method.
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To avoid accuracy limitations due to waveform sampling
(at 1 nanoseconds) and to accommodate the faster pulse
repetition rate, the waveform digitizer is being replaced by
an analog pulse detection system. This detector consists of
a matched filter tuned for the laser pulse. The filter is
followed by a differentiator and slope-triggered 1low
threshold discriminator, which functions essentially as a
cross—~over detector. Results of an initial field test of
the analog detector with a 6 nsec lase pulse using the
Amperex 2233 PMT and EMI Gencom base are shown in Figure 8.
The results are gimilar to those found using the digitizer.
The importance of this system will increase when the laser
pulse width in the field is narrowed. An additional
advantage of the analog detector is the simplification of
system hardware and software. '

. Several modifications are being made to improve the
signal to background noise ratio. The photoreceiver is
being modified to accommodate a fast shutter and a 3
Angstrom Day Star filter, which replaces the current 8
Angstrom interference filter. The range gate system is
being upgraded to accept range gate windows down to +/- 0.1
microsecond (30 meters) f£from the currently used +/~5
microsecond window. See Latimer et al., 1981, for a
discussion on the capability of the SAQ prediction software.
These improvements .will increase signal to noise by about
16-20 db which should permit the laser to operate on Lageos
further into daylight conditions.

The prototype of the upgraded hardware and software are
beihg installed and tested now at Mt. Hopkins. The
production units are in different stages of completion
depéending upon the questions yet to be answered in testing.
We expect to field the production units in the Arequipa,
Orroral Valley and Mt, Hopkins lasers in early 1982. The
modifications are also to be built for the Natal 1laser for
installation when and if the laser is relocated.

_ With these modifications in place we anticipate a
factor of 2-3 . improvement in each of the systematic error
components which should give the systems a range accuracy of
3-5 cm. Similarly, range noise should be reduced by about a
factor of 3, giving a sigma of 10-15 cm on Lageos and 3-5 cm

on low orbiting satellites.
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PARAMETER
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REP, RATE (PER MIN)
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2 arcmin
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FEB 26, 1974
A
WITH CHOPPER
-2 0
O . |
1 arcmin 2 arcmin
v
NOV 9, 1978 DEC 1, 1978
‘ Figure 3A
Wavefront distortion in nsec. determined from
20 shot means within the laser beam (0.1 nsec = 1.5 cm)
DATE SPACING  AVERAGE ° RMS MAXIMUM
BETWEEN ’ NUMBER OF. WAVEFRONT EXCURSION
POINTS . PHOTOELECTRONS DISTORTION ~(cM)
{ARC MIN) : RECEIVED (CM)
FEB 26, 1974 .3 88 22.5 58.5
MAR 18, 1974 .6 56 12.0 40.5
NOV 9, 1978 .3 - 56 2.9 9.0
DEC 1, 1978 42 | 87 2.6 9.0
Figure 3B.

Summary of Wavefront Distortion Data
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each signal strength interval.
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Pulse response of the Amperex 2233 PMT with EMI Gencom base
using 130 picosec. light pulse input.
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THE TLRS AND THE CHAMGE IN
MOBILE STATION DESIGN SINCE 1978

BY

ERIC C. SILVERBERS
UNIVERSITY OF TEXAS McDONALD OBSERVATORY
AUSTIN, TEXAS 78712

; We have witnessed a tremendous revolution since 1978 concern-
ing the characteristics of transportable laser stations fueled by the ne-
cessity to develop cost-effective systems for geodesy. At the last werk-
shop we had a number of movable stations in field operation, buf none
which were truly mobile. The situation has now changed. One highly mo-
bii@ system is fully operational, a second even more compact gtation is
close to operational status, and at least two others are currently under
construction. The development of these systems has resulted not so much
from a technological breakthrough, but through the application of single
photoelectron techniques heretofore reserved for lunar ranging. We have
had the recognition that the tracking problems presented by LAGEQS are
moré similar to those which have been solved with the moon than those pre-
viously used on lower satellites.

e The use of the term single photoelectron ranging should be
looKed upon not necessarily as an indication that the signal is less
than one photoelectron per shot, but as the ability to co-add a number
of shots and locate your ranging target by a statistical inspection of
the residuals. Earlier -satellite ranging required that the satellite be
loddted principally by means of a signal strength greater than the noise
in the range gate. Single photoelectron techniques, on the other hand,



do not depend on any greater signal but on the fact that the returns
from the target will be highly correlated with the prediction ephemerous
as opposed to noise returns which are not. The practical necessity of
maintaining this approach is due to the faet that any aperture ranging
system which can be easily transported (less than 0.5 meters) will not
produce a reliable multi-photoelectron return on the LAGEOS satellite
with 1less than about 100 millijoules output energy. Single
photoélectron techniques on the other hand can detect LAGEOS even in the
presence of high background noise with energies fifty times less. The
regulatory environment alone regarding aviation eye safety is reason
enough to consider the low power techniques, The added advantages in
ecalibration ease, cost and reliability of the laser system weigh heavily
in the direction of these lower-power high-repetition rates systems for
applications which concentrate on the LAGEQS target.

The first system to fully realize operational single
photoélectron ranging for satellites was constructed by The University
of Texas hetween 1978 and 1980. A special attempt was made to make the
station reliable and mobile using a number of special features. The
system; dubbed the TLRS, has operating parameters such as shown in the
station report forms, One‘cf the unusual aspects is thabt the TLRS uses
a mode-locked laser limited to 3.5 millijoules per burst of pulses and
transmits the entire pulse comb rather than pulse selecting as has been
the case in the past. High accuracy pointing is critical. In order to
be able to work at unprepared sites, the system has a on-sifte mount
orientation routine which 1is practical to run prior to each satellite
pass. The system also employs a feedback calibration system to
ealibrate the single stop timing electronics. These and other hardware
are more fully described another paper in these proceedings. Figure 1
gives a schematic diagram of the system as it is configured at this
time.

The operating characteristics of the TLRS can beot be shown
by describing the first few hours of activity after arriving at any
given site. The TLRS van is driven to the site as would any small
truck. Most of the auxiliary equipment is contained in a 32~foot office
tratlér which is pulled by a second vehicle. All of the clocks run off
the trick generator during the moves, The van is first driven along
side the chosen geodetic marker and positioned within about five
centimeters of the ideal location. The van is then manually jacked on 3
cones, leveled and stabilized. If the surface on which the system is
being parked is relatively soft, plywood sheets are used under the cones

to stabilize the foundation, Power is then hooked to the van
(approximately 20 kW, single phase, 220 volt) at which time the clocks
automatically switeh to the mains. The beam director is then raised

through the roof and the entire coude assembly jacked on three more
cones so that the optical system is supported independent of the truck
chassis. The coude system is levelled by means of an electronic level
on the base of the beam director. After the computer is started, the



software quizes the crew on the approximate geodetic position of the
truck, the azimuth at which it is parked and other initialization
patrameters, The time in the van is checked by comparing it with a
cesium standard which rides in the auxiliary office trailer. Loran C
communication is established to monitor the frequency of the clocks
during that occupation. At this point the elapsed time is approximately
two hours. ' '

_ If all features are functional to this point, the laser is
aligned and tested., The finder telescope of the beam director is used
to locate a bright star which is centered in the field so as to
determine the basic azimuth offsets of the instrument. A second star is
then located at which time it is possible to solve for the tilt and
azimuth of the tower. This process continues until about ten to fifteen
stars are acquired and an exact 8-10 parameter mount model is
determined. (Further information on this moint model is given in these
proceedings.) If the geodetic position which was entered by the
operator is in error, the mount solution will show a significant tilt in
the tower relative to the electronic level. This allows the operators
to determine whether or not their location guess is sufficiently
accurate for a satellite acquisition. The efficiency of the optical
system is usually checkéd at this point by monitoring the count rate on
a bright star. The exact offsets to the geodetic marker are then read
from a small vertical-looking telescope which 1is poised near the
driver's door.

: The ephemeris for LAGEOS, with the position and veloeity of
the satellite at three-hour intervals, is mailed to the TLRS several
months in advance. On command the eomputer will predict the azimuth and
altitude of subsequent passes from the nearest prediction point, After
the pass is integrated the system is ready to range. Mormally the crews
tailor their mount models to each pass by selecting a few stars along
the expected arc prior to the eventj however, each team may use a slight
variation on this technique depending on their previous experience. The
elapsed time at this point can be as little as four hours, but is
frequently longer if it is necessary to wait for darkness in order to
develop a proper mount model. The TLRS will continue to range at a gite
with two men crews, sending the data to the data reduction center in
one-week segments, until’ approximately 600 minutes of tracking have been
derived. If practical, phone communications are installed in the TLRS
for their month-long occupations.

Based on early observations the TLRS has proven to be a
reliable and quite accurate device for ranging the LAGEQDS satellite.
The quality of the data which is possible with this system is indicated
in Figure 2, where we have plotted the residual deviations from a low
order of polynomial versus the number of range observations which were
averaged to achieve these normal points, The best passes of the TLRS
have.over three thousand single photoelectron hits with an BMS from the



best fit orbit of about 7-8 centimeters. Cne hundred point return
normal places fit to these data show a scatter from the best are
approaching one centimeter, Since the system 1is highly mobile, the
occupation time at any given location i3 limited only by the number of
tracks which are necessary on the target and not in general the
logistics of moving the station between the sites. Clearly this one
station alone represents a’ drastic change in the compliment of laser
ranging equipment since 1978. In the next few years the extent of
erustal dynamics studies should fuel this evolution to the point where
several truly mobile stations are in the field gathering data from
orbiting satellites.

This work 1s supported by NASA Contracts NASW-2974 and
NAS5-25948,
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Figure 1: The TLRS is housed in a small single chassis van which is leveled at
the site on three jacks. The beam director retracts to below the
roof line for transport.
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SATELLITE LASER RANGING WORK
AT SHANGHAI OBSERVATORY

Satellite Laser Ranging Group

Shanghai Observatory, Academia Sinica

Shanghai, China

1, .The First—generation Ruby Loser Sysfem

The satellite laser ranging work at the Shanghai Ob=-
servatory(S0) is one of the topics of the astro-geodynamics
' pegearch program of the Observatory. We began the develop=
i’ment of the first-generation satellite laser ranging system
in 1972 in collabbration with the Shanghai Institute of
iOptics and Fine Mechanics(SIOM) A dye=-cell Q-switch ruby
‘lager which:produ¢ed 2.5 Joules in 25-ngec duration time
'(half-power.'fuil'width) with 30 ppm repetition rate was
‘adopted, The aperture of the ; rece1V1ng telescope was 30cm.

";?Because of the poor pointing aceuracy of the old alt-az

mount. the viaual traoking mode only could be used. Table 1
llsts the performance of the ruby system., The first echoes
from BE-C were received in November 1973, The system was
installed at Z5-S& section of the Shanghai Observatory in
the autumn of 1975, which is in the southwest suburb of
Shanghai and the coordinates of the laser system are as fol-
lows: A=121° 11119963E  @=31°05'46186 h=118.3 m.
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. The system has been in operation since December of the
same year, four satellites, BE-C, GEOS-1, GEOS-2 and GEOS-3,
have been tracked, The maximum ranges were over 2700km and

the accuracy of ranges was abcut 1=-2 meters(z).

2. Prediction of Satellite and Work
for the Chinese Ranging Network

' The prediction of the 'satellites(BE-C and GEOS-1) were
prov1ded by Purple Mountain Observatory in Nanjing during
the early years. Since 1975, we have done the predictions
independently. Because we did not participate in any inter-
national cooperation at that time and had no hew orbital
elements of the laser eatellites. a method for acquiring
the tracks of eatellite was developed. By the method, we
carm'in a short time,; acquire the tracks of some laser satel=
lltes such as GEOS-E. GEOS~3 and LAGEOS at a gingle station,
based only on the previous orbital elements or the observa-
tion date collected from references about {~2 years ago

; Five more first-generation ruby ranging systems have
been gradually ‘set up in China since 1977, Three of them
are at the Beijing Obeervatory(operation in 1977), the Yun=-
nan Observatory(operatien in 1978) and the Guangzhou Satel-
lite Observation Station(operation in 1981). The above three
stations and ours all belong to the Academia Sinica. The
other two ayetems, Just the eame as Guangzhou s, which are
in operation in 1980-1981. belong tc the geodesy departments.
The five systems all use a Pockels ‘cell for a Q-switch and
operate at 30 pulses per minute. The lasere generate an out=-
put of 1.5 Jjoules in 20~nsec pulse. The resolution of the
counters is 6. T-naec. The apertures of ‘the receiving teles-
copes are 40-50cm. The visual tracking mode is still adopted,
but because of better mounts the percentage of hits typjcal-

ly is 40-60 %.
Now a laser ranglng network which consists of the



_67_.
above-mentioned six stations has been run for a common pro=
1ect organized by the Shanghai Observatory. The first roal
of the project is to determine the chord lengthes between
the laser stations. The satellites tracked by the network
are: GEOS-3, GEOS<1 and BE-C, and no station has the ability
to track LAGEOS yet. The predictions of these satellites for
the network have been provided routinely by our observatory,
the preprocessings of all laser range data_obtained by the
six stations and reductions of the chord lengthes are being
done by our observatory also. For lack of enough range data,
no result of the chord lengthes has been got yet,

3. BExperimental Nd:YAG Ranging System

In order to participate in the MERIT short campaign
(August 1 st to October 31 t,1980); a great deal of improve-
ments have been made to our ruby system since April 1980 in
collaboration with SIOM again, and a decimeter accuracy
Nd :YAG experimental laser ranging system was set u ? Fig.1
is the block diagram of the Nd: YAG system, the instruments
in the figure marked SO were made by our observatory, and
the laser and its power supply were made by SIOM, Table 1
lists the main charateristics of the system, The instruments
and devices in the laser ranging system were all made in
China except a digeriminator(Ortec 473A), The NA:YAG laser
consists of an oscillator, an amplifier and a frequency
doubler. The oscilator has a transmiassion coupling unstable
plano~convex cavity w1th an electro—optic Q~-switch, the
structure being quite ‘gimple and compact. The width of the
output pulse is about 4-5 nsec, the divergence is about 0.5
mrad and the center of the near field pattern is solld. The
energy of output is 80~100 mj in 5320ﬂ The laser was in-
stalled on the top of the telescope tube, and rotated with
it., Experiments showed that the output energy did not de=-
crease when the laser had been operated for a month, no ad=-
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FIG.1 BLOCK DIAGRAM OF Nd:YAG EXPERIMENTAL RANGING SYSTEM
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justment was needed.

The photoreceiver and data recording parts consist of
a fast photomultiplier, two constant fraction discriminators,
a computing counter, a controller, a digital clock and two
printers, ete. A Si-~pin photodiode which risetime is less
than }-nsec is used for sampling the transmitting pulse at-
tenuated by the filters. 4 photomultiplier(Type GDB-49)
which has a X-Cs-Sb cathode and twelve dynodes is chosen for
detecting the returned signals. The PMT has a gain of 3X1O7
and a risetime of 1.9-nmec. In order to improve the accuracy
of the measurement of the flight time, & new time interval
counter or so-called computing counter was made by ourselves
in collaboration with the Shanghai Electronic Instrument
Factory, which was designed according to the analogue inter-
polation method, so that the main frequency ig 10 MHz and
the resolution is O.1-nsec, It is shown in the experiment
that the performance of the counter ig good. Considering the
returned signals fluctuating over a wide range in amplitude,
we use the constant fraction discriminators to replace the
fixed threshold discriminators adopted in the old ruby system
for reducing the errors of pulse position measurement. The
Model 473A(Ortec) constant fraction discriminator with 10031
‘dynamic range :is chosen for the receiving channel, and ano=-
ther one made by ourselves is for the transmitting channel
which is simpler than commercial products, A lower=level
discerimination cireuit is designed to estimate and to‘prGVent
the noise of the ranging system. The time jitter of the dis~
criminator is less than 0.5-nsec for 4-5 nsec pulse with
40:1 dynamic range. A digital clock which is externally pro-
vided with 1MHz frequency from one of the rubidiums is made
for recording the epoch of the fired pulse with a resclution
of 1us. We use Loran~C for epoch reference. It has been
proved that the synchronization between the UTC of the Shang-
nwai Observatory and UTC of USNO is better than lus by com-
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parison of portable cesium clock of USNO in August 1981. Ve
believe the time synchronization of our system with UTC of
USNO ie better -than Jus.

' The tracking mount is still the old one, but has been
slightly reformed, two new guiding telescopes with apertures
of 150mm are installed.

The ranging experiments, mainly to GEOS-3, were made
with the above-mentioned Nd:YAG ranging system from Seplem-
per 1980 to January 1981, But only a few range data were ob-
tained because of the abnormal weather and the wobbles of
the old mount which was simple and ecrude., Most of the data
have been sent to SAO and the University of Texas at Austin
for reductions. The orbit elements of GEOS=3 and GEOS-1 have
been weekly provided to us from S40 by telegram since July
1980, . "

The method of rahging to an extended-target, a retro~
reflector on the top of a water power'seperated by 5.6km
away from the laser, is used for Qalibration of the ranging
systém, Experiments show that the errdr of the pulse position
measurement for single shot would:be {-1.2nsec arose from the
variations of the shape of the retﬁrned gignals and other
factors such as the timing jitter in photomultiplier., But
the variation of averages of the system calibration is quite
small for different returned signals in the range of 5 to
500 photoelectrons because of adopting two constant fraction
discriminators(see Fig.2, each paiht'is an average of 20
meastirements), The vaﬁiation'of calibration averages during
a time~interval may be used to verify system stability and
the experiments showed that the short-term stability of our
system was about 4cm(see Figure 3), Taking all errors in
account, the total raﬁge accuracy for single shot is about
20~-30cm. The budget of errors of our ranging system is given
in table 2. The estimation is basically supported by the
preliminary analysis for GEOS-3 laser ranging data , and



VARTATION OF

VARTATION OF

CALIBRATION(nsec)
o

CALIBRATIOﬁ(nsec)

- 71 -

AR

+1

——

4.6cm)

1
5 50 ' 500

RETURN SIGNAL STRENGTH(photoelectrons)

FIG,.2
AR
‘ 620.2611860
(%,9cm)
+1 Fk
. . 4
0 .._.......__‘......___‘m__._._..s._...._..‘.____.__.____
[ ] [}
-1 ..
1 1 3 i i l#
128 y30 i 150 167 78
TIME{(UTC)

FIG.3 SHORT-TERM STABILITY OF Nd:YAG RANGING SYSTEM



~ 72 -

Table 2 Error Budget of Nd YAG Experimental
Ranging Syatem (4~5 nsec)

{cm)
T;@easuring error of counter — 4.5
pulse position measurement 15-18
system stability(drift) 4
corner cube array 9
atmospheric correction 5
clock synchronization 2
.total range accuracy(r.m.s.) - 20-22

figure 4 shows the raﬁge residuals obtained from one pass
orbit. for GEOS-3 in 3 January 1981. The analysis has also
shown. that there is no obv1ous syetematlc error in our laser

range data.

4. A Brief Description of the
Second—géneration Ranging System

‘ The secondﬂgeneration satellite laser ranging system
has been being developed gince 1978 by our observatory in
collaboration with several institutes of the Academia Sini-
ca which has long been supportlng the work. The main goals
of the new system are: '

1. ability to track Lageos and other low orbit satellites
(including Space Shuttle);

3., 10-20cm range accuracy;

3.'automatic tracking with a microcomputer system.

Table 1 also ligts the characteristics of the new sys=-
tem. Table 3 lists the main performance of the mount and
serve subsystem. Fig.5 shows the optical scheme of the mount.
The 600mm aperture receiver telescope is of R=-C configuration,
and & dichroic beamsplitter reflects almost all laser wave-
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Table 3 Main Charécteristics of Mount and Servo-System

Type of Mount Altitude-azimuth and Coude optics
Range of travel Z5%=+185" in -altitude
1270" in azimuth
Orthogonality < 12 arc second
Wobble < 11 are second
Optical Encoders 20 bit,< +1.5 arc second
Static Pointing
Accuracy £10 arc second(designed goal)
Servo System Two axes are directly coupled torque

motors, torque: 8kg-m in altitude
40kg-m in azimuth

Computer Z-BO microcomputer system
8 bit, 64k
disk, printer

lehéth(5320i) onto photoreceiver and allows the rest wave-
lengthes pass to the 45°bending nirror, and then to an eye-
piece for guiding faint satellites(such as Lageos), it will
be effective when the automatic tracking part is out of order
or when the predictibns of some fast and weak satellites are
occasionally inaccurate.A joystick is prepared for the visual
¢pack mode, and a 150mm aperture quiding telescope is used
for tracking the low orbit satellites., Another 150mm aperture
telescope is the transmitter of 1aser. but the 500mm primary
mirror could be used for s transmitter after some modifica-
tions, if it is neccesary in future.

Now, the frequency doubled Nd:YAG laser has been com-
pleted, the receiving telescope and the mount have been
being assembled and adjusted. We expect that the new system
will be installed at 28-Sé section by the fall of 1982, and
will participate in the MERIT main campaign in 1983, We also
jntend to do the intercontinental time gynchronization experi-

ment with laser ranging technique.
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TO SATELLITE

4§ — LASER INPUT

FIG.5 SCHEMATIC OF MOUNT AND OPTICS OF SECOND-GENERATION

RANGING SYSTEM AT SHANGHAI OBSERVATORY (IN CONSTRUCTION }
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FIG,5(continued)

1.RECELVER TELESCOPE 11.TORQUE FOTOR sHD D.C.

2, PHOTOMUTTIPLIER PACHOMETER( AL THUTH)

3, SECONDARY U IRROR 12.COUDE OPTICAL PATH

4 .DICHROIC BEAMSPLITTER 13.PIER

5.45° BENDING MIRROR 14, JOYSTICK .
6.PRIMARY MTRROR(600mm) 15 ,0PTICAL ENCODERTALTITUDE

7 . TRANSMITTER TELESCOPE(150mm) 16.QUIDING BYEI IRCE
a.ALTITUDE TORGQUE MOTOR AND 17.CORRECTING LENS

D.C,TACHON ETER 18,45° PLIP MIRROR
9,45°DIELECTRIC COATED MIRROR 19. QUIDING TRELESCORE(150mm)
10.0PTICAL ENCODER(AZIMUTH)
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Performances of the Satellite Ranging

Systems at Shanghai Observatory

first Nd:YAG second
generation | experiment. generation
) gsystem system system
Laser subéyéﬁem | :
material -~ ruby Nd:YAG Nd:YAG
a
sutput wavelength [6943A 53208 53204
type single ogscillator, joscillator,
oscillator amplifier, jtwo amplifiers
freq. doubl{freq. doubler
output energy 2.5] 80-100mj 250mj
width of pulse 25ns 4=5ns 4-5ns
FWHM§ ;
fepetltion 10.5%pps 0.5pps tpps
Q=switch mode 3dye-cell LiNbO3 ?.iNbO3
, crystal crvatal
Transmlttlng Optics
“type galilean galilean galilean and
coudé optics
aperture 120mm . 42mm 150mm
beam divergence 1 mrad 0,3=0.8mr |0.,2-2 mrad
Receiver -
—@perture 300mm 300mm 600mm
field stop 3 mrad 2 mrad 0,2-2 mrad
filter bandwidth |60 A 27 4 5-7 &
fype of PMT EMI9558 GDB-49 GDB-49,
RCA C?!O34A
quantum effeciency | 3% 10% 10-24%
yisetime 1Ons 2ns 2ns
L 6 7 & ., 7
gain 5X 10 3 X110 107 =3 X 10
résolution of
timer i0Ons O.1ns 0.1ns
Quiding Optics
type sighting sighting receiver tele-
scope scope scope with a
dichroic beam-
splitter,
sighting scope
aperture 90mm 150mm 600mm; 150mm

(Table continues)
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Table 1 (Continued)

. field of view
‘Type of Mount

Pime System
3:freqency standard

‘stability
synchronization
éccuracy of synchr.
General '
range accuracy
maximum range
tracking mode

M

Time in Opgration

4° 3° 30'; 3°

alt-az alt-az alt~-az and
coudé optics

quartz | rubidium rubidium

oscillator | (2 sets) (2 sets)

1 X 1078 /day] 3 X 1071%/day 3 X 10"1%/day

microwave Loran-C Loran-C

50 us |3 ms 3 ps

1«2 m 20-%0cm 10-20cm

2700km 2000k m over T000kmn

visual visual microcomputer
control, and
joystick

1975 1980 in construction

' (1982)
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Satellite laser tracking. Construction of

normal points

D. GAMBIS

GRGS/BIH

Abstract

Many stations, in particular in the MASA network, have an
observational rate of abbut one measurement per second. For a
45 mn pass of Lageos, this gives more than 2000 measurements.
Processing the whole data set is a heavy task, 5o a sampling of data
is performed to reduce the number of points to 100 or 200 over a sa-
tellite pass. This solution, currently used is not satisfactory for it
leads to a loss of information. Data compression, taking into account
the full rate measurements has been carried out to give about 10 to
15 normal points over a pass. The method uses the approximation by
the Tchebycheff polynomial expansion. The devised software can be
easily implemented with mini-computers, S0 that every tracking sta-
tion taking part in a worldwide network would be able to calculate
from its own data, normal points to be forwardedtoa computing cen-
ter for the global processing. Data compression permits also to reduce
the local random noise of an order of magnitude. The method has been
applied to a limited data interval of Merit campaign.

I Introduction

Let D(t) be the discrete function representing the distance
station-satellite during a pass. This distance varies approximatively
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from 6000 to 10 000 km for a Lageos arc and the duration of the tra-
cking is about 45 mn. Depending on the capability of the station,
observation densities are around 1 per second for NASA stations,
some units per mn for other ones. Of course, laser observations re
quire clear weather and all passes don't offer good data distribution.

The idea of making normal points consists in compressing the
information contained in a certain number of measurements into one
data. To make this compression, one has to find a good representation
of the function D{t). Two main philosophies are possible;

a) Using a model of forces, a good reference orbit is compu-
ted for several revolutions of the satellite. Pseudo-measurementsare
. calculated from the difference between the arc of the reference orbit
and the corrected arc (Lago and Mainguy 1971). The main drawback
of this method is its heavyness ; it requires elaborate orbit computa-
tion with several data files for the models of forces introduced.

b) The function D{t) may be approximated by analytical expres=
sions, for instance polynomial expansion. It is what we have chosen
in-this study. '

II Simulation.

_ In order to investigate the faisability of the method, simula-
tions have been made, A 45 mn orbit was computed using a complete
model of forces and at the same time, the distances station-satellite,
representing the measurements, have been generated at 1 second in-
tervals, The simulated pass is considered as perfect without uncer-
tainties on the data:. The normal points must be re stituted with an
inaccuracy, say, an order of magnitude inferior to the nominal accu-
racy of the laser tracking station (i. e, about 1 cm), We have tried

to approximate the function D(t) over a pass, through different repre--
sentations ;

1) Low-order polynomial representation,

We did not intend to restitute directly D(t}) with the 1 cm pre-
cision but, in a first step, to remove of it most of the variations, A
fourth order polynomial P4(t) was found to best fit the observations.
LE4(t) = D{t) - P4lt)]. Residuals E4(t) are between - 6 km and + 3 km.,

A Vondrak smoothing (Vondrak 1677) is then performed onto
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E4(t). The optimal smoothing will be the strongest one restituting the
1 cm precidion,
We "have E(t) = E,(t) - V(t,§)
répresents the smoothing strength
E= IOHn néN
¥or &= 1 the smoothing fits all the points, for &= 0 it is a parabole.

The analysis of the perturbations of the satellite-trajectory due to the
earth gravity field shows no effect of wavelength inferior to 45 mn,

We can see from figure 1 than values of &= 10 % may be tes-
ted for n = 6.

remaining
amplitude

o o e

[a] 3 x .'| n i 1 -
15 20 25 ap 40 50 60 80 100 period {mn)

Figure 1. Filter corre sponding to different degrees of smoothing
(characterized by & )by Vondrak's algorithm.
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Table 1 shows the values of the root-mean square of the resi-
duals E}(t) with respect to the smoothing.

Smoothing root-mean square of E;}(t) with
coefficient respect to the smoothing
(in em)
10"6 12. 4
10-7 47.0
10-8 \ 172.3
—

Table 1. Simulated pass-smoothing of the residuals
to a 4th order polynomial fit.

The inadequacy of the polynomial fit, particularly at the ex-
tremities of the interval (Gibbs phenomenon), is in factresponsible
of the impossibility of reaching the 1 cm precision. This leads to the
idea to use a more sophisticated parametrized representation using
polynomial expansions,

2) Tchebycheff polynomial expansions have been used for
several years by the Bureau des Longitudes for ephemeris calcula-
tions {Connaissance des Temps). Among other polynomial expansions
{Hermite, Laguerre, Lagrange, Legendre) Tchebycheff's oneshave
simple expressions.

Their form is n

P (1) = Z C, 'i*k(t)

k=1
n order of the expansion

, iet]
Tk(t) Tchebycheff polynomial of 1 order

Tk(t) = cos (karcost)

Ck are defined as
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n-1

2 . I .
C, =% E Pn(ti) cos 3 (21 + 1)
i=0

with t, = cos BN (2i + 1}
i Zn

Further details can be found in mathematical handbooks (as J. Legras
1963). We have used the software of interpolation and approximation

by Tchebycheff polynomial expansions implemented by J. F. Lestrade
(1976) for a study about the representation of the attitude of the astrometric
satellite Hipparcos, '

Over the pass intervall
= t) - :
E_(1) = D) - P_(1

is the error of the representation of D(t} by P (t). The size of this
error can be characterized by a norm n

M = gup | En () maximuin error
oo tel
or s= 2, En(t)z quadratic error
tel '

The “best approximation' of D{t) on I can be defined as the polynomial
expansion yielding either M, or 8 minimal.

Application to a simulated pass.

The table 2 gives, function of the expansion order, the values
of the two norms

expansion M, = sup_| E(t)] s = » E _(t)

order . L . T
{in cm) (ir cm)

12 270. 0 148. 0
14 29.0 15.0
16 4,3 1.7
18 2.1 .6
20 1.3 .5
22 .8 .5
24 .6 .4
26 6, .4

Table 2. Simulated pass. Convergence of the residuals to a
{ Tchebycheif representation.
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The requirement of the 1.cm precision is fulfilled ; the method can be
applied to real data.

111 Case of real data.

1) Example of application to dense passes.

A first approximation is performed with an expansion order
n = 8 ; the procedure is iterated {n = n + 2) until the determination of
the ""best approximation" (with respect to the quadratic norm s).

When the root-mean square between two consecutive values is
stable (i.e. the difference is inferior to a preset quantity) the conver-
gence is declared. During this procedure, identification and deletion
of spurious data is done on the basgis of the comparison of their resi-
duals to the global root-mean square.

For construction of normal points the pass is cut into 3 mn
intervals Ip. The datation of the normal point tp is chosen to be
the closest possible to the center of the interval (at a real data data-
tion), in order to avoid new interpolation and for use of the calculated
refraction correction usually transmitted with the observational data.

The value of the normal point is

N (tp) = P (tP) +%__ i E (tj)
P

j=1
this for dense passes when the residuals E_(t.) are gaussian, A typi-
cal histogram of the number of the re_siduafs Jwith respect to their
values is shown figure 2, the mean of the residuals is different of
Zero, - number,

Of ' 80
data .
4
I
a0 41
|
71,
v IR I O R
-2 a1 0 1 .2 residuals in m

Figure 2. Dense pass histogram number of data per residual
interval for station Yarragadee (7090).
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Figure 3 represents the residuals (raw data -Tchebycheff re-
presentation) over a pass of station Grasse (7835), For most of the
3 mn normal intervals, the residual function is gaussian.

For other passes with small density of observations (some per
" .mn) the residual function is usually not gaussian over the 3 mn inter-
.- vals (fig. 4). The averaging should be made by another way.

o In case where E (t) is gaussian over the 3 mn interval Ip, the
" root mean square of a single residual with respect to the mean

%;;Emnm is |
2 2
p . [P Z?n(t)_.@ En(t))

o, P
ng { 1)

nP_-

: To take into account the number of data np in IP the root-mean
square of the normadl point will be
1

ag_ = g : -
P o, P np

When the number of data is small (< 5) over Ip the expression
herebefore of 0., has few signification. In this case, a conventional
expression has to be chosen for O'P, for example

og_ =0 —
P Q o,
g . being the root-mean square of the whole pass with respect

to the fitted representation.

To avoid an overweight of the normal points of rome stations
compared to the others it will be necessary to give an inferior limit

£ i .
o their o"P

Tables 3 to 5 show the observational normal points of typical
passes of different laser tracking stations : Yarragadee (7090},
‘Haystrack (7091), Grasse (7835), Orroral (7943) and Arequipa {7907).
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METERS

11 . 3ma : : : : ‘
Sp T ! : i : : ; :
3 /\/\'\ feq Ana l;r’\&,mnm A TLENL YT M AM’\!\‘AI/\AVA_"A'A
AN S VAT U A T o A
15 MINUTES

FIGURE 3 GRASSE (7835). Residuals oOver a dense pass

ap METERS
! _.._2..:.\:_.— ! ; ! ' ; [ :
& ; ' : ; o MN
Ol : l ' : i ' = :
al : U . \ / \——/
-2

FIGURE 4 GRASSE . Case of a pass with g peor data distribytion
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NORMAL POINTS EVERY 180. S STATION

LENGTH OF THE PASS

DATE IN SECONDS

65055.024823
65235,023828

65414,023085 -

65594,022617
65773,022451
65954 ,022599
66134.023063
66314,023793
66494,026787

66673,025992 -

66827.027173

NORMAL POINTS EVERY 188. S

LENGTH OF THE PASS = 46, MN

DATE IN SECONDS

33329.,0335875
33509,632098
33689,030749
33868.029569

34048,028582

34228.027834
34408,.027308
34588.027179

345T68. 827307

34948,027739
35128.,028485
35308.0629424
35488,030611
35655,03184%3
35849.033497
35998,034834

NORMAL POINMT (M)

8102650.889
7659847.325
7255330.624
6901499,13%1
6605700,550

6381398.543

6238692.904
6184952.424

622348T7.879

6352903.572
6567416.254
6857988.652
7213804.507
7592435.559
8079238.527
8480065.516

7090

31, MN NUMBER OF DATA

NORMAL POINT (M) SIGMA (M)
7291576196 + )08
6993460.85) «+008
67T70529.9058 +008
6630111008 «007
6580632.286 «010
66246647.5823 + 009
6760928.643 +808
6982690143 « 009
7280812:034 + 006
T642081 960 «009
7995987554 o017

STATION 7691

SIGMA (M)

o110
« 025
016
o812
2831
010
« 008
2006
«008
2011
<010
009
+012
o027
« 025
« 042

DAY = 219

PASS i8. H 2 MN

= 1514 DENSITY =4B.7 MES., PER MN

NUMBER OF DATA

135
140
151
154
127
151
1706
132
170
12¢

39

DAY = 214
NUMBER OF DATA = 2096

NUMBER COF DATA

31
T4
124
155
16%
176
176
173
168
172
175
171
143
25
73
17

PASS 9 H 13 M

DENSITY =45.4 MES. PER MM

Table 3. Observational normal points
for YARRAGADEE {7090) and HAYSTACK
(7091).
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NORMAL POINTS EVERY 180. S

LENGTH OF THE PASS

DATE IN SECONDS

69547.,550798
69727.480796
69907.450796
70087.450797
70199,930796

NORMAL POINTS EVERY

LENGTH OF THE PASS

DATE IN SECONDS

33570,030776
33750.040777
33930,160777
346102.660777
34267.560777
34462,560777
34650.080777
34837.580777
35030.080777
35175.080777
35355.080777
35542,580768
35707.580775

STATION 7943
= 12 MiN NUMBER OF DATA
NORMAL POINT (M) SIGHMA (M)

7756274611 «079
74607862461 2071
7225638.910 « 089
7058088B.08¢ o066
69902466+,336 «191
1806. S STATION 7907
=z 38, MN NUMBER OF DATA

NORMAL POINT (M)

7193551,064
6817125741
6506930.7%4
6283698.5%90
6146025.484
6087256.934
6139556.805
6294986.591
6521321.762
6803254.297
7172289317
7611795.641
8034772-.430

SIGHA (M)

2215
e215
2129
s 166
0145
s 175
«163
»204
181
+150
«215
«179
« 254

DAY = 218 PASS 19 H 17 MN
79 DENSITY = 6.3 MES, PER MN
NUMBER OF DATA
10
20
22
23
3
DAY = 217 PASS 9 H 17 MN
135 DENSITY = 3.5 MES., PER MN

NUMBER OF DATA

10
15
12
15
16

11

g1~ O

Table 5. Observational normal points
for ORRORAL (7943) and AREQUIPA
(7907).




- 91 -

2) Example of a complete processing

The procedure for the construction of normal points has been
applied to a 5 day data span of august 1980 (Merit Campaign) for
NASA and SAO tracking stations.

For dense passes (several tens per minute) with good data dis-
tribution, the "best approximation' is easily reached with about 20
. Tchebycheff coefficients, In some cases, however, the identification
of bad data is not correctly done ; the procedure has to be refined.

For passes with weak number of data or with low observational
rate (some measurements per minute) the procedure, because of the
interpolation method, does not seem to be adapted.

A preliminary orbit computation with the pole components de-
termination, has been performed over a 5 day interval. Although many
passes have been deleted in the normal points constructions, the results
obtained are equivalent to these obtained during the same period using
a sampling of the data. The values of the computed pole components
are given table 6. :

Pole computation with Pole computation BIH
sampling of data with normal points | Cire. D
Number of
data 2308 195
x _ - .009 - .057 -, 024
Oy _ .008 .020
y . 317 306 . 304
. 004 .00
oy 9

Table 6. Pole components determinations using the sampling
of data and the hormal points.

IV Conélusion. Advantages, limitations and possibilities of the
method,

Tchebychefi polynomial expansions seem well adapted for the
construction of normal points when measurements are dense enough

during a pass.
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The software may be easily implemented on mini-computers.
The algorithms have to be refined to take into account the multiplicity
of the data distributions ; yet for passes with low density data, ano-
ther treatment has to be used.

The root-mean square associated with normal points is opti-
mistic. The normal points values, depending on the polynomial repre-
sentation are correlated. To minimize the dependence, good methods
for averaging the residuals {raw data - representation) are required.

Within the framework of the organization of an earth rotation
service, each laser trackihg station using this procedure or a simi-
lar one, could reduce its own data in order to send normal points to

this service. The volume 6f data may be highly reduced (see the
annex). The task of the processing to calculate the earth rotation
parameters would be lighténed and the delay of availability of the

results shortened.
References,

B. Lago and A, M. Mainguy. Condensation des données d'observation
en vue d'une utilisation géodésique. Space Research XI, Akademie

Verlag, Berlin 1971, p. 515.

J. Legras. Précis d'Analyse Numérique. Ed. Dunod 1963.

J.F. Lestrade. Communication personnelle.

J. Vondrak. Problem of sroothing observational data. Bull. Astron,
Inst. Czech. 28 (1977), p. 84-89.
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ANNEZX
Number of characters
Satellite 6
Stafion T 4
Meteorological data 10
Date (year, day) 6
Center of mass correction 4
Various indéxes 4
Total 34

General informations over the pass

_ Number of characters
Datation (ps) : 11
' Measuremer;;t normal point{mm) 11
Sigma (mm)- . 5
T ropospheric correction (mm) 5
Total per normal point 32

Information per normal point

for the whole pass (14 normal points) 34 + 32 x 14 = 482 characters

So about 3/1000 of the global volume transmitted in format SEASAT

Number of characters sufficient for representing a
pass, Example of a 40 mn pass with 2000 data.
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AN EVALUATION AND UPGRADING
OF THE SAO PREDICTION TECHNIQUE

J. H. LATIMEER, D. M. HILLS, S. 0. VRTILEK,
A. CHAIKEN, D. A. ARNOLD and M. R. PEARLMAN

ABSTRACT

We review the current SAO prediction system capability
and discuss recent improvements that show results for 60-day
test .+ prediction periods for Lageos. The improvement
package is machine-accessible.

OVERVIEW OF THE CURRENT SYSTEM

‘The current prediction system at SAQ is based upon two
key -programs: an otrbit determination program (GRIPE) used
at the central computation facility in Cambridge, and a
look~angle and predicted range generator program used at
field sites (FLPPS). Observations obtained at field sites
are fed to the GRIPE program, and Keplerian elements derived
from GRIPE are supplied to the FLPPS program. This data
flow is the basis of the tracking cycle.

GRIPE is a general purpose orbit analysis program for
artificial earth satellites which has been developed as a
reséarch tool. It is based primarily on analytical
perturbation theory ~and can take as observations a variety
of data types including optical or electronic direction
observations, ranging data, range rate or velocity data, and
altimetric ranging data. 1In addition to computing orbital
eleménts, GRIPE can solve for corrections to the gravity
field coefficients, station coordinates, frequensy offsets
and .drift rates for range rate observations, the earth's
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:pole position, the gravitational constant GM, and an earth
radius scale factor.

GRIPE is a differential improvement program requiring
that initial estimates for modelling parameters be
reasonable in order that convergence of iterated solutions
¢an occur. The observation model computes the wvector
petween the observing site and the satellite and must
"consider perturbations to both positions. Perturbation
‘theory applied to the satellite position includes the

following:

1. Kinoshita's Short Periodic Oblateness (to first and

: second orders in J2, and optionally to thirxd order),

2. Gaposchkin's Tesseral Harmonics development,

3. RKozai's Direct Lunar and Solar effects (both long and

~~ short periodic),

‘4. Kozai's Body Tide treatment (due to both Lunar and Solar

- effects), ,

5. Kinoshita's Lohg Periodic Zonal Harmonics to first and
second orders. Other perturbations not used in

~° acquisition ephemeris work are:

6. Doodson's Oceah Tide effects (lunar and solar),

7. Kinoshita's reference system adjustment,

8. Aksnes' Direct Effect Radiation Pressure,

9. Lautman's Albedo and Infra-red effects.

- Station positions are adjusted for the effects of UT1
(wheh known), for pole position, and for the effect of solid

earth body tides due to the sun and moon.

- The observed. quantity relating the station and the
satellite is reduced for the tropospheric or parallactic
tefraction, and if ranging data, for the offset between the
center of mass and the reflector array and a small general

Felativity effect:

- GRIPE has the capability of displaying the observation
residuals and then halting execution before improving any
modelling parameters. This mode of operation is known as a
Mresidual run®, and is a basic tool used in the analysis of

prediction orbit quality described below.
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UPDATING

, The motivation for upgrading prediction accuracy at {AG
is to be able to tighten the range gate for better
discrimination against noise pulses in the return pulse
detection process. The improvement sought involves a
mixture of software changes and procedural changes. Changes
to the GRIPE orbit determination are purely procedural in
that no coding changes are necessary. Qur testing shows
that we would benefit by lengthening the data span for orbit
detérmination and by holding constant some orbital
parameters more accurately determined over long term
studies. These parameters include the rate of perigee, and
the - quadratic term in mean anomaly. Our tests have no rate
of eccentricity or inclination in the model, which differs
from our current operational technique. The final change in
the GRIPE procedure is the inclusion of solar perturbations,
both long and short periodic. The current technique absorbs
to a certain extent these effects in the mean elements.

rpor the £field® program, FLPPS, the ¢hanges are
algorithmic, in that the older analytic lunar perturbation
package, which only computed the principal lunar term, has
been: replaced with a-lunar perturbation package identical to
that: in GRIPE. This package is a numerical integration
package and facilitates now the computation of the solar
perturbations as well, so that the FLPPS has this additional

capability. 1

"Users of the SAO orbital element service would do well
to :consider including this a)improved 1lunar and b)solar
perturbation capabilities for the following reasons:

1. Obtaining improved prediction accuracies as demonstrated
below. :

2. Avoiding the problem of incompatibility between field
software expecting solar perturbations to be absorbed
into the determination of mean elements (the present
gituation) and : orbit computation expecting solar
perturbations to be separately and explicitly applied.

3. The key routiries are .available separately in
machine-accessible form in order to ease the task of

updating code.
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As it is impractical to try prediction experiments with
an operational network, our measurement of prediction
quality decomposes into two stages. The first stage 1is to
, demonstrate that the central facility and the field site

goftware are in agreement in terms of orbit theory as
manifested by the computation of angles and ranges between
_stations and satellites. This stage does not address the
“issue of inherent quality of representation of a trajectory, .
but only that of - consistent algorithmic treatment of an
orbit model. This may be done with simulations or other
analytic methods. Our tests (see figure 1.) indicate that
“this agreement ig within the noise of the method of testing
" for about 30 days and within 0.25 microsec of range gate for
about 60 days using the LAGEOS orbit. This is the software
implementation, or "ZEROSET" test.

4 The other aspect is that of the quality of an orbit as

a description of a satellite trajectory, and this can only

be measured with real observational data, and thus we are

obliged to use data archives to draw conclusions. However,

having done the ZEROSET test, we are here unconcerned with.
software compatibility and can test the orbit extrapolation

gualities with the orbit. determination program run in

_residual mode. Figure 2 shows the extrapolation over time

" 6f an orbit of LAGEOS obtained with the current operational

procedure. Next, we see.a factor of two improvement when

-the solar perturbation isg added. Some additional

improvement 1is noticeable when the test orbit is generated

~with data from seven stations instead of only one station.

Further improvement is noticed when the test orbit is

generated from 18 instead of 9 days of data. When the rate

- of perigee and the guadratic term in mean motion are fixed

still further improvement is noticed although there is no

significant difference in the orbits obtained from 18 and 9:
days of data. These last orbits, as the figure shows, are

within 0.50 microsec of range gate for about 30 days.

These tests were performed with data from the summer of
1981, and to confirm these results the final test (18 days,
fixed rate of perigee and quadratic term in mean motion) was
_performed with data from the fall of 1980. The results of
"this test are shown in figure 3. These results are similar
to the above, which suggest that even better results could
be obtained by using rates obtained from long-term analysis.
_Further study ought to also consider any effects from
degradation of elements other than mean anomaly, which is
emphasized in this analysis. :
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"Zeroset"
Consistency between field and central software implementations (Zeroset).
New FLPPS pseudo-obs. v§. new GRIPE in FLPPS mode
X = beg.; © = end obs. in each pass (% 30° elevation angle)
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Results of orbit quality tests for fall, 1980 period.

as Figure 2e.
either second estimate or zero.

EPGCH TIMING ERROR (MSEC)
c—%u.ao -?80-[]0 .—?0‘.1-09 -IEZO-EG -‘40-00 4{;'3-00 IIZG-UD 2.00'00 2|BG-BD ':LSBGU
8 L} 1 L) T ; L} L} L} T 1

™
»
B
el "
3 R
™
w
%
- =
54 %
o »
= x
)
=l
o
bt »
1 “se
=
© *%
o
w X0
84 »
&
= x
(%]
@l
o
[ ]
<R3 e
o ve
m N
e
F
al
o)
8 X o
X o
Ko
X o
o4 X0
o
[<H]
@
8
2l .
& X e
= .'
X o
8 : et : b Mo o] : : —
664 -5.32 -3.60 -2.28 -7 6 2.26 3.80 . 5.32 6.94
“ RANGE GATE FRROR (MICRO SEC)
Figure 3.

Same technique
In some cases, two estimates are available, X represents



- 103 -

APPENDICES
LUNAR PERTURBATION OVERLAY

§. Vrtilek
May 1981

The 1lunar perturbation overlay uses the luni-solar
perturbation theory developed by Y. Kozai as reported in
smithsonian Special Report 349. All source codes necessary
for this overlay are on FLPPS pDisk One.

THE SUBROUTINES USED IN THIS OVERLAY ARE:

RDZON-~Loads registers with Zonal harmonics
INST=-~Calculates instantaneous elements at
epoch of observation
GETSMA--Calculates Semi-major Axis
NFINC--Calculates Inclination function
HANSEN--Calculates Eccentricity function
FACCAL-~Computes factorials
LUNARK~--Calculates long period and short-
petiod luni-solar perturbations
SETUP-~-Assignse variables for integration
KIND--Integrates terms for lunar and solar
perturbations
SUNVECT-~Calculates vector to Sun
LUNVECT-~Calculates vector to Moon
PRECESS~-Calculates terms due to precession
EVA--Computes sin and cos terms for
eccentricity and mean anomaly

THE FUNCTIONS USED IN THIS OVERLAY ARE:

CONSOC-~Stores the constants used in
overlay
ERIQA--Solves Kepler's equation
LOAD--Takes lower order 4 bytes from a
Real*8 and puts them into an
Integer¥*4
PUT-~Puts Integer*4 into bits 0-3 of
a Real*8
ASIN--Finds arcsin
ATANG--Finds modified arctan
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THE LIBRARIES USED IN THE OVERLAY ARE:

STDLUNLIB--Contains binary for all of
above

WFWLTUTIL--System utilities

WFWRUN--Fortran utilities

WFWSOS-—-8ystem utilities
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LUNAR OVERLAY DRIVER

Reads in ID's of satellites, correction for early/late if
existant, time of prediction, length of prediction, elements
at given epoch and their coefficients. Writes out table of
perturbations to be used in Ephem overlay. Table is stored
in PM(8,12) with order: (Time in MJD, Perigee in radians,
Node in radians, inclination in radians, eccentricity, mean
anomaly and argument latitude in radians, and the radius
vector 1in megameters). There are 12 sets of these values
with times encompassing the length of prediction.

RDZON INST L UNAR
Loads registers {(see below) {see below)
with Zonal harmonics

INST

Calculates instantaneous elements at observation time from
mean elements at epoch (perigee, node, inclination, mean
anomaly, eccentricity). Gets pointers to mean element
coefficients (at epoch) in ORB array.

V

GETSMA

Calculates semi-major axis as a function of zonal
coefficients, inclination, eccentricity and rates of perigee

-and node.
Vi W
MEFINC HANSEN
Calculates Calculates
Inclination Eccentricity
Functions Functions
FACCAL PQ .

Computes factorials

l
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LUNARK
Calculates long—-period and short period Luni-Solar
perturbations at observation times.
INST SETUP K IND
{see pg 2} Assign variables Integrate Lunar
for integration and Solar terms
2 2% N ¥
SUNVECT LUNVECT PRECESS EVA
Calculates Calculates | |Precess from Computes
sun's Moon's. equator of gin and cos
position position 1950 o terms for
vector vector equator of [leccentricity
date and mean

anomaly
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A REVIEW OF NETWORK DATA HANDLING PROCEDURES

J. H. LATIMER, J. M. THORP,
D- R- HANLON? G- En GULLAHORN

SMITHSONIAN ASTROPHYSICAL OBSERVATORY

ABSTRACT

We review communications formats for ranging data, and
data handling and technigues. Examples of code used for
producing or reading various data types are
machine-accessible.

DATA FLOW

Network Data handling today is concerned with a variety
of data paths and data types. The so-called Quick-Look data
cycle is in reality a complex of three information paths
which help maintain orbits for a vital network.

the first path is the flow of acquisition ephemerides
from central computing facilities to field sites. These
‘data have evolved from centrally-computed pointing angle
lists teletyped in lengthy messages to rather brief
trajectory descriptions, either Keplerian elements, or IRVS
(Inter-Range Vectors). This evolution was made possible by
the advent of mini-computers which were placed at field
sites.

The second path is the return of a sampling of
observational data to the computing center for ephemeris
maintenance and data quality monitoring. To be effective,
the data must be timely and accurate, vet to be efficient,
the data must be evenly sampled and the message format must
be reasonably concise.
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The third and final path is that wused to feed back
quality control information to site personnel. Particularly
some 'of the systematic errors can be - very subtle and
difficult to spot with-the information normally available at
a remote site. Range biases or epoch timing biases are
naturally noticed more readily at a central computing
facility. Speed of detection and rectification of such
problems is important in order to avoid contamination of
large quantities of data.

" Final Data

‘Having organized a Quick-Look data processing cycle to
maintain tracking orbits, we must take care to process the
complete and £inal data set for dissemination to the
scientific community in as careful a manner as possible,
Oour problem will tend not to be speed so much as the large
quantity of data with which we must contend. The data
procegsing can go much smoother if reasonable data
repregsentation is adopted, and of course, submission of data
to a data bank such as the National Space Science Data
Center. run by NASA/Goddard for archiving and distribution
requires well understood standard formats.

DATA‘EORMATS FOR LASER RANGING

The purpose of this section is to document the common
data formats in use currently, and to provide code for the
creation or transformation of these formats.

Quick~Look

Two well-known Quick-Look formats, the SAO and NASA,
are defined in the appendices, and code from the Data
General Nova 1200 at SAO field sites which produces 333 data
is appended The companion package, a set of routines that
are used at SAO's central facility which read 333 data, is
listed. These routines also read the NASA Quick~Look

format.

Intermediate

At SAO we have two forms of intermediate data
representation, for two very different reasons. Because of
the large investment in the GRIPE orbital program its coded
observation format (known as the DOI format) is retained for
use by this program. One advantage of retaining this format
was the capability of representing very old data so that
long time~span analyses could be undertaken without the
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problems of data transformation or program code
modification.

Two years ago we adapted to a new computer and in the
process of conversion we introduced a machine-specific
binary format closely related to the DOI format, but more
efficient for data processing (sorting, selection,
performing I/0). We treat as-utilities those packages which
fransform from coded representation to binary and vice

versa.

Both internal formats are defined in the appendix, and
Fortran code is provided for the SAO & NASA Quick-Look to
binary transformation and for the SAO final 1log data to
binary transformation. Code is also provided for binary to
SEASAT coded, and to DOI coded transformation.

Final

There are two Formats in use for representing final
data for archiving and distribution. These are the binary
and coded formats used by the National Space Sciences Data
Center at NASA/GSFC. The coded format 1is known as the
SEASAT format and is broken down in the appendix, and an
éxample of code to produce this format iz provided
separately. A problem that users of NASA binary data can
have is the use of this data on byte-oriented machines such
as the DEC VAX. In the code portion of this paper we
provide NASABIN which is a utility to transform NASA binary
data to SAO internal binary format.

DATA REVIEW PROCEDURES

The most powerful information that a central facility
can provide to a remote site is just that information
Unavailable at the remote site, that is, how well data fits
when combined with a global data set in an orbit
determination. At SAO we have designed a procedure which
does this in a systematic way. Our implementation relies on
a post-processor run subsequently to orbit determinations.
This post processor reads a file of intermediate information
left by the orbit program, and thus has essential
information as it existed after the final iterative orbit
estimation. In particular, range residuals are available,
and partial derivatives to aid in the following simple
computation.
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The procedure considers each pass from a station
individually, and makes a least squares solution for two
parameters: a systematic range bias for the pass and a
systematic epoch timing bias, This simple procedure builds
upon the complicated orbital information already contained
in the range residuals from the final orbit estimation
process, and we can obtain very cteliable noise estimates
when there are no large biases present or oscillations in
residuals caused by pooy orbital modelling. In addition,
the estimates of rangé and time biases can be interpreted.
when they are small, thére is no problem, as they reflect
only the residual long wavelength uncertainties in the orbit
modelling process. When they are large, it is indicative of
either some defect in the model, such as station
coordinates, or error in processing of the data, or real
data problems or equipment malfunction.

Kt SAO all data are reviewed each week and cooperating
sites ‘are supplied with comments and interpretation of the
post-ptocessoxr printout. The appendix contains a few
examples of these runs showing the summary listings and the
individual scatter plotg and histograms.
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Network data flow chart.

Figure 1.




- 112 -



k3

The SAQ laser QL data format is shown below

" consists of five parts:

<1o'

2..
3.
4.
5.

Each word
by ong space.

WORD

UT U L2 WL bo o

S v in

o~ I

o

10

10
10

CHARACTER

1 through
1 through

)
through

4
1
2
5
1 through
5 and

1 through
i

through

-
L8]

¢ seven characters
Station header

(1 through 14) has five decimal characters.
An explanation of each word follows:

and
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APPENDICES

SAC QUICK -LOOK FORMAT

Phe format

", .LASER"

line (words 1 through 3)

pass header line (words 4 through 9)

pata lines (words 10 through 14 in each line)
The three characters "END".

Words are

EXPLANATION

Always 33333
gtation no.

vyear of century
Month of year
pay of month

COSPAR Satellite ID
sky/shadow code for first point of
pass:

=> night, satellite illuminated;
1 => night, satellite in shadow;
2 => day
Relative humidity in »ercent
Sign of temperature. => positive,
1 => negative
Temperature in units wf 0.1 degree
Celsius
ynused, always zero
Barometric pressure ia millibars

Pre-pass calibration average in
units of 0.1 nanosec

Post~pass calibration average with
ten thousand nanosec Jdigit implied
equal to that of Pre-pass

Epoch of pulse transmission hours
(o

Minutes

separated
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11 1 Seconds

11 2 through 5 and

12 I,2 Microseconds

12 3,4 Check word

12 5 Confidence: 0 => probably good; 1 =>
probably bad

13 1 through 5 and

14 I through 5 Pwo-way range in 0.1 nanoseconds

The seven characters " .LASER" appear once at the beginning of each
data transmission. The station header line is repeated for each different
day of data within the transmission message. A pass header line begins
each pass. Each data transmission ends with the three characters "END".

sample 333 Quick Look laser data message
8w LASER

Word 1 2 K3
33333 79438 01013

Word 4 2 & 1 8 2
76039 01099 10500 09141 28659 28661

Hord 10 11 12 13 ‘14
14311 49407 96610 05422 23382

END



Character

A

19

20
21-25
26

27-28
29-31
32-36
37-42
43

44-49

50
51-56
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NASA Quicklook Format

Description

BCRH
nCRI'I
HLFM
lll‘l
IIBII
NBII

SIC (sSpacecraft Identification Code)

ViD

STATION ID (from STDN 724)
MOVE NUMBER - Sequence from birth

MOUNT
""" =
" =

TYPE
AZ/EL
X/Y

LASER/LAST FRAME INDICATOR

nge =
nin =
ngn =
ngr -
MODE
ngn =
nyn =

Prime Laser/Not Last Frame
Backup Laser/Not Last Frame
Prime Laser/Last Frame
Backup Laser/Last Frame

Program Track
AUTOTRACK (not currently available).

"SPACE"

WAVELENGTH in nm

"SPACE"

YEAR (mod 100)

DAY OF YEAR

SECONDS OF DAY

MICROSECONDS OF SECONDS

USPACE"™

ANGLE 1 (X or A2) in 001l

For X angle: If plus, then lead
character will be a zero; if minus,
then lead character will be minus

sign.

For AZ angle: Lead character will
he G, l, 2, or 3.

"SPACE"

ANGLE 2 (Y or EL) in .00l
In plus, then lead character will be
a zero. Otherwise there will be a

minus sign.
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Character pescription
57 "SPACE"
58-69 - RANGE (roundtrip time) in .01 nsec.
70-72 " SPACES™
73 “4"
74 “F"
?s ’IF“

NOTE: All values in quotes are constants and should be replaced by
either their ASCII or BAUDOT representations (¢epending on
whether it is 8 or 5 level).
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DOI Data Card Format

This document describes the observation card format as read by GRIPE.

Field Cols, Description
1 1-7 Cospar Satellite Identification
2 . 8-12 Sequence Number
3 ' 13-17 Station Number
4 18-23 Date of Observation
18-19 year
20-21 month
22-23 day
5 24-33 Time designation
24-25 hour
26-27 minute
2829 second
30-36 fraction of seconds to .l microsec
6 17-46 observed range in meters, to .01 meters

(XXXXXXXX.XX) or 2-~way range in nano-
seconds, to .l nancsec, (XXXKAXKKX . XX)

7 49-52 refraction correction, to .0l meters
(xx.xx) to be subtracted from range.
This value, if present, may or may not
have already been applied to the range
(see columns 57&58)

8 53~-58 Index Codes



Field

Cols.

53

54- 55

56

57
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Description

Time-precise index

Code Standard error in timing oy
0 no estimates

1 ctg_.OOBSec
2 .003 <oy < .002

3 002 <oy < .005

4 . 0G5 <ct < .02

5 .02 <og < .05

6 .05 <op < .2

7 2 <oy < .5

8 +5 <oy < 2.0

3 2.0 <94

Standard Deviation

a) either in meters and tenths of meters
{or n.s and .1 n.s} (if col 54-55 < 25)
or

b) x, where x = 25 (log + 3) and =
weight in meters (if col 54-55 > 25)

Observation type index: always 8 for laser
range

Epoch System/Corrections Applied Index

If col 56 = 8 (range obs.), then column 57,
in conjunction with column 58, determines
the time of the data taken and the
cortections (refraction and center of mass)
that have been applied and/or given

center weathet

57 laser type epoch ref. corr of mass info

e WO

A trans none none given

B rcvd given none given
new B revd given given given
0ld D at sat. applied none optional
new D trans see 58 see 58 given

E trans see 58 see 58 given



Field

Cols.

58

Description

For col 56 = 8 {(range in meters oOr nanosec)
it gives obs. units and correction applied

information., values 1-7 refer to new laser
D and E only. Values 8 & 9 refer to laser

A, Brand old D,

58 Explanation

1l one way range, in meters, not
corrected for atmospheric
refraction or spacecraft center

of mass

2 one way range, in meters, corrected
for atmospheric refraction and
spacecraft center of mass

3 two way range, in nanoseconds, not

corrected for atmospheric
refraction or spacecraft center of

mass

4 two way range, in nanoseconds,
atmospheric refraction and space=
craft center of mass given, neither
applied

5 two way range, in nanoseconds,
atmospheric refraction and space-
craft center of mass corrections
given, and applied

i one way range, in meters,
refraction correction and
spacecraft center of mass correc=

tions given, neither applied

8 one way range, in meters, see
column 57 for atmospheric refrac-
tion and spacecraft center of mass
correction information



Field

1c

11

12

13

Cols.
59-62
59~61

59
60
61
62

63~66
63
64-66

67-76
67-70

71-72
73-76

77-81
82-94
82

83-92
93-94
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Desckiption
Calibration Stability
Difference between pre and post calibration
{absolute value) in nanoseconds included
when code in column 62 is 2; no estimate
otherwise
tens _ .
units

tenths

Calibration index

Code no. Explanation

2 Pulse processer system-pre
& post

3 Pulse processer system=-only
one calibration

4 Pulse processer system-no

pre or post calibration
Spacecraft center of mass correction

Blank

Spacecraft corr. to .01 meters to be added
to range. This value, if present, may or
may not have already been applied to the
range, depending on cols. 57 and 58.

Weather Data
Pressure (millibars)

humidity (percent)
temperature (Celsius to tenths)

Elevation angle to .00] degree

Predicted range
blank

2-way range to .l n.s.
blank
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Field Cols. Description

14 95-100 Azimuth Angle to .00l degree

15 101-103 Speed of Light Code
101 blank
102-103 = 00 if ¢ = 2.997925E10 cm/sec was

used in reduction
= 01 if ¢ = 2.99792458E10 cm/sec was
used in reduction

16 104-105 Range neise ~ given as 25 {log y + 3)
where y = range noise in meters

17 . 106-107 Estimated Range Error - given as 25
{log z + 3) where 2 = estimated range

bias in meters



- 122 -

SAO INTERNAL BINARY FORMAT FOR LASER OBSERVATIONS

ITEM 1 Satellite Identification (I*4)

ITEM 2 Observation Seguence no. and REJECTION FLAG (1*4)
This number, when negative, indicates that the
observation has been rejected.

ITEM 3 Station no. (I¥2)
ITEM 4 Modified Julian Date of Observation (I*4)
ITEM 5 Fractional part of Day of Observation (R*8)
ITEM 6 fType of Observation:
' 0 = end of pass
8 = laser observation
18 = laser observation; processed by GRIPE

ITEM 7 Observed Range (R*8) (Units depend on items
11, 12 - see GRIPE Manual)
ITEM 8 Refraction Correction in meters (R*4)
ITEM 9 ‘Time precision (Standard Error) in seconds (R*4)
ITEM 10 Range Precision (Standard Error) in meters (R*4)
ITEM 11 Epoch System/Corrections Applied Index {(identically
game meaning as col. 57 of DOI format in GRIPE
, manual) (I*2)
ITEM 12 Observation Units/Corrections Applied Index
: (identically same as col. 58 of DOI format in GRIPE
manual} (I*2)
ITEM 13 Calibration Stability (Pre-calibration minus
Post-calibration in nanoseconds when Calibration
index = 2, Null otherwise} (r#*4)
ITEM 14 Calibration Index(Same as col. 62 of DOI
format) (I*2)
ITEM 15 Center of Mass correction in meters (r¥*4)
ITEM 16 Atmospheric pressure in millibars {R*4)
ITEM 17 Percent Relative Humidity (R*4}
ITEM 18 Atmospheric temperature in degrees Celsius (R*4)
ITEM 19 Predicted Elevation Angle in degrees (R*4)
ITEM 20 Predicted Range (Two-way} in nanoseconds {R*8)
ITEM 21 Predicted Azimuth Angle in degrees (R*4)
ITEM 22 Speed of Light Index (same as col. 102-103 of DOI
format) (I*2) :
TTEM 23 Estimated Range Noise in meters (R*4)
ITEM 24 Estimated Range Bias in meters (R*4)
ITEM 25 Year of Observation minus 1900 (I*2)
ITEM 26 Month of Observation (I%*2)
ITEM 27 Day of Observation (I%*2)
ITEM 28 Hour of day of Observation (I*2)
ITEM 29 Minute of hour of Observation (I*2)
ITEM 30 Seconds of minute of Observation (R*8)
ITEM 31 Pass Sequence Number (Negative for Quick Look,
_ Positive £or Final) (I*2)
ITEM 32 Twelve bytes of zerces reserved for future
expansion

TOTAL OBSERVATION RECORD LENGTH = 128 (8~bit) bytes
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SAO INTERNAL BINARY FORMAT FOR LASER OBSERVATICONS

INDEXING SCHEME

. ITEM vVax F IRST LAST
‘"NUMBER MNEMONIC BYTE BYTE
(= B8 bits)
1 - I*4 1 4
2 I*4 5 B
3 I*2 g 10
4 I*4 11 14
5 R*8 15 22
6 I*2 23 24
7 R*8 25 32
g R#*4 i3 36
9 . R*4 37 40
10 Cpkg 41 44
11 L 1*2 45 46
12 ©L*2 47 48
13 . R*4 49 52
14 - I¥2 53 54
15 . R%*4 55 58
16 ;. R*4 59 62
17 - R*4 : 63 66
18 - R*4 v 67 70
19 . R*4 ‘ 71 74
20 . R*8 75 82
21 " R*4 83 86
22 I*2 87 88
23 < R*4 : 89 g2
24 © OR*4 ' 93 96
25 I*2 o 97 98
26 I*2 : 39 100
27 1*2 101 102
28 I%2 103 104
29 I*2 , 105 106
30 R*8 ' 107 114
31 I*2 115 118

32 12 Bytes 117 128
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Sampleiimplementation of reading the new internal SAO laser
obsezv;tion records .

Having declared:

INTEGER*4 SATELLITE, OBSNO, MJD

INTEGER*2 STATION, TYPE, PUMMY (52)

DOUBLE PRECISION FRACTION :

we can then read any type of data, laser or otherwise:

READ (filespec) SATELLITE, OBSNO; STATION, MJD, FRACTION, TYPE, DUMMY
: (INT) (INT) (INT) (INT) (DP) (INT) (INT)

Theén, if TYPE = 8 (indicating a laser observation) the following
equivalences will apply:

LASER OBS LASER OBS

WORD DUMMY WORD DUMMY
7 1 20 26
8 : 5 21 30
9 7 22 32
10 9 23 33
11 1] 24 35
12 12 25 37
13 13 26 38
14 15 27 39
15 16 28 40
16 18 29 41
17 20 30 42
ie 22 31 46
19 24

where LASER OBS WORDS 7, 20, and 30 are DOUBLE PRECISION, and

LASER OBS WORDS 11, 12, 14, 22, 25, 26, 27, 28 and 31 are short
integers (I*2), and the remaining LASER OBS WORDS are (R*4) single

pzecision floating point numbers.
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NASA BINARY FORMAT

?he FORTRAN va:iable types used in this format description are:

I*2 - Half-word integet

1 - Single word Integer

R - Single word Floating Point
pP ~ Double word Floating Point

pes¢ription of Bytes 1528 for all measurement types.

FORTRAN

) variable
Bytes Type pescription
1-4 1 Satellite ID
5-6 I*2 Measurement Type
20 = Laser
64-69 = X-Y Angles {(North~South}
68 = Laser
70-79 = Azimuth and Elevation Angles
70 = Laser
7-8 I*2 Time System Indicator (nm)
n value description
1 Satellite Transponder/(reflecto:)
fransmitter Time
m value description
3 uTC
9-12 1 Station Number
13-16 I Préprocassing Indicators/Report

The preprocessing indicators are bit
switches packed into a single 32 bit
word. The rightmost bit (bit 31) is
of lowest order and the leftmost bit
(bit 0) is of highest order.



Bytes

FORTRAN
variable
-Pype
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pescription

The preprocessing bits are configured

as Follows:

Bits value
0

or

5+6

L [V ]

20

Pescription
This bit should always
be zero filled

Beacon Activity Indi-
cator {types 10-14)

‘Beacon Inactive or No
Beacon

Beacon Active

Center of Mass Offset
Correction Indicator
‘(range, range rate,
‘altimeter)

‘Data corrected for offset
pata uncorrected for offset

tUnused Equator Designation
(types 10-14)

Date of Equator and Eguinox
(types 10-14)

Speed of Light Indicator,
(Range, Range Rate, and
Altimeter}

2.,997925 x 10 meters/sec
2.8987925 x 10 meters/sec
2.997925 x 10 meters/sec

2.99792458 x 10 meters/sec



Bytes

FORTRAN
variable
Type

127 -

Description
10-12 .
-0
1
-2
3
4
5
13
-0
“1
15
0
1
1617
1

Tropospheric Refraction
{all but Types 10-14)

Data has been corrected and
meteorological data not
present

Data has not been corrected

Data has been corrected
using the correction formu-
las for international laser
data. Correction value is
for zero zenith

Data has not been
corrected. Correction Value
is for zero zenith.

pata has been corrected and
meteorological data is
present.

Data has not been corrected
and meteorological data is
present.

lonospheric Refraction
{all but Types 10-14)

Data has been corrected
pata hag not been corrected

Antenna Axis Displacement
(Types 20-29)

Data has been corrected (or
no correction required}

pata has nhot been corrected
(correction is required)

Receiever Mount Type (all

but Types 10-14, and Types
38~59)

X-Y (North-South)

Azimuth-Elevation
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'FORTRAN
Variable
Bytes - Type Description
18-19 Transmitter Mount Type (all
but Types 10~14, and Types
38~59)
1 ¥-¥ {North-South)
2 Azimuth~Elevation
17-20 I Modified Julian Date (MJD) of cbservation.
JD = MJD + 2400000.5
21-2z4 DP Fraction of Day Past Midnight (GMT)
29-36 " DP Observation value in Radians for Right
Ascension, or Hour Angle, or Azimuth, or
X-Angle
37-44 DP Observation Value in Radians for Declina-

tion, or Elevation, or Y-Angle

Bytes 29-58 for Range and Range Rate Measurements {(Types 20-39)
29=-36 .DP Observation Value in Meters for Range
K (Types 20~29) and Meters/Second for
Range Rates (Types 30-39)

49-52 I Average Range Rate Data (Types 30, 33, 34,
and 38: Counting Interval in Microseconds.

Laser Data: Tropospheric Refraction
Correction in Same Units as Observation.

53~56 R Meteorological Data

57-60 ;R Ionospheric Refraction Correction in Same
Units as Observation

65-68 R Other than Laser Data: Transmitter Antenna
Axis Displacement in Meters.

Laser Data; Correction to Spacecraft Center
of Mass.
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SEASAT FORMAT FOR LASER RANGING OBSERVATIONS
A 90 character card image representation.

Ccolumn Subset Description

1-7 Satellite ID
8-9 Always 20 for laser ranging data
10-11 Time System Indicator
10 0 => Ground Received Time
1 => Satellite Transponder/Transmitter Time
2 => Satellite Receiver Time
11 0 => ur-0
1 => yr-1
2 => UT-2
3 => uT-C
4 => Aol
5 => A,3 (AT BIH)
6 => AS (SAQ)
12~16 Station ID
17-32 GMT of Observation

1718 year of century
19-21 Day of year
22-26 Time of day (Seconds from midnight GMT)
27-32 Fractional part of seconds in units of microsec.
33-35 Preprocessing Indicators
33 0 => Data has been corrected for tropospheric
refraction.
1 =5 Data has not been corrected for tropospheric
refraction,.
2 => Data has been corrected for tropospheric
refraction, using the correction formulae
for international laser data (see cols. 76~80).
3 => Data not corrected for tropospheric refraction.
Cols. 76-80 contain coefficient for use with
international laser formulae.
4 or 5§ => Cols. 57-66 will contain meteorological data.

35 pata ( 0 => has; 1 => has not) been corrected for
transponder delay effects.
36-54 obgervation data

36-45 Range in km units
46~54 Fraction of km Range in units of micrometers

55~56 preprocessing Indicators
55 Preprocessing report (spare, always 0)
56 Transponder type
1 => coherent; 2 => non-coherent
57«66 Meteorological data if col. 34 contains a 4 or 5.

57-60 surface pressure in millibars
61-63 surface temperature in degrees Kelvin

64-66 Relative humidity in percent



69-73
74~75
76-80

81

82

83-88
89-90
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Measurement standard deviation in millimeters

Not used for laser data

Tropospheric refraction correction in millimeters
or

Coefficient of tropospheric refraction international
lasers in millimeters (see col. 34)

speed of light indicator

0 => 299792.5 km/s

1 => 299792.458 km/s

Center of mass correction application indicator

0 => applied

1 => not applied

Center of mass correction in millimeters

Logl0 of the standard deviation of the time of
observation in microseconds.
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SAMPLE DATA REVIEW OUTPUT

7090 YARRAGADEE
7603901 39 39 39 40 2 38 40 40 40 40 39 40

7110 MONUMNT PK
7603901 40 40 2 40 39 37 39 40 1 40 1

7120 MAUI '
2603901 39 49 44 35 43 39 40 10

7102 GF S C
7603901 8

7112 PLATTEVILL : :
7603901 39 39 3 6 39 14 3 11

7105 GODDARD :
7603901 42 40 32 40 40

7210 HALEAKALA : |
7603901 39 39 38 37 30 3938 40

78§1 HELWAN .
7603901 10 24 12 13 28

7833 KOOTWIJIK
7603901 6

7834 WETTZELL :
7603901 14 22 16 15 18

7805 METSAHOVI 1
7603901 25 16 27

7943 ORRORAL V
7603901 39 30 3% 23 10

7907 AREQUIPA '
7603301 38 37 37 1 38 39 36 38 3 33 37 39 34

7929 NATAL
7603901 25 27 27 34 10 38
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pass site

D@~ s L R

10

12
13
14
15
is
17
18
19
20
21
22
23
24

26

27
28
28
30
31
32
a3
34
35
36
37

38

35

41
42
43
44
45
46
47
48

7080
7080
7090
709¢
7090
7080
7080
7080
70350
7090
7090
7080
7110
7110
7110
7110
7110
7110
7110
7110
7110
7110
7110
7120
7120
7128
7120
7120
7120
7120
7120
7102
7112
7112
7112
7112
7112
7112

7112

7112
7105
7105
7105
7105
7105
7210
7210
7210

satellite mod julian dy

7603301
7603901
7603901
7603901
7603901
7603901
7603901
7603901
7603501
7603801
7603001
7603901
7603901
7603901
7603901
7603501
7603901
7603301
76063501
7603901
7603901
7603301
7603801
7603801
7603901
7603501
7603901
7603901
7603901
7603501
7603901
7603901
7603801
7603501
7643901
7603901
7603901
7603901

7603901

76063901
7603901
7603501
7603901
7603901
7603901
7603501
7603901
7603901

44843.074121
44849.216864
44849.736838
44854.538912
44856.630510
44856.656088
44856.782234
44857.060591
44857.377604
44857.721760C
44858.005058
44858.145116
44845.157801
44845.303345
44849.827674
44850.249179
44856.195510
44856.,349584
£4857.155058
44857.283334
44857.960417
44858.232361
44858.759560
44849.301713
44849 ,.456100
44851.331760
44852.280533
44852.428241
44857.291482
44857.432176
44858.247338
44858.083617
448492.164284
44849.306754
44851.854028
44855.776922
44856 .209595
44858.751262
44858.769433
44858.204306
44856.191379%
44857.132664
44857.658023
44858.079921
44858.230037
44849,303091
44849.447356
44851.335429

sigma

0.16
0.21
0.09
0.19
0.060
g.12
0.12
G.22
0.24
0.12
0.16
0.28
1.14
0.86
0.00
1.17
1.88
0.20
0.25
1.02
.00

0.00

.
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[=]
=

19.83
0.33
8.11
8.00

17.03
0.26
0.18
0.06
0.05
0.08
Q.55
0.48
0.74

timebias (msec)

0.049
-8.339
-0.267
-0.029

0.000

4.571
-0.042

0.201
~0.167
~0.353
-0.268
-0.108

2.336

3.792

0.000

2.397

2.785

5.045

0.475

4,223

0.000

2.651

0.000

8.624
~0.183
~0.313

0.647

0.170

8.603

0.314
~0.030

0.626

1.229

3.840

0.000

-28.168

0.739

~2.499
9.000

17,244

0.169
1.112
~0.334
0.396
0.527
~3.016
0.324
-6.715

0.022
0.932
0.035
0.033
0.000
0.107
0.017
6.027
0.043
0.011
0.025
0.03¢
g.151
0.097
0.000
©0.136
0.180
G.040
0.078
0.085
0.000
0.122
G.000
G.018
0.030
0.014
¢.182
6.027
0.016
0.026
0.132
1.404
0.128
0.067
0.000
33.402
0.092
4,685
0.000
11.142
0.037
0.019
0.025
0.006
0.018
0.093
6.057
0.0485

rangebias (M)

~0.021
-0.691
0.108
-0.536
0.000
-2.004
~0.257
0.270
~0.091
0.114
6.315
~0.060
12.522
5.350
0.000
5.108
5.741
~-{.849
15.122
4.670
0.000
8.282
0.000
-6.027
0.668
-0.331
-¢.146
~0.063
-0.030
~0.358
~1..018
-2.384
12.353
4.626
0.000
~16.530
13.685
6.775
0.000
10.616
0.288
-0.575
-1.823
-1.087
1.304
1.176
-G.421
0.008

0.039
0.034
0.054
0.042
0.000
0.252
0.018
0.045
0.038
0.G19
0.027
0.046
0.187
0.157
0.0040
0.237
0.301
g.042
0.11%9
0.162
0.000
0.199
¢.000
0.027
6.053
0.023
0.33%
0.037
0.019
§.029
0.066
2.162
0.199
0.053
0.0090
21.475
0.143
3.6989
0.000
18.741
0.046
0.039
0.011
0.009
0.013
0.118
0.077
g.138

good-bad

39
39
39
40

2
ig
40
40
40
40
38
40
40
40

2
40
39
37
39
40

1
40

1
39
49
44
35
43
39
40
10

8
19
39

3

6
39
14

3
11
42
40
32
40
40
33
39
38

oo ook HH
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ey
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W
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fe
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day

WED
WED
WED
MON
WED
WED
WED
THU
THU
‘THY
FRI
FRI
WED
WED
WED
THU
WED
WED
THU
THU

FRI
FRI
'WED
WED
FRI
SAT
SAT
THU
THU
FRI
FRI
WED
WED
FRI
TUE
WED
FRI
FRI
FRI
WED
THU
THU
FRI
FRI
VB
WED
FRI

81
8l
81
Bl
81
8l
81
81
81
81
81
:al
81
81
81
Bl
gl
81
81
81
81
8l
81
81
gl
a1
8l
81
81
81
81
81
8l
81
gl
81
81
81
gl
81
81
81
81
81
81
8l
a1
81

¥r mon dy

SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP

SEP -

SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP

2
2
2
7
9
g
9
ig
10
11
11
2
2
2
3
g
9
10
10
10
11
11
2
2
4
5
5

10
10
11
11

4

time

lae
512
1741
1422
15 7
1544
1846
127
1351
1719
017
328
147
716
1951
558
441
823
343
648
23 3
534
1813
714
1056
757
643
101¢
659
1022
556
20
356
721
2029
1838
51
18 1
1827
2142
435
311
1547
155
531
716
1044
8 3
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Ideas on feedback in satellite ranging systems

David W. Morrison

Drews Systems, Inc.

599 North Mathilda Avenue
Suite 245

Sunnyvale, California'94086
U.S.A.

1.0 _Introduction

Because laser ranging systems differ so significéntly
in funding and objectfves, it is probably most useful here
to discuss some general guidelines for specifying the ope-
rator feedback in such systems. To make the presentation
more concrete, some examples from the system in Wettzell,
Bundesrepublik Deutschland, are presented. They demonstrate
one approach that has been reasonably effective in solving

the problems of feedback.

2.0 Include the feedback in the initial design

The desired feedback should be at least as carefully
thouéht out in the eariy design phases as is the hardware.
Feedback needs and content should be determined with enough
detail that (1) the proper computér and peripherals can be
considered, (2) the hardware designers can plan to provide
the feedback data in dbnvenient form, (3) a reasonably

accurate cost estimate can be made, and (4) the ultimate
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success of the feedback can he assured.

- 3.0 Include a software designer

Nearly, if not as, important as adequate early feedback
design is the need to involve a software professional in
the project design team at the earliest possible date.

The inclusion of an experienced programmer will work to-
ward assuring (1) reasonable hardware~software tradeoffs,
(2) balanced, achievable requirements for both the feed~
back and the system as a whole, and (3) a flexible soft-

ware base for future expansion.

The Wettzell system is a case in point. The original
request for proposal specified support for future expan-
sion but made no stipulations about the language or opera-=
"£ing system which would form the base of the tracking
software itself. Because of existing in~house experience

the first inclination of the system builder was to write
'the tracking software in PDP-11 assembly language and use
a small, home-grown, real-time executive as the control-
ling software entity. The "future expansion" would be
covered by providing as separate items a standard DEC

operating system and a Fortran compiler.

The software engineer, however, argued for a more inte-
grated system-wide approach using a DEC real-time opera-
ting system and the newly-available Fortran-IV-Plus com-
piler that generated in-line, fast machine code. That
approach was viewed with skepticism by some of the pro-
ject planners but was ultimately accepted. In the end,
however, it was generally agreed that the fully integrated

approach had been correct because the Wettzell system
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proved quite adaptable to even unforeseen system reguire-
ments. At the same time a second, somewhat similar system
being developed in parallel under the "in-house" approach

was relatively rigid and unreceptive to change.

The important point of this history is the impact
whlch the early use of the programmer's normal professio-
nal experlence had on the ultimate success of the system.
Similar rewards are ﬁo be expected on any ranging system

that. uses a significant amount of software.

& short, final note on picking a programmer:

- he must be a listener;

- he must be flexible enough to consider various software
SOiutions for the very real hardware problems involved
in a laser system;

- he must know that software is only one of several im-
portant means in such an undertaking;

- he must have the trust of the hardware people;

- he must be consultéd regularly and often;

- he needs up-to-date knowledge so that his responses
can be timely and effective.

Without this close cooperation, a haphazard software

system will probably result, a system that satisfies

no~one, which cannot:attract and hold good programmers,

and which never ceases to cost the project money.

4,0 Other factors

Bayond the overriding importance of including the soft-
ware designer in the earliest design phases, several other

factors will mold the feedback and its effectiveness in a

ranging system.
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4.1 What are the main system objectives?

Is the tracking data the only objective? Will someone
want to detect dynamic events at the satellite {e.g..,
Wobble)? Will monitoring of laser performance be part of
the computer's responsibility? Will the system be used to
train inexperienced operators or students? Will the com-
puter system perform complicated data analysis? Will
graphs, maps, or charts be created? Is this a system which

‘anticipates another system (that is, a feasibility study)?

In other words, potential aims as well as the possibly

. more restricted durrent ones should be considered. In
feedback terms this may mean, for instance, designing a
flexible system for handling CRT displays, plots or graphs.
Such generalized packages need not be elaborate. They can
be either purchased from vendors (though speed is often a
.problem with vendor software) or created by project per-
sonnel. In any case the rewards are fast in materializing
as the ideas for feedback often change early in the pro-

ject development.

As an example, in the Wettzell system standardized dis-
play and command entry formats were adopted from the earli-
-est stages of the project. A software package to create
and use these forms was written as the first major pro-
gramming effort. The entire package was no more than fifty
small subroutines. Yet use of that standard interface pro-
Gided a valuable overall coherence and control to the en-
tire system. '

One example: when it was decided to add a standard control
character on a system-wide basis, only cone subroutine was

changed.



4,2 Identify the users

Will experienced astronomers operate the system?
If so, succinct phrasges, jargon, or symbols might suffice
on CRT or listing formats as opposed to more word-oriented
apprcaches.
Technicians? An emphasisz on numbers with accompanying
graphs where appropriate might be more effective.
Undergraduates? Textual headers, graphs, generally more

informative output is prechably zequired.

" The more technicdl, jargon-rich approaches limit
system usage to more highly trained operators. On the
other hand the wordy, self-explanatory solutions often be-
come burdensome to anvone who gains familiarity with the
system., These restrictions can bhecome obviously confining

only after the system is in coperation.

The method which has proven effective in the Wettzell
system for reducing "chatter" yet maintaining an atmosphere
of operator assistance is "coded menus". The operator is
shown on the CRT a list of the valid choices for the parti-
cular portion of the program in execution. Each choice is
presented as a short descriptive title (about 35 charac~
terg) and a code {zlch&ractexs), A menu item is selected
by typing the code. This approach provides enough promp-
tin§ to allow the manual to remain on the shelf yet impo-

ses a minimum amount of typing for those already knowledg-

able in the system's operation.

4.3' What kind of information is familiar to the users?

Do they think easily in symbols? Graphs? Numbers?

Charts? Sentences? Abbreviations? Will the long range
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users of the system think this way? Freguent users can
usually remember the form and meaning of many abbreviated
entries and readouts. Infrequent users will be regularly

driven to the manual (and the wall) by excessive shorte-

nings.

4.4 Identify the computer resources

Does the computer have great speed? Large memory?
Fast mathematical calculations? An operating sytem? Disk
storage? Does the operating system support parallel
taksing? Overlays? Inter-tasx communication? Powerful
languages? Do the languages generate in-line code? Are
multiple computers available? Are pre-coded packages for

plotting and CRT display creation available?

All these factors influence speed, flexibility, and
availability of programmer time to create various forms of
feedback. For example, a system which has a relatively
primitive operating system may require much programmer
time (i.e., budget) to satisfy basic tasking and control
needs leaving little opportunity £or anytiing Leyund
rare~bones feedback features. Indeed, it is genefaliy Lne
case that expenditure of funds on flexible, expandable,
vendor~supported computers, peripherals, and programming
tools more than repays itself in improved productivity

of the programmers.

Consider this example from Wettzell: the initial system
was developed on a machine with only one small disk, a mag-
netic tape unit, and a primitive utility program for copy-
ing between tape and disk. This forced the software to re-
side on tape since only small subsets of the entire system

could be stored on disk at one time. This, in turn, forced
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programmers to spend a significant part of their expensive
time (often as much as one hour per day) waiting for tape-
disk transfers to occur. The “"economy" of only one disk

drive was in fact a major project expense.

4.5 Identify the operating environment

is the facility dedicated to laser ranging? If so,

extra computer time can be devoted to maintaining infor-
mative, dynamic displays or graphs. If not, the limited
computer availability dictates stripped down, data-rich
displays which give maximum information in the shortest
possible computer execution time. Also in this case, on=
line operator aids (e.g., & "help" command) might be de-
sirable to allow the observer to make maximum, efficient
use pf the time available to him.

Is the facility nolsy? Quiet? Bright? Dark? These
factors influence the visual or auditory impact that the
feedback must have to gain the operator's attention.

Are other computers available in a network? If so,
nonftimencritical processing can be assigned to them to
provide extra feedback beyond the capability of the track-

ing computer.
4.6 - Determine the reguired data

Whét must the operator see before him to detect success?
At leﬁst as important, what does ‘he require to be able to
correct failure? Essential information certainly includes
mount position, expected position, elapsed time of the
miséLon, operator-entered system pertubations (such as
AZ/EL offsets, a time delta), and an indicator of satellite
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acquisition (perhaps a display showing the range delta}.

4.7 Determine the presentation format

The way the data is presented to the operator usually
répresents a difficult tradecff between (1) desirable or
élegant presentations with visual impact, (2) the computer
time and peripheral equipment requirements to provide
guch feedback, (3) cost - both equipment and programmer,
and (4) the operator's ability to understand and retain

the data presented to him,

For example, CRT displays of dynamic graphs showing
azimuth and elevation positioning relative to predicted
éalues are impressive visually and provide rapid operator
understanding. However, they are also very costly in CPU
dtilization and programming time. Plots on paper provide
excellent hardcopy records of ‘the mission. But they are
glow relative to CRT displays ‘and, therefore, may not be
adéquate for providing real-time tracking feedback. A dis-
glay of number registers allows a good deal of information
t6ibe shown on a single, relatively inexpensive, alphanu-
meric CRT screen. éuch displays generally lack visual im-
pact (a major aid to understanding and recognition) and
require a great deal more operator concentration to detect
trends. (For example, a gauge or dynamic graph will quickly
show the azimuth réading and the direction of movement;

a' humber register only shows the former. The operator must
mentally integrate several successive register values to
detect direction).

4.8 Make the computer do the work

Computer projects of all kinds are usually under budge-
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tary pressure. Shortcutting the operator feedback system
often appears to be a good way to save money. The pro-
grammers can work on the "important parts of the system".

What budgets really are, however, are disguised oppor-
tunities. They offer the chance to design and build the
best feedback system in the most compact form at the best
price without all the extras that no-one really needs any-

way’?

Shortecuts, on the other hand, are rigid. Unyielding
beasts that lunge out at any programmer who dares enter
their domain. They are entrenched shortsightedness. They
deny'the inevitable need for adaptability in something as
complex, as evolving, as a laser ranging system.

But most importantly, shortcuts show a lack of concern
for the»peoPle who must use the system. The computer is a
tireless doer of drudgery. The human is not. The best
systems incorporate these truisms. The results are pleasant
to use, allow operators to solve their problems rather
than the computer’s, and open the system to a wide audience
of users and onlookers (it helps to have a system that
management can visually understand!).

In short, spend time for the humans. You have nothing
to lose but complaints.



- 145 =

LAGEOS EPHEMERIS PREDICTIONS
8. E. Schutz, B. D. Tapley, R. J. Eanes and B. Cuthbertson

Department of Aerospace Engineering and Engineering Mechanics
The University of Texas at Austin
Austin, Texas 78712
512/471-1356

Abstract

The operational procedures used at the University of Texas to generate
Lageos ephemeris predictions for the TLRS and MLRS are described. The
procedures which have been adopted for Lageos use two months of
quick-look range data to estimate the satellite orbit elements and a
Wdrag" parameter at a specified epoch. These parameters are used to
prediet the ephemeris for four to six months beyond the two months
used in the estimation process. The accuracy of this predicted ephem-
eris has been evaluated with specific cases. These cases show the
ephemeris error to pe less than 100 m after four months past the esti-
mation interval. The operation -and software design considerations
uysed in the development of the TLRS and MLRS software for reconstruct-
ing the predicted ephemeris are described also. The ephemeris recon-
struction software has been designed to use a simplified model of the
satellite dynamics to enable its operation in a mini~ or micro-
computer environment, as well as to reconstruct the predicted ephem-
eris to meter-level accuracy. By adjusting the initial conditions,
model mismatches between the prediction software and the reconstruc-
tion software can be accommodated. The performance and characteris-

tics of this software 1s described.
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Introduction

The successful operation of satellite laser ranging (SLR)
systeﬁs is dependent, in part, on the ability to point the
laserftelescope in the apﬁroximate direction of the satellite. The

allowable pointing error is essentially determined by the laser beam
divergence and the signal-to-noise ratio. This error stems from the
following sources:

& errors in the predicted satellite ephemeris,

® errors in the predicted earih orientation,

o errors in the a priori knowledge of the SLLR location,

e errors in pointing the instrument to a commanded position,
and )

& errors in the!SLR clock.
If the site is permanent or has been previously occupied by an SLR
systgm; the third sourc; should contribute only a small error. HOwW-
ever; sites which have noﬁ been occupied previously may require the
approximate specification of coordinates from a topographic map, thus
introducing errors of tens$ or hundreds of meters., Range acquisition
can be seriously degraded if any of these error sources, singly or in
combination, exceed the beam width at the satellite's altitude.
Although all sources are important, the latter two are hardware-

dependent and will not be treated in this paper.

The error in the predicted satellite ephemeris arises from
two distinct sources. First, the ephemeris is obtained by estimating

the satellite state from observations taken over some interval of
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time. This estimation procedure is performed using an adopted model
for. the forces and kinematics used to describe the satellite motion.
With the estimated state and the adopted model, the satellite equa-
tions of motion are solved and the predicted satellite states beyond
the estimation interval are cbtained. This predicted ephemeris will
inevitably be in error because of 1) inaccurate state estimates,
2Y inaccurate or ‘incomplete models for the satellite
dynamics/kinematics and 3) the approximation technique used to sclve
the satellite equations of motion. In general, however, the dominant
characteristic of the ephemeris prediction error is in the satellite's
"a;ong-track direction," i.e., direction of motion. In the subsequent

discussion, the predicted ephemeris will refer to the ephemeris gen-

erated in the manner described above, usually at a site with access to
data from many sites and to significant computer facilities which may

be required to analyze the available data.

The second error may be introduced at a laser site which
uses the predicted ephemeris to generate on-site pointing predictions.
This error is distinctly different from Lthe ephemeris prediction error
since it will result from the use of an approximation technique which
18 compatible with the limited computer resources available within the
SLR system, Consequently, the LR may not reproduce the predicted
ephemeris exactly due to the inherent differences 1in the models or
approximation methods used at the central site compared to those used
in the SLR station. The ephemeris generated on-site within the SLR

will be referred to as the reconstructed ephemeris. The selection of
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a technique to generate the reconstructed cphemeris within  the SLR
will be based on the following factors:

o the amount of data which must be transmitted to the SLR,

e the frequency with which the data must be transmitted,

e the computer resources required by the SLR to provide a
usable ephemeris from the transmitted data.

For example, a cne-day ephemeris provided to the SLR at one-minute
intervals would require 1440 time points with three components of
satellite positon at each time. To reduce the amount of data, only
the data points from the predicted ephemeris which pertain to the
satellite passes for a particular SLR should be provided; however,
this procedure places severe sort/merge problems on the central site
due to different observing schedules at each station., Furthermore, in
this example, the SLR computer resources must still be used to inter-
polate between the available points for the instrument pointing. The
disadvantage of providing a large number of points to the SLR becomes

even greater when considering highly mobile laser ranging systems,

Highly mobile laser ranging systems which operate in
remote areas may have limited access to high-speed communication
resources, thus reguiring the frequent transmittal of data via disk or
cassette storage media. As a consequence, a highly mobile laser sta-
tion must assume a significant degree of autonomy, especially for
operation in undeveloped areas where access to even ordinary telephone
communication may be difficult. In these circumstances, the station

should be able to operate for long periods without external communica-
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tion during which the on-site resources should be fully utilized for

the following objectives:

@ generate laser/telescope pointing predictions,

e update thegpredictions using previously acquired data,

& evaluate tﬁe guality of the laser pulse returns.
The first two objectivés are necessary to acquire successful laser
pulse returns, while‘ the last objective is neccessary to enable on-
site evaluation and assessment of system performance. In addition,
thé.computer implementétion of the algorithms necessary to achieve the

foregoing objectives within the computer capability of the station has

further requirements, namely:

e The predicﬁion software and procedures should not intro-
duce abrupt changes in the predicted ephemeris except at
infrequent and specified times when the ephemeris 1is

updated from external scurces.
® The prediction quality should gracefully degrade.

o The prediction software and harduare should be capable of
computing gonsiderably faster than real-time.

@ The prediction software should not use overlayed and vire
tual memory but should occupy the directly addressable
memory of typical minicomputers to enhance the transferral
of softwaré between distinctly different machines.

o Maximum ephemeris information should be compressed into a
small numbér of parameters.

e To enhance the system performance, especially the signal
detection, it is desirable that the maximum allowable
prediction ‘error be less than 100 m at all times for
Lageos.

The design and analysis of algorithms and procedures to

accomplish the previously stated objectives require further considera-
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tion of the available computer resources within the station. Compact
systems will have limited computer power, as represented by the cen-
tral processor performance capabilities and the main memory storage
capaciﬁy. These limitations are jmposed by the following:

@ ayailable nardware technology and available space within
the cabinetry,

@ power requirements and available power supply.,

& heat dissipatioﬁ and available cooling system.
These tﬁree limitations are interrelated and, because of the speed at
which %echnology is changing, are difficult to fully evaluate in the
algoritﬁm and procedure design process. Consequently, the design has
been difected toward the hatdware available in the Transportable Laser
Rangirg System-1 (TLRS-1) and the McDonald Laser Ranging Station
(MLRSfé_developed for NASA by the University of Texas at Austin [Sil-

verberé; 1981].

The following sections describe the procedures which have
been adopted and which have evolved for the generation of the
predibhed ephemeris and the reconstructed ephemeris, particularly for
Lageos. The accuracy of these predictions and the models used in

their generation are described. The considerations for the TLRS pred-
ictionA software development are discussed, and the software perfor-

mance ‘in generating the reconatructed ephemeris is summarized also.



The Predicted Ephemeris

The ability to predict the state (position and velocity)
of a satellite is dependent on several factors, namely, 1) the accu-
racy of the satellite .state at some epoch, 2) the accuracy of the
models used to describe the forces acting on the satellite, 3) the
aceuracy of the models used to describe the kinematic contributions in
thé various coordinate transformations, 4) the accuracy of predictions
ﬁhich influence the representation of forces and kinematics, and 5)
the accuracy of the method used to solve the differential equations of
satellite motion. These factors, which are not completely independent

of each other, are discussed in the following paragraphs.

Applying the princlples of Newtonian mechanics, the motion
of‘ a satellite is descrlbed by a system of second-order ordinary dife
fefentiai equations which relate the inertial acceleraton of the
satellite's center ﬁf mass to the forces which act on it. This
deécription is an initial value problem, hence, the position and velo=
eity of the satellite, ?o and'Vo, are required at some time Po . The
solution of the iniﬁial value problem yields the position and velocity
at other times, t. However, -the initial values are typically not
k;own Lo an adequate docuracy to achieve the required accuracy in
prediction. As a corisequence, observations must be ysed to determine
fhe state at a selected epoch. The determination of the orbit, how-
ever, requires consideration of all of the other factors listed above.

in general, the model characteristics and the techniques utilized in
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the state estimation wili be identical or nearly identical to those

used toperform the state prediction.

In supbort of TLRS and MLRS, the determination of the
orbit u;ilizes quick-look laser range data reported from the NASA sys-
tems, tﬁe smithsonian Astrophysical Observatory {SA0} systems and par-
ticipét%ng Furopean systems. These data are transmitted to the
Univeréity of Texas at Austin through the NASA Communications Network
(NASCO&). usually within a few hours of acquisition, The precision of
the quick-look laser range data is system-dependent and yaries from a

few centimeters to several decimeters.

The models used for the estimation of the epoch state (?0
and ?d? have evolved from‘analysis of over five years of Lageos data.
These gnalyses have includéd several refinements in the force model
based on "long-are" solutions spanning the entire data set. However,
because some small forces observed in these long arcs are not fully
understood and cannot be accurately predicted, they have been par-
tially:ignored in the models adopted for the orbit determination
aspect‘.in support of the predicted ephemeris generation. The models
adopted for the state estimation and prediction process are summarized
in Table 1. To accommodate the unknown and variable forces, a con-
stant along-track force is estimated simultaneously with the satellite
state. In addition, the differential eguations of motion are solved
by a fourteenth—order multi-step numerical integration method

described by Lundberg [19811. The software used in the estimation
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précess is UTOPIA [Schutz and Tapley, 19801].

The interval of time used for the Lageos orbit determina-~
tion portion of the prediction process will be referred to as the

estimation interval, usually an interval of approximately two months.

The state and paraﬁeters obtained from the estimation process, com-
ﬁined with the adopted models, are used to generate the predicted
éﬁhemeris for a peﬁiod at least as long as the estimation interval.

Tﬁé interval of time beyond the estimation interval is referred to as

ﬁﬁé prediction interval. The estimation and prediction intervals of

tﬂé recent predicted ephemerides are summarized in Table 2.

In order te evaluate the accuracy of the ephemerides sum-
ma;ized in Table 2, the gyai}able éuick-look data for August and Sep-
ﬁémber. 1981, were used in a separate state estimation. The resulting
estimated ephemeris has an accuracy of about one meter over the esti-
mation interval and will be referred to as the "truth ephemeris." By
comparing the truth ephemeris with the predicted ephemerides, the
differences can be resolved into the radial, transverse {along-track)
and normzl (cross-track) differences. These differences are shown in
Figures 1 to 3. In addition, for comparison, ephemerides generated at
the NASA Goddard Space Flight Center (GSFC) are also shown. These
ephemerides, referred to as GSFC Inter-Range Vectors (IRV), provide

pointing predictions for the NASA network of laser stations.

It is of particular interest to note from Fig. 2 that the

error in the predicted ephemeris LAGO013 has grown to about 80 m at
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the end of a four-month prediction interval. In addition, the radial
and normal components of the error are less than 10 m. The GSFC
IRV’sj'however. exhibit significantly larger errors in this time
perio&; While these large errors may not totally prohibit acquisi-
tion,'they are likely to be a contributing factor to poor daytime
trackiﬁg of Lageos and the signal-to-noise ratio of the return, The
mannér-in which the errors illustrated in Figs. 1 te 3 are Mseen" at a
partieplar SLR site will be dependent on the viewing geometry of the

satellite with respect to -the SLR.

The Reconstructed Ephemeris

The ideal procedure for reconstruction of the predicted
epheﬁé%is at the SLR is‘io use the same dynamic and Kinematic models
used;for the generation of the ephemerides. In such an ideal case,
onlyf;the estimated position and velocity at a chosen epoch would be
requiégd for the SLR to cdmpletely reconstruct the predicted ephem-

eris; ) Consequently, only one set of six quantities would be required

for a several-month prediction interval,

Because of thé complexity of models used in the creation
of thé predicted ephemerié. it is not feasible with current technolog-
ical ‘and budgetary constraints to achieve the ideal case. Conse-
quently, the SLR software, which reconstructs the predicted ephemeris,

must ‘operate within the available computer resources. Various pro-

cedures are feasible, for example:
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e The predicted ephemeris fit with simple approximating
functions, e.g., sSpline or Chebychev polynomials. In
these cases, the parameters associated with the approxi-

mating function would be provided to the SLR;

@ Analyticai orbit theory, requiring mean orbit elements

consistent with the theory;

@ Simplified versions of the models and techniques used to

generate the predicted ephemeris.

Although numerous fac;ors were considered in the evaluation process,
the overriding factoré were maximal use of existing software and tech~
niques. as well as the transmission of a small number of parameters
fcr the reconstruction process. Consequently, the last procedure

listed above was adopted for the TLRS operation.

In generai, the use of ‘a simplified model for the ephem—
e;is reconstruction will cause a degradation at a rate whiech is depen-
dent on the degree of simplification, assuming that initial conditions
from the predicted ephemeris are directly used. An alternate pro-
cedure, however, is tb provide the reconstruction software with ini-
tial conditions which have been adjusted with respect to the predicted
ephemeris in order to reduce the reconstruction error. This "tuning"
6} the initial conditi&ns is transparent in the use of the reconstruc-
tion software; the burden for generating the tuned initial conditions

rests with the facility which generates the predicted ephemeris. The
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procedure is iliustrated in Fig. 4. It is important to note that the
purpose of the tuning is to essentially eliminate prediction erraors
which can be introduced by the reconstruction software,. With a chosen
reconstruction interval, 1i.e., the time interval for which the initial
conditions have been tuned, the software reconstructs the predicted
ephemerides as illustrated in Fig. 5. Although discontinuities will
exist between adjacent tuned intervals, the proper combination of sim-

plified model and tuning interval will ensure small discontinuities.

The degree of simplification in the reconstruction

software.is dependent on the acceptable error magnitude and the recon-
struction interval. After considering various intervals for providing
the pfeéicted ephemeris (in the form of adjusted initial conditions},
the in@grval of one daf was chosen as the nominal goal for TLRS. With
this ééiection. only one set of satellite position and velocity per
day neeq to be provided to the reconstruction software, thereby allow=

ing even verbal transfer of several days of data to the SLR if it is

required.

With the selection of a nominal one-day predicted ephem—
eris interval, consideration of various models for the reconstruction
software was necessary. By faithfully reconstructing the predicted
ephemeris, the satellite ephemeris available at the SLR will reflect
only efrors in the predicted ephemeris, instead of the errors from
both the prediction and the reconstruction., With this consideration,

the design criteria was adopted that the reconstruction error be less
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than five meters RMS over the reconstruction interval.

Using UTOPiA, the software used for the generation of the
pfédicted ephemeris, -various experiments were performed to evaluate
véhious simplified modéis for Lageos., These experiments utilized an
e?ﬁemeris comparison ﬁode in which points on an ephemeris can be used
a%;“observations" for & least-squares adjustment of epoch state or
o;her parameters. Tge nonlinear estimation process requires itera-
t;bn; however, the initial iteration always began with the state
d;kectly available f;om the predicted ephemeris. To assist in the
ihﬁerpretation of results, the differences between the Yobserved
(;redicted) epifxemer-i.‘s'fl and the "computed ephemeris" are resolved into
céﬁponents in the radiél (R), transvérsa (T) and normal (N) direc-
tigns. These differénces are expressed in terms of their Root Mean
Ségare (RM3) for each iteration. Furthermore, only the epoch state

wéé adjusted in the results which are described in the following para-

graphs.

Because of the Lageos"orbital characteristics, degree
se?en, order six spherical harmonic coefficients produce a 2.66-day

long-period effect. Consequently, experiments have shown the neces-

sity for inelusion of these terms in the reconstruction process, espe-
¢ially when the software will predist the state for one day from a
sihgle position and velocity, The influence of these coefficients is

summarized in Tables 3 and 4.
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Similarly, the moon produces. an effect on the Lageos orbit
which 1is characterized by 1l- and 28-day periods, while the effect of
the sun has annual and semi-annual periods. While the effect may be
small‘:within one day, the day~to-day effects can be expected to
change, as exhibited in Tables 5 and 6. As shown in these tables, the
use of.points on the predicted ephemeris as the initial conditions for
the reconstruction process without inclusion of the sun and moon
yields errors of as much as 150 m., This violates the stated criteria
that the ephemeris reconstruction be accurate to less than five
meters, Even after tuning;the initial conditions for this model defi-
cienci} the error still exceeds the 10 m level. Inclusion of the sun
and mqon shows that the.specified criteria can be met, even without
tuninégthe initial condit@dns. This conclusion, however, assumes that
the réconstruction proceés uses a model of the sun and moon coordi-
nates? which is identical to that used in the generation of the
predicted ephemeris, which requires a large supporting data base (DE=-

96).

Bused on the preceding results, the reconstruction
software was developed by Cuthbertson [1981] using the characteristies
shown in Table 7. Particular characteristics include the use of Pines
[1974] nonsingular formulation for the gravitational spherical harmon-
ies, modified to directly use normalized coefficients. In addition,
the software utilizes an analytical theory of the moon and sun to
avoid the necessity of a large supporting data base. Evaluation of

the éccuracy of this approach compared to the use of DE-96 in the
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reconstruction software is in progress, It is to be noted, however,
that‘ by appropriate tuning of the initlal conditions most of the

differences in the models can be eliminated.

The reconstruction software is coded in Fortran and has
been operated on a PDP 11/60 minicoﬁputer using the RSX11M operating
syétem. as well as on a Data General Nova computer. The software uses
1@55 than 32000 16-bit words of memory for execution. With the
system's hardware floating point processor, predictions for a full day

require less than five minutes of computer time, typically about two

minutes.

The reconstruction software has been evaluated through the
usé  of points from the pffdicted ephemeris as well as with quick-look
data. In the former ca;e,‘ a set of initial conditions from the
pré&icted ephemeris were used for a one-~-day predicéion and points gen-
erated by the reconstruction software were directly compared with
points from the predicfed ephemeris. The latber case used quick-look
range data from Yarragadee, Australia, on October 10, 1981, Using the
jnitial conditions froh the predicted ephemeris, LAGOO14, and without
tuhing. a range residual RMS of 5.1 m was computed, approximately
equivalent to 34 ns in two-way propagation time. It is important to

note that the last data used in the creation of this predicted ephem-

eris was 3 September 1981.



- 160 -
Conclusions

The results have demonstrated that the errors from a
several-month prediction of the Lageos ephemeris are less than 100 m.
With gxpected further impgovements in the force models used for the
state~:estimation and ephemeris prediction, simultaneous improvements

in prédiction accuracy will result also.

The ephemeris,reconstruction accuracy is dependent on 1)
the model used and 2) tﬂe interval of'time for which the reconstruc-
tion is applied. The model requirements can be relaxed by adjusting
initial conditions used in the reconstruction software to accommodate
the model differences. This tuning of the information provided to the
reconétruction software ;can produce meter-level accuracy in recot-

.‘,“

structing the predicted ephemeris.
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Table 1

MODELS USED FOR LAGEOS ESTIMATION/PREDICTION (LAGOO14)

Force HModels:
Gravitational

GEM 10 (Lerch, et al., 1979); complete to degree and order
13 plus selected resonance coefficients

Sun and Moon: coordinates from JPL DE-96 [Standish, et al.,
1976]

Solid Earth Tides*; Wahr (1981a) model wusing 10664 earth
model

Ocean Tides*:; Schwiderski (1980) nine-constituent model

Nongravitational
Solar Radiation Pressure; assumed constant

Drag~like Force; estimated paramq&er, agsumed constant
{(LAGOO14 value, -2.60 x 10

Equations of Motion:

Mean equator and equinox of 1950.0- nonrotating reference system
Earth Orientation:
1976 IAU Precession [Lieske, et al., 19771

Wahr Nutation (1981b)

Pole Position and UT1 from BIH Circular D; for prediction, values
adopted from extrapolation of BIH Cireular D

Laser Station Coordinates, LSC 80.11 {[Tapley, et al., 1980]

Numerical Methods:

Fourteenth-order multi-step [Lundberg, 1981]

Software:

UTOPIA [Schutz and Tapley, 19801

# Implementation and results are given by Eanes, et al. f19813].
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Table 2

REbENT PREDICTED EPHEMERIDES FOR LAGEOS

Ephemeris Estimation Prediction
Identification _Interval* Interval
LAGOO13 18 March 1981 11 May 1981
to 10 May 1981 to 19 September 1981
(54 days) (131 days)
LAGOO 14 16 July 1981 3 September 15981
3 September 1981 to 1 February 1982
(49 days) (151 days)

* Interval during which quick-look laser range data are used to esti-

mate the epoch orbit elements and drag parameter.
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Table 3

ONE-DAY EPHEMERIS RECONSTRUCTION: 4 x 4 GRAVITY
EPHEMERIS DIFFERENCES (m)

RMS RMS Tuned

Day R T N Overall Overall
1 3.4 uy,3 4.5 25.8 3.0
2 3.6 30.9 3.9 18.1 2.9
3 3.3 32.5 5.4 9.1 2.9
y 4.5 13.1 4,5 8.4 3.2
5 4.0 19,5 2.6 11.5 3.1

Table #4

ONE~DAY EPHEMERIS RECONSTRUCTION: 7 x 7 GRAVITY

RMS RMS Tuned

Day R I N Qverall Overall
L 0.8 5.2 0.3 3.0 0.6
2 0.3 4.8 0.5 2.8 0.6
3 0.8 3.7 0.4 2.2 0.5
4 1.1 2.6 0.3 1.7 0.6
5 0.8 2.7 0.3 1.7 0.6
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Table 5

ONE-DAY EPHEMERIS RECONSTRUCTION: NO SUN/MOON
EPHEMERIS DIFFERENCES (m)

RMS RMS Tuned
Day R . T N Qverall Overall
1 8.9 523.3 73.8 152.14 21.9
a 5.2 52.2 127.7 79.7 19.6
3 4.9 27.7 109.2 65.1 16.3
) 4.8 - 16.2 90.0 52.9 13.5
5 5.7 S 14,2 79.5 46,8 12.9

Table b

ONE-DAY EPHEMERIS RECONSTRUCTION: SUN/MOON
' EPHEMERIS DIFFERENCES (m)

Chy . RMS RMS Tuned

Day R I N Dverall Overall
1 0.7 6.7 0.6 3.9 0.5
2 0.3 4.1 1.2 2.5 0.7
3 1.0 4.2 1.7 2.7 0.6
b4 1.0 2.4 1.1 1.6 0.6
5 1.0 3.t 0.8 1.9 0.7
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Table 7T
MODELS USED FOR LAGEOS EPHEMERIS3
RECONSTRUCTION SOFTWARE
Force Models:

Gravitational
GEM 10, complete to degree and order 7

Sun and Hoon} coordinates from analytical theory

Nongravitational

None

Equations of Motion:

True-of-date nonrotating reference system defined by
initial epoch

Numerical Methods:

Fourteenth-order multi-step integrator [Lundberg, 1981]
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(M)

TRANSVERSE GRBIT ERROR

COMPRRISON OF THE TRANSVERSE GRBIT ERRGR OF DIFFERENT
LAGEQS EPHEMERIDES IN RUGUST-SEPTEMBER 1981
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B

RECONSTRUCTION INTERVAL AT SLR

A: RECONSTRUCTED EPHEMERIS USING PREDICTED EPHEMERIS
FOR INITIAL STATE

B: RECONSTRUCTED, EPHEMERIS USING INITIAL STATE TUNED
To BEST FIT SLE MODEL TO PREDICTED EPHEMERIS

FIG.4 TUNED INITIAL CONDITIONS

PREDICTED
EPHEMERIS
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PRACTICAL ASPECTS OF ON-SITE PREDICTION

E. Vermaat

Workiﬁg Group for Satellite Geodesy, Kootwijk,
Delft University of Technology, Delft, The Netherlands.

Abstyract:

The amount of success of satellite laser ranging, apart
from efforts in instrumental design, largely depends on
the production of accurate satellite orbits by a predic—
tion center.

This paper reviews some of the aspects of the inter-
action between a prediction center and mobile laser rang-~
ing systems.

Practical techniques for real-time prediction optimi-
sation are reviewed. The feasibility of on-site estimation

of orbital parameters is discussed.

1. * Introduction

Satellite laser ranging systems should be provided with

orbital parameter messages, which are sufficiently compact
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for ease of data-communication and which allow for effi-
'f”c1ent on~site computation of loock-angles. Section 2 re-
views techniques for this.

The frequency’ ‘with which satellite orbits should be
‘upgraded, from tﬂe reduction of recent quick-look data
“largely depends én orbital characteristics. Low flying
satellites, especially those affected significantly by air
drag, cannot be predicted accurately for more than 2 or 3
weeks ahead [Dunn,1979]. '

The required prediction accuracy obviously depends on
equipment characteristics. An important overall quallty is
the maximum beam divergence allowing for a reasonable pro-
bability of satellite return detection. In daylight, at
high background noise levels, this value will be most
critical.

If the a-priori guality of the look-angle predictions
does not allow for "hands~off" tracking due to e.g. poor
orbital information or, in case of mobile ranging, inaccu-~
racies in site coordinates, mount orientation or timing,
real-time facilities as described in section 3 could help
_optimising acquisition rates significantly. h

Tn case of interrupted data communication with the pre=-
diction center, pbssibly happening to remoteiy éperating
mobile stations, a great deal of continuity of operation
can be obtained from on-site orbital parameter estimation

techniques. These are discussed in gsection 4.

2. Reproduction of the orbit on-site

Obviously it will be highly impractical to transmit
‘gsets of look-angles from a prediction center to the indi-

vidual laser ranging stations. The prediction center
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should define a set of parameters which describe the pre~

dictéed orbit accurately and which allow for an efficient

process of computing look-angles using on-site computing
facilities. Thus one requires a parameterisation of the
orbit to a sufficient degree of accuracy with a limited
set of data involved on one hand, and reasonable simplici-
ty in the reconstruction and in the subsequent computation
of look~angles on the other hand.

A well known example of this approach is the SAO mean
element message comprising Keplerian mean elements at an
epoch and terms describing secular and long-periodic perr
turbations [Thorp,1978]. The reconstruction of the orbit
requires an analytical theory for updating the orbit to
any epoch t(i) and the addition of significant short-
periodic perturbations. The famous SAO-Aimlaser programme
does just that.

An alternative approach is the use of osculating ele~-
ments (a state vector) which describe the actual satellite
state at an epoch in a well-defined coordinate system,
e.g. NASA IRV messages., The reconstruction of the orbit can
be accomplished by numerical integration of the eguations
of motion derived from a dynamical model. Pertinent to
this model a choice out of three cases could be made.

a. The formally only correct way is to use the original
dynamical model for the equations of motion as being
used for the quick-look data analysis at the prediction
center. This would precisely reconstruct the orbit as
it has been predicted from the data analysis, at the
unrealistic price however of heavily burdening the on-
site computing facilities.

b. Alternatively one could derive the equations of motion
from a simplified model. The permissible degree of sim=
plffication depends basically on the satellite orbit
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characteristics and the arc length required. The recon-
structed orbit being tangential at the initial epoch
will gradually diverge from the originally predicted
orbit. In table 1 the committed error is sumﬁarized
using a given state vector for STARLETTE and LAGEOS.
Results are given at various arc lengths and using two
very simple dynamical models, accounting for the in-
fluence of earth gravity up to the J2 term or up to
degree and order 4 respectively, neglecting all other
forces.

These results suggest the use of one state vector
for each observable.pass of STARLETTE (about 5 or 6
per day), where the J2-field is already sufficient and
one state vector for every one-day arc of LAGEOS, uti-
lising up to C,S(4,4). Thus the computational effort
required on-site as well as the number of state vectors
involved is quite limited.
A third possibility is that the prediction center fits
an arc of certain length to the predicted orbit in an
adjustment process using a simplified dynamical model,
yielding a new estimate for the initial state vector.
Utilising this "mean" state vector, the fitted arc can
be reproduced on-site by numerical integration applying
the same simplified model. Again the permissible arc
length and the degree of simplification are related
and depend on the orbit. But the absence of the diver-
gence occurring in the former case, as a result of the
technique of approximation applied here, will allow for
a considerably greater arc length to be derived suffi-
ciently accurately from a single state vector. Fig 1
depicté the deviation from the original orbit for a
7-day STARLETTE arc, utilising a tailored dynamical
model comprising 23 selected coefficients of the earth
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STARLETTE

20 min 1 hour 1 day
J 2,0 77 m/ 16 " 205 m/ 43 " -
J 4,4 15m/ 3° 63 m/ 13 " -
LAGEOS 20 min 1 hour 1 day
J2,0 - 71w/ 2.4" -
J 4,4 - 12 m/ 0.4" 229 m/ 7.9"

Table 1.

Errors in satellite position due to truncation of tne 2arth
. gravity model up to the J,—term and up to degree and order
respectively, at various arc lengths.

A
k3
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gravity field basically to degree and order 6, as well
as models for air drag and lunar gravity. Fig. 2 gives
similar results for a 30-day arc of LAGEOS derived
from an earth gravity field up to degree and order 4,
and models for lunar and solar gravity.

In both cases the maximum error is less than 50 m in
the along-track, radial and across-track components.
Moére details on this approach are given in
[Vermaat,1981]. '

From these various approaches it can be concluded that
ways exist to optimize both the amount of input data deman-
ded from a prediction center and the simplicity of the
on-site software producing the look-angle information re=

quired for tracking.

3. Real-time techniques for prediction optimisation

Basically three goals should be accomplished while
tracking the satellite, in order to optimise the data
acquisitions:

a. obtaining the satellite within the laser beam and
obtaining the occurrence of its return signal within
the time window,

b. discriminating satellite returns from noise,
deciding on corrections to the look-angles, delay and
size of the time window to enhance the signal to noise

ratio.

If a. is not accomplished automatically when tracking
has commenced, eventually at the maximum permissible beam
width and time window, there is little else to do then to

engage some search—-and-find process, primarily adjusting
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the along-track component.

The second goal should obviously also be aimed at imme-
diately, in order to be able to judge the amount of success
in actually hitting the satellite. This discrimination
could be facilitated by graphically displaying the occurred
events e.g. in terms of observed - predicted values or by
constructing histograms counting events in a number of
classes defined in the travel time domain. This graphical
data will require operator intervention to conclude about
the actual offset in predicted range. Simple numerical
: techniques for processing range residual data could be
imagined to arrive automatically at the range offset.

An increased acquisition rate resulting from the deploy~
" ment of a multi-event timer, especially at high noise

| levels, could significantly speed up this process of lo-
cating the satellite.

Angular information could be derived from data sampling
with a quadrant detection system, such as anticipated in
the Delft mobile system [Visser,1981]. This data, sampled
with four independent PMT's, could likewise be processed
‘elther graphically or numerically, to decide on the angu-
“lar displacement of the satellite with respect to the
optical center of the detection system.

Once the satellite has been located with some degree of
reliability, the corrections to be applied to the predicted
delay or, in case of quadrant detection to the lock-angles,
can be decided upon easily by the operator or eventually
from dedicated software. An example of a curve fitting
technique rapidly concluding accurately on improved range
prediction is given in fig. 3. As soon as a curve is fitted
~to 7 to 20 early range observations in the pass, utilising
1-a second degree polynomial and a Keplerian model with three

free parameters resp., the remaining range predictions in
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the pass are extrapolated from the curve. The graphs dis-
.play the residuals with respect to the actual observations.
rIt is concluded that already after processing the first 14
%ange observations, the improved range predictions obtained
from the Keplerian model result in range predictions accu-
rate to at least 200 ns for the remainder of the pass.

Thus, with the techniques described, improved satellite
predictions can be' produced, allowing for the decrease of
both the time window produced by the range gate generator
and the width of the laser beam, which in turn yields im-
proved signal to background noise levels. It is expected
that these detection hardware facilities in concert with
simple but cleverly designed software, will considerably
improve the amount of data acquisition in case of initial-
ly marginal observability conditions like daylight ranging
at low signal levels of poor a-priori information on either
the satellite's orbit or on mount position and orientation,
or in caée of the occurrence of unknown clock offsets.

&, Orbital parameter estimation from on-site analysis

. The guality of orbital predictions for low orbit satel=-
iites (say less than 1500 km), especially those with un-
‘favourable area to mass ratio, tends to deteriorate quite
rapidly in a few ﬁéeks tifie. Regular re-estimation based
on recent tracking data is therefore important, requiring
4 prediction center collecting quick-look data from
different tracking stations and transmitting newly derived
orbital parametersregularly. If remotely operating mobile
laser ranging systems encounter problems in data communi-
cation with the outside world, successful ranging on these

satellites might become increasingly difficult. Some de-
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gree of independence for these mobile systems in terms of
on—site prediction capability therefore might add to the
success of laser ranging campaigns.

Méjor drawbacks in this on-site data reduction and esti-
mation process will be the poor geometry of the solution
as a'qonsequenCe of the use of one-station range data only
and the severe simplifications in the dynamical model from
which the equations of motion will be derived, dictated by
the limited on-site computer capacity. The feasibility of
this approach however has been indicated by several authors
(e.g. [Schutz,1978],[Wakker,1981]).

Tﬁe geometry problem will have to be solved by reducing
data from a sufficient number of different passes, thus
increasing the estimability of the orbital plane orienta-
tion parameters. But even in clearly non-singular solu-
tions, systematic errors which might easily go undetected,
could corrupt the significance of the estimated orbital
parameters. Therefore this type of analysis always will
have‘ﬁo be done with care.

The limited computer capacity will be most severe in
real¥£ime, because high priority programs will be in exe-
cutioﬁ e.g. for monitoring the tracking and data format-
ting, etc. The necessity for orbital parameter estimation
in real-time could be questioned however. Some of the more
apprdﬁriate candidates for efficiently improving tracking
paraﬂeters in real-time were outlined in the previous sec-
tionf:The corrections to the look-angles derived in this
way, usually have limited validity for future passes how-
everyﬂTherefore, once serious offsets in the look-angles
or délays due to poor orbital prediction quality have
heen éncountered, programmes for data reduction and para-
meter estimation should be executed off~line in the periods

between pass observations, thus exploiting the otherwise
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idle computer capacity to the full.

The feasibility of the sequential KALMAN filter approach
for this analysis has been clearly demonstrated in
[Wakker,1981]. In this reference the application of the
ek#ended KALMAN filter technique to the problem of orbital
estimation utilising one-station range data, is outlined.
Ofispecific interest is the solution to the filter diver-
geﬁce problem due to non-linearity of the dynamical equa-
tions. The cautious application of a correlation correc-
tion factor slighthly affecting the state covariance matrix
prior to each observation-update step, effectively elimi-
naﬁas this instability. The notorious filter divergence
préblem occurs also in presence of undetected gross errors
ihythe range data. [Vermeer,1981] describes a theoretically
derived technique based on the "limited gain" philosophy,
bbﬁnding the influence of gross errors. Without the use
of‘this kfnd of techniques, the effect of gross errors,
eséecially when occurring at the beginning of a new pass,
i& ‘generally fatal to the filter stability. From these
studies it can be concluded that with carefully designed
software and cautious analysis, the KALMAN filter method
pféves to be a powerful tool to solve the problem of up-
gtading orbital parameters from on-site range data analy=
si8.

5fFor those who insist, this sequential technique could
béfapplied in real-time, feasible for satellite ranging
stations equipped with sufficient computer capacity.

5'Obviously batch type approaches could also be employed,
ekélusively in the off-line case. Reducing batches of data
pfincipally has the advantage of better control of the in-
flhence of gross errors in the data, than sequential tech-

nigues, although as indicated above, the quite poor geo-
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metry due to the exclusive use of range data only from

one station, might in many cases largely neutralise this
quality, especially when a small number of passes has been
observed. A candidate for a simplified dynamical model
describing the satellite's orbital motion could be the
model outlined in section 2, used for the approximation of
an arc, estimating a "mean" state vector. This new initial
state vector defines the arc with sufficient accuracy,
deploying dynamical equations derived from the tailored
force'model. If this model would have been installed al-
ready'for the computation of'look-angles, it would require
relatively little extra coding to allow for the reduction
of range data, re-estimating the initial state in the same
dynamical system. Promising results were obtained from a
preliminary investigation upgrading a 7-day STARLETTE arc
utilising the tailored model described in section 2.

Fig. 4 illustrates the effect of the reduction of 9 passes
of rahge data. In this simulation study, the initial state
was corrupted causing a considerable divergence between
the "real" and the corrupted arc, illustrated in the top
figure. The graph at the bottom shows the deviation of the
updated arc from the "real®” arc after processing 9 passes
of range data, taken within 48 hours from the beginning of
the are. It should be noted that the original initial state
vector was derived from a 7-day arc. The latter 7 days de-
picted in this figure shows the results of sheer extrapo-
lation, suggesting the feasibility of continuing this on-
site analysis with recent data, thus obtaining a good deal
of independence from external orbital information. Con-
siderable interrupts in the data acquisition due to e.g.
weather or site change would easily corrupt this process
of "bootstrapping", compelling re-initialisation from

external information.
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Figure 4,

Satellite orbit improvemeitt from
on=-stte analysis. A poorly
predicted arc of STARLETIZ t8
upgraded from the reduction of
one-gtation range data taken in

9 passes during the first 48

hours of the arc. The deviations
from the veference orbit are
diaplayed for the predicted arc
(top) and the {mproved arc (bottom).
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5 Concluding remarks

A dedicated prediction center communicating regularly
updated orbital parameters for the low satellites to SLR
stations, could eliminate all serious on-site prediction
problems. Nevertheless a great deal of flexibility and
reliability can be obtained from clever hardware/software
features at the stations for real-time prediction optimi~
sation. Some degree of independence from data communica-
tion with the prediction center by means of on~site faci-
lities for orbital parameter estimation, is advisable

and feasible.
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In early days of the space age most of the artificial
satellites were tracked by radio interferometry, optical and
radio doppler methods. Since the accuracy of their predic-
tions was usually very poor because of the lack of knowledge
of the upper atmosphere density and its temporal variations
and of rather large values of the area-to-mass ratios of the
artificial satellites, wide-angle cameras of Schmidt type,
for an example, had to be used for the optical tracking pur-
pose. Also as any computor-controlled device to drive the
telescopes was not available at that time, a third axis, so-
called tracking axis, was introduced so that by rotating the
telescope around this axis only satellites could be tracked.
However, since any satellite does not move along a great cir-
cle in the sky it was not possible to track them accurately
along a long arc with one tracking axis only. Therefore,some
tracking telescopes such as AFU-75 have fourth axes for the

precise trackings.

Now only a few laser ranging telescopes have tracking
axes. Most of them are on alt-azimuth mounts and the tele-
scopes follow the motions of artificial satellites by rotat-
ing them around the two axes simultaneously. This can be
done very easily by using small computors which compute pre-
dicted directions of the satellites as functions of time and
drive the telescopes by comparing their directions in the sky
with the predicted ones. Some of the telescopes are on X-Y
mounts to avoid the dead angle near the zenith by introducing
another horizontal axis instead of the vertical axis for the

alt-azimuth mount.

In early days just after satellite laser ranging instru-
ments had become available laser oscillators were usually
very compact and short. Therefore, they could be put on the
same mount as the telescopes. Now in order to reduce the
laser pulse length to the order of & few hundred pico-seconds,
to change the original laser frequency for some cases and to
amplify the laser power many devices besides the oscillators
are necessary. Therefore, the laser oscillator systems are
very large and heavy and cannot be, usually, put on the sanme
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mount as the telescopes. Instead they are put on fixed plat-
forms. .ln order to fire the laser beam towards the satellite
it should be introduced to the transmitting telescope through
its coude focus. Then it is necessary to take alignments
among optical axes of the transmitting and receiving tele-
scopes and also laser beam axis very carefully. It is a very
time-consuming job. Now some very ingenious devices for the
alignments have been developed and introduced in most of the
existing systems.

Major modifications of the satellite laser ranging sys-
tems were made after Lageos satellite was launched. We can
compute predicted positions of the satellite very accurately,
namely with two arc second errors. Therefore, it is possible
now to range the satellite with very narrow beam divergence
if the system can follow the satellite motions with the same
accuracy. If so, a moderate size telescope can be used for
Lageos satellite ranging and as not so high energy laser is
necessary the pulse length can be made very short. For such
systems requirements for the optical system and mounts are
more severe. The mount should be designed so that the tele-
scopes ¢an be pointed to the predicted positions very pre-
cisely with and without guiding and the optical system must
be designed so that the alignments can be taken very accu-
rately, easily and quickly.

Now at several institutes mobile(or transportable} laser
ranging systems have been developed and in operation. In
fact most of recently developed systems are mobile or trans-
portable in some senses., The requirements for such systems
are the most severe, however, they have been achieved for

most of the systems.

In the session of latest trends in optics and mount de-
velopménts the report on mount and telescope for the German/
Dutch mobile system is presented by H. Visser and F.W.Zeeman
and the satellite ranging mount system of Contraves Coer:
Corporation is explained by G. Economou and S. Snyder. More-
over, the 1.5 meter telescope realized by INAG for the CERGA
lunar laser ranging system is described by M. Bourdet and C.
Dumoulin. The three papers appear in the proceedings. The
other two papers which are presented in the session cannot
be published here unfortunately because they have not come
in written form by the deadline. They are the paper on TLRS
TI(Tansportable Lunar Ranging System) by T. Johnson and that
on MLRS(Mobile Lunar Ranging System) by B. Greene. It is
expected that you can have informations on these two systems
in the tables of the proceedings and by contacting the authors.
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{UNAR LASER RANGING SYSTEM
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.N.A.G. - Avenue pentert Rochereau - PARLL - FRANCE

. DUMOULIN _
ERGA - ROQUEVIGNON - GRASSE — FRANCE

INTRODUCTION

In 1973, the National institute of Astronomy and Geo-
physics (I.N.A.G.) was entrusted with the design of a Lunar
Laser Ranging System. The scientific objective is the measure-
ment of the Lunar distance with an accuracy of several cm., by
means of the round trip travél time of a ﬁuby laser puise.‘?he
measure musﬂjbe obtained within about 10 mn. interval durinc the
firing sequence. The first shots insure the result, the following
ones improve the precision. '

our first duty, was to work out the specification for this
special experiment. The acquired@ knowledage from the Mc Donald Obser-
vatory and the results of the tests madé in France at Pic du Mici
Observatory allowed us to choose the important parameters. After
approximating the characteristics of the laser, the receptor and
+he backscattered beam, we were able to defipe the features of
the optical instrument. The most important were the trackinc and
guiding accuracy, the high collimation between the emission, recep-
tion and guiding paths and the telescope size. A preliminary theo-
rical study has shown, that the telescope would have at least

1.4 m in diameter in order to .satisfy the scientific objectives.

i
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BACKGROUND INFORMATION

b s o e U S - e LR S L ALl n e

The telescope is located near CGrasse on a Plateau, at :
an altltude of 1 250 m. Its construction began in 1974. The
flrst stars were observed in August of 1978 with a simplified
tracking program.

- The basic layout of the facility is shown in fig. 1.
A 44 m?* room where the operators stand, shelters the computers,
electronics and laser. The laser stands on a concrete block with
an independant foundation and is isolated by a wooden wall. At
one end of this room is a circular attachment of which the wall
sustains the dome. In the middle of this room is a concrete pier
on which rests the telescope. This pier is constructed of six

\ 1.5 m Telescope

expverimental
vlatform

altitude axis

azimuth axis

Pier

Ruby laser

computers
electronics

.

Fig. 1 : THE -LOCATION OF THE LASER RANGING EQUIPMENT
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radial walls which are tied at the top by a concrete ring and
below by an independant bulky foundation. A floor, situated

at 4.50 m from the ground, allows the observer to reach the
experimental equipment attached to a platform which is fixed

to the telescope. The dome of ¢.5 m diameter is turned by hydrau-~
1ic motors. It is slaved whith the votation of the telescope.

A thermal insulation covers the interior of the dome.

MAIN OPTICS OF THE SYSTEM

i o 7 L S b e ke AT e e e Wi B i S e S

The optical system consists firstly of the telescope pro-
per with a Nasmyth-Cassegrain focus and secondly of the auxiliary
optics which separates +he beam into emission, reception and gui-
ding paths. This solution with a telescope used as transmitter,
receiver and guider facilitates an alignment of the three paths
better than one arc second. The diagram of the major optical com~
ponents is drawn in fig. 2.

The telescope is composed of a main concave, a convex
and a Nasmyth mirror. A diameter of 1.5. m was chosen for the
primary mirror, With adeguate light efficiency, this receptor
surface appeared to offer a sufficient margin of security. Besides
when used as a transmitter the divergence of the laser beam might
be less than one arc second. The focal ratio of the primary is
£/3., The secondary gives an effective single telescope focal
ratio of approximately F/20 which corresponds to a 31 m focal
length. The Ritchey~Chretien optical system allows the attainment
of an utilizable 30 minutes field for the tracking (aberration
less than 0.5 arc sec. on the curved focal surface).

There are various guiding methods. At the time of the
design, a sure way to point the telescope to the site of a lunar
retro~reflector array seemed to be by off-setting from a small
reference crater with the electronic reticle of a T.V. camera.
Hence, there is a moving guiding camera which is controlled by
a computer. To calculate its position, the computer needs the
focal length accurately {with a relative precision of 10_q). The
chosen solution allows the holding of the focal length during

several months by avoiding the variation of the mirrors curvature
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and of the critical primary-secondary separation. The mirrors
are made of zerodur ceramic glass with a low expansion coeffi-
cient. The primary and the secondary are linked with three
Invar rods. The secondary is connected to the three bars by
only a three brace spider. This solution equally allows the
maintenance of the focusing which eliminates a constant adjust-

ment on the secondary, thus rendering its position very stable.

Shifting stage
(mirror/hole/beam split-
ter

Invar rod

Secondafy
: Dichrof¢c mirror

Beam snrnlitter

Reference reticle

Altitude axis

Nasmyth
V4 I

Mirror
) Guiding
J camera
v [

Primaryv
1 -_:___,...-——ﬂ

Diverging
Nlens‘

Detector
nackage

Fig. 2 : DIAGRAM OF THE MAJOR COMPONENTS
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To improve the light‘efficiency, the secondary and
flat mirrors are overcoated with silver {(R~98 %). For the same
reason, the Cassegrain's location was determined by minimizing
the central obstruction {taking into account the protecting light-
baffles, a loss of only 11 % is obtained) . Furthermore, Ey
frequently recoating and cleaning the mirrors the light efficiency

obtained is greater than 0.8.

AUXILIARY OPTICS

e i . T T A T o — by S

The separation of the emission, reception and guiding paths
is facilitated by the accessibility of the focus, due to the alta-
zimuth mount Fig. 2 and 3 shows the principle.
hifting Stage

(mirror/hole/
atellite beam splitter)

Dichroic mirror

Beam splitter

rReference reticle

CGuiding device

Diverging lens

\_Detector focus

Detector package

::::J E JCoudé path

Fig. 3 : SEPARATION OF THE EMISSION, RECEPTION AND
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After emission, the laser beam is expanded to 30.5 m
diameter and begins to follow the coudé trajectory. After the
dichroic mirror, the beam appears to issue from the focus of
the telescope. On the return trip after the dichroic, a shif-
ting mirror reflects the light onto the detector package which
contains a photomultiplier, spatial and spectral filters. In the
case‘Qf shots at satellites or earth targets, a beam splitter is
Sﬂbstifutedwhich permits simultaneous emission and reception. All
of these optical components have a multilayer dielectric coating.
Due to special precauﬁions against dust, the light efficiency is
excellent.

The dichroic, which reflects 99 % of the ruby wave-length,
is tfansparent to the bulk of the visible spectrum used for gui-
ding. A beam splitter reflects 75 § of this light while giving
a horizontal guiding field. The searching of the focal surface
is accomplished with the aid of a moving T.V. camera. Used without
auxiiiary optics, it receives a field of about 5 arc minutes in
which the definition is sufficient. The camera is carried by a
motorized micropositioning device controlled by a computer. This
device consists of a rotary stage, which easily compensates for
the rotation of the field, and two translatory stages, one for
off-set field observation and the other for focusing. Due to the
horizontal focal surface, the system operates in favorable mecha-
nical conditions. Nevertheless, the original adjustment is impor-
tant to hold the precision. Both the electronic reticle of the
camera and the focus of the telescope must fall accurately on
the rotation axis, when the camera stays in the center of the
field. To make these adjustments, the focus is materialized by
a projected reticle (this process is explained in the following
paragraph) . By rotating the device, the camera image of this
focus describes a circle with a center on the axis of rotation.
Tt now suffices to merge the projected and electronic reticles
on this center.

The light transmitted by the beam splitter gives an
available auxiliary focus. This one, in particular, is used as
the reference focus of the telescope for aligning the three

parths. A reticle define its position on the horizontal rotation
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axis (or more exactly its image through the two beam-splitters).
To put the reticle in place, a spherical mirror is attached to
the horizontal bearing and turns with the tube. Its center of
curvature was chosen to be ih telescope's focal plane ; hence,
the reticle and its image can be merged by tilting the mirror.
The adjustment is achieved when the image superimposes with the
reticle ands stays fixed with the turning of the tube. Both the
reticle an& the center of curvature are on the horizontal rota-=
tion axis. With the lighting of the reticle, the spherical mir-
ror projects its image on the detector package and the guiding
camera, thusly defining the focus of the felescope.

For the alignment of the ruby laser beam, a He-Ne laser
situated under the telescope is used. Firstly, its beam is sent
out parallel to the rotation axis by auto-collimation on a flat
mirror éttached to the telescope. This mirror is made perpendi-
cular to the axis by rendering fixed the reflect beam with an
azimuth rotation. Afterwards by translation, the beam is centered
on the axis. Then the passage of the beams rests fixed with res-
pect to the telescope when it turns. To adjust the emission direc-
tion, the &iverging lens must be regulated so that the laser
beam seems to issue from the telescope's focus. The spherical mir-
ror, used once again, gives an image of the laser beam at the auxi-
liary focus. By shifting the diverging lens, this image is cen-
tered on the reference reticle. Furthermore, a beam comes Back
to the ruby laser and is later used to adjust it. Thus, a trans-
lation of this lens parallel to the optical axis gives the wanted
divergence of the emission beam which may be chosen between 1 and
15 arc seconds. It remains to merge the ruby laser beam with the
He~-Ne one.

This method gives an alignment of the paths better than
1 arc second and permits an easy checking of the adjustment without
looking at the sky. With this mount, gravity always works in the

same way, SO the reliability is high.

THE MECHANICAL STRUCTURE

e vt et ik ) o ot 40 T S e el

7o obtain a good pointing and tracking guality, the alt-

azimuth mount was recognized for its many advantages. Its compact
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and symmetricalstructure which operates in favorable conditions
is better adapted to the computation of distorsion. This permits
mastery of design and results in excellent unit rigidity. The
axles always operate in the same conditions. Their positions,
with regard to the optics, simplify the use of oil bearings.
This insures a greater stability.and allows a sensitive driving
due to negligible frictions even at gquasinull speeds. The telescope
erectlon is easy. The control of rotation optical axis adjustment
is facilitated, resulting in improved accuracy for setting and
tracking. In addition, residual adjustment, defects, bending,"
gear faults, etc..., give an analytical expression which is easily
inserted in the control program.

The mounting and the mechanical structure have been designed
and drawn at the INAG Technical Division and manufactured in
France. The principié elements are shown in Fig. 4. At the lower
part of the telescope is a bulky platform of 2.75 m diameter.
Below, a bright ring is attached and rests on 6 flats o0il pads
while 3 spherical ones hinder horizontal translatory movements
of the axle. Above the platform, two tines support the altitude

bearings.

The pads glide on spherical surfacegs and their centers,
which are unaffected by errors of adjustment and elastic defor-
mations, define a steady position of the rotation axis. One Bf
the bearings is fixed, while the other is free to move parallel
to the axis with thermic dilation. The tube, formed of a 6 mm
coiled sheet iron, is strengthened at the axle and holds up the
primary mirror cell with its lever-weights at one hand and the
secondary support at the other. The observing platform and the
drive are attached to different fork-tines. The driving gear, iden-
tlcal on the two axes, is a worm and wheel system, with a 360 gear
ratlo. The torque motor, tachocgenerator encoder and safety inertia
wheel are directly mounted on the screw to benefit from the rigi-
dity of the driving system. To improve the gear efficiency, con-
tact is made with only one flank of the gear-tooth. To prevent
blacklash, the worm-wheel is preloaded with a torque produced

by an inert weight.
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1.8 m tube

Altitude bearincs

bserving nlat-

////’// form

Worm wheel

Altitude drive

Screw

2.75 m Platform

Azimuth drive

Fig., 4 : SCHEMATIC DRAWING OF THE STRUCTURE
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The control drive'system is affected by the altazimuth
mounting which causes the tracking speed to vary on the two
axles. This produces the need of a servodrive with an important
range of speeds controlled by a computer. At the conception of
the telescope, the servodrive system was not evident. The techno-
logical progress permitted the finding :of this satisfactory
solution. ‘Afterwards, it was noted that the recent large teles-

copes utilize nearly the same type of system.
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‘ The control drive system, which consists of a servo-
mechanism directed by a computer runs succintly as described
below. The computer calculates the trajectory of the telescope
from the given data. To follow a star, a transformation of co-
ordinates is sufficient. For the moon or a satellite, an inter-
polating formula is added. Moreover, the program takes into
consideration the atmospheric refraction and corrects the sys-
tematic errors linked to the telescope. Over a steady interval,
it gives the servosystem the necessary angle variation that the
telescope must cover at constant speed. The tracking speed varies
so slowly that it is nearly the same from one second to another,
making a period of one second adeguate.

7o control the pointing, the computer needs the position
of the telescope which is supplied from the encoder device. The
incremental encoders, mounted on the worm screw, have a zero
track which allows the p051tlon of the telescope to be known, This
is achieved by relating the sum of the number of pulses to the
angle turned through from a given starting point. This device
produces an unambigous read-out encoder with a resolution of
6.1 arc-second on the sky, and gives the position of the sighting
direction of the telescope with.an average precision subordinated-
to the knowledge of the mechanical faults. For the tracking, the

computer 1is out51de the servoloop and does note use the encoder

-

pdsition.
The servosystem is identical on the two axes. It works

out the speed command f£rom the computer instructions, encoder
position and possibly from manual corrections introduced by

the guiding observer. Each axis is composed of an analog speed
servoloop including the tachometer generator and a numeric
posmtlon servoloop including the encoder. With respect to the
restrictions of speed and acceleration, the numeric component
generates the law of movement in terms of time, the average
sPeed and the positlon error signal to control and adjust the
speed of the analog component.

_ The obtaining of high performance with an important speed
range characterizes the system. The maximum speed of the teles-

cope is 1 revolutlon per 10 minutes on the two axes. On the ele-



- 200 -

vating axis, the maximum tracking speed only attains 11" /s ;
but,. it becomes 0"/s at the meridian. In this region the
working is equivalent to that of a stepper system. On the azi-
muth axis, as the star goes through the zenith, the tracking
speed approaches infinity. However, at one degree, it becomes
only a quarter of the available speed and on the moon trajec-— .
tory, it never exceeds 45"/s. For a speed slightly larger than

this, the sighting error during tracking is less than 0.3 arc

second on the encoder. On the azimuth axis, this error is dreater

than the sky sighting one, because the encoder read out is the
projection of the sky error. Furthermore, the encoder error

stays less than 2 arc seconds for a tracking speed of 600"/s

which corresponds to the maximum satellite speed that this

telescope can track.

CONCLUSION

Since August 1978, this telescope has been functioning
regularly. The first shots at satellites took place in June 1980
and from June 1981 the measurement of Lunar ranging began. These
successes confirm the tracking quality and the alignment accu-
racy of the emission, reception and guiding paths. As for the
pointing quality, the root mean sgquare aétually obtained is
about 4 arc second, with a rough correction of mechanical
faults. Using a large number of star observations, the correc-
ting factors can be hoped to be significantly improved. If this
is the case, this could open new prospects of range measurement
during the new moon period where the optical guiding seems

guite impossible.
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SATELLITE RANGING MOUNT SYSTEM
(HALF METER APERTURE)

AUTHORS, G. ECONOMOU AND S. SNYDER

CONTRAVES COERZ CORPORATION
PTPTSBURGH, PENNSYLVANIA

1NTRODUCTION

The latest satellite tracker designed, fabricated, tested,
and delivered by Contraves Goerz Corporation is the system
being ‘#nstalled at the Royal Greenwich Observatory. &
second system has been delivered and installed at the
Technic¢al University, Graz, Austria (Figures 1, 2, and 3).

Like most alt-azimuth or elevation over azimuth trackers,
this system utilizes a laser transmit path with Coudé
mirrors and a beam expander. The satellite redirected
energy is collected with a receiving optic. The system
provides a customer specified detector interface. (The
customér is designing and fabricating their own detector

assembly.)
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SPECIFICATIONS
PHYSICAL CHARACTERISTICS

Weight
Height, Floor to Elevation Axis ...
Elevation Swing Radius ...

+ 4+ 8 8 48 B e E e d S FEs s

Azimuth Swing Radius ........cevees
Payload Capability .....cieveevenan
Rotational Freedom
Azimuth
Elevation ....eeeesee..

PR I S I I B T I B L O

Static Precision ..; . S
Azimuth Axis Wobble ... '
Elevation Axis Wobble .,
Orthogonality ...a..........;...
Optical Tube Sag (calculatedil..
Optical Axes Parallelism .......
Azimuth Encoder | .
Elevation Encoder .......c.oouvan

TR

[ RN B R O

QPTICS
Receive Optics
Clear Aperture

# £ 4 & 8 8 2 n am 9B NE e

'”'0ﬁ421 arc sec

-------

. n

2000 nounds
. 67"

36"

36"

110 pounds

+350 deg
~10 to 190 deyg

0.316 arc sec RMS
0.762 arc sec
(.15 arc sec
0.3 arc sec

2 arc sec

0;533 arc sec RMS

. 20 inches

T E R R

f/11 telescope system

- £/2 primary mirror

Transmission LOSBES .......cce0s

{(without .window) -
Obscuration LOSSES .......cvece.
Mirror Materials ..........vias

P I B R R N R R R N B )

Performance

video

Camera

-------------------------

------------------

Field of View
Tube Protection

----------------

<15%.(E6Jdetector)

<7%
Fused Silica

80% energy from a point
source is imaged in a
3-arc second blur circle.

RCA TCl040/H Camera
ISIT Tube

10 arc minutes

Sun Shutter
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Transmit OPLicE .ocavveeeaess FOUr independently
adjustable Coudé mirrors
allowing a 2-inch clear
aperture laser bheam
transmission through the
mount to the beam expander

Mirror Parameters

FLEENESS oowesnsasnaaceon A/10 8L 653 1un

Energy Handling ......... 10'? watts per square
Capability meter in a pulse of
3 ns duration at a
repetition rate of 20 Hz

Reflective Coating ...... 95% reflectivity at
laser wavelength
70% at visual wavelengths

Beam Expandel .........». 2-inch clear aperture input
4-inch clear aperture output
Variable beam divergence of
5 to 200 arc seconds’

SERVO WITH PAYLOAD

hoceleration
BZIiMUER v vevcvncanoncsnnvasneass 47 deg/sect
E1EUVALLON vocrsoscnensseseenasess 18 deg/sec”

Velocity
AZIMUER ¢ vvvocccoesconscneasvsones 0.008 to 23 deg/sec
EleVAtion eeoesesesenoscsenseseanss 0,008 to 21 deg/sec

‘Encoding System and Control
RANUE wsoassssscussssososssaassssse 0.00 to 359.999% deg

‘YeloCity BYEOT sssscescsscnsnvosses L 8IC sec/rad/sec

Aoceleration ErroYr ...cessoscessssws 2 BYC gsec/rad/sec
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TransSAUCEL «ecesessassssennoessssns 720-pole, 1 arc sec
Inductosyn

Resolution .v.ievesressennnscnssen .. 0.0001 deg, 0.36 arc secC

ACCUTYACY coessasosrnsravesss seesaeana ]l arc sec

Repeatability ......cveeveen Ceaeus . 0.1 arc sec

Precision Range Command (Tracking Mode)

Rate RANUE cusvvrnsresnsssssasnesse . 0.0001 to 199.9999 deg/sec

RESOLULION +vevverenaeesioasnssansss 0.0001 deg/sec
Accurac& (long term) ..{...........'0.001% + 0.001% per year

Position Step Size .........eeees.. 0.0001 deg
(Rate modes of operation)

SYSTEM HARDWARE

The mount and telescope assemblies are aluminum castings
and weldments, ground to a smooth exterior finish and
painted for high solar reflectivity with a titanium base
white point. Light paths are painted with a flat black
and other elements are alodined or anodized for
corrosion resistance.

The meaéured resonant frecuency of the system is 73 Hz.

AZIMUTH AXIS

The stationary base consists of a cylindrical casting
with a bolted plate flange. The angular contact bearing
pair supports the azimuth shaft with the torque motor
directly coupled to the shaft petween the bearings. The
bearing ‘spread provides a very stable axis.

Below the lower bearings 'is the Inductosyn plates {(encoding
transduger), tachometer, and the gear driven synchros and
electrical limit switches. Passing inside the azimuth shaft
is the stationary laser transmist tube, with the rotary seal
being at the tube-yoke mirror housing interface.
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An azimuth torquer between 75 and 300 foot pounds can be
accomodated without alteration of the manufacturing drawings.
Further, the present design accomodates a vertical incoming
laser beam, but a Coudé housing can be added inside the base
allowing a horizontal beam. This is accomplished by

simply adding to the cylindrical portion of the base.

‘Cables and wiring to the elevation axis and payload are
distributed and wrap about the beam transmit base. The
azimuth rotation, as stated in Section 1.1.1, is approximately
+350 degrees.

The yoke, a part of the azimuth assembly, supports the
‘elevation pillow blocks and thus the elevation axis,
telescopes, and payload. It also supports the outboard
Coudé mirrors and provides a conduit for wiring. The yoke
is a weldment. Wiring to the payload is via a table drape
across the elevation axis, the connector panel being on
the yoke tine inner wall.

ELEVATION AXIS

The pillow blocks are standard. The casting pattern was
generated in 1973 and used through these instruments. Ve
.have had 1000 pounds on the gimbal ring without
deteriorating the wobbles or orthogonality.

Our standard configuration is an identical torquer in each
pillow block. Then,. the Inductosyn plates are mounted

on the ane side, usually with the Coudé path interface.
The opposite pillow block houses the 1imit switches,
synchros, and tachometer.

'I.ike the azimuth axis, there are mechanical snubbers for
‘eénd stops, a stow lock pin, and manual slow motion/lock
assembly.

An integral part of the elevation axis is the gimbal ring.
The ring is designed to accomodate a 24-inch ¢lear aperture
receiver assembly: This mount has the previously mentioned
20~inch receiver telescope.
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OPTICS

The optics are normally part of the payload. However,
the payload cited in Section 1.1l.1 is the detector
assembly that mounts aft of the receiver telescope.

TRANSMIT

The terminus of the Coudé path is the 2X transmit beam ,
expander. The remote driven beam expander consists of |
a fixed front lens element and rear air spaced doublet. |
The second element of the doublet is driven to cause
the divergence to range from 5 arc seconds to 200 arc
seconds, a milliradian. :

This movement is alsc sufficient to provide collimation
for laser wavelengths between 0.5 p andl.1l u. The

Coudl mirrors are coated for 0.532 u wavelength energy
and different c¢oatings are necessary to optimize the
othéer wavelengths. :

Four individual Coudé mirrors, manually adjusted, direct
the beam through the azimuth and elevation axes and into
the beam expander. The allowable transmit beam is two
inches.

RECEIVER

The receiver telescope is a Cassegrain with a fused
silica primary and secondary. Invar spacer rods are
used between the primary and secondary, with the tube
structure being cast aluminum.

The receiver has a field lens and a collimating doublet
that is motorized and used for focus. The outgoing

beam, approximately 1.25 inchés in diameter, passes through
a beam splitter, the 0.532 u wavelength passing through

to the detector and all other energy reflected to the TV
cameras. As stated previously, the detector responsibility
was retained by the customer. However, subsequently, the
customer requested an iris to be integrated with the field
lens. This was accomplished using an iris that cut the
field of view (FOV) in half to approximately 5 arc minutes.
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2.3.3 RETROREFLECTOR

As part of the optical package, a retroreflector (simulated
corner cube) was built to place the transmit beam in the
receiver. The retro assembly makes the beam to the receiver
parallel to the transmit output. This device allows the
mount to be exercised full range across both axes and to
observe beam movément with the TV.

The specification was axis parallelism of 2 arc seconds
and differential fixture of 3 arc seconds. With this
technique, separating the two error sources is nearly
impossible and observations of movement of less than 5 arc
seconds on the TV screen becomes very subjective.
Nonetheless, all observers felt the movement was less than
5 arc seconds.

CONTROL SYSTEM

The control system consists of the MPACS (Modular Precision
Angular Control System) control chassis, dual power amplifier,
display module, and joystick box, which can be housed in a
19-inch console. The control chassis contains the controls
for focus, beam diverger, reticle intensity, and mount limit
functions. MPACS is the heart of the control system and
contains the digital and analog servo circuitry that
implements all the different modes of operation and provides
position readout. The dual power amplifier drives the azimuth
and elevation DC torque motors in response to outputs from
MPACS. The joystick box provides MPACS with a rate command
proportional to the stick deflection.

MPACS

The MPACS chassis is a modular precision absolute control
system. It is an integrated control module, the CGC MPACS
form of control system which features minimum distraction
placed on the customer's control computer during operation.
This is significant in two ways.

1. ‘The position control servo loop is controlled within
the MPACS system, with only the position command being
generated by the customer's computer.

2. The MPACS system accepts a digital rate command input
from the customer's computer which commands the system
to rotate at a very precise rate, such that the
predictability of position versus time velocity is better
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than 1 part per million. As a result, during a

‘normal satellite pass, the customer's computer has

to output rate only when a rate change 1s necessary

'in order to keep the mount pointed on a correct line
"of sight to the satellite. For the extreme case of

& 200 km orbit which approaches 49 from zenith, rate
update of once per second will ensure that the
‘deviation, as the mount pointing angle from the desired
line of sight, will be less than 2 arc seconds.

2.4.1.1 CONTROL MODES

Keyboard Control Mode {(Manual)

Control via hand-held (25-meter extender cable) or
front panel mounted Keyboard Control module.

Access to all Position/Rate Readout/Self-Test modes.

Computer Control (Remote)

Multiplexed, bidirectional, general purpose computer
interface (l6~bit parallel or GPIB module) providing
Position, Rate, Readout, and Self-Test mode control

from remote computer.

Manual Rate Mode

The servo system provides closed-loop rate control. The
loop is closed via the Servo module using the tachometer
input provided from the joystick in the remote pendant
control box. This provides the operator with the option
of moving the azimuth or elevation axis while in
Computer mode.
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2.4.2 CONTROL CHASSIS

The control chassis contains the control circuitry for the
FOCUS, BEAM DIVERGER, SHELTER PROTECT, and MOUNT STATUS
indicators. The beam expander control consists of two
switches. The SPEED switch allows the selection of either
HIGH or LOW speed when the DIAMETER switch is activated.
The DIAMETER switch increases or decreases the size of the
beam that exits the beam diverger.

The focus is controlled by the SPEED and DIRECTION switches.
The above switches are active when the LOCAL/REMOTE switch
is in the LOCAL position. The REMOTE switch position allows
the above functions to be controlled by the customer.

A SUN SHUTTER control switch allows the selection of AUTOMATIC
operation or REMOTE operation of the sun shutter. Aan
indicator lamp tells when the shutter is closed.

A SHELTER PROTECT switch is provided which will indicate,
via a closure, if the elevation axis has reached 20 degrees

abaove horizontal.

The MOUNT DUMP switch, when on, allows the elevation axis

to travel through its normal 95-degree limit until it reaches
180 degrees. If at any time a limit condition occurs, an
alarm will sound until that condition is clear. The alarm
can be disabled.

EXPANDER LENS COVER and MAIN LENS COVER indicators tell
when the covers are in place.

DUAL POWER AMPLIFIER

Theé dual power amplifier contains two 60-CG-500 linear
amplifiers. The chassis also contains the 60 VDC power
supply for the power amplifier as well as the on/off control
logic for the output contactor.
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MOUNT AND TELESCOPE FOR THE GERMAN/DUTCH MOBILE SYSTEM

H.

Visser

Institute of Applied Physics TNO-TH, Delft, The Netherlands

F.W.

Zeeman

Delft Univetsity of Technology, Delft, The Netherlands

I.

Introduction

In closé'co—operation with the Working Group for Satellite Geod&sy
in Kootﬁijk (a part of the Delft University of Technology) the
Instituﬁe of Applied Physics is manufactufing two mobile laser
ranging §tations. One system will be delivered to the "Institut

fiir Angewandte Geoddsie" (IFAG) in Frankfurt, Germany and the other
system will be used by the group in Kootwijk.

The co—opgraticn can roughly be characterized by stating that the
mechanical and optical aspecﬁs of the system are handled at the
Instituté of Applied Physics while the electronical hardware and

software is developed by the Working Group in Kootwijk.

Station configuration

In figure la the mobile ranging station is shown in its road trans-
portable -configuration. The telescope mount, detection package and
pulse laser are built into a small cart of about 2,! x 1,8 x 1,9 m3
(1 x ¢ x h) inside the off-loadable truck cabin. In the operatiocnal
configuration (figure 1b) the cart is rolled out of the truck cabin
over rails of more than 10 m length to the selected location of the
telescope mount. When the cart is positioned at its location the
wheels of the cart are lifted and the cart will stand with four feet
on the ground. The mount itself is supported independently of the

cart with three feet directly on the ground.
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Figure la Rpad transportable configuration

Figure 1b Dperaticnal configuration
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The truck can be driven from underneath its ground supported cabin

to maintain the contact between the ranging station and the outside

world. .
The thermally insulated, air-conditioned cabin has a relatively

large observétion room of about 4,0 x 2,! x 2,1 m~ interior and a

small relaxation room.

Transformation from the road traansportable configuration to a fully
operational status inclusive precise orientation and a functional
calibration can be achieved within a single 24 hours time period,

given good weather conditionms.

The actual ranging system can also be transported by regular air
transportation. The cart with the telescope mount, pulse laser and
detection package, together with the entire electromnics-racks,

can just be stowed on one standard air freight pallet of 3,1 x 2,1 m

maximum loading avea.



- 217 -

Telescope mount

Mechanical aspects

In figure 2 a schematic outline of the altazimuth telescope mount
is presented. Except for the aluminum telescope tube all the major
mount structures;will be made:of welded steel. The total weight of
the telescope mount will be no'mare than about 500 kg.

The axial and radial bearing of the azimuth axis are separated.
Three conical whéels carry the weight of the rotating part of the
mount and provide for the axial bearjing of the azimuth axis.

A preloaded set of ball bearings near the main gear-wheel defines
the position of this gear-wheel with the respect to the rest of the
drive system. D.C. servo motors drive both axes through a combination
of high grade spur and spiroid gears., All backlash in the gearboxes
will be removed.

Angular read-out is by incremental encoders coupled to axes in the
gearing system tﬁat are 36 times faster than azimuth and elevation
axis. The incremental encoders giwve 50.000 pulses per revolution of
the encoder axis which corresponds to 00,0002 degree (0,72 arcsec)
of the azimuth or elevation axis.

The encoders are provided with zero indexers that give one pulse per
revolution of the encoder axis (10,000 degrees of the azimuth or
elevation axis). The zero pulses reset the counters that give the
angular position of the telescope to the nearest exact tens of
degrees. In this way lost or incorrectly added counts are corrected
every ten degrees of rotation of the azimuth or elevation axis.

In table I the most important design specifications of the mount

are presented,
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Table I Design specifications of the mount.

. . . o
- max, angular velocity: in azimuth > 10 ~/sec

in elevation > 4 q/sec

. f . o] &
- max. angular acceleration: in azimuth > 5 "/sec

R
, , 0 2
in elevation > 2 /sec

- total angular travel: in azimuth 720°

. i . [
in elevation 200

- tracking of all presept co-operative satellites

+ gtatic pointing pessibility

- maximum pointing error due to flexure, wobble, non~orthogomality
of the axes, gear and encoder errors: less than 10 arcsec without
computer correction

~ maximum angular jitter: less than 2 arcsec r.m.S.

- operational environment: temperature -20 °C to +50 °c

humidity 072 to 957
altitude 0 km to 4 km,

Mount_guidance

A hard wired digital servo system will handle the signals from the
optical encoders and will supply a contral voltage to the (speedT)

servo amplifiers.
The digital servo unit will display:

- the actual position of both axes;
~ the difference between desired and actual position of both axes;

~ the speed of both axes during tracking.

The digital servd unit accepts desired positions and/or rate commands
from a micro-prodessor based fixed program controller (Motorola 6809).
This controller translates the desired positions at given times

(with e.g. | gecond intervals) ingte commands for the digital servo

unit, using adequate interpolation techniques.
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3.3 Optical aspects

As shown in figure 2 there ig one common catadioptric coudé
telescope system with an aperture of 0,4 m diameter for both
transmitting and receiving. |

The freqiency doubled Neodymium pulse laser system is not shown

in figure 2 but this laser is mechanically connected to the base

of the telescope mount in such a way thatlthe direction of the

pulse laser beam is defined by the telescope mount without loading
the mount with the full weight of the laser system.

The laser beam is directed into the base of the telescope mount
where first the divergence of the beam is adjusted to the desired
value. By the indicated movement of the negative lens the divergence
of the beam that leaves the telescope mount can continuously be
adjusted from less than 0,05 mrad (10 arcsee) Lo oyer 1;0 mtrad
(Zbo.arcsac).

After the divergence adjustment lens system the laser beam is split
into two halves by two plane plates of glass at the brewster angle so
that the cemtral obscuration of the main telescope will not introduce
a "hole" in the beam in the "far field".

The pulse laser beam is coupled into the ccud& optical train by means
of a beaﬁsplitte;. This beams?litter is used as a mirror for the
received beam while two semi-;circular holes in the mirror coating
transmit the laser beam. The feduction of the effective receiver
aperture that is introduced by the two holes in the mirror coating
will be less than 20Z. The rest of the transmitting optics consists
of the coudé mirrors and the main telescope.

The overall optical efficiency of the entire ctransmit optical train

of figure 2 will be over 80%.

The received light is collected by the common main telescope and is
alsc directed through the coudé& optical train. At the beamsplitter
most of the received light is reflected and is then focussed by an

achromatic doublet.
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The unvignetted field of view of the telescope system as receiver
{s limited by the aperture of the coudé optical train to about

2,0 mrad.

At the dichroic beamsplitter a wavelength band around the laser
wavelength (greemn) is feflected into the entrance diaphragm of the
detection package: This detection package will be described in
another paper to be presented during the Workshop. The rest of the
visual spectrup is transmitted through the dichroic beamsplitter.
This light is focigsed on a beémsplitter cube that reflects the
entire useful field of view of the telescope system (about 6 mrad
diameter) to an eyepiece, except for a small pinhole in the
reflective coatiné of the cube.

The position of tﬁis pinhole corresponds to the middle of the
entrance aperture of the detection package. Through the pinhole a
He~Ne alignment laser beam can be transmitted into the coud@
optical train. A LED indicates the middle of the entrance aperture
of the detection package in the eyepiece.

Visual viewing th%ough the telescope system will be possible and
eye—-safe also wheﬁ the pulse laser is firing. The eyepiece has a
fixed and conveniént position for an observer. With an eyepiece
magnification of 8 times the magnification of the entire telescope

system as seen through the eyepiece will be about 120 times.

In the central hole in the main telescope mirror a cross-line
reticle projecting system is indicated in figure 2.

This cross—line can be seen in the eyepiece and is used as an
alignment aid and for the determination of the station position

from a geodetic star program.

In'the central hole of the 0,4 m diameter front lens of the main
telescope the objective of an auxiliary sighting telescope with a
78 mm clear aperture is located., The light of this small telescope
is directed through the motor side of the elevation axis to an

eyepiece.



With an eyepiece magnllicatlon ol ¥ Clmes Lhe auxiliavy sizhting
telescope has a magnification of about 20 times and a field of view

of over 2 degrees.

Brief description of the rest of the ranging system

The third generation ranging system will be capable of day and
night timeranging to all preéent co-operative satellites (Lageos,

Starlette, erc.).

The pulséllaser will be an a@tively mode—locked, frequency doubled
Nd-YAP o:?ﬁd-YAG system (339 nm or 532 nm respectively), that has
been orderéd at Kristalloptik in Germany (near Munich). Beaiaes the
oscillatdf;the iaser will have one double pass amplifier. The laser

system has'the following genetral specifications:

-~ pulse w{dth: 0,2 ns

- pulse energy: 10 mJ of green light

- repetiti@n rate: 10 pps

operational environment: as for the telescope mount.,

The detecﬁion system will be described in another paper to be

presented durlng the Workshop‘

The ranglng statlon w1ll be equlpped with several micro- computers.
A large m;pro—computer system' (HP 1000 Model 5) will perform all
activitieéithat are not directly related to hardware. This "central
computer”?is, for instance, used for predicrions, data recording,
data screenlng, diagnostics, etc. A smaller micro- processor
(Motorola’ 6809) with a fixed program will take care of detector
control, laser firing control and data formatting. Another small
micro-procgssor (Motorola 6809) with a fixed program controls the
mount ser@g system and the range gate generator. Operation of the
ranging system during a satellite pass will be through an
"operator c0ntrol panel” with switches and displays. This control
panel is connected to the central computer The central computer

controls the two micro-processors.
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SESSION 4 : LASERS

Chairmen: K. Hamal, Czech Technical University, Prague, Czechoslovakia

D.R. Hall, Applied Physics Dept., Hull University, Hull,
England

INTRODUCTION

While it is clearly self evident that high precision long range optical
distance measurements are only made possible with the aid of wide bandwidth
laser transmitters, it is also apparently true that lasers, at the heart of
satellite and lunar ranging systems have been, historically, a likely source
of ulcers and high blood pressure for those charged with the responsibility
for producing high quality ranging data on a regular basis from operational
stations. Over the years there have been problems, not only with laser
reliability, resulting in station 'down' time but also with data interpretation
because of range uncertainties due to temporal filuctuations in the laser output

pulse as well as variations in the spatial distribution of transmitted energy.

Following this Session of the Workshop there was a distinctly more optimistic
air both from the standpoint of the understanding and control of fluctuations
in laser Qutput and also in view of improvements in demonstrated performance
reliability.
The Session was organise& in two parts, the first = a collection of five
papers from the U.S5., England, czechoslovakia and Germany, followed, after a
short break, by a panel dlSCUSSlOn addressing the topic of “Lasers for Ranging -

Present Eroblems and Future Prospects"

In the first paper in the Session, John Degnan described some important
work in which a range of lasef types, Q-switched, cavity dunped, passively mode-~
locked and actively mode-locked were assessed in a ranging system operating over
a fixed terrestrlal range for the contribution to rang uncertainty due spec1f1cally
to laserlfluctuatlons. The results clearly indicate that mode- locked lasers offer

superior performance not only'because they offer shorter pulses, but alsc because

of the absence of spatial effects due to variation in the transverse mode structure

of the laser output.

S.R. Bowman presented the next paper on the design and early development
stages of a laser intended for lunar ranging. Tt is designed to produce an

output of 1 Joule in 100 psec pulses at up to 10 Hz in the greepn, and utilise

a face—pﬁmped slab of YAG as the final amplifier. D.R. Hall desgribed the design

and performance characteristics of a passively mode-locked, oscillgtor-amplifier,

doubled YAG system developed Fpr use in the U.K. SLR system to be sited at
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Herstmonceux. This was followed by a presentation from the Czech Technical
University on Laser Activity in the Interkosmos Network. In_particular,
Helena Jelinkova discussed the technique of constant gain Q-switching and
presented results on its application in both Nd:¥AG and ruby lasers. Finally,
H. DPuell described the outline desgign of the planned actively mode-locked laser

for use in the German/Dutch Mobile SLR systems {described elsewhere).

After a $hort break at the end of the formal presentations, the Session
recommenced with a Panel Discussion. A somewhat hastily assembled Panel of
J. Degnan, T.:Johnson (NASRA), D. Burns (Sylvania) J. Wohn (Smithsonian}, H. Puell
(Kristalloptik) chaired by D. Hall (Hull University) discussed a number of issues
relating to Ilasers in and for ranéing systems, with considerable "audience"
participation, Topics discussediincluded difference in laser requirements for
satellite and lunar ranging syste@s,.laser reliability, servicing fregquency.
ultra-small lasers for mobile sysﬁems and the commercial realities relating to
the small size of the extra tervestrial ranging systems market and the impact
this has on the developments in which companies-are prepared to invest resources
to produce weil—engineered lasers:for field us. Finally, some time was spent
airing the inévitable dichotomy between system/laser users who want regular

data now and hardware specialists who are inclined towards continual hardware

improvement and refinement.
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Fourth International Workshop
on Laser Ranging Instrumentation
Austin, Texas October, 1981

THE NEW UNIVERSITY OF MARYLAND RANGING LASER T

S. R. Bowman, W. L. Cao, J. J. Degnan¥*,
C. 0. Alley, M. Z. Zhang, C. Steggerda

University of Maryland
College Park, Maryland

% Now at Goddard Space Flight Center

ABSTRACT

" .For the last year and a half, a new laser for laser ranging
and timpe transfer has been taking shape at the University of
Maryland. This paper describes our objectives and design consi-
deragions, as well as the progress made on the construction of

the laser.

+ Work supported by U.S. Naval Observatory and Office of Naval
Research.
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OBJECTIVES

The. new ranging laser is being built in two stages. When
completéd near the end of this year, the major portion of the
pew laser will replace the existing laser in the University of
Maryland ranging station at the Optical Site of the Goddard
Space Flight Centerl. The resulting system will be used as a
ground-based relay station in the LASSO (Laser Synchronization
from Stationary Orbit)} expefimentz, This experiment is designed
to demonstrate the feasibility of achieving time synchronization
between remote atomic clocks with an accuracy of one nanosecond
or better. The Maryland statdion will serve as the connection
between the atomic clocks at the Naval Observatory in Washington,
D.C. and the clock on a SIRIO-2 geostationary satellite. Similar
laser ground-based stations in BEurope will complete the link.

To complete the round-trip link with the SIRIO~-2 satellite,
the new laser must provide at least 200 millijoules at 530 nano-
meters. This must be dellvered in a single pulse with a duration
of less than a nanosecond. . The designed performance is several
times these minimum requirements.

The second stage in the construction of the new lagser is the
addition of a final amplifier. This will allow the Maryland
ranging gystem to do lunar. ranging. Our, objective is to prove the
feasibility of high accuracy lunar ranging using modest size
telescopes. To accomplish ‘this, we need a sub-nanosecond, high
average power laser with good beam gquality. Our goal is to obtain
one Joule of green light in a 100 picosecond pulse at ten shots
per second while maintaining less than tem times the diffraction

limit at the laser.
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LASSO LASER DESIGN

Meeting the above requirements for laser energy, pulse
duration, and beam quality do not present a serious technological
problem, The problem l1ies with the regquirement on the repetition
rate. To avoid damage from high power densities, the laser rod
cross-section must be large. This, in turn, increases the thermal
decay time. Thermally induced lensing and birefringence then
1imit the repetition rate, if the beamrquality is to be preserved.

In order to minimize thermal problems, the laser rod diameters
are kept as small as possible. Damage from high peak power densi-
ties is avoided by keeping the laser environment clean, the
spatial profile of the beam smooth, and minimizing the number of
optical components exposed to high intensities.

Three different laser materials were seriously considered
for use in the new laser. Their mostlimportant characteristics
are compared in Table 1. Athermal Neodymium doped glasses are
available with the required physical dimensions and have relatively
low nonlinear indices. However, their combination of low absorb-
tion cross-section and low thermal conductivity make high repeti-
tion rates difficult.

Neodymium doped yttrium aluminum garnet (Nd:YAG) has been a
standard laser material for many years. It has a higher thermal
conductivity and absorption cross-section than glass, put limited
crystal diameters have excluded YAG as a candidate for high energy,
short pulsed systems until very recentlyB.

Neodymium doped yttrium lithium fluoride (Nd:YLFA) is a very
premising laser material which has recently become commercially
available. It is simila} to YAG but with the advantage of low
nonlinear index and large diameter crystals. Also, YLF4 is
naturally birefringent, so beam depolarization from thermal bire-

fringence should not be a problem.
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Tbe~initial stage of the laser is being built with YAG rods.
Replacement YLF4 rods have been obtained fo¥ research purposes.
Present plans are to build the final amplifier out of YAG because
of the delay and expense of oBtaining larger YLF4 rods.

To operate an amplifier chain efficiently without damage, a
stable input pulse is needed.. This is achieved by using both an
acousto-optic modulator and a saturable dye to modelock the
oscillator (Figure 1.), Proper adjustment of the dye concentration
and cavity length have produce&ﬁ30 plcosecond, TEMoo mode pulse-
trains with less than ten percent fluctuations in the shot-to~shot
energy. '@mproved stability is expected after current modifications
to the dyé circulation system. Pulse durations can be lengthened
using intracavity etaloms.

The gfowth of the laser pulse in the oscillator is monitored
by a bulk semiconductor detector with a risetime of 30 picosecondsa.
(Figure 2); This detector triggers a voltage level discriminator
whose output in synchronized with the 50 MHz signal from the
acousto~optic modulator. A single three volts pulse with one
nanosecond .rise is produced. This signal triggers a planar-triode
amplifier ‘to launch a travelling, high voltage pulse to the
Pockels cells. Risetime of the high voltage is 1.8 nanosecond
and the internal jitter of the amplifier is only 30 picoseconds.
(In addition, the amplifier's lifetime is effectively not a func-
tion of the repetition rate.) . When the half-wave veoltage reaches
the Pockels cell in the oscillator, the laser energy is reflected
out by a thin-film polarizer. Single pulse energies of 1.5 milldi-
joules have been obtained.

After tﬁe oscillator lies a double—pass, 1/4-inch diameter
amplifier. This is followed by a single-pass, 3/8-inch amplifier.
Two Pockels cells and several thin-film polarizers isolate the
amplifier's and oscillator until the cavity dump occurs. This
reduces amplified spontamneous emission and amplified leakage from

the oscillator.
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Each amplifier is followed by a vacuum spatial filter.

Spatial filters serve several functions:

1.) Reduce optical damage by smoothing out the spatial

profile of the beam.
2.) Restrict the growth of nonfocusable energy.

3.) Correct for thermal lensing and diffraction ripples by

imaging amplifier output to amplifier input.
4.) Expand beam to fill amplifier.

Following the second spatial filter is a KD*P, type I,
doubling crystal. Conversion efficiencies of 60 to 70 percent
are expected. Table 2 summarizes the expected outpub parameters

of the LASSO laser.

FINAL AMPLIFIER

To accomplish our lunar ranging objectives, more energy
per shot must be obtained than the above laser can deliver.
Unfortunately, adding a laxger laser rod amplifier would reduce
the repetition rate below an acceptable level. For this reason,
we intend to build the final amplifier in a face-pumped. slab
geometry (Figure 3). In this geometry, the thermal gradients
are linear so thermal birefringence prablems are avoided. The
slab will consist of a rectangular YAG crystal with dimensions of
1.0 % 5.0 x 9.0 centimeters and will be mounted similar to the
glass slabs developed by Professor R. Byers and his group at
Stanford. Unlike the glass slabs, it will not use multiple
internal reflections. When finished, it will replace the second
amplifier in the LASSO laser (Figure 4). A cylindrical optics
beam expander will fill most of the slab's end face with an
eliptical beam. The same optics will then convert the beam back
to a circular cross—section after a double-pass through the slab.

The expected output parameters of the modified laser are listed

in Table 3.
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CONCLUSLON

The initial stage of the new laser should be ready for

interfacing to the telescope by the first of 1982. <Construction

of the final amplifier will probably take six months longer.
wWhen completed, we hope this laser will be successful enough to

serve 4ds a prototypé for future systems.
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Table 2: EXPECTED OUTPUT PARAMETERS OF MARYLAND LASER

STAGE ONE
Pulsé Duration Energy @ 530nm
(picoseconds) (millijoules)
100 180
250 _ 285
500 400
1000 570
Repetition Rate 3 -6 Hz
Beam Divergence < 0.5 milliradians

DouBling Efficiency 60% °
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Table 3: EXPECTED OUPUT PARAMETERS OF MARYLAND LASER

STAGE TWO
Pulse Duraticn Energy @ 530nnm
{picoseconds) (millijoules)
100 760
250 1200
400 1520
3 - 6 Hz

Repetition Rate
Beam Divergence

Neash1ine Efficiency

< 0.5 milliradians

60"



Figre 1 :  Optical Layout for New Nd: YLF Ranging Laser
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Fig. 2a. Bulk Semiconductor Detection Output
(100 nsfcm, 1 volt/cm)

Fig. 2b. Voltage Level Digeriminator OGutput

{100 ns/cm. 1 volt/em)
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RN

Fig. 2e. Lager Pulse Train with Cavity Dump
(40 ns/fcm)

Fig. 2f. Single Laser Pulse from Cavity Durp
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YAG SLAB CONCEPT

FIGWRE 3
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A COMPARATIVE STUDY OF SEVERAL TRANSMITTER
TYPES: FOR PRECISE LASER RANGING

CONTACT: JOHN J. DEGNAN
THOMAS W. ZAGWODZKI
CODE 723
NASA/GODDARD SPACE FLIGHT CENTER
GREENBELT, MARYLAND 20771 USA

1.0 Introduction 5

During the past three years, a total of ten laser
transmitters have been submitted to a fairly standardized
laboratory test program in order to determine their
expected contribution to the range biases and RMS noise
in a satellite Jaser ranging system. Among the trans-
mitter types testéd were four Q-switched configurations

arying in pulsewidth from four to eight nanoseconds
YFNHM), three PTM Q-switched (cayity dumped) configurations
varying in pulsewidth from 1.5 to 4.0 nanoseconds ?FNHM),
and three mode-l1ocked transmitters with FWHM pulsewidths
" in the range 60 to 225 picoseconds. The lasers tested are
summarized in Table 1. '

In order to isolate the errors contributed by the
transmitter, it was necessary to construct, test, and
calibrate a range receiver whose time walk and time jitter
contributions were at the subcéntimeter level for the
laser pulsewidths being tested. Furthermore, during the
ranging experiments, special care was taken to keep the
‘average signal level well within the Tow time-walk regime
of the constant fraction discriminator. Details of the
receiver hardware and the calibration techniques employed

are described elsewherel.

In this paper, we will provide some detailed data for
one laser in each of the three categories, i.e. (1) simple
Q-switched; (2) PTM Q-switched (cavity dumped); and (3)
modelocked. A detailed discussion of some of the Q-switched
and cavity-dumped tests is given in an earlier reportl.

The modelocked results have not been published previously.
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2.0 Experiment Description

Two basic tests were performed on each laser. The
first is a ranging repeatability or "stability" test
which attempts to identify time dependent biases in the
range data to a Tixed retroreflector. The second is a
"range map" which is designed to identify biases
associated with the Tocation of the target in the
transmitter far field pattern feSUTtiﬁg from the presence
of higher order transverse modes in the taser output.

In the ranging repeatability test, the mean of 100
successive range data points is ca}cu]ated plotted
aggainst time of day, and repeated over z time frame }
comparable to or longer than a typical LAGEQS pass (>45
minutes). The target retroreflector, located on a '
water tower Jocated approximately 0.455 Km from the .
ranging laboratory, is placed in the approximate center
of the transmitter beam and signal levels are adjusted
via attenuators so that the start and _stop input vo?tages
to the discriminator lie in the low time walk regime.

The following procedura was used to geperate the angu]ar
range map:

1. Center the target in the transmitter beam and
average the on-axis vesults of 100 pre-
calibration range measurements.

2. Change the transmitter beam direction by a 25
to 30 arcsecond step in one axis using a
calibrated pointing mivror. _

3. Adjust the amplitude of the received signal,
via a neutral density attenuator wheel, so .
that the average signal level is in the center
of the Tow time walk regime of the receiver.

4. Take two seis of range measurements of 100
data points. Compute the tocal mean range
and standard deviation for each set.

6. Subtract the on-axis pre-calibration mean range
from the two local means and print the results
adjacent to the corvesponding azimuth/elevation
coordinates on the map along with the corres-
ponding standard deviation. The deviation of
the local mean and the standard deviation (one
sigma) are expressed in centimeters.
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6. Repeat sets 2 through 5 until the map is
completed.

7. Center the target on the transmitter beam
and average the on-axis results of 100
post-calibration range measurements.
Compare with the pre-calibration results.

3.0 Representative Test Results

Figures 1 through 3 show representative results of the
ranging repeatability test and the range map for three
different transmitter types. Figure 1 presents the results
for a modified Q-switched General Photonics laser. The
laser is identical to that originally installed in the
Mobile Laser Ranging StationsZ except for a somewhat shorter
oscillator. This reduced the pulsewidth to about 4 nsec
(FWHM) compared to 7 nsec in the original design. When
operated at a 1 pps rate, system bias would drift at rates
up to 0.6 cm per minute of operation. At 5 pps, the on-ax1s
drift rate was often considerable with the system bias
changing by about 25 c¢m during a 40 minute period as in
Figure 1. The range map in the same figure shows a peak-
to-peak variation in the mean range of 18.2 cm. At 5 pps.
the peak-to-peak variation was as much as 75 cm. Interest-
ingly enough, the RMS standard deviations for a given 100
point data set were always in the 2 to 6 cm (one sigma)
range as in the map 6f Figure 1.

Figure 2 summarizes the results for a PTM Q-switched
(Q-switched and cavity dumped) laser built by General
Photonics and modified by NASA. The original cavity-dumpd
electro-optic switch was too slow and was replaced by an
inhouse NASA design3 which provided subnanosecond switchiny
and a steep leading edge on the output puise. The mean
range was typically stable to better than +1.5 cm during
two hours of continuous operation as in Figure 2. The
peak-to-peak variation in the mean range over the angular
map was always less than 4 cm (+2 cm). The RMS standard
deviation of all 100 point data sets was stable at the 2 o
3 cm level {one sigma).



- 244 -

Figure 3 gives the corresponding results for a proto-
type compact subnanosecond laser built for HASA by
International Laser Systems. The system consists of an
electro-optically modelocked, PTM O-switched Nd:YAG laser
oscillator, followed by a double-pass amplifier and a KD*P
Type II doubling crystal. The oscillator is folded four
times yielding a fairly coppact system which is described
in more detail elsewhere#.5. The laser is currently
serving as the test transmitter in the TLRS-2 systemZ, As
one can see from the figure, the peak-~to-peak variation
in the mean rvange for the repeatability test is only +0.5
cm while the peak-to-peak variation in the angular map was
always less than +1 cm. The one sigma RMS standard
deviation for all"100 point sets was in the range of 1 to
.3 cms.

4.0 Summary

Table 1 summarizes the overall ranging performance of
ten different laser configurations. Each laser has been
assigned two ratings (poor, fairy, good, very good, or
excellent) summarizing its performance in each of the two
tests, ranging repeatability and angular range map. The
ratings are based on the peak-to-peak variations in the
mean range as computed from 100 point data sets in the two
tests according to the criteria outlined in Table 1.

Q-switched lasers, in general, were rated "poor" to

S ufaip" in both categories. This is most Tikely due to

- several factors. The pulses are temporally Tonger and
have slower risetime. Multiple transverse modes build up
randomly and at different rates within the laser
oscillator and are allowed to leak out of the cavity at
arbitrary times by the partially reflecting output mirror.
Because of their different antenna patterns, the individual
temporal profiles of the modes do not sum uniformly in the
far field. As a result, the stop waveform returning from
the retroreflector may vary significantly from the start
waveform leading to angularly dependent range biases and
this has been observed. Finally, unstable temporal
profiles were observed periodically in all of the
Q-switched Tasers except the Westinghouse military laser.
The pulses would vary between smooth Q-switched waveforms
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through partially modulated waveforms to full self-modelocked
profiles. The Quanta-ray laser, which utilized an "unstable”
resonator, was rated "very good” in stability but "poor" in
the range map. This laser also exhibited self mode-locking
effects at times.

In the cavity dump system, no radiation is permitted to
leave the resonator until the dump electro-optic switch is
fired. Thus, even though many transverse modes are present,
they leave the resonator at the same time. Furthermore, the
speed of the switch determines the risetime of the pulse as
seen by the target, and a fast switch appears to reduce the
bias errors in the far field map. The NASA-modified General
Photonics laser had the best overall performance in this
category.

Not surprisingly, subnanosecond modelocked lasers gave
the best results with peak-to-peak variation in the mean of
less than 2 cms in both tests. This was true not only of the
prototype actively modelocked ILS laser discussed previously
but also of two commercial passively mode-locked units built
by Quantel. The YG40 is a low repetition rate (0.5 pps), low
energy (3 mJ green) laser while the YGA02 is a medium
repetition rate (10 pps), medium energy (<100 mJ green)
transmitter. The latter system is currently installed in a
MOBLAS trailer for tests as part of NASA Laser Tracking System
Upgrade program?.
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SOME PROBLEMS OF SHORT PULSE, LOW ENERGY, HIGH REPETITICN RATE LASERS

&

APPLIED TQ SATELLITE RANGING SYSTEMS

R.L. Hyde and D.G. Whitehead,
Universitv of Hull,
England

Introduction

It is generally accepted that to achieve a satisfactory photon returh
rate from satellite-borne reflectors, at an accuracy limited only bv atmospheric
uncertainties, sub-nanosecond, high peak power laser pulses are necessarv. To
provide adeguate statistical data, a fast repetition rate is required,
necesgitating a high average power transmitter,

It is the purpose of this paper to outline the problems associated with
such lasers and to suggest ways of overcoming them.

1. Laser Limitations

solid state laser oscillators producing csub-nanosecond pulses are at
presert limited to around 20Hz repetition rate by thermal transients which
disturb the fine balance within the optical resonator and high peak power non-
linear effects which can lead to wavefront distortion and the irreversible
breakdown of materials.

The effect of non-linear interaction with optical materials manifests
itself as(l)

(é) non-linear lensing,

{(b) small-scale self-focusing.

The phyéical process occuring is predeminantly orbital electronic polarisation

in the solid state.

First presented to the 3rd Laser Workshop, Lagenissi, 1978 and revised in 1981,
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The refractive index (n) of an optical material can be described thus:

n=n +— , n.=~ veoa UL

where no is thé linear refractive index end n_ is a non-linear parameter, its

2
term being depéndent upon the beam intensity I. The intense part of the beam
profile (usually the centre) traverses a marginally longer optical path,
retarding the wavefront and causing the beam to converge. This is referred to
as non-linear lensing, and may eventually result in very high intensities
greater than %he intrinsic dielectric hreakdown strength of the material. We
may define a critical power such that the naturai di ffraction is negated bv this

convergence. " 'For a beam of Gaussian profile this is given by:

1 .a°

P = ,
critical 4ﬂuoc n,

vaea (2)

and is of the order of 600kw for N&:YAG. The non-linear lensing focal length

for a Gaussian beam is given by:

2% 2 P -
z. =500 L (G - BN
critical
where w is the e_l beam radius at the input. It is, of course, essential to

ensure that Zf:is much greater than the extent of the laser optical svstem.
As P varies within the pulse duration, Zf will vary and limit a resonant cavity's
stability.

When the power is much greater than the critical power the bheam mav break
up into many parts. This is called small-scale self-focusing. The ontical
gain is a function of wavefront spatiel frequency, and wavefront noise due to
optical imperféction in the propag;tion path will be exaccerbated. This can be
controlled in;aﬁ amplifier chain bg periodically filtering the wavefront noise

before it is established, and in am oscillator will tend to bhe dispersed hv

diffraction. In either case it is a limiting factor.
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Tn addition to these fundamental limitations to the use of very high power
pulsed:lasers, the laser sub-system itself will be the least reliable component
in a satellite laser ranging system. This is because of the finite life-time
of components such as flashlamps, dielectric ccatings and crystal optics. Its
deveiqpment is still at an early state compared to, for example, tracking
telescopes, and its reliability cannot compete with silicon-chip based
technﬁ}ogy.

It makes design sense therefore, to use a minimal laser and where nossible
to asé;gn the residual requirements of the satellite laser ranger elsewhere.

2. The Minimal Transmitter

This is a laser osciliator only, consisting of a single traverse mode low
loss rgsonatox, a means of producing optical gain, a resonant modulator for
longiégdinal mode-locking and a resonator Q-switch to inhibit premature
osciliation. Several designs are in existence and their categories may be
described as CW, quasi-CW, or pulsed, each with a stable or an unstable
resonator and modulated actively or passively. Such a device has an ocutplat
of bandwidth-limited pulses at a very stable repetition freguencv. Single
pulse duration may be a few picoseconds and can be lengthened bv auxiliarv
etaloﬁé;

éW_systEms require extensive amplification to be useful in satellite
laser ranging applications; and we shall direct our comments to Nd:¥AR pulsed
and quasi~CW systems, having repetition rates of the order of 10Hz and an
average power of the order of 30mW. The fundamental wavelength is l.qﬁum and
the pulse duration as short as 25 picoseconds,

It is prudent to consider such a minimum performance /maximum reliability
specifibation and ask if, and how, it may be used in a satellite laser ranging
systeﬁ.‘ We first ask whether the receiver can accept a repetitive burst of
pulses (pulse burst mode) and whether they can be successfully analysed.

Operation may involve several bursts in flight at any one time, each burst
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consisting of a comb of precisely spaced pulses. Secondly, we consider what
satellites are accessible to such a laser transmitter. Finallv we question
the necessity for second harmonic operation.

3. Pulse Burst Mode

The use of a pulse burst presents no great problem for the receiver and
timing electronics if the spatial separation of each pulse is constant and
greater than the time precision to which the satellite range is already lnown.
Under these conditions the precise comb pulse, from which the return signal
originated, can readily be identified. Unfortunately, at present, such
precise satellite range predictions are not available, However, providing;
that sufficient returns can be cbtained from a sequence of shots, decoding of
the comb can be carried out statistically, For example, it can be shown that(z)
only some 15 returns are necessary to decode a comb to within & nanoseconds,
the returning signals conserving the comb shape as they accumulate.

It should be noted that the transmission of a burst of accurately timed
pulses creates the possibility, in favourable circumstances, of detecting photons
for more than one pulse. However, multiple timers or some form of time store(3)
must»be used, as the computing period of the verniers, necessary to achieve
pilcosecond resdlution(4), is greater than the pulse separation. The probability
of several returning photons being detected is small, but the difficulty of
accurately locating the target would seem to indicate that there may be an
advantage in being able to make use of two or more return signals following
a successful target acguisition, |

It is also desirable to be able to accept more than one signal when using

s T oo rhRs mrayennic i ."—:-_.«;-:-

a ranging shot. Subsequent analysis can then separate received ncise photons
{random epoch) from the true return.

4. Multiple Pulse Trains

The ability of the laser system to operate at relatively high revetition
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rateé; demands that the timing of pulse bursts be on an epoch basis, since
several may be in flight at once. In practice, the number in flight will
be limited by the necessity to shut down the laser when a return is expected,
as the electrical noise generated by the laser would otherwise saturate a
sensitive receiver. However, it is a relatively simple matter to control
the firing of the laser, base@ on a prior knowledge of the target range.

5. Satellite Accessibility with a Minimal Transmitter

We define the Minimal Transmitter as a pulsed neodymium laser oscillator
transmitting a comb of 3mJ at 1oHz (30omwW}.

Tt is necessary to détermine the efficacy of such an emitter in ranging
to, for example, LAGEOS.

1. The probability of a return (w(R}) must be greater than a n/p.t
where.n is the number of returns in a bin 'necessarv for recognition' and
p.t a specified number of shots;

T (R) 5 nlp.t)t | ceea (4)

2. Assuming Poissonian statistics the probability of a return is

giveﬁ:-by;-

7 (R) = exp(- nB) {1 ~ exp (- ns)} cean (5)
where

R - S -1

nS - (zﬂ,nl,h\)) {A3¢£2In) (S) --on(6)
and

- N{})

ng = (—E;—-} (A3W52.H.R2.Al} tg I )

where the satellite-channel parameter
R4 2
S(v,a,r) = =5 and a = exp {»2EL. sec{30-n))
aoc
Figs., 1 and 2 shows how § varies with o for certain met. conditions and two

wavelengths A = 1.06um and A = 0.55um for LAGEOS. Values of Té are shown in

Table I.
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Combining equation 4 and 5 and teking the zero background case for an example.

i.e. when nB - Zero. Then

[+ R Es z n/t. ... (8)

for a given system

n = ... (Ba)
s S.ﬂl
. K
.o P- s 5 .- (9)
S.Rl

Comparing the two cases of equation 9 for A = 1.06um and 0,53um we have

m
.
in
-
-
It

1.06) ... (10)
0.53)

. .8 S5(.53)
* 730 | s(1l.o6)}"
i.e. the break-even point for sS{.53) is =~ 4 .
s(1.06)

1]

Py

fe
f

This is plotted for LAGECS in Fig. 3 where we see that the fundamental
wavelength is preferable for low angles and visibilities, Returning to

equation 9 and substituting some typical parameters

p = lOH=
11
K, =1x10"". (= 1.06um)
12.
107 2n .1 (9a)
sq. t. ~ 10 ser A
1
ie. s < 10t : {11

now  S(5km, 20°, 1.06, LAGEOS) ¥ 1022 m2

i.e. a 30 U radians field of view is required, which is quite practical

and realisable with current tracking telescopes.
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6. Conclusions

This paper has identified some of the problems associated with the
use of high power lasers for satellite ranging. It is pointed out that
as the lasexr is inevitably the least reliable component in a ranging
system, maximum system reliahility can only be achieved by reducing the
laser to its minimal configuration. The unique feature of the laser, the
very high spectral radiance, and, iﬁ the case of mode-locked oscillators,
a;particular output format, should be utilised to the full. By trans-
mitting a narrow beam.in pulse burst mode at the fundamental wavelength,
a greater degree of reéliability is possible and technigues for accommodating
such pulse trains can:be readily applied to the detection and tining

electronics.
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7. AEEendix I

n

hy

§2

N (A}

A

Lineayr refractive index
Non-linear parameter
Permeability of free space
Velocity of light
Intensity

Wavelength

Self-focusing distance

1 . .

E—Gaussxan radius

Optical power

Average signal return

Average background retuxn rate'
Quantum counting efficiency
Optical receiver efficiency
Te les cope diameter (AB = %-Dz)
Pulse energy

Quantum energy

Full divergence solid angle
Atmospheric transmission
Satellite cross—section
Satellite range

Background spectral radiance
Receiver field of view
Receiver bandwidth

Repetition rate

Ranging period

Range gate

Meteorological range
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$ (e<,V,Lageos,A = 0.53um}
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Fig. 1 Satellite - channel parameter 5, versus angle of elevation
o, with meteorological range as a parameter.
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Fig. 2 Satellite - channel parameter 5, versus angle of elevation
o, with meteorological range as a parameter.
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Fig. 3 The ratio of § for A = 1,06 dm and A = 0,53 um against elevation
angle with meterological range as a parameter.
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MODE-LOCKED Nd-LASER FOR THE UK SATELLITE LASER RANGING SYSTEM
C.L.M. Ireland, J.K. Lasers Ltd., Rugby, England

D.R. Hall and R.L. Hyde, Applied Physics Dept.,
Hull University, Hull, England

INTRODUCTION

The major Satellite Lasexr Ranging activity in the United
Kingdom is funded by the Science and Engineering Research Council
and is centred around a collaborative programme between the Royal
Greenwich Observatory (RGO} and the Univexsity of Hull. The present
objective of this programme is to design and build an SLR system to
be sited within the RGO at Herstmonceux Castle in Sussex.

The design goal for this system is to attain the necessary
performance to range to Lageos at 20O elevation from the sea level
RGO site, to have both day-time and night-time capability and to
achieve range resclution of a few centimetres. Satellite ranging
measurements are scheduled to begin during 1982 to Lageos, Starlette
and Geos C, and thé station is planned to be fully operational for,
and to participate in the next phase of the MERIT campalgn.

This paper describes the mode-locked Neodymium:YAG laser which
has been developed to meet the system requirement. The receilver
sub~-system and the aircraft detection/laser lockout sub-system are

described elsewhere in the proceedings.

OVERALIL LASER SYSTEM

The system design calculations indicated that the laser perform-
ance should meet the outline specification indicated below.
Wavelength = B3Z2 nm
Pulse Energy £ 30 mJd

Pulse Duration = 150 psec
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PRF £ 10 Hz

. &
Life 3 10 pulses free of service
Size, weight - minimal constraints for a

static system

', In additionm, there are a number of extra features which it
wés felt necessary to incorporate into the design. These include
built-in laser performance monitoring, eye safety precautions, beam
pchessing optics and the provision of laser pulse timing signals.
Tbﬂachieve this perfornmance a passively mode-locked Necdymium:YAG
oscillator is used followed by two single pass amplifiers and a
frequency doubler. A schematic diagram of the overall system is
shown in Fig. lL. The laser optical system is mounted on a triple
section optical rail two metres in length and 0.4 metres wide, and
cémpriSES, {a) a passively mode-locked and Q-switched NA:YAG
oscillator with a Bingie pulse selector, (b) two optical single pass

amplifiers, (c) a number of passive interstage optical components.

OSCILLATOR

' The oscillator stége which cccoupies most of the right-hand side
of the optical rail is shown schematically in Fig. 2. It comprises
(Ai a thin (0.25 mm) flowing dve cell contacted to a concave 100%
reflecting rear cavity mirror, (B) a near field aperture, (C} a
diamond pinhold, (D) am AR coated positive lens, (E) a %" diameter x
3" long Neodymium:YAG grystal with wedged anti-paralletl AR coated
eﬁ& faces in a single iamp pumping chamber fitted with optical
cqirector plates, (F) & temperature tuned output coupling etalon,
(G} a single plate polariser in a vernier mount and (H) a single
pulse selecting Pockels cell.

Since the peak output density can reach 2GWatt cmﬂz, it is
essential that the beam remain free of high spatial freguency noise
as it propagates through the systemn. FPor this reason, the
oscillator is designed to operate in the TEMOO fundamental mode and
produce a near Gaussian spatial intensity distribution, free of any
high frequency modulatiomn. This beam profile is achieved in the
oscillator by the use of an intracavity spatial filter and a near

field aperture adjacent to the mode-locking dye cell.
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Another common problem with this type of laser relates to the
incidence of optical damage to the window of the dye cell. The
first indication of such damage is an acoustic "tick" from the dye
cell. If the laser is operated beyond this point, very weak sparks
can be seen in the:cell after a Further n lo4 shots, and typically
the mode-locking reliability drops to about 50% after another
N3 x lO4 shots. g large number of measurements have been made in
monitoring and studying this problem and it is now clear that (a)
there is a fairly sharp threshold value of energy density on the cell
window above which:damage is a near certainty after 50-1C0 thousand
shots, (b) the effgct is cumulative in that the energy density
threshold is 2-3 orders of magnitude below the published single shot
data for fused silica or BX7 glass. In this system, the dye cell
damage problem has been addressed by careful attention to cavity
optical design and dye cell geometry and flow, and the use of single
pulse selector~cavity dump in the oscillator design. The latter is
achieved by inserting the Pockels cell switch inside the cavity and
configuring the single pulse selector unit such that it not only
selects a single pulse for subsequent amplification and doubling but
also cavity dumps the oscillator so terminating all subseguent laser
action. The detaiis of this scheme can be understood by reference
to Pig. 2. The single pulse selector is triggered by an early
pulsge in the train. Subsequently, a voltage step iu generated in
the switchout unit and propagates along a single transmission line
to the Pockels cell switch. When the amplitude of this step is aqual
to the gquarter wave voltage of t+he Pockels cell, light making a double
pass through the cell has its plane of polarisation changed by 900.
Consequently, the pulse enexgy peing fed back into the oscillator by
the output etalon (F) is totally rejected at the intercavity polariser
(G). The pulse energy being coupled out of the oscillator by the
output etalon (¥} makes a single pass through the pockels cell and so
is circularly polarised. At the subsequent polariser I, half the
energy is transmitted and coupled into the rest of the system, and
half is rejected. By this technigue, the energy density incident
on the damage sensitive mode—-locking dye cell can be reduced by a

factor of between 2 and 3.



- 266 -

AMPLIFIERS AND DOUBLER

The pulse produced by the oscillator passes through an in-line
energy monitor which is coupled wvia suitable electronics to the
computer, so that shot by shot monitoring of the oscillator perform-
ance can be logged. A pair of 45° mirrors are used to couple the
beah into the other outer section of the rail and into a beam expand-
ing telescope which preceds the first amplifier. Each amplifier
contains a 4" diameter x 4" long Nd:YAG crystal which has wedged anti-
parallel AR coated end faces in a single lamp pumping chamber in
which the lamp and rod are surrounded by a close-coupling diffuse
ceramic reflector. The two amplifiers are separated by a Faraday
isoiator, comprising a 55mm x 12mm high concentration terbium oxide
glass rod (Hoya FR5) in a pulsed magnetic field positioned between a
pair of single plate dlelectrlc polarisers, which are set at 45° with
respect to each other to yield high forward transmission while block-
ing any retro-reflection and inhibiting any possible oscillation
between the two amplifier stages.

To produce frequency doubled output, a type II KD¥*P cxrystal,
mounted in a temperature controlled oven is used to obtain critical
phase matching. The doubler is followed by a pair of dichroic
mirrors which are arranged to reflect the 532nm green component into
the centre section of the rail. The beam then passes through a
second in-line energy monitor and another beam expanding telescope
before exiting into the Coudé system of the main tracking telescope.
The 1060 nm infrared beam is used to trigger a fast timing photo-

diode positioned as showrr in Fig. 1.

EYE SAFETY PRECAUTIONS

Since the ranging site at RGO is close to London's Gatwich
Airport, a system is required to detect aircraft near the beam and
subsequently inhibit laser ocutput. The X-band radar detection
systenm, which is described elsewhere in the proceedings, will produce
a signal in th event that an aircraft is detected in the danger zone
and this signal is used to close an electro-mechanical shutter
positioned in the optical train within the oscillator. It has a
closing time of less than 10 milli-seconds. A second, two position,

shutter is situated near the output of the laser system (Fig. 1).
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Aside from the open (lOO% transmitting) position, there is a second
position in which a neutral density filter is inserted in the beam.
This is selected so that after subsequent beam expansion the beam

emanating from the telescope is eye safe.

LASER PERFORMANCE

The lasex syétem described here produces an output energy of
30mT per pulse at 532 nm at pulse repetition frequencies up to 10H=z.
The duration has been measured with a streak camera at 150 * 20 psec,
corresponding to a peak power of 200 MW and an average power of 300 MW.
The precautions taken with the oscillator have resulted in the
possibility of uninterrupted operation for well over 106 shots and
with a mode-locking drop-out rate of about 1/3000 measured at a prf
of lOHz. A photograph of the complete system is shown in Fig. 3.
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KEY
Al Cnntacteé dye ceil with fiowing dye. G. Dielectric polartser
Rear cavily 50cms radius, window H.  Pockells cell with wedged windows and
I/2* spectrosil wedge crystal
8. Near field aperture 1. Dielectric potariser {crossed with G)
€. SF pinhole J. Beam steering glass diock
D.  Recollimating lens K Photodiode triggered SPS unit generating
E. Pumping chamber with 3" x Y4’ gia YAG : quarter wave voltage step
red and corrector plates T, Fast photodiode monitor
F LaSF1 etalon

Schematic of mode-locked oscillator and SPS layout

Fig. 1 Oscillator Configuration
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CONSTANT GAIN PULSE FORMING LASER

H.Jelinkova
INTERKOSMOS

Faculty of Nuclear Science and Physical Engineering
Czech Technical University
Brehova 7, 11519 Prague 1
Czechoslovakia

3 There is a very strong interest to achieve a stable Q-switched
'6ﬁtput for any pulse:iaser application. For some of them, a pulse in
nanosecond region, is desived. This report shows that both requirements
ére achievable using ‘constant gain Q-switching plus pulse forming mo-

de technique. The system has been applied for 2.generation laser radar.
C@NSTAxT GAIN REGIME

The long term instability (for example due to the 1i-
fetime of the flashlamp, cooling system dirty, blinding of
pumping cavity surface, changing of coolant temperature,

esonator dlstortion) results in a monotone change, usual-~
ly, toward lower ocutput energy and longer evolution time
of the pulse. The short term instability (power supply vol-
tage fluctuatlons, flashlamp output fluctuations due to the
plasma formation instabilities., resonator distortion) re-
sults again in peak power and evolution time fluctuations

from pulse to pulse.
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To decrease the long and short term instabilities,
instead of constant time, Q-switching at constant gain was
implemented to Nd:YAG |1l and the ruby laser 121,131].

The peak power, evolution time and the length of the pul-
se are strongly dependent 131,141,151 on the starting gain,
which is function of the total fluorescence emission from
the lasing medium. Thus, monitoring this fluocrescence
(Fig.1) with a photodiode, we obtain a signal indicating
the gain function. This signal is compared to a stable re-
ference voltage and it is independent of the total flash-
lamp outpdt; The laser is O-switched when its gain has
decayed to a fixed trigger level (Fig.2). The flashlamp
varlatlons are accommodated by variation of the O~-switch
tlme. .The laser output should be, in absence of optical

reSOQator distcrtlon,tconstant .

N AMPUFIER
QUTPUT

ERD MRROR : _ FRONT MIRROR

Fig.1 The principal scheme

Mo proof the stabilization when the laser is Q-swit-
ched ‘at constant gain, we have set the desired gain via
the reference voltage and we have changed the pumping
energy from 1800 to 2400 J to simulate the instabilities.
The stabilization of the output energy and the evolution
time in dependence on input energy are shown on Fig.3 and
Fig.4 resp. The stabilization, when the coolant temperatu-

re is changed, is shown on Fig.5.
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THE PULSE FORMING MODE OR PTM MODE OF OPERATION

- The implementation of const&nt gain Q-switching cir-
cuit into a ruby laser gave the possibility to use PTM mo-
de 14| or the pulse forming modeé(PFM) of operation with
consfént tiﬁe delay. in our scheﬁe (Fig.6}, two krytrons
arefﬁsed fqr”Q-switch;ng and puléé forming of the laser

pulse.

Fig.6 - High voltage Q-switch and pulse forming circuit

The resonator is formed by the 90% plano dielectric mirror
and tﬁe double plate crystaline guartz (or 80%) front mir-
ror. As the active medium, 15010 mm ruby rod cut perpen-
diculary and 1° resp., is used. Between the rear mirror

and 19 ruby end the Q-switching plus pulse forming assembly,
consisting of the thin film dielectric polarizer P1 and

two Pockels cells PC1, PC2, is placed. 10% of light, going
through the rear mirro?, passing the neutral density fil-
ters ND, polarizer SPiand.iO ® interference filter, is fo-
cused to the PIN photo&iode. after the time delay (given

by the cable DL) equal to the evolution time of the Q-switch
pulse, the krytron K2 is switched. This voltage step pul-
se removes A/4 voltage from one electrode of the Pockels
cell PC2, thus re-introducing A/4 relative phase shift to
the passing light. Tt leads to rapid dumping of the opti-
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cal energy from the cavity.zAfter the time delay, from

1 to 5 nsec, glven by the cable PFDL, zero voltage is

.:on both electrodes of the Pockels cell PC2. The PFM pulse
ifyas generated. U@lng a longer cable than the laser cavity
;J?ound trip, one ébtains PTM operation. Records of resulted
?ﬁulses are showngon Fig.7. Considering the rise time of
f@ur detection chaln 1.8 nsec;, the actual rise time of the
,foutput pulse is less than 2 nsec, the value typical for
ﬁkrytron KN 22B. :

i, To amplify the output pulse, the polarizer P2 reflects
‘the beam to the amplifier (Fig.1), the output energy is
 Q.1 - 0.2 J/nsec. ‘

e e '.f rnmiacrsciy ) Fig.7 The output pulses

Congequently:

7 nsec PIM regime
ngec

PFM regime

5

4 nsec
3 msec
2

nsec

VD 261 18 LES

CONCLUS LON

The constant gain pulse forming technique gives the
possibility to generate stable short nanosecond pulses. In
principle, using a fast spark gap |6[,17!, instead of
krytron, this technique is one of the possibilities to ob-

tain subnanosecond pulses.



Fig.8 The photograph of the laser on the mount
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SUBNANOSECOND LASER SYSTEMS
FOR SATELLITE RANGING

H. PUELL

KRISTALLOPTIK LASERBAU GMBH
AM SULZBOGEN 62
8080 FORSTENFELDBRUCK, GERMANY

INTRODUCTION

There is evidently éreat interest in pushing the accuracy for satel-
~1ite ranging down to several centimetres or less. This implies the

‘use of a new laser generat:on, operating in the subnanosecond domain.,
'gPulse duratzons of th1s order may be achieved by two different methods:

‘ij) mode~locking the laser oscillator, giving rise to a train of short
: Tight pulses equ1d1stant in time, from which a single pulse may be
selected and ampﬂified further on. This method is readily employed
with Nd:YAG lasers, generating light pulses as short as 30 psec.

' §1) pulse-slicing the output of a conventional Q-switched laser oscil-
" ator by means of a fast electro-optical shutter. This method is
usually employed in case of ruby lasers, which generally show a
very unstable mode-locking operation. Typical pulse durations of
the order of 1 nsec are achieved by this method.

In this paper we wish to present examples for each of these methods.
First we will describe the actively mode-locked Nd:YA10, laser system,
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which will be part of the Dutch-German iMobile Laser Ranging System

(MLRS) built by the Techaisch Physische Dienst (TPD), The Netherlands.
In the second part, the performance of -a special pulse-sliced ruby la-
ser system, which was built for the station at Wettzell, Germany, will

be discussed.

ND:YA10, LASER SYSTEM

The specifications of this laser system are shown in Tab.1. They re-
sult from the demands for high accuracy in ranging (pulse width), a
large signal to noise ratio {output energy and repetition rate), and
optimum adaption to the telescope and the detector (wavelength stabi-
1ity and bandwidth). Further boundary conditions concerning the power
consumption, dimensions, and weight result from the mobitity and the
environment of the MLRS.

Wavelength 539 nm  Pulse width 200 - 300 psec
Stability 0.06 nmm Repetition rate 1, 2, 5, 10 Hz
Bandwidth 0.63 nm Total weight 100 kp
Divergence 2 mrad Diménsions

Ou%put energy 10 md Power supply 100 x 35 x60 cm
Stability £ 15 % Optical bench  100x20x15 cm

Tab:1: Technical data of the frequency doubled Nd:YA10,laser for MLRS

A schematic drawing of the proposed technical solution is shown in
Fig.1., The laser system consists of a TEMOO-osci11ator with a double
pass ampiifier, followed by a frequency doubling system. Nd:YA10,
crystals are used as the laser medium /1/. Their optical quality as
well as their physical properties are comparable to those of Nd:VAG
crystals. The main difference is the somewhat longer laser wavelength
of the Nd:YA10, crystals (1078 nm) and the optical biaxiality, which
ensures polarized laser emission “and less sensitivity to thermal bi-

refringence.
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Fig.1 Schematic drawing of the Nd:YA10, Taser for MLRS.

. The resonator of the osciilator is formed by two highly reflecting

W endmarrors (M1 and M2). Transverse mode selection is achieved by a

; 2 mn diameter aperture (A). The laser pulse is actively mode- locked

by a KD*P electro-optical modulator (ML), its frequency being matched
" to the total resonator length of 150 cm. The pulse width is controlied
‘”by 3 bandwidth 1imiting quarz etalon (ET). Q-switching and single
pulse selection is done by using the Pockels cell (pC) in the pulse-
~transmission mode. In order to get a stable mode- tocking operation,
the system is allowed to prelase for several usec prior to Q-switch-
ing by a proper adjustment of the Q-switch voltage.

. After switching out the mode-locked pulse from the resonator a tele-
scope {01) expands the beam 2. 5-times to fi1l the amplifier cross-
:sect1on. The amplifier (Amp) is used in a double pass in order to
peach the required energy level of 30 md/pulse. The amplified pulse

is then frequency doubled in a temperature stabilized KD*P crystal,

and the two wavelengths are seperated by the following polarizer (Po}.

The electro-mechanical safety shutter (s3) prevents the system from
accidental lasing. The same shutter serves also for switching the la-
ser on and off, since the flashlamps are fired at a constant repe-
~tition rate of 10 Hz in order to establish well defined thermal con-

ditions.
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The active mode-locking concept has two mayor advantages: First, the
buxldup of the laser pulse can be easily controlled, synchronizing
the Pockels cell with the frequency generator of the mode-Tocker. The
time jitter for pulse emission 1is reduced down to less than 1 usec,
resulting in less data to be stored. Second, there are no volatile
fluids involved as in case of passive mode-lockers, which could cause
serious trouble outside the laboratory.

The MLRS will be operated under adverse environmental conditions. For
this reason considerable attention is given to the mechanical and
thermal stability of the laser system. The optical bench is a rein-
forced invar plate, integrated into the cooling system. It is covered
by a heavy thermal isolation. A11 mayor alignements can be done with-
out disturbing the thermal conditions with the aid of motor-driven
differential micrometers integrated to the most important mirror
mounts. Built-in photodiodes monitor the performance of the oscilla-
tor, the amplifier, and the harmonic generator.

First tests of the laser system will be under way beginning 1982,
£inat tests will be held in the middle of 1982. The MLRS is scheduled
to operate for the first time in 1983.

RUBY LASER SYSTEM

This ruby laser system was developed especially for satellite ranging
and #1lumination app1icaﬁions. A first report on the system was given
recently by W. Bduml and K. Nottarp /2/. The specifications are shown
in Tab.2. The special feature of the system is the twofold mode of
operation:

i) as a high energy sysﬁem, emitting 70 J within 300 psec for iliu-

mination, and ,
ii) as a high power system, emitting more than 1 J within 700 psec

for ranging.



Mode of operation ITiuwination Ranging
Qutput energy 70 J 1.4 J
Pulse width 300 ysec 700 psec
Output power 200 kW 2 GW
Divergence 2 mrad 2 mrad
Repetition rate 1 Hz 1 Hz

Tab.?: Technical data of the ruby laser system at Wettzell, Germany .

The system can be swibched Trom one mode to the other by simple push-
button operation. Foth modes can be operated at a repetition rate of
1 Hz over'an snterval of 20 sec. In spite of the relatively large

repetition rate, the rubies are kepi constant in temperature within
“i°C, and, hence, the output wavé%engﬁh pemaings within the atmospheric
“window around 694.3 nm. :

A schematic drawing of the lase#-sysﬁgm is shown in Fig.Z2. The reso-
nator is formed by a concave high
sapphire resonant veflector {(}2) for eoutcoupling. for Q-switch opera-

tion a Pockels cell {PC1) and a multiple glass-plate potarizer {Po)

1y refiecting endmirror {M1) and a

w

"is dncluded in the rescnator.
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Before entering the amptifier chain the oscillator pulse passes the
pulse-forming system, which consists of a Pockels cell {PC2}, & po-
larizer (Po), a laser triggered spark gap (SG), and a gas breakdown
cell (GC). This system is activated when the laser is operated in the
Q-switched mode for satellite ranging. The applied A/2 voltage rotates
the plane of polarization by 90° and the beam is deflected by the po-
larizer towards the laser triggered spark gap. By a proper selection
of the trigger level one may switch the voltage of the Pockels cell
down to 0 V right at the pulse maximum. The transmitted laser pulse
has, hence, a very steep rising front. This pulse now enters the gas
cell and induces a gas breakdown there. The buildup of the absorbing
plasma is extremely fast /3/, transmitting only the very first beginn-
ing of the input pulse. The transmitted pulse has a typical pulse
width of less than 1 nsec. This pulse is amplified by the following 3
amplifiers, which are optically decoupled by saturable dye cells /4/.

In case of normal mode operation, both Pockels cells are not activated.
The laser pulse can pass 531 the polarizers without deflection. In

this case the gas cell has:no inf1uence; since the input intensity is
well below threshold for das breakdown.%The dye cells are moved out

of the light path automatica11y in order to achieve maximum gain in

the amplifier chain. A ;

The performance of the pufSe-shaping sy§tem is demonstrated in Fig.3.
There the Q-switched laser pulse emitted by the oscillator (upper
trace), the pulse transmi@ted by the po?arizer (middle trace), and the
pulse after passing the gas breakdown cell (lower trace) are shown.
These signals were generated by the photodiodes PD1 - PD3, respective-
ty. It is clearely seen hdw the pulse~sﬁaper acts first on the leading
edge and then on the trai{ing edge of the incoming puise.

In Fig.4 the pulse shape of the amplified laser pulse is shown on an
expanded 1 nsec/div time scale for a single event {upper trace) and
for 10 pulses superimposed (lower trace). The reproducibility of the
pu1sé shape is quite remarkable. The amplitude stability is +10 % 1in
90 % of the shots.
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Fig.2 Leser pulsse shapes recorded  Fig.4 Laser pulses for ranging
by the photodicdes PD1 (upper after Jeaving pulse-forming sys-
trace), PDZ (middle trace) and PD3  tem and amplifier chain, Single
(lower trace}, when activating the event (upper trace) and 1 Hz

pulse~forming system. Time scale operation superimposed (lower
is 10 nsac/div. trace). Time scale is 1t nsec/div.

Cinaliv, the subnancsecond pulse duration of the output pulse is de-
ed in Fig.5, where a recording taken by a Tektronix fast

£ shown. Taking into account the risetime of the
. (0.% nsec) and the bandwidin of the oscilloscope's pre-
fier (1000 MHz) a pulsz duration (FWHM) of 700 psec results.

The above results show that the pulse duration of a conventional Q-
switched ruby laser can be veduced from 25 nsec down to 700 psec with
rather simple changes. However, it has to be pointed out that power-
ful amplifiers are necessary to regain the energy lost within the
pulse-forming system {at the moment, the energy transmitted by the gas
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Fig.5 Pulse shape of the ruby laser in the ranging mode.

breakdown cell is of the order of 30 md). On the other hand our method
certainly has the capabitity to achieve even shorter pulse durations
in the range of 500 psec or less by optimizing the system parameters.
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LLR TARGET ACQUISITION
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ABSTRACT

' The problem of target acquisition in Lunar laser Ranging (LLR) 1is

© discussed. The effectiveness of each guiding mode will be influenced
by the response time and sensitivity of the real time analysis {RTA)
used to indicate success. Without an absolute pointing capability of
.7 arc seconds, the optimum guiding mode may vary with respect to moon
~ phase, and for each mode suitable RTA must be provided.

. The role of RTA in system ergonomicS 1s emphasised, and an extremely
sensitive method which is suited to all guiding modes and meets the
: requirements of human operators is confirmed.

1. Introduction

The application of single photoelectron detection (SPE) in

. satellite laser ranging (SLR) systems has recently reduced the number
of problems unique to lunar laser ranging (LLR) systems. Those SLR
systems operating with SPE generally employ full aperture transmission,
narrow beam divergence, and precision tracking to reduce the laser

" power required for the ranging operation to a level which is not

' 1iable to cause eye damage. Thus there has been a convergence of LLR

© and SLR technologies in:

" (a) detectors

(b) guiding and pointing

“.(c) data analysis

(d} system calibrations

(e} receiver filtering

(£} control systems technology
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Concurvently, there has been a2 reduction in emphasis on aircraft
detection and high power lasers in current SLR design - both of which
continue to be of intervest for LLR systems.

This paper will deal with the problem of target acquisition in LLR -
a problem which vemains identifiably different from SLR and which
requires considevation of many aspects of system design ranging
from laser and computer selection fo system ergonomics.

2. Guiding Modes

There ave several ways of tracking a target at the 3 arc second level
for laser ranging. The mo#t common methods are:

(a) Absolute Pointing and Tracking

If the tarpet position at any time is known to better than 3
seconds of arc, and if the LLR telescope can point with equal
precision, then the target can be acquived directly. The
advantage of this method is that it is independent of target
visibility (ie moon phase) and can be used for daylight ranging
when even visible targets lose contrast and are difficult to
track optically. HNo LLR currently opsrates in this mode.

(b) Relative Pointing

Systems which have no ability to peint within 3 arc seconds
shsolute error may have a capability for very precise relative
pointing over short angular distances. Thus if a well defined
target {stav or cratér) which is angularly close to the laser
target can be acquired, the telescope can be made to drive
precisely to the tarpst position.

(¢} TImaging Devices

A telescope with only coawse pointing capabilities may make use
of electronic imaging devices which ‘recognize! the target area
and provide drive input to maintain the telescope on target.

(d) Manual Acquisition

By viewing the target arvea fyom an optical system (eyeplece, TV)
accurately boresighted with the telescope, an operatcr con
control the tracking rates to keep the telescope on targec if
he is familiar with target area moOnscapss.

The systems {(a) - (e) may be associated with 'search’ programs which
scan the arvez around the commanded position in search of targe:
veturns. For all systems, criteria for successful ranging must be
defined in terms of tests on the received data, so that the tracking
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system can cease searching and lock onto the target.

3. Real Time Analysis

The laser ranging system should incorporate a real time analysis (RTA)
facility to provide an indication that the ranging system 1s on
target. The response time required for this analysis will be

related to the occupation time of a point on the search grid and

the response time of other units in the feedback path. Indeed each
guiding mode should be designed as a closed loop servo system with
full consideration of the bandwidths of each compenent.

The flagging of ranging success by a RTA unit has uses beyond locking
onto the target. A continuous indication of ranging performance is
satisfying and reassuring to the system operators, and minimises
unnecessary and often derogatory manual adjustments to ‘enhance’
performance.

The RTA method used is constrained by almost every aspect of system
design, and the requirement for RTA will have an influence in

operating parameter selectionm. Clearly, the difficulty in detecting
signal in real time will be related to the SNR in logged data. Using

a dot display of residual vs time and a human operator as discriminator
(1) is extremely sensitive and efficient., Extensive simulation (2)
indicates that signal can readily be detected with this system for

SNRs as low as 0.05.

Fully automated algorithms for defining ‘on' and 'off' target are less
sensitive than this when constrained to run in real time with large
(100's of ns) uncertainties in range prediction. If background
vesident, which is most effective from a system operations viewpoint,
the 'RTA' may incréasingly lag the data acquisition, When an LLR

is fully operational the uncertainty in the range should be much

less than 100 ns, in which case an entirely machine resident RTA

might be expected to manage easily. However, this is not so, since
uncbserved timing system (ephoch) errors, systematic error changes,
atmospheric error fluctuations, and other variable biases make it
undesireable to make rigid a priori range estimates. In fact it is
occasionally the range residual (predicted minus observed range) which
can indicate timing and other system €Irors.

Thus it is most desirable to have the most sensitive possible RTA,
such that signal can be detected in very moisy environments as
quickly as possiblé. Clearly the response time for RTA need not be
less than other system time constants, however it is also clear that
excessively slow or insensitive RTA will prolong search pattern

execution.
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4, BNR Selection

The SMR in date can be selected by the system designer. The parameters
controlling this factor are shown in Figure 1.

The worst case design will be for full moon (maximum noise) ranging.

The moon phase dependency of receiver noise can be approximated by a

squared sinuseid, with noise proportional to sin® { D/28), where D is
the number of days since the start of the lunation.

The SNR can be wmade high by selecting (eg) a high laser pulse energy.
However, maximum productivity for the system is associated (through
another optimisation process) with maximum mean laser power, and the
highest mean powers currently available are for 10 Hz (typically)
pulse repetition frequencies. Thus, if tradeoff is to be avoided
between guiding efficiency and productivity, the RTA should be made
sensitive enough to detect signal at full moon using a maximum mean
power laser.

Since the most sensitive RTA currently available will not give high
confidence level success indication for SNR below 0.05 within 100
data points, the system designer is obliged to tailor the SNR to
suit, or to sacvifice some observations. This is done by using
established range equations and varying control parameters as
indicated in Figure 1.

5. Effect of Atmosphere

For LLR, the transmit and recelve optical axes should be within (about)
3 arc seconds of the target. The atmosphere plays an important role

in the pointing process by adding random walk to both the transmit

and veceive optical axes. The large travel time (3 seconds) results
in decorrelatiocn of the transmit and receive axes by as much as the
value of atmospheric seeing, which has 100 ms time constants, This

can be modelled as a degradation of SNR by a factor of (5/2)2, where S
is the seeing in seconds of arc.

Similarly, for ruby lasers, the effect of precipitable water vapour
can be approximated by an SNR degredation factor of (W/3)°, where W
is the precipitable water vapour in mm.

Thus if a system is to function satisfactorily in 6 arc seconds seeing
With 6 mm of water in the atmosphere, the SNR for perfect conditions
must be 32 times the treshold value.
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The formulae for obtaining the factors are simple approximations,

and based on observations of LLR data. The observations that no data
at all has been observed in LLR for S greater than 8 or W greater than
9 is not incorporated into the models. More sophisticated models based
on large data volumes will soon be possible as high productivity

Nd:YAG systems become established,

6. Conclusion

The LLR system designer must clearly define the operating envelope
for the system in terms of moon phase, atmospherics, and other
considerations. He must then ensure that in operation, the SNR is
within the limits imposed by available RTA, since if the guiding is
not within specification, a potentially high productivity system
will yield no results.

A high degree of awareness in the system operators of the influence
of various parameters especially meteorological, on SNR is desirable
to avoid false expectations which can corrupt the target acquisition

Process.
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DESCRIPTION AND FIRST RESULTS

OF THE CERGA LUNAR-LASER STATION

by J.F. MANGIN, Zh. DUMOULIN, J.M. TORRE,
J.L. SAGNIER, J. KOVALEYSKY, D. FERAUDY

CERGA, Grasse, France

.1 - INTRODUCTION

_ A preliminary description of the CERG
" in the Lagonissi Laser Workshop (0. Calame and J. Gaignebet, Laser

Athenes, p. 139, 1980). The main features described three
s to give

A lunar laser was given

" Workshop,
years ago have not changed. The aim of this presentation i

_ some supplementary information on some sub-systems and to present the

* observing procedure that is adopted and had permitted to obtain the

first returns.

‘ The telescope (see M. Bourdet and Ch. Dumoulin in the present

:i proceedings) is usad for the three basic functions : emission, reception
and tracking. The three corresponding optical paths are schematically

‘described in figure 1.

¢ 11 - EMISSION

Presently, the laser gives an impulse with a 3 ns width at half
~ intensity. The mean energy is 2.5 Joules. The emission optical system
: includes three treaﬁed lensas, six mirrors and a dichroic mirror, three
. of which are treated for high energy impacts. The total loss in energy
s estimated at 30 %, so that the outgoing energy is 1.75 Joule.

The natural divergence of the jaser is T 1Y5. The accuracy of

. ‘the focalization of the telescope - coupling lens system is also esti-
- mated + 1"5. Presently, the observed defect of the secundary mirror
~{the glass was attacked during a treatment) is of the order of 4",
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1f we take 3" for the turbulence effects, we estimate to 'S the
diameter of the beam on the Moon. A reduction to a little more than
the spreading due to the turbulence is expected when the secundary

mirrer will be replaced.

11T - RECEPTION

The return photons are reflected by the three mirrors of the
telescope, the dichroic mirror, two other treated mirrors and then go
through two lenses before reaching the photocathode, The gross effect
of the transmission of the optics and of the guantic efficiency of
the photomultiplier gives an overall transmission factor of 4.5 %.
This was checked on stars, using a large (12") diaphragm. Smaller
diaphragms (8", 5", 3", 2") are also available, Four successive events
may be timed by the eveni-timer during the opening of the electronic

gate,

IV -« TRACKIHG

A beam splitter situated behind the dichroic mirror directs a
part of the incoming beam for direct guiding using a reference reticle.
Another part is sent in a TV camera. An offset device can drive the
camera in a precomputed manner, so as to permit an offset guiding on a
given crater, while the telescope is stitl pointing the retroreflectors.

At present, the offset guiding is not in service and the following
procedure is used :

1. A given crater is tracked using reference ephemerides

2. The camera is centered on the crater and the offset in azimuth

and elevation 4a, 4e are noted

3. The telescope is pointed blindly on the reflector using the
ephemerides and the corrections d4a and 4e are applied. These corrections
are essentially due to telescope flexures and other mechanical irregu-
larities. Some of them have been empirically represented by trigonometric
expréssions, and the corresponding errors as well as a refraction mode]
are included in the software control of the telescope.
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The time necessary to execute these three steps is approximately
7 minutes. They are followed by a series of about 70-100 firings lasting

another 7 to 10 minutes.

¥ - FIRST RETURNS OBTAINED BY THE STATION

A few series of returns were obtained during the summer of 1980
on GEOS 3 and STARLETTE. For instance, on the first of July, 49 events
were obtained after 40 laser firings. Out of them 31 were retained as
being returns with an internal consistency of % 25 cm (fig. 2).

The first returns on the Moon were obtained on June 8th, 1981,
when two series of 7 events were recognized as probable returns, The
number of noise evénts veceived during the 7 minutes corresponding to
the 80 laser shots were respectively 60 and 40 for a gate width of
10 microseconds.
_ Another result was obtained on July 7th, when from 3 first

glance on 50 events, one could recognize 19 as probable returns
(fig. 3). Three of them have residuals with respect to a linear func-
tion of time {due to UT1-UTC effect) of the order of 10 ns. This offset
is now being studied, but has not yet been understood. The mean quadratic
error of the remaiﬁing 16 returns is ¥ 1.5 ns {or 22 cm).

Presently only observations on Apollo 15 reflectors during lunar

nights have been attempted. A significant improvement in the afficiency
of the station is expected when a new secundary mirror and a narrower

filter will be available.
The first returns have been confirmed by some other series in

November 1981.
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McDONALD LASER RANGING OPERATIONS
PAST, PRESENT, AND FUTURE

by

Peter J. Shelus and Eric C. Silverberg
Department of Astronomy and McDonald Observatory
University of Texas at Austin
Austin, Texas 78712 USA

ABSTRACT

The 2.7-meter lunar laser ranging system at McDonald Observatory
in West Texas has been in regular operation since mid-1969. It has
been the major source of LLR data since that time.. We are now in the
final stages of construction of a stand-alone, dual-purpose laser
ranging station to replace it. Herewith is presented some of our
accomplishments of the past and same of our expectations for the

future.

1 INTRODUCTION

We are rapidly approaching the end of an era with lunar laser
rangirg as we begin the process of phasing out LLR operations on the
2.7 meter reflector at McDonald Observatory in west Texas., Over the
past twelve vears this station has been continuously and routinely
operating to obtain the overwhelmiry percentage of the world's high
accurasy lunar range data. This feat becomes even more remarkable
when one considers the fact that this has been accomplished even
though the experiment has been constructed around, and makes constant
use of, a standard telescope which is scheduled 24 hours a day, 365
days per year for normal astronomical activity. The definitive
document for the station continues to be that of Silverberg (1974).

The day-to-day operations, as well as most system problems,
modifi¢ations and upgrades, have been chronicled in the station
reports which were issued thrice per year under NASA Grant NGR 44-012-
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165. With the demise of that grant and the transfer of McDonald
Observatory laser ranging operations to NASA Contract NAS 5~-25948, the
reports on day-to-day activities continue to be made in the regular
monthly submissions as well as in the documentation which accompanies
the semi-annual data deposits into the National Space Science Data
Center, i.e., Shelus (1981). All of these reports and documents have
received wide distribution and should be readily available to all

interested parties.

The operational philosophy of the McDonald LLR station has been a
tnique one. fThis philosophy is probably, in large part, responsible
for the fine level of success which the station has exparienced.
Recause of the fact that the station has always been considered to be
an “operational” one¢ (even initially) instead of one established
primarily for research and developement, it has always been expected
that data would be  gathered under all but the most pressing of
circumstances. Day-to-day problems have always received the primary
attention of observatory staff members and all wmedifications and
upgrades have been handled such that regular observing schedules are
seldom compromised. Further, charnges have been made in ways which do
not force the immediate abandorment of older equipment and/or
techniques; a change which proves to be problematical can be quickly
rescinded and original operational procedures can be resumed while
such changes are “deébugged®. e result of such an operational
philosophy has been such that in the many years of 2.7 meter LLR
activity at McDonald CObservatory, only for a telescope drive spur gear
change in September, 1972 has the station been continuously out of
operation for more than a week.

Further, the aim of the McDonald LLR station has not been simply
that of data gathering. A firm commitment has been made concerning
the observational data obtained. If such data is not made available
to the general scientific community in a timely manner, together with
all clock, calibration, envirommental and ancillary data, the
scientific relevance of the experiment has been lost. To this end,
the station has been molded to provide all relevant data to
ragearchers with a minimum of delay and in a standard, well-defined
machine-readable format. Success has been encountered here as well
since all data is provided to the user, either through direct mailing,
electrohic data transmission or regular NSSDC deposits, Monthly
distributions of filtered data and normal points are made within
approximately six weeks of observation and semi-annual NSSDC deposits
are made within approximately three months of oberrvation.

2 .2,7 METER LLR SYSTEM

As has already been mentioned, most of the relevant material
dealing with the 2.7 méter LLR operations at McTonald Chservatory has
been provided by Silverberg (1974). Figure 1 schematically depicts



- 298 -

i LASER
e DETECTOR
2.7 METER = /
TELESCOPE e WATER COOLER
. DOME FLOOR
Foo! oS
- POWER SUPPLY
AL (5 /
. -~ . LASER
T v LOPTICAL /)
R BENTH
N
FIER Y e GUIDING GRTICS N
r
= ,'ﬂ \.,—% o=
. h- > P} ~
Toeel 3 =P
= WIS 50
‘* | -~ _-| o . 5 .. ‘
P / =
- A'.‘_ . A .', \ g
) Y
oy
- _},\\,J\:\
X Ry
-} o) \\_ /
s > COUDE SLIT RGOM N
"3 \,_ BELOW DECK
‘-: " TIMING ELECTRORICE
e . \— compuTeR
o b= CLOCK AACK
Figure 1.
N o
[N

CORNER “
SN, AN
ALY

Al h
~ Yo \\\ A
“ \"\ NN
N ~
DR YN \\ *\u\
NN
NA we
W £y o
w4 eV <o Wy
wikroR €17 7S il
| ] & -
Vi W 7
t
\Q’\i. \7 ' l\ EE;:NDER
A START
il em ‘7"“'\-\’ BHOTO- |1
IELEGTRAIC . o~ piobg BEAM
MIRROR i i SPLITTER /
e T R i1 -
\‘ i .;._ s el ey L QD - LASER
A | e e -
e —— — — B et P b e
- - T ovensing T Fue = CIRCULARIZING
3 W 17323 LEMS I ' mRROR PRISHK
\ b NGOUBE 1o H—
b 3 EE 4 % . -
\‘ i Y H 80D g # _“““"“-‘“—‘u-_*i
o 1 spem FILTERS &= SR !
5 i DICKRROIC ! Lo | SPaClaL SPELTRAL !
%l k HIRADR Vo C } FiLTER (FILTER ]
1 o e T -O ~ b - ~fFroTomucrieLien | 1
\ ; R T Wi f TIMIMG BASE |
N
o — v i
\tra s/ ! | TSHUTTER !
\ I nebucing ALIGHMENT '

EYEPIECE o Ae—bL oPTICE TELESCOPE | | : ;
‘1{“:0::%‘ Q T = w DETECTOR PACKAGE 3
ad - — 11 T T e e e e e

%-Y Quingn / 5

RETICLE MOLDER

Figure 2.



- 288 ~

the present configuration in the telescope dome. Figure 2 shows the
major optical components which ars used in conjunction with the 2.7
meter telescope. Table 1 gives the relevant McLonald LIR hardware
specifications. lLaser ranging operations are performed thrice daily
on approximately 21 days per lunation. Forty-five minute observing
sessions are held when the moon is approximately 3 hours east of, on,
and 3 hours west of, the meridian. Each forty-five minute session is
spent in obtaining vanges from one or more of the lunar surface
retroreflectors {one at a time, of course). Calibration information
is obtained in real-time as observations are being made; clock data is
archived automatically through the month to allow the recovery of UTC
from the station clock; environmental and ancillary data is recorded

on the log.

Once a lunation (more often, under special conditions) a magneatic
tape of all related LIR Information is forvared to Austin for
filtering, reformatting, compression, archiving and distribution.
Table 2 summarizes observing statistics by year and by reflector;
Figure 3 gives statistics on the data compression ratio; Figure 4
presents statistics of uncertainty estimates for the MoDonald data
set; Figure 5 sumnarizes normal point distribution with respect to the
classical fundamental arguments of the lunar theory; Figure 6 gives
information on the distribution of McDonald LLR data with respect to
lunar local hour angle and declination.

3 McDONALD LASER RANGING SVYSTEM — MIRS

At the present time we are in the process of establishing a new
laser ranging station at McDonald Cbservatory. Unlike the present 2.7
méter system, the new station will be dedicated to laser ranging
operations, and it will have the capability of ranging to lower
(artificial) satellites as well as to the moon. Basic operating
parameters of the MLRS can be found in Table 3. A line drawing which
depicts its major components is found in Figure 7.

Although this station has been developed as & stand-alone
replacement to the 2.7 meter LIR system, it has made extensive use of
systems and procedures which were developed for the Transportable
Laser Ranging Statisn. ‘The TIRS is a very compact, mobile LAGEOS
laser ranging station now in regular operation in the western United
States under the MNASA Crustal Dynamics Project. Timing electronics,
photo-detector and calibration procedures are identical to those of
the' TLRS. 'The system software lg alse very similar to that of the
TLRS with the major differnces concerning the lunar versus LAGEOS
capabilities. The system contains a dval laser and lunar guiding is
performed using a dichroic 3 mirror. Many of the hardware and
software components of the TLRS/MIRS systems are being presented in
various sessions of this Workshop. The interested reader should refey
to the appropriate parts of the formal Workshop Proceedings for



Jan-Jun

300 =~

TABLE 1

MeD 2.7-m LLR Operating Parametera

APERTURE
MOUNT

AV. POWER
DIVERGENCE
WAVELENGTH
PULSEWIDTH

REP RATE

SPATIAL FILTER

SPECTRAL FTLTLER

TABLE 2

2.7 m
EQUATORIAL
0.4 w

1.5 arcsec
6954.3 nm

3 nsec

1/3 Hz

6 arcsec

0.7 %

Number of MeD Normal Points

YEARS 0 2 3 4
1969 2 0 0 0
1970 57 0 0 0
1971 84 74 73 0
1972 54 58 247 0
1973 72 BS 277 1
1974 40 53 212 24
1975 36 46 250 32
1976 39 34 229 17
1977 15 14 203 14
1978 14 2t 166 21
1579 11 23 111 8
1980 31 58 201 4
1981 14 18 82 5
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TABLE 3

MLRS OPERATING PARAMETERS
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further information concerning them.

2s the system is presently envisioned the system is software
intensive having been built around & sophisticated Data General Nova-
based operating system. This operating system should be able to
furnish caomputer support throughout all routine observing sessions
from computing point angle and ranging predictions, pointing the
telescope and firing the lasers, performing necessary calibration and
clock maintenance; recording environmental data; and, finally,
filtering, compressing and reformatting the data for data
distribution,

4 CONCLUSIONS

A long and successful history surrounds LLR activity at McDonald
Cbservatory. Many of the lessons which have been learned from the
original 2.7 meter system and the TLRS mobile station are in the
process of being incorporated into the new MLRS system. We feel that
our basic philosophy of an Yopsrational" station is important to
succeSsful operations). Many of the hardware aspects of the old and
new &$tations have appeared in the Proceedings of earlier Laser
Workshops as well as in those of the current Workshop. Many of our
software algorithms are being presented during the Software sessions
of the present Workshop here in Austin., We are looking forward to
successful operations of the MIRS in the very near future.
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GENERAL HARDWARE/SOFTWARE ORGANIZATION

by J.M. TORRE and J. KOVALEVSKY
CERGA, Grasse, France

I - GENERAL DESCRIPTION

3t

The CERGA lunar-laser ranging system as described by J.F. HMang
et al. in these proceedings has been set up in such a way that the
telescope control is strictly separated from the real time control of
the ranging experiment. Consequently, two different computers are used
in a completely independant modes. These are :

1) Data general "Eclipse 5200"

CPU with 64 K byte

Disk unit

Alphanumeric Tektronix display
Texas Instrument SILENT 700

TTY
16 bits interfaces (digital 1/0)
RS 232 C interfaces (asynchroneous tine multipiexes)

Software support : Real time disk operation system
FORTRAN 4

2) Data General "NHova 1220"

" CPU with 16K byte

TTY
16 bits interfaces (digital 1/0)
RS 232 C interfaces (universal line multiplexes)

No software system. Machine language coding.

The various hardware subsystems that are linked with these two

computers are schematically described in figure 1,
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11 - COMPUTER ORGANIZATION

Four different functions are executed by these computers. Let

us describe them. .

1) Ephemeris treatment

The ephemerides of reflectors and reference craters are computed
by 0. Calame on the CNES CDC computers and transferred on cassette
compatible with Tekas Instrument Silent. These cassettes are read by
the Eclipse computer and filed in the disk. Each cassette contains the

ephemerides for about two weeks of observation.

Presently, before each observation, the ephemerides of the
selected reference*craters and of the reflectors are transcribed by ihe
Eclipse on a paperjtape‘ in a form that can be read by the Nova. In the
future, it is contemplated to transfer these ephemerides directly from
Eclipse to Nova through both RS 232 C connections,

2) Pointing and tracking

When the decision is taken by the observer to track a crater
(or a reflector), the corresponding paper tape ephemerides are read
by the Nova computer. It interpolates the apparent positions for every
second. A 1 Hertz top provided by a cesium clock synchronizes the
prders prepared by the computer and sent to the telescope. The Tink
is made through a 16 bit input/output interface.

In the future, we intend to use an offset guiding so as to control
" the tracking by a crater observed with a TV camera, while the telescops
is pointed at a reflector. It will be controlled by the Eclipse computier,
linked to the offset guiding system by the RS 232 C interface (asyn-
chronous line multiplexor ALM 8).

3) Real time control

The Eclipse computer linked to the event-timer through the ALM 8

of the firing. Then, it computes and transmits to the

records the time
iring

electronic gate the expected time-delay between the instant of the f

and the return event,
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Then, the Eclipse, reads on the event-timer the times of the
events and compares them with the ephemerides. The residuals are com-
puted and a histogram of the number of residuals in given time channels

is displayed on the Tektronix screen.

4) Quick-look data evaluation

After the series of laser shots are over,it is possible to
analyse all the delays obtained and construct histograms with various
channel widths. The number of events for each & ns channel is printed
on the teletype. The probable returns as shown on histograms are then
treated by the Eclipse, and recorded on cassettes with other parameters
(meteorology, noise, etc...) for scientific treatment. A mean quadratic
error of the selected probable returns is computed and the corresponding
observations and residuals are printed. This allows the observer to be
aware of the quality of the observations a maximum of 5 minutes after

the last laser shot.
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LUNAR AND PLANETARY EPHEMERIDES: ACCURACY,
INERTIAL FRAMES, AND ZERO POINTS

J. G. WILLLAMS

JET PROPULSION LABORATORY
CALTFORNTA INSTITUTE OF TECHNOLOGY
PASADENA, CALIFORNIA 91109

A new lunar and planetary ephemeris has recently been com-
pleted. I would like to briefly describe the accuracy of this ephemeris
and to argue that such modern ephemerides are closely related to an
inertial coordinate system. The ephemeris has a definable and repeat-
able zero point., It would be desirable to tie the VLBI frame together
with the lunar and planetary celestial frame and to connect the terres-
trial frames of the lunar and LAGEQOS laser ranging systems.

. The new JPL planetary/lunar ephemeris comes in two versions
designated DE200/LE200 and DE119/LE63. The coordinates are on the
equator and equinox of J2000 and B19530.0 respectively. Both are on a
dynamical equinox and they differ from one ancother only by a rotation.
The ephemerides result from joint integrations based on joint fits of
the lunar laser and planetary data. The new IAU precession (Lieske et
als, 1977; Lieske, 1979) and nutation (Seidelmann et al,, 1982) expres-
sions have been used. A& compatible integration of the lunar physical
liBrationg has also been made,

It is clear that the parameters which describe the geocentric
distance of the moon will be very well determined from range data and
have high internal preclsion. Of more interest for coordinate frames
are the uncertainties in the orientation angles and rates of rotation
with respect to inertial or terrestrial systems. The uncertainty in
the orientation of both the lunar orbit plane and the ecliptic plane
with respect to the equator of the earth is less than 0.01" {(at least
during the decade spanned by the observations). High sensitivity to
the orientation of the ecliptic results from the lunar range data
because the lunar orbit plane effectively precesses along the ecliptic.
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The 18.6 yr period of precession is longer than the existing span of
lunar laser data so that these orientations are improving rapidly as

the data span increases. In addition to the oriemtation of the equator
and two orbit planes we wish to lnow the relative error in the geocentric
ecliptic longitudes of the moon and sun. A reasonable uncertainty for
the differential longitude (during the past decade) is 0.003", being
somewhat worse at the ends than ir the center of the data span (1975).
The sensitivity to the differential longitudes comes through two very
strong solar perturbations (amplitudes of 3000 lms and 4000 kms) in the
lunar distance. Thus the relative positions of the moon and sun are well
known as seen from the earth. Since planetary ranging data to Mercury,
Venus, and Mars determines their orbits well relative to the earth's
orbit, they are also well connected to the lunar orbit and the earth's
equator.,

It has been argued that the lunar orbit and the earth's
orbit about the sun are highly consistent in angular orientation, but
what about rate errors? The integration of the equations of motion
assumes an inertial coordinate frame, but the accuracy with which the
range measurements can be ¥elated to the frame depends on the uncertain-
ty in the mean motion (there are no solution parameters corresponding
to orbital rates about the other two axes). For the moon the mean
motion uncertainty is about 0,0007"/yr at the center of the data span
(middle 1975), but at five years on either side it degrades to about
0.001"/yr. This growth of uncertainty results from an uncertainty in
the lunar tidal acceleration of about 0.00015"/yr?. The errors in the
lunar . ecliptic longitude grow nonlinearly as one extrapolates the motion
outside of the span of data, In terms of its value for future UT1 de~
terminations, the error of the new ephemeris will propagate with compo-
nents of about 0.05 ms/yr and 0,005 ms/yr2 from the center of the data
span. ‘At the time of the MERIT campaign this error would look mostly
like an offset in UT1l, but this can be reduced considerably with ephe-
merides produced clogser to the beginning of the campaign and can be ef-
fectively eliminated with post-campaign analysis. The uncertainty in
the inértial mean motion of the earth about the sun is 0.0002"/yr, being
tightly determined by the éxcellent Viking vange data from earth to Mars.
The lifiar and planetary ephemerides are very good representations of the
inertial motions 6f the earth and moon during the past decade. Relating
the idertial frame to a terrestrial frame requirea knowledge of the
preceséion constant which has an uncertainty of 0.0015"/yxr (Fricke, 1977),
of whieh 0.0006"/yr can project into declination. The consequences of
this larger error have been explored by Williams and Melbourne (1981).
If the accuracy of the inertial frame is to be preserved for the terres-
trial longitude and UTl systems, then the equation for Greenwich Mean
gidereal Time would need té allow for future improvements in the pre-
cession constant.

The new ephemerides are on a dynamical equinox so that the
mean égquator and mean ecliptic cross (at the dates J2000 or B1950.0)
at the zero point for right ascension and ecliptic longitude. It is
intended that the FK5 star catalogue will have a zero point close to
(within several hundreths arcsecond) the dynamical equinox. Since we
can align the zero point of our ephemerides with the dynamical equinox
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an order of magnitude more accurately than we can align with a star cata-
logue, we have done so. My colleague E. M. Standish has located the
dynamical equinox with an accuracy of at least a few milliarcseconds,
and perhaps as good as 0.001". The conceptual simplicity of the dyna-
mical equinox can be contrasted with previcus attempts to align JPL
ephemerides with the catalogue equinox of the FK4, which has the zero
point of the right ascension system shifted about 0.5" (at B1950.0) from
the dynamical equinox (Fricke, 1981). The modeling for the optical
positions included shifts of each observational star catalogue from the
FK4, corrections for equinox drift and the precession constant, plus
systematic phase corrections for each plamet. The zerc point would
shift slightly with each addition of new optical data. For gphemerides
to be used with range data adopting the dynamical equinox is a welcone
way to stabilize the zero points of the celestial right ascension and
terrestrial longitude systems, it matches the (IAU sanctioned) FK5 equi-
nox within the optical errors, but it is mot strictly an IAU conventicn.

When one realizes that the lunar and planetary ephemerides
are both accurate and can be used to achieve a nearly inertial celestial
frame, it then becomes desirable to link with the frame of the other
accurate, nearly inertial technigue, very long baseline interferometry
(VLBI). My colleague X X Newhall ig attempting to do this usiog differ-
ential VLBI data which was recorded when the Viking Mars Orbiters and a
quasar were close togéther in the sky, Preliminary indications are
that this link can be achieved to better than 0.01", so that the VLBEI
quasar coordinate frame can be put on the dynamical equinox in the neax
future. If this is done the terrestrial longitude systems will line up
to comparable accuracy.

Achieving a similarly accurate link with the optical frame
is harder, but there is a possibility that the Hipparcos astrometry
satellite and the Space Telescope can be used to connect optical posi-
tions of quasars with .their radio counterparts toward the end of this
decade (Kovalevsky and Preston, 1981, private communication).

Artificial satellite ranging by itself achieves neither an
accurate inertial celestial frame, nor absolute zero point information
on terrestrial longitudes (relative longitudes are well determined).

As several observatories will soon be ranging both LAGEOS and the woor,
it Wwill soon be possible to directly align the artificial satellite
(terrestrial longitude) coordinate system with the lunar laser system
by comparing the site coordinates. If the LAGEOS data reduction pro-
grams were to also use the long-term stable UTl values available from
lunar laser ranging and VLBI, then the satellite orbit frame would
gdutomatically be aligned with the inertial celestial frame.

In summary, lunar and planetary ephemerides have been ge-
nerated which result from joint data fits and integrations. The lunar
orbit and the earth's orbit are oriented with accuracies better Chan
0.01" about two axes, and several times better about the third {ecliptic
pole) axis. The zero point in wight ascension is adjugted to a dynami=
cal equinox, and the motions of the earth and moon have uncertainties
within 0.001"/yr of their true inertial values during the past decude.
Tt.should be possible to connect the celestial frames of VLBI arnd the
ephemeris and to tie together the terrestrial frames of satellite and
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‘lunar ranging, so that the three modern space techniques would be aligned
within 0.0l" of one another. If this unification were to be made in the
near future it would cause the minimum inconvenience since a concurrent
introduction of the new IAU constants and definitions would also intro-
duce ghifts in the coordinate systems.
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