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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
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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



1.

- 259 -

References

‘Effect of Refractive Index Non-Linearity on the optical
quality of High Power Laser Beams', B.R. Suydam, JEEE
J. Quantum Electronics, Vol. QE-11, No. 6, June 1975.

Discussions with E.C. Silverberg, Lagonissi, May 1978

"Multi-stop Timing Electronies for High Altitude Satellite
Ranging', E.C. Silverberg, I.A. Malevich, Workshop on Laser
Ranging Instrumentation, Lagonissi, 1978.

'A Picosecond Timing System', M.J. Bowman, D.G. Whitehead,
1EEE Trans. Inst. Meas., Vol. IM-26, No. 2, June, 1977.

Handbock of Geophysics and Space Environment, page 7-1,
ed. 8.L. Valley, {(McGraw-Hill) 1965.

Table 1
v
A (pm) 25km 5km
1.06 J14 . 44
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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-



I
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I

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
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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
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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
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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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