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E3L WORKSHOP ON EASER TRACKING INSTRUNENTATION (7

cospomsored by COSPAR and JAG
Prague, Coechoslovakia, 1115 August 1975

A UWorkshop on Laser Satellie Runging Instrumentation™ was beld in liagonissi,
Gireeee, in May 19730 The suceess of this 1973 workshop et to o COSPAR resoli-
tion (M), to “accept the invitation of the Technicad University of Prague to arrange
another Laser Runging Workshop, to be held iy Prague in August 1973 ame-
diately prior Lo e TUGGIIAG General Assembly in Grenoble, and to be sponsored
by COSPAR in cooperation with 1AG.”

The IAG will mect the week of 18 August 1975 and the 1LGG meeting will stare
25 August. Therefore the Workshop will be held during the week of 1115 Auguse,
inclusive, ‘

Rapid progress in faser tweehniques suggests that afthough present accuracy levels
are quite mspressive, they can be substantially improved. Indeed, we anticipate thut
satellite range mewsurements with aceuracies to 2 em will soon be avatuble, therehy
opening new opporlunitics in both scientific and applied research, As just one
example, it scems clear that, within a few years, we shall be able two measure glabal
phtte tectonic and other crustal motions to an accuracy of b emiyear, Because of

these new capabilitios, o widespread interest has developed in the. practical guestions -

that arise in designing. building and operating laser systems.

Fhe planned launclios of two satelfites designed expressly for high accuracy laser
trachimg lends @ tmcliness o the Prague Workshop, These are the French Starfette
to be placed i orbatin the fourth quarter of 1974, and the ULS. Lageos to be bunched
in carly 1970,

A enitical review of the accumadated expertence in working with laser systems,
particulurty the problems encounicred, and both successtul and unsuceessiul methods
for dealing with these problenis, will be the best foundation for the workshop, To
encotrage ree and open discussion of such tapics, the worxshop will be conducted
on an informal buss, with no formal presentations. This format reguires more
rather than less proparation and, further, will succeed anly i the participants take
active part in the discissions.

Attendanve will be by invittion only, Suggestions for invitees are requested, bug
should be Timited 1o those who have been involved in the actual design or operation
of satellite ser sy stems or are seriously contemplating such activitics.

The procecdings of the workshop will be published.

y First Cecalar,
) Recohiniom aswd Reconnmendations adopted by the NVIHE Plenasy Mucting of COSPAR,
S0 Paalo, | uiy 1974
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LASER STATIONS CNES/CRGS
Jean Ch, Gaignebet

1rst Generation

This station was developped around an old military cine-

theodelite with only optical tracking POssibilities,

The main characteristies are;

Mount Alt-Az with a seat for the tracker, Hydrolic mouve~
ments via g joysteck.
Maximum speed 20%/g

Laser Ruby, 1 joule, 30 ns FwHA pulse, 1 Hz repetition
rate. Beam divergence 2 x 10”3 rad. /Half energy/

Laser optics

3 afocal systems with focal ratios of 2, 3, 5 and 7
Receiver Optics

Schmitt Cassegrain telescope S
36 . cm. aperture £/10 with QOi&'piétééumifféfs
20 A Band pass filter 40% transmission

Detection 56 Typ type of PMT with a S 20 photocatode
/QE 2% at 0,7 microns/
Gain 108

Tracking 5cope Refractor Wwith an aperture ©of 20 em f/g
3° fielq

Electronics

10 ns resalution Counter, Stup input gated.
Quartz crystal 1079 stability. VLF reference and
reset by a portable clock

An accuracy of 1 25 48 Over periods of more than

6 months is reached,

The resolution of the datation System is 100 us
Data acquisition




Irst

Mount automatic Alt-Az mount open loop encoding

Geoneration modified

Resolution 13" of arc
Accuracy 20" of arc
Speed 40%/5 maximum
The mount is computer driven.with an option of javstiok
or punch tapoe.
Laser The Laser has been modified by use of a dye cell to
have a pulse width of 12 ns FWHA
Detection the 56:TUP PMT is used only for day tracking
and an RCA 3103A A is uﬁed by night connected with a
40 db Amplifier and a 3 A 30% filter

Tracking scope

We replaced the edge piece by a TV Camera /Nocticon
Thomsoa tube/ coupled with a monitor-.
”A 12 to 13 magnltade is seen in a nonintegrating
mode. Field 1°

Electronics

1l ns resolution counter. Stop channel is controlled by
an automatic gate
Epoch firing time of the Laser is controlled by an ear-
ly/late adjustment to correct far long track errors
/1 us to 10 g/
Computer A-WANG 2200 is used to compute in real time the
- coordinates of the satellite /Keplerian mouvement/
Alt, Az, range time and the corresponding speeds and
accelerations are computed from previously entered
sets of orbital elements
Performances 75 cm RMS

Future plans call for the 1nstallatlon of a pulse dlgz—

o tizer and. recording -the data on- magnetlc tape




gnd

Mount Alt Az automatic mount closed loop oncod ing

Goenoration

resolution 1,2" of arc
Accuracy 5 u 10"5 rad
Spead 60/5 maximum
The mount is computer driven with an option of jovstick
Laser Ruby Single mode diffraction limited Laser with
the following performances
2 J per ns pulse width
4 J, 2 ns to 20 J, 10.ns
repetition rate 0.25 Hz
0,75 J per ns pulse width
1,5, 2 ns to 7,5 J, 10 ns
repetition rate 0,5 Hz
The Laser can be mode locked with a train of 7 pulses
of 0,8 ng USRS
Laser optics Variable afocal system with a focal ratios
from 1 to 10
Receiver optics 1 m Cassegrain telescope Al plated
Detection RTC P 1210 PMT for daylight tracking
RCA 31034 A by night. A filter of 3 é is used in conne-

wion.
All the detection is conceived in a modulated way and
with two channels possibilities

Tracking scope

18 ¢m refractor associated with a TV camera /Woctlcon
Thomson CSf tube/
Field 1° 12 magnitude possibilities on a non integra-
ting mode.

Electronics 100 ps resolution counter. Stop channel gated

Comgutez

Telemecanlque e : 1'606' 'COﬁPIUt‘é'f"Wdrk‘ihg' iR Lwopaqq way o

Tektronlx 7903 scope/

@




2% om without digitizer

5 -~ 7 cm with digitizer

Lunar Rang}gg
' Only the mount and telescope are now studied and ordered,
Mount Al-Az automatic mount open loop encoding
kesolution 0, 3" of are
Accuracy 3 of arc,

Receiving telescope 1, n Cassegrain telescope /6

I3




LASER SYSTEM

M. R. Pearlman, C. G. Lehr, M. W. Lanham, and J. Wohn

1. INTRODUCTION

Four Smithsonjan Astrophysical Observatory (SAO) satellite ranging
systems, originally designed for the particular requirements and needs
of the Observatory's program in satellite geodesy, have been in con-
tinuous operation for more than four years: these systems are located
in Natal, Brazii, Arequipa, Peru; Olifantsfontein, South Africa; and
Mt. Hopkins, Arizona. During this period, they have provided routine
tracking data at a meter accuracy level in support of several geodetic
programs. The systems are now being upgraded to meet new requirements
in geophysics.

The major thrust of the present activity is to improve the accuracy

~and performance of the réhging systems to support the tracking require-

ments for Geos 3 and Seasat and also for earth-dynamics projects based

on satellites such as Starlette, Under the current upgrading program,

the SAD Taser systems are being equipped with pulse choppers to reduce the

laser pulse width and with electronic pulse processors to improve range

measurement accuracy. MWe anticipate that the ranging-system

hardvare will have decimeter accuracy when the upgrading is completed

in early 1976.

2. HARDWARE

The laser ranging system shown in Figure 1 has a static-point-
ing mount (or bedestal) that is aimed by means of computed predictions of
satellite azimuth and altitude. This method of steering permits the system
to operate during the day as well as at night. A static-pointing mount was
selected because it is economical and operationally simple and can be majn.




2.1 Laser Transmitter

The laser, a ruby system built in an oscillator-amplifier configuration,
generates an output of 5 to 7 joules in a 25-nsec pulse (half-power, full
width). The system uses a Pockels cell and a Brewster stack for a G-switch
and operates at 8 pulses per minute (ppm). Both the 0.95-cm (3/8-1inch)
diameter oscillator ruby rod and the 1.59-cm (5/8-inch) diameter amplifier ruby
rod are mounted in 15.24-cm (6-inch) double elliptical cavities, each con-
taining two linear flashlamps. The optical cavity of the oscillator is
formed by a flat rear mirror, with a reflectivity of 99.9%, and the uncoated
front of the oscillator rod.

The sscillator output of 1 to 2 joules is coupled into the amplifier
through a small beam-expanding telescope. The amplifier has a single~pass
gain of about 5. Both ends of the amplifier rod are antireflective-coated.
The amplifier output is expanded to fill the 12.7-cm {5-inch) objective
lens of a Galilean telescope: The diameter of the output beam divergence
can be adjusted from 0.5 to 5.0 mrad. Mounted at the output of the laser,
photodiodes pick up atmospherically scattered 1ight from the outgoing pulse
and send ar electrical start signal to the ranging system electronics.
Additional details on these lasers are given elsewhere

To meet upcoming requirements, the SAD lasers are being equipped with
a pulse chopper to improve ranging accuracy. The first unit
is now being installed at Mt. Hopkins. The chopper has been designed to

fit between the present laser oscillator and amplifier sections thus mini-
mizing installation impact in the field. It is basically a spark-gap-

activated Pockels cell with appropriate polarizers providing the necessary
transmission and isolation. The pulse width will be adjustable, but the
laser 'is expected to produce 0.5 joules at a pulse width of 6 to 7 nsec.

2.2 Ranging-System Electronics

The ranging-system electronics consists of a clock, a firing control,
a range-gate control, a processing system for the start and stop (return)
pulses, a time-interval unit, and a data-handling system (intercoupler)
.(5gewfjguf; ). The Gl@ﬁk“*ﬁyCﬁrﬁﬂ%zedeé“W€fhiﬁ'+1'usec“nf'the'étatioh o

””’cantfﬂiiéa by the Taser control unit; the latter can be shifted ménua)]y

by multiples of 0.001 sec, with a maximum of +3 sec, to account for the
early or late arrival of a satellite at a predicted point in its orbit.



The ranye-gate control unit provides a delayed pulse of adjustable width
to gate the counter and the pulse-processing system. This range gate pro-
tects against triggering by sky background or electronic noise. The time-

- interval wnit, which has a resolution of 0.1 nsec, is triggered on and off
by outputs from the pulse-processing system.

Range measurement errors introduced by normal fixed-threshold detection
techniques have been combatted by adding pulse-processing electronics. Witn
fixed-threshold detection, irregularities in return pulse size and shape
and changes in laser output energy and pulse width can introduce both random
and systematic range errors comparable in size to the laser output pulse
width. For range timing reference, the processor has

been designed to make use of the transmitted- and return-pulse centers,
as these are more stable than fixed-threshold points and can be extracted
in a straight forward manner.

The pulse processor is divided into two sections, the start and stop

- channels (see Figure 2). A threshold-activated pulse of constant $ize and
shape furnished by the start channel starts the time-interval unit and
supplies DC signal levels that measure the transmitted pulse width {at the
preset threhold level) and area (energy). The pulse information is later
used to extrapolate the range measurement to the center of the start pulse.
The stop channel digitizes the return-pulse waveform, providing a pulse of
fixed size and shape that stops the time-interval unit. This stop pulse
is synchronized to a fixed time reference point on the waveform.

During data preprocessing, the waveform information is used to deter-
mine the offset of the return-pulse centroid from the fixed time reference
on the waveform. The start correction is calculated by using the trans-
mitted pulse information and algorithms developed during electronic calib-
ration. The time-interval unit reading CT’ the return-pulse centroid offset
CS, and the start correction C0 are added to give‘the_raw range megsurement.

o The.start... el is based. o comnercially available dual discriiminators .
p | . The pulse data are digitized and
We found thég the Eért1cu1ar dis-
criminators used in this system were not very sensitive to pulse widths less

than 5 nsec, so we included a "?u1se stretcher™ in the circuit to eperate the



components in more favorable regions. In the pulse stretcher, the incoming
pulse is split, one component is delayed by a few nanoseconds, and the compo-
nents are then summed back together again. We have been able, by means of
this device, to extend the system sensitivity to a few nanoseconds.

The stop channel is centered around a commercially available waveform
digitizer, which provides a visual and BCD display of the return pulse.
The digitizer has 20 sampling channels with spacing adjustable in steps
from 1 to 25 nsec. The digitizer is activated by the output of a dual
discriminator, which is threshold triggered. The stop pulse to the time-
interval unit is provided by the time base of the digitizer; in our system,
we use the gate for the 11th channel as a reference.

2.3 Mount

The azimuth-altitude static-pointing mount has a pointing accuracy
of better than + 30". The system is driven by stepping motors in an
o?en-]oop mode. The stepping-motor drive-system gears allow for slewing
speeds OfZOSEC-landp{)ST o ngmcrements ofOO{)OlPredtctwns , G
cluding pointing angles and range-gate settings, are entered in the system
on a point-by-point real-time basis.

2.4 Photoreceiver

The receiving telescope is a 50.8-cm (20-inch) Cassegrain system with
additional optics designed to focus an image of the primary mirror on the
photocathode of the photomultiplier tube ( RCA 7265). The optics foii%yina the
flat secondary mirror passes the collimated return signal through a 7 A
filter that ésrboth tilt- and temperature-dependent., Effects of age and
temperature are compensated for by means of a micrometer tilt adjustment
that tunes the filter. Adjustable field stops and a provision to insert
combinations of neutral-density filters are available.

2.5 Minicomputer

The SAO laser stations have been equipped with minicomputers for
ogenerating pointing predictions from orbital elements and preprocessing. .
.calibration and satellite ranging data. The system is now operated in . ..
“a "stand-aTone" nods which 15 independent of the laser hardware, The .

system during the next year.
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3. CALIBRATION AMD SYSTEM STABILITY

3.1 Start-Chaune] Calibration

The calibration of the start channel is developed from the dependence
of the system delay on output-pulse characteristics which are derived from
the start-channel parameters. Calibration is performed electronically by
entering pulses of varying widths into both the start and the stop chaaneis
and then varying the pulse amplitudes at the start-channel input. 1In each
run, pulse widths and amplitudes are varied about the normal laser operat-
ing conditions.

Typical examples of calibration runs using width alone as the
independent variable for both the wide (25-nsec) and the narrow (6-nsec)
regions appear linear, with a standard deviation of a few tenths of a nanosecond.
Both hovever, have structures that can be attributed to the variations
in pulse amplitudes used during calibration.

 Regression analyses using two independent variables-pulse height.and ..
amplitude (pulse area divided by pulse width)-yield improvements by as much
as a factor of 2 to the fit for the narrow-pulse case. Some examples are
shewn in Table 1, where B and C are the coefficients of the independent
variables, width and amplitude, respectively. The standard deviations have
been reduced to 0.2 nsec or Yess, and variations in the coefficients are
typically 10%. The slopes B and C of the curves are ultimately the critical
parameters. The constant A is included in an overall constant term for the
system delay, determined on a pass-by-pass basis through target calibration.
Typical variations in pulse width (in digitized units) are of the order of
10, and those in amplitude of the order of 0.05. The calibrations show

the system to be relatively stable, with small daily changes in slopes con-
tributing uncertainties of about 0.1 nsec or less in each component. The
two-parameter fit also provides some improvement in the wide-pulse case;
however, 1t has not been implemented operationally, because other error
sources dominate in this mode (see Section 4).

sed extensively in

mately half the pulses fired by the SAD lasers are in support of calibration.



Detailed target calibrations over the full dynamic range of the system
{one to several thousand photoelectrons) have shown that the system calibra-
tion is dependent on return-signal strength, A typical example based on
2000 Taser measurements is presented in Figure 3. Runs consistently show
an increase of a few nanoseconds in the calibration constant at high signal
Tevels. In fixed-threshold detection systems, the signal-strength dependence,
which is the result of leading-edge "walk," could amount to range deviations
as large as the 25-nsec pulse width.

The dependence at high signal strengths appears to be from saturation
effects within the photomulitiplier. The structure at low signal strengths,
if real, may be caused by the triggering circuits within the stop channel.

Once system stability has been verified, extended target calibra-
tions are taken weekly. For data processing, SAQ is currently using a
piecewise linear model for system calibration. The model, based on the
data in Figure 3, assumes a constant system delay for signal strengths up
to about 400 photcelectrons and then a straight-line fit to the data above
that value, More detailed analysis on the calibration data is underway.

3.3 P%épaés and Postpass Target Calibrations

In addition to the signal-strength dependence, changes in system con-
figuration from time to time will shift the system calibration curve up
and down. A change in cables, components, subsystems, and even subsystem
calibration can have a very dramatic effect on overall system calibration.

In satellite ranging operations, target calibrations of 25 pulses each
are performed before and after each satellite pass. These precalibrations
and postcalibrations, which are performed at a prescribed referenca signal
strength {about 100 photoelectrons), are submitted to processing along with
the satellite range data. The system-calibration relation (determined by
the extended target-calibration analysis) is normalized on a pass-by-~pass
basis from the mean value of the two calibration runs. The difference in

the values of the precalibrations and postcalibrations is used to estimate
an upper bound on the short-term system stability during a satellite pass;
this difference is stored with the data for reference during analysis..




These data reflect moasuresent errors due Lo thoe 2h-nsec pulse width and

Lo the Lindte nueber of dala points in each calibration measurement.  The
sassociated with individual pre- and post-target calibrations is

typically of the same size. Hence, the precalibration and postcalibration
differences are avere<timations of system stability. With a narrower pulse,
Wi expect to obtain better estimates of system stability.

4.0 SYSTEM PERFORMANCE

System performance has been examined through analysis of extended tar-
get calibration and satellite ranging data. Although the upgrading is at
an interim stage because the pulse chapper has not yet been implemented. some
system improvements have already had a very positive effect on the range
data,

Ranging errors are introduced by the system from three
sources: the faser transmitter, the detection system, and calibration.
- e will restrict this discussion to the ranging system hardware alone and
leave other areas such as refraction, timing, and spacecraft retroreflector
array characteristics for discussion elsewhere.

4.1 Laser Transmitter

In its present wide pulse operating mode, the Taser transmitter may
introduce range errors due to wavefront distortion. Experiments conducted
at Mt. Hopkins showed that the wavefront had a structure amounting to several
nanoseconds across the laser beam, and that the structure was impossible to
forecast or model effectively through calibration techniques.

The wavefront effect results from the large number of transverse modes
that are excited when the laser is pumped well above threshold. There are
two manifestations of the moding. The first is a variation in infénsity
over the cross section of the laser beam. The second is a local variation
in the emission time of the laser pulse. Both these effects can vary
with time and operating conditions.

4.2 Detection System o .
‘_;__;nghe;bque;éﬁbéesssng;sysfemiﬁagan%ééay;aénﬁhéirgtéd.tﬁat Pt signirs
tly- reduces i




Taryet Laiahrattons taken s;muftunpous1y with the new pu1se pro-

cessing system and the original fixed threshold systern. show

that bias errors can be reduced Ly an order of magnitude with pulse pro-
cessing techniques. '

The fixed threshold system shows excursions due to leading edge walk of
3 m (21 nsec) or more over the operating range of signal strengths.

The pulse processing system, on the other hand, was able to operate at
decimeter accuracies over most of this region.

&

Target calibrations have also been used to measure system noise without
the influence of satellite geometry. The results for the pulse processing
system shown in Figure 8, are typical. The ranging error per observation
goes from 10 nsec at the single-electron level to a value of about 1 nsec

? at 1000 electrons. For a single electron, the error is consistent with
the standard deviation of a 25-nsec pulse. At the high signal level, however,
the error is probably due in part to jitter and quantization in the photo~
receiver, and to the finite sampiing interval used in the pulse detection = -
system. For the wide pulse width operation the sampling channels in the
waveform digitizer are 10 nsec apart. v -

The improvement in system noise can also be seen from satellite range
data taken simultaneously with the threshold and pulse processing systems.
In these tests, data were taken with each technique and processed separately,
Short arc fits were made thréugh each set of data and range residuals were
computed. Some results are shown in Figure 4. In general, noise levels
are improved by a factor of two to three with pulse processing.

4.3 Calibration

Ranging errors are introduced into the- data through uncertainties in
the system calibration characteristics and through calibration normalization.

The extended target ranging data that are used to develop the systen

calibration characteristic show system delay variations over much of the
range in 51gna? ,trength (see Féqure'B) It is not clear if a?] thiS

b

Te phys1ch In recogn1t1on of var1at1ons in the data, however we

P y.
ascribe an uncertainty to the calibration characteristic of 1.0 nsec,



Calibration normaiization is developed on a pass-by-pass basis through
pre- and post-target calibrations (see Section 3.3). The errcor introduced by
this procedure is constant per pass and can be estimated by the observed o = 1.0
nsec for the pre- and post calibration differences. This value also includes any

system drift that occurs during the measurement period.

Some ranging uncertainties are also introduced by the calibration of
the start channel. However, these are only about 0.2 - 0.4 nsec {see Section
3.1).

4.4 System Accuracy

Each of the major sources of error, the wavefront distortion, photoreceiver and
detection system, calibration characteristics, and calibration normalization, intro-
duces a range error of about 1 nsec at high signal strengths. At Tower signal

levels, the larger errors due to photon quantization introduced by the photoreceiver
and the detection system are random, and averaging'over a satellite pass shouid
vedice their influence to the 1-nsec error found at high signal strengths.  Since
these are uncorrelated the total system accuracy is about 2 nsec. The implementation
of the pulse chopper is expected to reduce uncertainties in all four areas. The
chopper will regulate the final emission times for all the laser modes and

should therefore, alleviate most of, if not all, the wavefront problem, The

duction in pulse width will dearéase the random range error due to photoquantizations
particularly at low and intermediate signal strengths. It will also permit

finer sampling channel spacing to be used with the waveform digitizer, which

should improve system noise in the high signal strength region. For similar

reasuns, the narrow pulse operation should reduce the error in calibration

normalization and should give better definition of the calibration characteristic

&

from detailed target ranging.




Table 1. Start calibration {narrow-pulse reqion).

Single-Parameter Fit Two-Parameter Fit
A B g A B, C &
Date (width) (nsec}) {width) (amplitude} (nsec)
4/16/75 23.35  0.106 0.325 22.04 0.089 2.02 0.164
4/17/75 23.25 0.107 .0.323 22.00  0.09 1.93 0.172
4/21/75 22.79  0.116  0.315 21.54  0.092 . 2.07 0.197
. 4/22/75 23.33 0.103 0.375 21.65 0.084 2.49 0.205
4/23/75 23.33  0.101  0.367 £1.70  0.087 2.35 0.193
4/24/75 22.81 0.115 0.326 21.60  0.096 2.02 0.190
4/25/75 23.11 0.107 0.374 21.54  0.088 2.42 0.198
W30/75 23598 0100 .34 ied 0:683“"‘”"2:46" e
5/01/76 23.62 0.099 0.367 22.18  0.082 2.20 0.205
5/05/75 22.%2  0.114  0.339 21.79 0.091 2.07 0.214
5/06/75 22.97 0.117 0.314 21.83  0.094 2.07 0.172
5/08/75 22.89  0.117 0.336 21.69  0.097 2.00 0.205
5/12/75 23.28 0.113 0.294 22.18  0.0%0 1.98 0.172
5/15/75 23.00 0.116 0.322 21.91  0.096 1.89 0.194
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Figure 3. Detailed system calibration at Mt. Hopkins, April 18, 1975. Error bars denote the standard umﬁmﬁms :

of all the data in the signal-strength interval. A log signal strength of about 3.0 is equivalent: 8

1 photoelectron.
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BATLLLITE LASER RANGING WORK AT THE GODDARD SPACE PLIGHT CENTER

Thomas E. MceGunigal, Walter J. Carrion, Louis O, Caudill, Churles R. Grant,
Thomes 3. Johnson, Don A. Premo, Puaul 1., Spadin and George C. Winslon
NASA/Goddard Space #lipht Conter

INTRODLCTION

The feasibility of using pulsed lasers o range to
aritficial carth satellites was {irst demonstrated by
the Goddard Space Flight Center in 1964 when laser
returns from the BRACON Explorer Satellite were
observed. b since that time, nearly a duzen retrore-
flector equipped satellites have been launched and
tracked with ever increasing precision, 'The system
accuracy has improved from the soveral meter level
of the first systems Lo betler than 10 ¢m in regular
satellite tracking operations, The ranging data hag
been used for precise satellite orbit determination, 2
for determining polar motion, 3 earth tidal param-
eters,4 for medsuring with great precision the dig-
tance between laser sitesd and for calibration of space-
borne radar altimeters. 8 The purpose of this paper
is to describe the systems presently being operated
by the Goddard Spuce Flight Center, their range and
accuracy capabilities, and planned improvements for

future systems. In short, GSFC is currently operat- ... .

- ing one fixed and two mobile laser ranging systems,
They have demonstrated better than 10 em aceuracy
both on a carefully surveyed ground range and in reg-
ular satellite ranging cperations, They are capable
of ranging to ail currently launched retroreflector
equipped satellites with the exception of Timation I11.
A third mobile system is currently nearing completion
which will be accurate to better than Scem and will be
capable of ranging to distunt satellites such as Tima-
tion [ and the soon to be launched LAGEQS,

SYSTEM DESCRIPTION

Very simply stated, a pulsed laser ranging sys-
tem determines the range to a turget by measuving
the time of flight of a short pulse of intense lght to
the target and back, ‘The time of flipht 15 then mulii-
plied by the velocity of light to give the range to the
target. ‘lhe block diagrum of the systems currently
in use by the Goddard Space Flight Ceater is shown
in Figure . A precisjon timing system produces a
pulse once each second which Inilates the living of
the laser transmitter, A small sample of the trang-
mitted energy is detected by a plutodiode,  The out-

- put pulse from the phamtiiu_de_iﬁ_ dsed to tripger wofixed
Cthireshold dlseriminator which starts the runlge time

]

range tme interval unit. Becmuse the precise time

of starting and stopping the range time interval uait

is & function of the ampliwde and shape of the leading
edge of the transmitted end received pulses, small
corrections w the pross range word are made by sum-
pling and recording the exact shape and amplitude of
the transmitted and received pulses using the wave-
form digitizers. Thus the center of the transmitted
and received pulses is used as the reference point on
the pulse. The beginning of the sweep of the appropri-
ate waveform digitizer is controiled by the same pulse
which starts or stops the range {ime interval unit, Th
epcch time interval unil is used to record the value of
the variable Umé delay between the cecurrence of the
l1pps sigral from the time standard and the actual fir-
ing of the laser. The computer performs the duat role
of calculating the azimuth and elevation signals re-
quired to drive the telescope mount and of formatting
and recording the ranging data for each range obser-
vation. Actual preprocessing or reduction of the data
is. then performed at a -eentrﬁfcamputmg'fa"c‘ii‘i‘tj.r at
Goddard after the data records have been transmitied
(usually by mail) from the remote sites. Eseh site
does have the cupability of performing a “quick-look"
analysis and editing of the data for rapid transmission
by teletype to GSFC, however the acouracy of this
“quick-look" data is not of the same quality as the
final preprocessed duta.

MAJOL 5 UBSYSTEM DESCRIPTION

1. Laser Subsystem

The laser transmitter is perhaps the most im-
portant single element of a pulsed luser ranging sys-
tem., The Goddurd systems use a ruby laser which
was destgied and manufactured by Korad, b division
of Hadron, Inc. The lusers have a plsewldth at the
hat! maxinuim points of 4 nanosecowds,  They operate
al & repetition rate of one pulse per second with an
esergy of 6. 25 joules per pulse, In order o achieve
this reldlvety navrow pulsewidth, the lusers are op-
crated B o Q-switched, cavity dump or pulse trans-
misslon wwede, See Figure 2, In this mode of oper-
ation the laser is clectra-optically Qrswitched after
Wi i is #lashod by using a- Dockelly cetl/patarizer
combinibom arvanged so that no eneryy 1s coupled out
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Fig. 2. Cavity Duap ulsed Ruby Laser

coupled out or “dumiped” Tramn the cavily within a four
nanosecond period.,
is produced.  The advastage of using the cavity dump
technigue in the ranging apglicalion appears Lo be two-
fold. "The fivst and most sbvious advantage produced
by this technigue i3 thut the shorwer pulse permiis
higher resolution in deterniining the tite of fiight of
the pulse to the target and buck,  Perhaps the more
fmportant advantage, however, is that all of the multi-
ple transverse mutlurs of uscillation which oceur in a
high energy lascr of this tpe are syachronized Ly the
operation of the cavity dutup Pockel's cell 1o leave the
system at the same instant of e,

Thus, Lhe Jour nanosecond pulse

The extreme jm-
portance of the synchronizing vifecl arises {rom the
fact that each oscillatoery mode bas o slightly different
radiation patters from the laser rod, Thus ut any
point in the far tickd of the luser transmittter radiation
pbatiern, & unigue ehsemble of modes exists which is

& superposition of the shightly diltereat radiation pat-
terns of each oscillatory mode.  In the ranging appli-
cation, this is no problem if all of the modes started
at precisely the same time. However, U the modes
do not start at precisely the smse thine, then the
measured Hme of Hight to o larget will vary depending

- on where that target is Foeated-in the overalt Tadintion
pﬂttern u§ %hu 1

i lhu fmportisce

ui Lhi;} t*uout in

'C l‘

il the evotiarion of the varias iaabu
SRR ] "
tem aceuracy of better than $0em,  Inittally, it was
felt that our aceuracy goal of 10 em could Le met by

“alfonnl Tayoul W Ve vow Tnstalled

using o cosventionsd (- switched Laser wiih a pulse-
widhh of nombudly 20 panosceonds 1 combination witl
ais tnproved recoiver which used the centroid deteo-
tan echnigue, © However, although the precision of
the resubts of sutellito tracking
teuls with two collocuted systems woere disapuointing.,
Woe disvovered in runging to o small corner cabe on
a curefully surveyid ground ronge that bias errors as

the sysiem fmproved,

Lurpe as one moier could be produced by the systems
dupeding upon where the target was ocuted in the
temmmitter radiation pattern. This problem was
soalved on un interosn bists by installing a cummerciat
available clectros/optical shutier produced by Apotlo
Lasers, ine. InHowing cur 20 nanosecond Q~-switehed
The electro/uptical shutter was adjusted w
tatie a slice of the wider laser pulsce when it regched

laser.

a maxitmum value aad i therefore produced a shorter
pulse of spprosimately 5 nanosecond, I ulso produce
the desiruble effect of synchronizing the multiple tran
verse modes to jeave the lager/shulicr combinution al
the same instant of time.,  After the installation of the
cloctro/optical shutter no angle dependent Hases wers
measurable, and the system precision wus also im-

proved,  Beoause ol the rather low energy output of

the parvower pulse and a vather gumhmbonm oper-

the cavily dump
fusers desceribed above i all of our systems,

2. ODphe a[ fi dmnu,di hubx\ Hlen

The role of the transmitter portion of the opticuly
miechanieal subsystein s to collimate the output of the
Luser and o point the collimuated beam ot the satellite
bolng trucked,  The receiving telescope colleets the
ciergy rellected [rom the satellite and focuses it onto
the cathode of a pbotomultiplier tube,

The transmit optical svstem employs a coelostat
type of arramenient for pointing the transmitied bean
This avrangement of two fixed and wo movable {lal
mirrors then perinits the laser to be mounied g fixe
positien with rigid connections to the laser cooling
systein and power supplics.  Pwo collimators are use
to murrow the beuns diverpence of the laser {vom 4
intliradions o the desired 0.2 mifliradians, A four
powei Gubilean collimator is fixed in position at tho
oulpyl 51 the baser, This collimowr expands the spot
size fro 378 inch to 1, 5 inches lowering the encrpy
doensily 0 which the coclostad mlrrors wre exposed,
The bust movable mivror of the coclostal is followed

- b\, i pawvua Gnltkeun collimator whivh-moves with”

Lhu oo The use of tHiis

The reeciver lelescope used i:-i‘ ;tiypi’nxillmluly
twonty doches modidmeter and uses a Coassagrain




Cresy
Tamplitude Bl Ihe

nirroer srratpee ent with the photomaliiplior tube
mounted al the o Gons ol the voar of the iy

U v cben apdicatiea the woles o

miirror. [
SCCVOeS tnerely as o paeton binhet no that qaiivueiion
limited oplical guality I= pob neoessicy,

The mount for e transmit and receive wloscopes
in the fixed station
while the wmoblle svstoms vse extensively mvdifiod
NIK BE-AJAK Ax-1ld
syn type encoders are wnel 1 conjuoction with hoth
types ob mnounts, the wiounts hsve beeno sligued
in the conventional v, fnal calibration s periovmed
by recording the vrror iy position of a sorivs of ap-
proximately Pty well distribuied sturs,

el for the

siemb O is a special X0 maoont

iennis. Twonty-two Bit indaeto-

Al

These errors
arc then used bn dovelonbng &2n urror m

mounts which is retadecd in the menmory of e
computer, Using tus ivclinigue, Letter than fve ar
second absolute poiming van be aclucviod,

3. Receiver Sulsystom
The purpose of the receiver submystem is to de-

tect the Hght pulses from the loser (ransmitter and
receiver telescope, and o measure preciseiv the time
of flight of the lipht pulse 1o the tarcet and back. The
mein cluments of the receiver subsvsiom ure the pho-
todicde for deteeting the trunsmitted pulse, the pholo-
multiplier tube Jor detecting the much weabor received
pulse, wwo fixed threshold pulse hei
two wavelform digitizers and finally o time hoerval
unit. Sce Pigure 1,

Leisoriminulors,

There are no special reguirements on the photo-
diode and any of u sumber of standird units will suf-
fice, The photonuitiplicr used in the Goddurd sy=stems
is an Amperex 8TV,
it combinus a number of characteriztios useud in e
ranging apphlication, It hus high guin, high cugpaat cur-
rent capability, it cun boe pémbiby range poted o cone
trol aversve buckeround, it has rolatively soad fransit
time stabidity, wud 8is vupped and Tow dnovest,

Slihough

is nn ool dosign,

The output of both the photediode and photomelt] -
plier tube is powor dividod with part of the sianal
betng wodl to trigger a tixed threstold discriminator,
This discriminator then produces a noise-lree step-
functfon culput winch sturts or stops the L intorval
unit and also starts the sweep of the approprinte wave-
form digitizer. The secoud hall of the outpot of the
photodiode o plictomultiplicr,” sttor u spproprinde
delay, s thon sumpled by e wavelorm digiizer and

LASER
T OATA
SYNTLM
pAGHE FIE
Tapy . Tl . .
e ed L 1o MOUNT
it AxiS
ENCLHIEHE

time inteyval unit is 8 commercially availuble com-
putingr counter (P Model 5360A) with 6. 1 nanoseeond
resolution. The time base for the time fnteryval unit
is supplied caternally by the cesium bean froqueney
standard which is part of the timing subsystem,

4, Computer/Sofiware Subsysiein

With one exceplion the ranging systems use lione
well H-518 computers, A Raytheon RO20 wos used in
one system due to cquipment availability st the ime the
syste: swerebuilt, The significant unique features of
the Hoz0arethatithas a 24-bitwordiength ands K of
memory, otherwise the hardware and software are fune-
tionally similar to those of the H-516 systewss, This
descriptionwill be specifically thatof the H-516 systom:

Computer lardware.

The computer hardwure is
indicated in i“ui‘g;d‘l:g-f}_:""l"ixc H-510 has a 16-bit word
length, 16 K of core memory and a 0, 96 microsccond
memory cycle time. It is equipped with high speed
arithmetio, realtime clock and priority interrupt op-
tiong, Software timing is controlled Ly a one per sec
ond intervupt and for lesser time intervals by a real-
time clock interrupt based upon & 10kHz signal from

Athse time standard.

The digital interface multiplexes up to thivty-two
16-bit input words and thirty-two 16-bit output words
to the input/ouiput bus. Console displays and control
consist of discrete pushbutte.  snd lamps, thumbsebo:
decimal-digil switches as wou as a CRRT data display
and input keyboard, Also inpul viag the digital inter-
face are the time-of-year, the mount poinling angles
{encoders), digitized samples of the transmitied and
received laser pulgses und various messutement sod
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Fig, 3. Computer Hardwire System
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b, applying atmosphleric corrections,

¢. applying corrections determined by an anal-
ysig of the waveiform digitizer values,

d.
points,

editing of the data to discard obviously invalid

e, fitting a short arc orbit to the remaining data,
f. discarding points with errors levger than 3
standard deviations and finally,
g. outputting the data in the desired format to
users.

- Figure 4 is a plot of the duta for a typical satellite
pass after it has been preprocessed following the steps
outlined above,

In addition to the ranging data, angle data is also
made available to the uscers, The angle mesasurements
are simply the corrected outputs of the precislon angle
encaders for those cbservations when returns were. .
received from the satellite, therefore their aceuracy
is only approximately one half of the tranamitted beam
divergence or 0,1 milliradians,

OPERATIONAL CONBIDERATIONS

1. Present Operational Systems

At the present time GS¥FC has three operational
laser ranging systems:

Systems Location
Stalas GS¥C

Moblas 1 éermuda

Moblas 2 Grand Turk Island

2900
SATELLITE = BEC DAYE = 741011 TiME = g58
GRAVITATIGNAL MODEL ~ OEM-1
NG, OF 275 = 530 SIGMA IN CM = B.7

The Moblas 2 lascr ranglng system 1s illustrated pie-
torially in Figure 5.

A third laser ranging system {(Moblas 3) is near-
ing completion and s scheduled to be ready for opoer-
ation carly in 1970, [n addition, the Air Foree Kaste:
Test Range is asscombling a laser ranging sysetem at
the Patrick Air Foree Base in Florida, The system,
which will be culled RAMLAS, will support GEOS-C
and other NASA programs staridng in August 1975,

2. Mobile Station Layout

A typical mobile laser site requires a fenced are
approximately 200 feet square with a 25 foot by 50 foo
concrete pad for the laser van., A survey marker iso
lated froin the concrete system pad is required for
precisely locating the laser ranging system.  Althoupl
we also used isolated picrs for supporting the luser
mount in the past, expericnce has shown that they are
not pecessary amnd we do nol plan to use them at future
muobile sites,

- Fypically, five vans are reguired-at a remote
mobile laser site. These are;

1. Telescope and laser van
2. Electronics van

3. Radar van

4, Btornge and shop van

5, Comfort van

If ecommercial power is not available, a power
generating van is required in addition.

» "_E I_RS 3 :1 5

| BESIDUALS IN METERS

TIME IN MUNITES FROM START OF PASS

Fig. 4. Stslss Range Residuals Vs, Time

AN 6

Fig. &,

Mobile Lascr Runglng Station



3. Manpowoer Hegquiremoents about 3 parts in 107, Thus, the sceuraey with which
T basor vanging systems coan be uged o nicusure tho
There are throe operatitg positions thal miee b distance o a selotline s churacterized by o sumber of

manned in order to teke o saweliite pass, Phoeso aee lactors, Filest, i is peeessary to culibrate the sys-

the console operatur, the mount operator pad the tem to o khown standard of length to determine the
radar operator. A surveillanoe ralar Is coguived oo fixed and dynomjc d.e,, puelse height dependoent) sys-
Cinsure that po siveralt in the vicinily of the ooy svse tem delays,  Sceond, the "nolse” of the instrumeont or
tem intercepis the Laser boam boouuse of the powsi- uncertainty in defermining the true position of the
bility of eye damuye lo sirerull ocennunis, pulses will Hudt system performance, Phivd, the
drift or instability of the instrument must aoi be Jarge
A typical ¢rew for conducviing loser ra T ity compored Lo the "nolse’ kevel, Fouvth, sinee an earth
erations on a regulir busis Is as follows: satellite is moving very rapidly, it is essontial that
the time ot which coch moessurement is mnde be main-
1. Croew chiel tuined vory accuridely,  Filth, since the velocity of
Heht in the simosphere ts different from the froe space
2. Computer technician : velocily, almoesphorie corrections must be applied,
Finally, in o typicsl spacecrall using sn avray ol
3., Electronic technicion corner eubes, the geometrie center of the retuin

pulse will be modified by the array.
4. Optical/Mechunical tchaicion
The crror budget for the GSFPC syslenss is given
5, Radar technician in Table 1, A detuiled discussion of each fuctor in
the error budset fallows,
If more than 10 hours por woeok of operalion
regularly scheduled, additionnl crow

‘needed for efiicient uperation,

Table 1

Laser Ranging Accuracy

4. Fransportabilic O
40y Laser
Moblas 2 and Alobdas 3 peleso fralie -

mounted and can be towed over the bishwsy,  Fhe Calibration L7em
Maoblas 1 tclescope must be trunspuricd un o ful bt

trailer. The clectronices vins cun e fowved, Lot i Pulse Position Aeasuremoent

J.9cm

radar and shop vians st hoe 1,z'zzm:§>en.'ém_i on i (L 10)

trailers. The comfort van is normally voated oenily

and not moved from site to site, : Syvsiem Stability i.¢cem
Approximately oune week Is pogquived o b s Clock syachironication (Gus) 3. em

a mobile laser ranging syslem o0 tueporio N

now site, At ahout o werhe ty <ol tir, ibiony, Lo Astmusphorie Propagiition d.loem

and be reuwdy W perform suleblite puneiag o e o '

site after arrival, Pwo weeks should b owdogunte bor S0 Arvrviy Geometry (97 10) Zothem

# move within the continentad (U8, Thorotore o oaa ’

mum of five weeks fg required aflor s denen ol o Totul Bs8 7.7 em

site before ranging can be stoavicd ol g now sine, e s T e e

1)5 l{mm‘\{ ANCL AN [IESLE o, Uidtbratlon, The laser ranging sysiem eali-
T Deation procedure 1 an end-to-cod eabibration dyihist
1. System Accurscy aonevondary distance standard (i, ) The distance

. T TR cobrumothe dJuser anowd axis o the calibrabion Lavyet is
"LHSC*I""1"’i‘ﬂ'§i‘ﬁ”'m,"'stcm RIEEHR RGO W PesdiRac e The el Bratiog pro-
sceondary ) Hauther, the s c‘mhm' At the L il 1»«%% b b

'H‘ tor e

related to ranse w%wn the syaten dodon s e Wi el range tata aze obhtained,  Thus, the :«\:aicm in coli-
because the velookty o Light v frov spoee o b 1o Drotod vver oowide ramgge of reecelved pulse heighits,




. . s} duration of the pass if the calibration is to be mepn-

£ 1 g ~ - 5 .

: i inglul. Furthermore, bucause of the mullimode Lages

{ ! used 1t s cssentiul @ checlk for angle dependent bigses
|

as well a3 time depeadent drifts using smatl corner
[pup— S— cubes which simulate a satellite return more renl{y-
T ¢ tically. The systemn stability of the GSFQ systems is
shown in Figure 7 for three different o rgets.,  The
first target is a fat board which is no rimally used for
calibration, and the other two targets arve small cor-
ner cubes mounted on a pole and a water tank FEspeC-
Uvely, Figure 8 is a plot of range difforence versus
trangmitter pointing angle, Both these plots confirm

s ]
AGET

Fig. 6. Laisore Raoging System Culibration

This calibration iv performed before snd after each

satellite b=, TARGLY BOARG
~ L3 ae \/\/\/\/\
. The calibration error sourees aro: the measured :
PGLE MOUNTED Cubt
il —W

distance fron: the rracker axis to the calibration tav-

get, the atmosphoric propagation cors ction, and the
precision of the tine intervil messwrement, The ac-
curacy of the meisured distance to the calibration
target is £1, 5¢m, the accuracy of the atmospheric
CPTOpagEation Corteitins 18 0 6 em, wnl the accuracy et o wotrs e

of the time intvrval messurement for 100 data points : 1"
with a messerenont RMS of Sem is -0, 5em,  The e W

total calibration «oror in (his casc is 1.7 om taking b
O QEIT it - Mer UarTios 9rarn. ! SETS— i
the root sum square of the various random errors., ok L L - A . L o
UNIVERSAL FIME JuNE 13 1976

FROM THE MERN N CENTMETERE
&
i

DEV 1A 0

b, DPulse Poaicion Measurcemeni, The simplest
form of pulsc O edsurement is a fixed thresh- Fig. 7. Stability Test
old trigger on thu feading edge of the pulse. The dis-

advantage of this sethod I8 that the measured pusitien

i3 a function of pulso height and pulse shape., _1 3 a2
L d L -
A betler fovm of pulse position measureiment is
a constant fracviion discriminntor on the tearting edye 3 '3 ? 2 f
of the pulse, 1 His method has the adyviatlege thst the é
messurod position is ondy weakly devensdeut on pulse g '.3 *.} a '.5 f -'i s
height, bul is s g tuncetion of pudse shapae, E
3 +3 +1 +2 2] +1
The pulse contvold @enter of encrivy is a better * * * * . .
measure of pulse position sinee it is doperdent upx)g § .2 . 0 “ 0
all of the envrgy o the pulse, rather than upon detaily = N . N . .
of the lending vdye, TLis is the teehnique currently
used In the GSPU svstoms, W tracking operations we 3 2 g 0 ° g
typically achiove single point ranging uncertaintics of
better thun 10cm.  In us much as o yumodeledorbital . . . f .. .. BEURPRDRRORRSATS < SONURIR NORDRIES: SO o
uncertainlics ¢un veour for fntervala ol WEs thin 1o R . ¢ * ¢
seconds the sl inty ¢ uc,m,i;};.:,...
: BVETUEINE (i coninchtve Tange Toat s s T
""""""" VIO = 3000 18 i Wl EG DTy in determining the
HHpeT oy iE
AZIMUTH
€. Systew Sisbilily,  Sined the locer Systems 0.00%
are calibratod z.:i‘ali;t‘ﬂi:lvh‘i‘\.f betfore st alier cach _
spaceeratt puss; the systenr miust be woable tor th Fig. 8 Range Stability Ve, Pobuting Angle



) wasa t), pu all

whidz esn;)lm wil

that the overall svstom stubility is within the tem
value usoed in the crror budget,
d. Clock Synchrunization, The GSPC laser
sysiems are (,qm,'}pul with Cesiwmn standards and
LORAN~C reccivers. The requircment for tme syn-
chronization in the Atluntic calibration urcu is £5us
between stations, frum the
faet that & satellive moving in a typical low orbit trav-
els approximately 0,7 ¢m in one microsceond, Thus,
if time is synchronized w within (ops bolween sites,
the peak error in spuacecraft position would be =3, 5
cm.

This requirement avises

e, Atmospheric P opay mun Corred Lmn since
the veloCily of iioht 18 differcut in the simosphere than
in free space, the ranging dais must be vorrceted for
the atmospherie slowing, In gencval this is done by
using an almospheric model which relates surface
pressure, tempersture and relalive humidiyy o the
total range corrcetion. The model used by the Goddard
Space Flight Center was developed by Jobn W, Marind
and C. W. AMurrav, Jr.® This model was extensively
checked ayaiust ray traces using radiosonde atmos-
pheric data and the agreemoent between the madel and
the Fay traces was better than 00 5o even-atiow ele-
vation angles. Since this inwrcompariscn neglected
common mode errors and assumed atimospheric homo-
geniety, the absolute error is conservalively estimated
to be less than 8. uom,

System Intercompurison Resulis, The final
and perhaps most complete lest of ranging system
accuracy is to vencuct actusl sutellite ranging oper-
ations with fwo or more collocated laser ranging sys-
tems. Short arc solutions are then made independ-
ently using the data from cach vanging system. Biases
between thesce two Independently determived arcs ave
then computsd,  Fiowre 9 s 2 plor of the resulis of a
series of intercomparisons of two collocated systems
for three differont syswem configurations,  Kuach point
on this plot is the result of u sepurate sawctite track
by two systems wd the erroy bars roprosent the un-
certainty in deiermining the bias for cuch short ave.
In geneval, this sncertainty in determining
s dominated by the noise in the dara frem the Indi-
vidual ranging systoms, ol 11 tracks
were performed in 1871 using the first operational
laser syswems doeveloped by Gbid, SO phese Sys-
tems used leading vdgy detection with pudse height
correction and the single point utcertinty-lu the-duta-
: d(}{‘]il. st 7o

the bias

The first sevics

seecond secd wchka

st giciusertenytas
nanoscceond,
systems,

muitimode Q-switehody de the carlior

Here, the precision was hoproved by the

" pew receiver technique,

1
| i
A I S I S S SO
LA R AR 1 N T
P |

ok BEL PLELE WITH
CEMTHINN HF TLL Tt

FULSE HEIGHT DR TESTnN CENTHDIE DF TrOTads
Fig. 9, Laser Ranging Two Station
Intercomparison Results

however, the system biases
were approximately the same as the curlier systems.
The final series of five tracks were made in late Spring
of 1974 using the Moblas 1 and 2 systems with the sume
(;-switched laser, however, it was now followed by an
electro-optical shuticr. Here, both the improved pre-
cision and reduction in system bias is obvious.

2, System Range Capability

In addition to the accuracy capability of a system,
an extremely important characteristic ol u laser rang-
ing system is its maximum range. Although it is pos-
sible to design sysiems 1o operate satislactorily with
less than a single photoelectrow average return pey
shot as in the lunar ranging systems, 11 12 the Goddard
systems are not designed fo operate in this way,
Rather, the centroid detection technigue is designed to
exploit the higher signal levels available in runging Lo
targets murh closer w the earth, Typically, tho
threshold is set at a signal level of five photoelectrons
pur shot to achiove the system aceuruey desceribed
above, The average number of photoclectrons to be
expected Tor each laser shot can be computed [rom the
well kieswn basgic radar eguation

UL D} By owy
2 9% by R*

where;

g% Photomultiplier Tube Quantibn Efficiency

By = Overall System Efficiency



f},l.-“-‘ Biversonoe o e polnt of e Lransmiited Peter O, Minott of the Goddard Space Flight Center

heatn hag celeulated and in most cases measured, the eross
gection of a variety of retroreflector cquipped satel-
h = Planks constant lites currently in orbit. 19 In the interest of complete-
ness, we have included a summary of his results for
v = Freaqueacy of the laser rudiation the various sateilites and the Lunar arravs inTable d,
. g = Radar vooss sectian of the turget The right hand column of Table 3 is a tabulation
of the radur cross scotion for each of the satellites
ap = Two-wuy atmosphoric transmission divided hy R* and is thus an indicator of relative rang-
ing difficulty.
R = Range Lo the target
In summary, the present GSFC systems are quite
The values of e fined parameters {oy the GSFC sys~ adeguate for econducting regular ranging operations to
tems arc summnarized in Table 2, any of the lower sateilites including STARLET which
is the most difficult of that group. However, improve-
- Table 2 ments will be necded in system capability to reliably
range to LAGEOS or Timation,
i Parameter Value
e e 3. Operational Summary
] 2%
Upon the completion and testing of the Moblas 1
E, 0,254 and Moblas 2 Laser Ranging Systems at the Goddard
... ... . . bptcal Research Facility (GORF), they were moved
DR 6,51 M to California for the San Andreas Fault Experiment
SAFE)., Moblas 1 wasoperated at Quincy and Moblus 2
Egr ¢.15 at Olay Mountain near San Diego,
0, 0. 2 milliradians During the period from August 27, 1974 to
December 14, 1974 these two systems made range
v 4,321 x 1014 Hz (A = 0. 6043 am) measurements Lo three retroreflector equipped satel-
- lites; GBOS-A, GEOS-B, and BE-C. During this
Table 3
) Cross Section/ (Slant Range )4
Satellin Orbital Altitude Cross Section
) Mx 10¢ M2 x 10° Zenith 145°
M2x 10718 M* x 10718
1, BE-B 1,13 4, 60 2. 02 0,418
2, BE-C 1,00 4, 60 4. G0 L4
3, GEOS t (%) 1.95 67.2-0 3. 96 0, 026
4, GEOS U {1} 1.53 100-0 18,2 0,127
5, GEOS U (C) 0. 93 3-30 401 10
6. LAGLUS 4, 90 10.8 G, 00891 0. 00473

Lanar Aveavs:

0. 240

9, ‘Timution d 1.0 103 . 0U268 4, 00183
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A summary o the perlermanee of B fleree Sys-

tems during b 71 SAFE opuration soas follows:

Totul  Ave. Cal, Ay, No,
No, ol Wangs flits Por
System  Pa B tesidual
Moblas 1 £ 4.7 cm 11.6em 77
Moblas 2 11y G.olem 10, 2 em 159
Stalas 11! J.5cm 6.7 cii 229

On geverst ooouzions during the 107
erations, simulitoeous ran*»;-:;izxg:; to if-af
by Moblas 2 in Huu Dicgo, Call
belt, Md, was wwoooh risi;‘hui. :
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the two sitiz,
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supported GLOS-C, Rovad cavity dump
were installed 1o Joblas L at the b
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configuration.
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Dave
1 ranging syslems

GEOS- C wnn
ranging started
retrorefiector
by the three lu-
with the highest
mary of the luser o

hiu

[N

singe thal tinwe
civen to GRos-L,
dip on these saellites from

AINTAIRIAY A osuin-

April 9, throwsd Jone 25, 1875 §5 ax tollinvs;
satellife M o el

Ctemplated by NASA for fulure

Preprocessed dotioon these passes 1s aot wvail-
able at this time, so the rge vesidealys cannob bo
Hated, Since Boblus 1oond 2 are now cquipped with
cavity dump basers, iis expected that the range re-
siduals for these two svstems will be improved by

nearly o faclor of two.
FUTURE IMPROVEMENTS
The thrust of the continuing ;u'uumi bamer ratging
technolowy developinent st GS IO bs bwodolds (1) Lo cun-

tinue the development of echanjopy which w il pmprove
both system accuruscy and range capi ihidtly and (23 Lo
develop the techuulogy of cost elfuetive
may nol represent the state-ol-the-art in beris of
accurucy bul which meet the reguirements ol @ broader
class of users tor vabiable velatively low cost systens
In addition we are developing the woehuotagy

for performing luser ranging from spucoeoer alt Lo groue
and to othey spuceerall Tor a host of fulure applicativn:

syslens which

BUCCSHUEY

The most pressing reguirvinent for immediate
system improvements will comu with the availubility
of NASA's LAGEGS sawlhlite, This satelbite will bue o
perfect spheye; 64 meters i disunuter and oguippod
with 426 retroretiectors, It will be luuonched il 3
very stable circular arbil with an ubtitedo of 5000 kil-
ometers. The exceltent geometry sud high vrbit ol
this satellite will require more accurute ground sys-
tems o tuke fuld advamage of poteutid applications
and will require an improvement of approsimately @
factor of ten over prosent sysiems in ringe capability.
The Moblas 3 system preseully noaring completion
will have an overall sysiem aceuracy ol better thim
5 cem and will incorporate the necessary mprovenent
in range capability, The moest importiut singhe chang:
will invelve the use of a freguency doublod Nt YAG
laser in place of the vaby lasers now Ledng usud, We
are currently evaluuiing e candidaie systems for tie
few laser transmitior,  The Hest s ao 402
ond pulsewidth Luser produciag 002500 of energy ut

g, hdp meters waveleagth bollg bulit lur NASA by
Gri/sylvania, The second candidate witl bue a 5 nano
second pulsowidts tuser ool you umder contract,. To
vealice the optimn potential of cithey ol these lusers
varioud recclver subsy stens improvemoents will ilso
Lo fncorporasted, Aoblas 3 will then serve i thoe
techaie ot Laser vangisg
gystems whose procureiment 15 ctirrenily
nebvork appiications,

naneLHOC-

af forerunner ol a4 now surics
bebng cudre

GROS-A 3 R 'y i7
GEOS-B 7 3 7 w7
Totals 31 1 ju 1450 NN

30
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ation to NASAS Office of \p])lludlln%h, Office of Trik

g and Date Avguistiion and Litiee of Acronaulies A
spave Pechnolopy for the moral and Desneial suppost

which made this work possible, W de also B rade bl



to Dr., David Smith and numerous members of his
Geodynamics Hranch al Goddard who ag the primary
users of the ranging data have worked with us to de-
velop the full poteatisl of laser systems for a varlety
of applications, Finally, we are grateful to those em-
ployces of the RCA Service Company whe serve as the
maintenance and oporations stalf for these systems
and who have contributed in innumerable ways to their
development, test, and fmprovement.
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INTERKOSMOS LASER RADAR NETWORK

A.G. Masevitsch, K. Hamal

Using simultaneous photographic and laser satellite
obseivations /1/, it is possible to determine with a great
accuracy the lengths and directions of arcs thousands of
kilometers long on the earth’s surface. The method of geo-
detical Arctica-Antarctica vector enables us to determine
with the same accuracy the lengths and directions of
arbitrary ground - arcs up to the length of earth’s dia-
meter.

The main reason to build the laser radar network
/Fig. 1/ was to fullfil the requirements of the Arctica-
~Antarctica project and East-west vector and some other
projects in géodesy and geophysics were considered.

. The measurements have been covering dhotographing.
of artlflcal satellites and at selected places of this
chords the laser ranging has been done.

The principal requirements were the accuracy ¥ 1,5 m,
the transprotability and simple operation. To solve the
problem quickly and efficiently, the international laser
radar working group was found within the Interkosmos
program. The technical project was made in 1971, one
station a yaer was expected to build.

Since 1572 Laser Radar § /2/ /Fig. 2/, stationary
version, was operating at Ondreijov /Czechoslovakia/. In
1975 this station was moved to Poznan /Poland/ and put
to the operating condition in June 1975.

The Laser Radar 1I. /Mobil container version/ was
operating since March 1973 in Riga /Soviet Union/. In
September 1974 this station has been operating at Helwan
/Egypt/. The observatory was built within two days in- -

. cluding allgnment prellmlnary callbratxon)and flrst
%@@ﬁ&ﬁ&&ﬁ%@m&mﬁﬁﬁﬁﬁrﬁﬁgf
Septambcr, October and November 1974 .and at Ceos C

campalgn for three months since May 1975, For-overseas

)

o,



observing sites the aircraft transportable Laser Radar I711
was developed /Fig. 4/, The traHSportability was checked
during the transport to Bolivia - the end station of Last~
-West vector. The container ig moduied, the size of moduy-
les is matched to commercial plane.

The block scheme of these radars is shown on fig. 2.
The 4-axis mount /M/ /see also fig. 4/ isg visually tracked.
The analog control of the third axis is used. The 10 cm
guiding telescope has 1 or 2 degrees field of view. The
transmitter consists of the Q-switch ruby laser /L3, L4/,
the power supply /L1, the remote control /L2/ and the
cooling system /L5/. The ruby rod of 1 com diameter and
12 cm long ang a linear flash lamp are placed in the

dicarbocyanine bleacher /3/. The output enerqgy is 1 J,
__the"pglse_length_lS.i.zunsec, repetition'rété'EOUSﬁC£S/ﬁin;
The solid state driver for the rotating prism motor allows
T 2 usec synchronization according to UT. The beam
divergence of the laser is 3 mrag and using the telescope
could be reduced up to 0,5 mrad. Part Of the transmitted
light is detected /500 MHz bandwidth/ and startsg the
counter /D3/ and is connected with the Chronograph /T2/.
The receiving system consists of the 32 cm Cassegrain
telescope /R1/, 20 A interference filter /R3/ with 50%
transmission ‘and RCA 4852 PhotOomultiplier /R4/ with 4%
quantum efficiency. The received electrieal pulse passing
the adjustable gate /Dl/, the amplifier and adaptive
threshold circuit /p2/ Stops the 5 nsec resolution counter
/D3/. The timing system consists of the chronograph / T2/
connected with the time base /T1l/. The outputs from the
counter and the chronograph are printed /p1/.
.Keeping~very_hiGh:efiiciency Oof ‘the scientific ang
technical work and taking /- 511 de

in account considerabl

“Teooperation in both preparinc s d_exploitation. of the.

ceeds following steps:
the completation at coordinator centre /takes approxi-

€S



matelly 14 days of common work of 5 - 8 experts of coope-
rating countries/, packing of station, transport building
and calibration. ﬁ

The training centre was built to traine the operators.

Advanced station

To increase the accuracy and universality the second
generation of the laser radar has been considered. Four axis
mount /4/ :Fig. 5/ allows simple visual tracking and the
carefull design gives the possibility of automatic tracking
either. The overall pointing accuracy within 1 nrad was
achieved. The ruby laser exploiting two Pockells cells
gives 2 nsec long pulses /Fig. 6/, the repetition rate may
be increased up to 180 pulses/min. The range time interval
unit is based on the expander technigque /6/. The time re-
solution is better than 0,3 nsec. To allow measurements at
Cyety “low "signal level the range time interval -unit-has- -
three stops. We plan to exploit an online computer gene-
rating ephemeris and controling two stepping motors in the

third and forth axis. The computer will collect measure-

ments within the calculated range gate.
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Fig. 1. INTERKOSMOS Laser Radar Network
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