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An international technical meeting is one of the effective ways to
propel the World's science forward, I believe that this exchange and dis~
cussion not only be beneficial to the academic researches carried out by
.every'cauatry‘s.1aserﬂeng%neers, sut alse can promote the existing friend-
ship between people, and fyrther the mutual understanding and cooperation
“among the scintists of all countries. . , _ "
Fr%ends4and?$elﬁeégﬁﬁs*??cm'ﬁigtaﬁt'pakt'&f’the World ! It is Apotlo's

rover  that has brought you here from all different directions, from the
States, from China, from Eastern Countries, from all Europe. The Rendez-Vous 1s
not Olympia, but a city whére we can have dialogue with Apello for about

300 days in the year. A marvellous city, where flowers blossom in all four
‘seasons. Every cloud has a silvery nimbused : takethis one and don't forget

to go back home with the Tast”§a$mﬁﬂé cff§ T@t ﬁffCarnathns.

At Jast, 1 am impressed by the High quality of the program bookiet :
this guarantee that we may look forward-to a highly inspiring and success-
ful meeting.

~ Thank you for all that you have done so far |

. T wish you all success in this workshep, and a’pleasant stay on the
French Riviera. : o - -
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PREFACE

Le Sixieme Colloque International sur T'Instrumentation en Télémétrie
s'est déroulé du 22 ay 26 Septembre 1986 3 Antibes Juan-Les-Pins (France).

Comme lors des précédents colloques, un nambre important de présenta-
tions ont eu Tieu. Leg progrés accomplis depuis la derniare réunion
(Herstmonceux) sont spectaculaires et extrémement prometteyrs. L'exactitude
des stations a continys a s‘amé?%orer grace aux avancées technologiques et
a une meilleure maitrise des problemes 1ies 3 Ta calibration. La mobilité
et Ta fiabilite opérationelle de quelques stations ouvrent la voie a des Sys-
temes complétements automatisés, De nouveaux concepts (2 couleurs, haute
cadence de répétition, Tegiciels de fretraitement, photodiodes en régime
Geiger,...) ouvrent Je champ & un nouveay progres des performances (sta~
tions millimétriques) et 3 1a possibilite de conceveir des éguipements
embarqués.

Ce tableau impressionnant des progrég réalisés et 3 venir, ne doit pas
masquer'queTques probieémes qui me semblent apparaitre :

Le développement de systemes de positionnement “Tout Temps" comme le
systeme GPS Navstar (D.0.D), du V.L.B,I‘vagconccurencer'sérieusement la

nels (relativitg, altimétrie spatiale laser sur les continents et jes glaces,

synchronisation horaire de tf?gthqte“exagtitude,,T)~&e~semb?e~nécessaﬁ?é“pbu%””

- continuer & exister & moyen oy tong terme. La part de Plus en plus grande prise
par les sessions non techniques (organisation de campagnes) au cours des der-

niers colloques me semble également dangereuse. Les discussions et Jes contacts |

0 o

personnels entre techniciens deviennent difficiles, donc rares, tant le program-

me est chargé. Par ailleurs fes organisateurs de Campagnes ont déja a Teyp

un seul exposé de "manager" exclu les rapports techniques détaillss qui me
semblent le sang de ce type de colloque.
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Ces remargues pour personnelles quelles soient et;n'entrafnant cue ma
responsabilité me semblent. neanmonns refléter la sensibilite d'un nombre
non négligeable de participants. Elles peuvent servir a ouvrir uneréflexion
générale, je sera1s heureux. de connaitre la réaction de notre Communauté.

‘Avant de termxner en souhaitant bonne chance au Nouveau Comité Scien-
tifique d' Organisation, je tlens a remerc1er tous ceux qui’ ont aidé a faire
de ce colloque une réussite. Clest 3 dire :

- Les participants sans lesquels nous n fexisterions pas,

- les responsables de session dont la tiche ne S tarréte pas a la fin

du colloque, puisqu'ils ont collecté 1les exposés pour tes minutes,

- le Comité Local d' Organisation et en partwcu1ier-ﬁadame F. Baumont

sans qui le collogue eut été assez "pagaille",

- le Comité Scientifique d'organisation :

¢.0. Alley, son dynamiisme inlassable a appcrté-beaucoup aux derniers
colloques et & 1a t&1émétrie laser en. général,

B.A. Greene dont les idées nouvelles et non conformistes ont dynamisées
la discipline, . _

K. Hamal, pilier 1nfat1guabie de la physique du laser et hote a plu-

gieurs reprises de comités d'organisation
- enfin, Madame M. Perrin pour 12 préparation du tirage des minutes.

Merci a tous et que vive la télémétrie laser.

J. GAIGNEBET
Membre du Comité Scientifique et Responsable du
Comité Local d' Organisation du yI I.W.L.R.I.



PREFACE

The Sixth International Workshop On Laser Ranging Instrumentation was
held in Antibes Juan-Les-Pins (France) 22-26 September, 1986, A large number
of presentations was given as in the previous workshops., The improvements
accomplished since the last meeting (Herstmonceux) are Spectacular and very
promising. The accuracy of the station is stfll increasing thanks to the
technological progress and to a better knowledge of the problems related
to caiibration.ﬁomplete]y automated systems are foreseen driven by the need
for the mobility and operatioﬂa?‘efficiency of some stations.

We have to be aware of some approaching probiems despite the impressive
progress of our technigue. Development of all weather and accurate positic.
ning networks such as GPS/NAVSTAR (D.0.D.) or the VLBI will present competi~
tion to some traditional of laser ranging {Geoedesy and Geodynamics). I feel
that our technique has to aim towards less conservative goals (relativity,
© spaceborne altimetry to the ground and ice caps, time synchronization,..)
to be able to grow in the medium and Tong term. | feel a dangerous trend in
the increase of the time devoted to the technical sessions. The difficulties
in holding adequate discussions and in managing personnal contact among those
participants interested in improving the experimenta] techniques of laser
ranging have increased as the schedule has become really crowded, Campaign

organizers have at their disposal a number of specialized meetings every

~myearsnﬁer“thatwpurpagé:“f”66”&6%“%Hfhﬁwfﬁé§”ﬁééawéb take a substantial part
of the time intended for taser ranging instrumentation during the only
meeting every two or three years devoted to this topic, Last of all we see
more and more managers representing their group with a single presentation,
This tendency eliminates detailled technical reports wich are the 1ife blood
of such workshop. These personnal remarks are on my own responsability but I
feel that they reflect the sensitivity of a non negligible part of the atten-
dees. They may be a starting point for a general discussion and I would be
happy to know the reaction of the comnunity,
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Prior to ending with my best wishes to the New Scientific Organizing
Committee, I want to thank everyone. who heiped to make a success of this
Workshop, that is to.say :

-

Participants,
session chairmen and cochairmen for their task during and after the
warkshop,

Jocal organizing committee and particularly Hrs. T, Baumont whase work

prevented the transformation of the workshop into a happy jumbie,
scientific organizing committee. :

c.0. Alley whose permanent dynamism was a great sypport for the
organization of the sessfon and laser ranging in general,

n.A. Greene whose bright new sdeas and 'non conformism' have boosted
the discipline,

K. Hamal tireless pillar of the laser physics and host of many orga-
nizing committees

at last hut not the least, Mrs. M. perrin for the preparation of the
préceééings. ' o

Thanks to everyone and hurrah for laser ranging.

J. GAIGNEBET
Member of the Scientific Organizing Committee

and Chairman of the Local Organizing Committee
of the 6th I.W.L.R.1.
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The 6th International Workshop Laser Ranging Instrumentation

meeting at Antibes Juan-Les-Pins, France,

RECONGRISING the unique value and complementary nature of Joint
funar/artificial satellite tracking stations for the determination
of earth orientation parameters and recegnising that new facilities
of this kind are under development, strongly recommends that dye
attention be given to ensuring the continuation of theSe measurements
and their exploitation to the fullest extent.
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- The 6th International WOrkshop on Laser Ranging nstrumen ation

meeting at Antibes Juan- Les~Pins, France, ) :
NOTING that since October 1983 the Royal Greenwich Observatory s g

laser ranging group has been one of the major contributors to interna- {
~tional col?aﬁeratmve-pragrammes.telated”tO”th? dynamics of earth ~ate'~ %

lites and the surface and body of the earth and o

RECOGNISING that the quality and gquantity of these observations
are comparable with the best achieved elsewhere;

VIEWS with concern the uncertain future of the group and

REQUESTS that all feasible steps be taken to ensure its contiv o
~activity in a suitable envirenment.
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The 6th International Workshop on Laser Ranging Instrumentation
meeting at Antibes Juan-Les-Ping, France,

- RECOGNISING that most institutions creating normal points are
conforming now o, the Herstmonceux recommendations and recognising the
normal point comparison experiment initiated by NASA,

STRONGLY recommends that all institutes performing normal noint
calculations should create normal points for the Dctober 1983 Lageos
test data set and send the results fo NASA for detailed intercompari-
sons which may lead to further refinements and definitions.




The 6th International Workshop on Laser Ranging Instrumentation,
meeting at Antibes Juan-Les-Pins, France,

- RECOGNIZING the important scientific results being obtained with
the LAGEQS spacecraft, and recognizing the remarkable improvements in
ground-based laser ranging technology that have occured in the last
decade since the launch of LAGEOQS,

strongly endorses
(1) the plans to develop and launch-a second LAGEOS (LAGECS I1)
in support in geodetic, geodynamics, and technology objectives
and urges its launch at the earliest possibie opportunity.

In addition,

recognizing the unique value of precise laser ranging to sateliites

Ccdneincreasing our-knowl edge and. understanding.of fundamental forces .
of nature , inciuding the "gravito-magnetic force" predicted by
Einstein's theory of gravity,

uraes strongly

{2) that a third LAGEOS satellite {LAGEOS III) be constructed and
launched into an appropriate orbit allowing the detection and
measurement of the gravito-magnetic orbit precession produced
by the rotating Earth, as well as increasing our ability to
monitor Universal Time.
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The 6th International Workshop on Laser Ran
meeting at Antibes Juan-Les-Pins, France,

ging Instrumentation

" RECOGNISING the significant contributions that Laser Ranging

systems are making to geodesy, geophysics, geodynamics and other
disciplines hereby GRATEFULLY ACKNOWLEDGES the dedicated efforts of

the crews operating these systems fgr the benefit of the scientific
community.

XV

e e



i

b
14
5
i
:
z
k4
i
]
¢
B

e

e

i
T e

A T R T




The VIth

international Workshop on Laser Ranging Instrumentation

recognizing the many contributions of the Centre d'Etudes et
Recherche en Geoﬁynamique et Astronomie to the success of the

Workshop through itgs Sponsorship and loeal Supporting
organization,

and further recognizing the excepilionally effective and untiring
efferts of the Chairman of the Local Organizing Commitee For the

Workshop, Jean Gaignebet and its Scientific Secretary, Francoise
Baumont,

Wishes to express its deep appreciation to the members of CERGA
and especlally te Dr., Gaignebet ang Dr. Baumont for selecting
such as attractive location and rfop broviding excellent aupport.
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NEW RELATIVISTIC MEASUREMENTS WITH LASER RANGED SATELLITES
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Center for Space Research

the University of Texas at Austin
Austin, Texas 78712 - USA -

Telephone (512) 471 5573
TWX 910874, 1351

ABSTRACT

The aécﬁrécy of laser ranging associated with the use of a LAGEDS
Tike satellite {inclination supplementary to the existing LAGEDS) allows
the measurement of the gravitomagnetic field of the earth.

The proposal of a satellite for this determination 1s developped
here,




NEW RELATIVISTIC MEASUREMENTS WITH LASER RANGED SATELLITES

Ignazio Ciufolini

Center for Space Research
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Austin, Texas 78712

Telephone (512) 471-5573

The importance of measuring the gravitomagnetic field is comparable to the importance of
measuring gravitational waves.

In electrodynamics the wave equation describing electromagnetic waves in vacuum is, in the
T.orentz gauge:

CA%=0 (L

2

where =7 and A% is the 4-vector potential.

ax%axP
Similarly in General Relativity 0, @ ) 1 the weak field limit, the wave equation describing
gravitational waves in vacuum is:

(Jhop=0 (2)

where (7= g* is the D’ Alambertian operator in curved spacetime and in the weak field limit

ax“3xP
hop =8 op ~ Top (£op 15 the spacetime metric tensor and T is the Minkowski metric tensor).
A similar analogy is valid for the gravitomagnetic field.

In electrodynamics the equation of motion of 2 particle with mass m and charge ¢ subjected to

~ anelectric field E and a magnetic field E is the Lorentz equation:

d2

The torque acting on a test magnet with magnetic dipole moment I is T=xF and the force on the
magnetic dipole is F =(-V)B where F=UxA and for a source with magnetic moment #:
Fa 3win 'ffiimﬁ? and & = fﬁxf’ ‘
| %1 i
Similarly in General Relativity “© the equation of motion of a test particle in the field of a cen-
tral body with mass M and angular momentum J, can be written in the weak field and slow motion

*  Supported by Grant NAS 5-28192
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limit:

die v .
s 2T e y } ?’"*’
;?zdfz m(F+ o % £ (e

. - A, A . ; . 2 . NP
where 7=~ —F is the standard, radial Newtonian acceleration,  is the gravitomagnetic fizld given
re .
op s !
P o~ ~(f»3f-f‘r" . . ; e .
in this limit by # SV xF=7) MM{SWQMJ and [ is the gravitomagnetic or Lense-Thirring potentia?
s
27 ,
B=(p.53%8%={0,0,- 5 J - In geometrized units: G=c=1. Furthermore in General Relativity ¢
F

the torque acting on 2 gyroscope with spin angular momentum ¥ is in the weak field and slow motion
approximation:

and therefore the gyroscope precesses with Iespect 1o an asympiotic inertial frame, defined by the
distant stars, with angular velocity:

b T3
ﬁxwé—ﬁ?ﬁ ?’3 - 1§93
This phenomenon is the "dragging of gyroscopes” or "dragging of inertial frames” of which the gyro-
scopes define the axes. The force exerted on the gyroscope by the gravitomagnetic feld 7 is
Feiav Wi o . e

Finally, due to the second term in the force {4}, the orbital plane {and the orbital angular momen-
wm) of a test particle - which can be thought as an enormous gyroscope - is dragged in the sense of
rotation of the central body. This dragging of the whole orbital plane is deseribed by the formuly for
the rate of change of the longitude of the node discovered by Lense and Thirring in 19181 (0.

Qlﬂﬁsﬁ—%}:imng — 27 I
a*(1—e?P? 8

where a.is the satellite semimajor axis, e-the-eecentricity and ¢ the angutar momestam of the ceniar

body.

Many experiments have been proposed to measure the gravitomagnetc field: Bverin - 1974 and
Lipa, Fairbank and Everitt - 1974; Van Patren and Everitt - 1976; Braginski, Caves and Thorne -
1977; Scully - 1979; Braginski and Polnarev - 1980; Braginski, Polnarev and Thome - 1984, In Dar-
ticular the experiment of Lipa, Fairbank and Fverig ® will try to measure the gg’avﬁmmﬂgggﬁg pro-
cession (6) of a gyroscope orbiting the Earth.

We propose here a different experiment based on the Lense-Thirring effect {§).
The idea P G0, AL, (12 o measure the gravitomagnetic nodal precession (8} due to the angular
momentum of the Earth on faser ranged satellites fike LAGEOS 0B U4 0y e ng preces-
sion (8) is for LAGEOS (™™ 231 milliarcsec/year, The towl nodal precession is Y i5p
LAGEOS Q9% Z126° and can be measured (19 with laser ranging with an accuracy of 1 or 2
milliarcsec/year. Therefore, if all the classicsl perturbations on LAGEOS were known, it would he
possible to measure (7 with a few percent aceuracy. The deviations of the Earth gravity field from




spherical symmetry - quadrupole and higher mass moments of the Barth - are responsible for the
most part of the wtal nodal precession U8 Even though the Earth’s multiple mass moments are very

well known 07 08 they are unfortunately not known at the level of accuracy to measare the Lense-
Thirring precession. The uncertainty in the even zomal harmonic coefficients J,, relative 1o J, is 7

874,

U8 of the order of 2167, which yncercainty corresponds for J, to an uncertainty in the nodal
arecession of 1430 mifliarcsec/vear, much larger than the Lense-Thirring precession {8).

The idea & 09 50D 4o o fanneh a tandem laser ranged sateflite "LAGEQS-X" with the same
orbital  parameters  of  LAGEOS  apart from a supplementary inclination ie.
i1 aoposx = 10° (T agros = 1107). In such & way the classical precession will be equal and opposiie for
the two satellites: in fact this classical precession is proportional w© the cosine of the inclination 7
and is a function of even trigonometric functions of f U8 Oy the contrary, the Lense-Thirring pre-
cossion will be the same in both magnitude and sign, thus allowing 9, 10, 01 UD o avrracton of
the general relativistic drag.

Tn other words, the two tandem satellites define a "gyroscope”.

The bisector of the angle between the nodal lines of the two satellites is not affected by the
Hanh’s multipole mass moments but only by the Tense-Thirring drag and by other small calculable
classical precessions U2 Since the precession of the nodal lines of the two satellites, due 1w the
Earth’s multiple moments, is equal and opposite, the precession of the bisector between the two
aodal lines is zero, apart for other small classical precessions 2,

We studied U% geveral non-gravitational nodal perturbatdons.

The result (2 i that the error in the calculated value of the secular nodal precession or the value
of the secular nodal precession imself s for each perturbation less than 1% of the Lense-Thirring
drag, we list some of the dominant perturbations.

Direct solar radiation pressure:

The rate of change of the nodal longitade Q, due to an external force 7, can be written 09,

1 T b ro.
BN & ST e 1
i {1y "fW - sinfv -+ ) {9}

where # is the mean motion, ¢ the semimajor axis, [ the inclination, ¢ the eccentricity, r the radial
coordinate, o the argument of the pericenter, v the mean anomaly, f is the magnitade of the external

Cfoice per unit satsllite mags and Wois the direction cosine-of the force ¥ along the normal to the. orbi-
tal plane, which can be written (19), Q0), @1,

W sind {:@sz%sm{l@w Q) —sind sinzg—smclﬁ Q) --cos/ singsink, (10

where ¢ is the obliquity of the ecliptic and i, 1s the ecliptic longitude of the Sun.

The acceleration f,, due to direct solar radiation pressure on a spherical satellite like LAGEOS,

can be written #0 21,

r i
FREN

m | 1)

fe=s (11

where s is a number between 0 and 2, depending on the reflection properties of the satellite surface,
A . . . solar constant - -
A i< the satellite cross-sectional area to mass ratio and F = 8. Solar CONSE Z4.65x 103 dyn x em™
#i ¢ speed of light




is the solar radiation pressure at the Earth when the geocentric distance r, is equal 1o its mean Jis-
tance a,

Inegrating equations (9) and (10) with the proper initial conditions 1% e foung (12 that over
one orbital period P = 3,758

QDzrect radiation p»;ssure: p o j(}“iﬁl‘g“w“m’mﬂgg P {1 5 )

o

Since U5 e urcertainty in the value of £, is for LAGEOS less than 1%, the error in the caleufared
nodal precession due to direct solar radiation pressure is over one orbital period P

Erggriﬁi};mtﬁﬁ,man pzmure! PJI < iguggimx—_ﬁamngg -

Earth’s albedn:

On the basis of works of Lautmann @2 @9 4 Bender @4 09 44 e 1o the periodicity in the
sign of W, we found that the secular nodal precession due to the Harth's albedo is over one year:

Qmiﬂief iy < ID—IQL&:S&*’?‘?&Mﬂg; iy (14)

Assuming a 10% error in the mode] 22, 23 we have:

{ QAib&do ;

Error| b | g Loy (15)

;}n_!

satellite eclipses by the Karth:

Because of the change of sign of W, when the Sun is in opposite regions with respect 1o the satel-

R lite orbital plane. we have thit the secular nodal precession due o satellite’s eclipses is small over

one year 12,

~ Felipzes
£y ;Ey

- Igwjﬁiwse—mim‘ngg \ {18
= y

Assuming 15 26 uncertainty of 1072 radians in the determination of the boundary of the shadow’s
region and an uncertainty (5 ) foof less than 1%, we have that the error in the calculared secular
nodal precession due to satellite’s eclipses by the Earth, is over one year:

B Q5 | 5 10 gt SO

Neutral and charged particles drag:
The neutral particle drag force on a satellite can be written (16) @7

O

F oo i
2

Apv? (18)

where Cp = drag coefficient, p is the density of the atmosphere and v is the vetocity of the satellite
relative to the atmosphere,

Even with the extreme hypothesis that the atmosphere is corotating with the Earth at the
LAGEOS altitude - 12,270 km - and with the hypothesis that the total drag on LAGEOS - neutral
plus charged particles - is 6% @1 ¢ 0 order of 2.3x 107" cmysec” (£ 6 times the neutral drag (18)),
we find U2 3 thar the cecutar nodal precession due 1o atmospheric drag is:




QTmal drag . lo—zgizns&mrﬁng
~

Anisotropic thermal radiation:

Due to the finite heat conductivity of the body, there is an anisotropic distribution of temperature

on the satellite @@ and therefore an anisotropic flux of radiation causing its acceleration. Over one
period P , the corresponding secular nodal precession is (:

O, < 1.3%107QUTHTE] (20

Katellite albedo:

Due to the anisotropic temperature distribution on LAGEOS, there is an anisotropic flux of
reflected radiant energy from the satellite. The corresponding secular nodal precession is az,

QAlbedei < 6.6% IWQMW'E?‘M%% P 21

Poynting-Robertson effect:

Because of the relative velocity between LAGEOS and the Sun there are @8 @9 gmall correc-
tions, of the orber of 7, to the formula (11); over one period P, we have ().

Q?eynting—kobemoﬁ' P < ?_le{}-—?ﬁizﬁwﬁirﬁngi P {(22)

Infrared radiation:

The Earth’s infrared radiation contribution to the nodal precession was studied by Sehnal-81 G0,
. From his work we find that:

~Infrared--radiationt = (ylense-Thirrin : e o )
£ ] Ida}'MQ g‘ 1 day (23‘)

and assuming an error of less than 10% in the model we have:

Error{ﬁinfrarﬁd rsdiaﬁon% ; day] < }ngﬁm—ﬁimngz 1 day (24)

However, the infrared radiation is mainly described by zonal terms of zero and second degree, that is
the flux of infrared radiation has (0 ; 1atitudinal dependence:

{;zAa-&-Ang(Sﬁl@) ................................................ >

therefore, for the particular configuration LAGEOS plus LAGEOS X, we have:

%, Infrared radiation =2 frar jati
Qnfrad distion 2 _ QIRHETE (26)
and consequently a mull contribution from the Earth’s infrared radiation to the ur.wonry in the

measurement of the Lense-Thirring drag.
Solar wind:

With a calculation similar to the atmospheric drag, for the neutral and charged soir wind ©U
drag, we have 42

QSolarwindi p< 2_1x10—3§‘11_en&e—’1'himng‘ » (27}

Drag from interplanetary dust:



. . .. ) .
With a similar caleulation, we have (12).

Sy Cosrric di Ay henseThiring
gz’“oszmc aasﬁ? p< 1.8 1) Q&ﬂwﬁ’h mﬁgg »

Earth’s magnetic field:
Assuming ®P 5 1 AGEOS to1al surface charge ¢, <3.3% 107" C, we have:

Qgg.g P < E-éxggﬁgmnwﬁmiﬁgg »

I conclusion, formuilae (13), (15, an, (19}, (20), b, 2, {263, (27
each non-gravitational perturbation contributes to the seculyr rate of nodal ore ; ;
less than 1% of the Lense-Thirring drag, or can be calenlated o an BUCUTECY Defter than 19 of

ense-Thirring precession.

Concerning the earth’s tides, due fo the pertodicity of the Earth's sides, the
total nodal precession should be taken over a period of a few years, over g
comesponding uncertainty should be of # fow milliarosec 190 02w
racy of our knowledge of the orbital parameters. For the special con
LAGEOS ¥ winmh supplementary inclinations, the £IT0T In the measureme

the determination of the inclination, including polar motion determination errors, sho

of a few milliarcsec when averaged over @ period of 2 few years. Finally we observe that tn haye
less than 3% individual contribution to the experimental ancertsinmy - with the hypothesis of

uch a peric

talso oo

tmprovements in the uncertainties 103107 - the differences between the orbiral params
two satellites should be: Ge=(a, ~a;) < 16 km, fe=U, -1} ¢ £0.13°% and e, = (g~ ¢}
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ABSTRACT e

ranging instruments allow the data 1o be ¢
which will contain the essential character
The generation of normal polnts is desirah
the computer storage space and tipe nacesssry for
data to obtain the final end product of geophvsica
groups have beean generating the LAger GEOdynamics
normal points, and the resuiting points ran he CHERE
them, and the full rate data from which they come
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comprised of an edited set of LAGEQS obseryati
stations, Tocated woridwide, and collected in
level of the 206,000 range measurement residuals v
20 cm, and when compressed vieldad approximately 5
points. The geodetic tect consisted of & data redy
GEODYN computer program, to obtain a simultaneous
parameters and sta&ion positions. In particyla
were compared among the faur date sets used in
all it of the normal point residuals to the f4
and station parameters was 8 cm, with individual
ween 5 oand 20 cm, The expected standard errop |
heights varied between 1 and 3 €m, ant in every > the
the estimated heights from each normai point data set fel
expected range. The conclusion is that starting with ih
LAGEDS edited data, the algorithms used by the various
Guate in producing normal points which are in agreement
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Normal Point Generatlon

At the Fifth International Workshop of Laser Ranging instrumentation
2t Herstmonesux, England in September 1984 a procedure for  generating
normal points from fuli-rate laser ranges was adopted. The steps in the
procedure are 1isted in Table 1, which aleo indicates at which stage &
chalce of technlgue 18 necessary for 1ts implementation. Even when 2
particular step 1is 80 rigorously defined that no choice is required,
alternative algorithms are possible which ecan improve data concentration
or computational efficlenay.

The cholces of technique at each atbage are 1isted in Table 2, which
shows, for exampie, in step 6 the possibility of atarting 2 bln interval
a2t the first point in the pass instead of at an even UTC tlme. This
alternative alliows more information te be concentrated in the first normal
point in the pass, put could reduce the total number of points in each
pass by one. The median epoch time within the bin interval is simpler to
ecompute than the arithmetic mean suggested ln the Herstmonceux standard
and is therefore presented as an alternative in atep 7.

Normal Point Test Date

‘Each of the gPQups__represented py the co-authors of this paper
applied their normal poinﬁ"géné?éticn"technique to -a test .data set
comprising of edited LAGEOS observations ooliected by the global laser
ranging network during the month of Octover 1983. The quantity of data
from each station In the reference set 1s shown in the second column of
Table 3. When the first point acquired witnin each second was chosen (O
reduce the normal point computation time, the number of ranges in the
third column were abtained. The fourth column of Table 3 gives the number
of normal points obtained with the regular UTC bin intervals recommended
at Hersimonceux, and the reduced number of observations given by starting
¢ne bin interval at tne first point 1In the pass 1s shown in the iast
ST e

The data set generated by the Bendix group (BEN HER) adheres most

alosely to the Herstmonceux standard, although the University of Texas
normal polnts were adopted as the base in the tests described here. They
differ from the strict convention by the nccasional estimate of a linear
trend within each two-minute bin interval (choice Tlc) in Taple 2}. The
normal peint generation at GSFC (GOD MED) was wased on one second samples
(choice 1{c) in Table 2} and the cholce 7(b) of the median epoch time
tag. Another reasonable option (GOD FIRST) employed choice 4{b} for the
kin interval. A final coargse data sel wWas generated DYy simply taking the
actual range at the times of the GOD FIRST normal points witn no bin
correction at all {2 MIN.DATA).

Normal Point Testing Procedure

fach normal point data set was subjected to a common geodetic test,
which eorresponds O the standard dynamic technique used Dy tne Goddard
Space Flight renter's Geodynanics Bpranch for laser data analysis. TO
sssesa the gquality of the observations from each station, the 20-day
datx are was reduced adjusting siXx arbital elements, an along-track orbit



acceleration parameter, a solap radiation coefficient and a1l oomponeants
of staticn position except for thres. The latitude ang longitude of the
Greenbelt station and the latitude of the Hawaii laser were fPixed at
arbitrary values to stabilize the reference system for the adjustment or
garth orientation parameters every 5 days. 'The characteristics of each of
the test data sets were essentially the same and are given in Table i,

To monitor the differences between the test data dets, all parameters
of the orbit, force model and earth orientation were fixed at the same
reasonable values and a1l components of each station were estimated. The
differences in millimeters for the height components of 2ach station are
tabulated in Table 5. The Fformal Standard deviation ror data at the 10om.
noise level (20om. for station 7181) is also given in Table 5. 2 key to
the station numbers used throughout thig analysis is presented in Table &,

Test Results
LInn nEeul s

Examination of Tabie 5 shows that necessary choices in normal point
generation make insignificant differences to the results of 3 properly
designed geondsatic gxperiment. Some differences are detectible in the
results from 3parse, noisy data such &8 provided by atations 7181 ang
7833. Possible choioces of procedure such as sampling the original
Observations each second, taking the median epboch time and starting the
bin interval at the first point in the pass, give acceptable differences
in results, which are always within the expected uncertainties, Simply
sampling the dats every two minutes gave a data set whioh Occasionally
vielded results outside the aliowable Fformal error. It should finally be
pointed out  that editing procedures, which are likely to cause the
greatest differences in alternative normal point generation procedures,
were not examined in the tests described here,
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TABLT . NORMAL POINT GENERAL PROCEDURE

GENERATE RESIDUALS

. COARSE EDIT

COMPUTE TREND FUNCTION

FINE EDIT

GO TO 3

CHOOSE BIN INTERVAL

COMPUTE MEAN RESIDUAL AND MEAN EPOCH WITHIN BIN

LOCATE CLOSEST RANGE TO MEAN EPOCH

. APPLY RESIDUAL BIN CORRECTION

COMPUTE STATISTICS
REPORT.STATISTICS

FOLLOW STANDARD FORQQT”
QUICK LOOK CARRY OVER CHECK

REPORT SCREENED FULL-RATE DATA

(#A CUPOTCE OF TECHNIQUE IS NECESSALT

© QHOTC™ OF TECHNIQUE T8 P35S BLE
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TABLE 2. CHOICES oF TECHHIQUE

GENERATE RESIDUALS

¥

FIT or FIY *PREDICTION®
If FIX go to 2

Sanmple data

Fit ORBIT over are

kY

-

-

Fit STATIONS over arc
Fit BB/TB aver passa

°

[ T I A 3

COARSE EDIT

A. Sample dats

b, Choose RMS multiplier per are
¢. Choose RMS Multiplier per pas

COMPUTE RESIDUAL TREND FUNCTION

a. Fit ORBIT over pass
D.  Fit POLYNOMIAL over pass
Cv Fit RB/TB over pass

FINE ERIT
4. Choose RMS multiplier per pas
CHOOSE BIN INTERVAL

a. Count from zero hours UTC
"

. Count from first polnt in pas

4. Plck arithmetio MEAN TIwMp
b, Plek MID TIimm (MEDIAND
¢, Fit residual TB/RB as wall as

LOCATE CLOSEST RANGE

a. Equidistant TIMES from MEAN leg: 2 coinnas

3

Fit FORCE MODEL Gver some interval
Fit BARTH ORIENTATION cver some interval

MEAN

b. Even number of points for MEDTAN

COMPUTE MEAN RESIDUAL AND MuAn EPOCH




STATION

7062
70686
7090
7105
7169

ARy
7112
7121
7122
7181

7210
7220
7831
7833
7834

7838
7839
7840
7907
7939

TOTAL

TEBLE 3. 8310 TEST DATA OUARTITY

TOTAL
285

3,800
1,800
7,200
91,500
52,900

71,600
5,500
5,500

21,460

100

13,800
51,900
16

229
15,000

5,100

6,400
1,600
12,300

6, 400

373,300

SAMPLED
ONE SEC.

2,600
1,400
3,000
36,800

2,800

32,000
5,5C0
L, 500

21,400

160

13,800
19,806
16

229
9,900

5,100
5,800
1,500
12,300
6,400

206,100

HORMAL
ZERG UTC

108
66
50

507

343

521
220
175
313

43

390
504
7
79
252

NORMAL
FIRST POINT

101
61
39

492

335

508
211
176
299

80

371
489
6
77
240

186
256
231
1085
430

5633

S
I
¥
1
I
i;
3
2
4
&
:
¢
¥
:



TABLE 4,

NORMAL
STATION POINTS
7062 108
7086 66
7090 )
7105 507
7109 343
7110 521
7112 220
7121 175
7122 313
7181 43
7210 390
7220 504
7831 7
7833 79
7834 252
7838, 204
7839 271
7840 241
7907 1122
7939 437
TOTAL

8310 THST DATA QUALITY

BEST NOISE
NORMAL PT.

e ny

OV = NI e

oy

LSl = -y

cm,

FINAL
30 DAY FIT

N =3 W W - D=3 P ~3

o

IUTEE

10
i3

9 om,

cm,

[ACEE AV IR P C IR A 0

C

BEST NOISE
SINGLE SHOT

o,




TABLE 5. DIFFERENCES OF HEICHT ESTIMATES
FROM THOSE USING TEST DATA SET

STATION FORMAL BEN

SIGMA HER

7062 15 mm. 0 mm.
7086 21 - 1
7090 26 -1
7105 7 -1
7109 10 0]
7110 T 0
7112 10 1
7121 11 4]
7122 9 -1
7181 k2 ~37
7210 8 1
7220 7 0
783‘% o -
7833 30 5
7834 8 0
7838 11 - 2
7839 9 0
78450 8 0
7907 5 1

HER: STRICT HERSTMONCEUX
MED: MEDIAN EPOCH IN BIN

GCD
MED

0 mm.
-1

1

¢

A

WO

B e AR

2 MIN.

DATA

- FIRST: - BIN STARTS AT FIRST POINT

—

o

FORMAL

SIGMA

14 mm.

21
26

7
10

T
10
11

9
L2

o

(W8]
0O §




STATION

7062
7084
708G
7105
7169

7110
7112
7121
7122
Ti81

7210
7220
7831
7833
7834

7838
7839
7840
7907
7939

TABLE 6. KEY T0 STATION NUMBERS

NO. oco,
12 05
21 03
0% 01
07 )
08 02
ok o2
o2 01
01 01
06 01
30 01
23 o1
11 01
4k 01
32 01
30 o1
36 01
3y 01
35 o1
40 01
41 01

NAME

TLRS~2
MLES
MOBLAS~5
MOBLAS~7
MOBLAS-2

MOBLAS~4
MOBLAS-2
MOBLAS-1
MOBLAS-5
GRDLAS

HOLLAS
TLRE-
HELLAS
KOOLAS

WETLAZ

SHOLAS

AuSias

RGOLAS
SA0201
S40102

OO R O
Wil s LGN
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SUB-CM MULTIPHOTOELECTRON SATELLITE LASER RANGING

T. Varghese, M. Heinick
Allied Bendix Aerospace

BFEC, GLTN

10210 Greenbelt Road Seabrook
Maryland 20706 - ysa -

Telephone (301) 7318914
Telex 197700 GLTN

ABSTRACT

A satellite Jaser ranging receiver configuration has been deve-
Toped and tested to generate sub-cm precision in laser ranging to
earth-bound satellites, Multiphotoelectron data taken within the
dynamic range of the receiver has shown a standard deviation of 5 mm
on ground targets and 7-9 mm on Lageos satellite data residuals. The
systematic error from this receive package is measured to be Tess

than 3 mm and is a significant improvement over the previous confi-
guration.
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1. INTRODUCTICON

The projected requirements of the NASA Crustal dynamics progran
for the 1990s include sub-cm observational accuracy in laser ranging
to Lageos. This would be particularly relevant since Lageos~11 is
projected for deployment in the not so distant future and accuracy
enhancement would significantly impact the high volume data period.
The precision of Mobile Laser ranging systems (MOBLAS) of the NASA
Goddard Laser Tracking Network{GLIN) has been receiver limited above
lem. To meet the program requirements of increased accuracy and
precision, pendix designed a receliver system based on a microchannel
plate photanultiplier vube (MCP—PMI) and a Tennelec constant fraction
discriminator. prototype testing of this advanced receiver package
in the laboratory yielded RMS around 3.5mm over a dynamic range 15,
and during the field tests in November of 1984 the system produced
calibration xms of 4.5mm and satellite data RMS of 9-10mm. Further
improvements were made to the system which was installed for field
operation in april of 1986. This paper describes briefly the device
characteristics and performance features of the receiver package in
the laboratory, and also sub-cm satellite data results from
approx imately 1 year operation from Moblas—7.

2.0 DEVICE CHARACTERLSTICS

The desirable device features for precision optOMelectroni

detection of low photoelectron are high gain, low electron transit
time (and jitter), and low pulse spread. Conventional
photomultipliers have a fairly large electron transit time and have an
impulse response time of several nanoseconds, and, hence, are not
suitable for low photoelectron optical detection with sub-ocm
precision. The use of a proximity focussed microchannel plate in the
pmt instead of conventional electron photomultipliers generates all of
the above desirable features. pesides, it has low transit time,

”“Iéfgé”dynamic“fang97uandwis“well suited for precision laser ranging.

GLTN requirements for satellite ranging include daytime tracking.
Although a 10 angstrom spectral filter is used for daytime tracking,
the 30 inch telescope still produces a large mean background.  The
lifetime of the DC_biased {normally-ON) device would be considerably
reduced if used for daylight tracking due to increased charge
accumulation at the anode from high continuous packground noise.
However, electronic gating of the device would alleviate this problem.
we have performed gqualitative and quantitative evaluation to examine
spatial and temporal ON-voltage uniformity of the rube under gated

conditions to determine problems in the mm domain.

Our receiver package consisted of ITT F4129f 3-stage MCP-PMT,




- During operational data processing, time of

MgQgﬁiﬂﬁ$”tQ~p£0Vi@ewiﬁf@fﬁ&ﬁiﬁﬁ“ﬁ@?@n@ the sco

Tennelec TC 454 constant fraction discriminator, a gabi
output of ~600 volts, and a delay unit for delayed pr
of the discriminator. In laboratory measurements
produces 3~4mm rms data over a dynamic range ™15 4 :
photoelectrons, This design aiso accompl ishes
“500.  The gate is adjustable from 100ns-10us ‘ > walk
Timm within this interval. The discriminator re > alse
adjusted to have variation of no more than Zmm.

i

o
i

3.0 MOBLAS 7 DATA AND DATA PROCESSING

Targets currently used by HMOBLAS 7 are the satallic
Starlett, and Ajisai, COrner cubes mounted as ground targsts at
from 75 to 3500 meters, and an internal calibration rarost

LT .

Raw ranging data from the station contain the round
flight of the laser pulse, the epoch time st which
transmitted, meteorological data consisting of pressure
and humidity, and system measurements of transmil and rec

Data processing takes rlace on two levels, operatic
processing and engineering analysis processing, For oy

processing, the rigidly controlled and heavily benchmarke
Processor is used to Prepare satellite data for reles
scientific_Qamnunity_and”ta provide basic information o

cenverted to ranges and corrected for system del
refraction, and satellite center of mass,
range measursments are corrected to the times the 15
the satellite. For MOBLAS 7, a single system do
throughout each pass. A 15 degree polynomial is fit
each pass for an anaiysis of data quality,

Engineering analysis processing utilizes

Processor on tracking system characteristics, For the cis
here, a 20 degree polynomial was fit ko the
measurements of each pass without corrections., The : :
fitting procedure includes editing of data beyond 3 sigma s
deviation) from the polynomial and refitting of the remainin
Editing and refitting cycles are repeated until no impro
standard deviation isg ocbtained, or a maximum cf 14
reached, The residuals are then used in several Ly
plots including those displayed in the text.




4,0 RESULTS

The plots which £nllow demonstrate the sub-centimeter precision of
the MOBLAS-7 ranging system. Fig.1l displays the rMS value of every
1, AGEOS pass{day and night) and associated combined pre-post pass
calibration tracked by MOBLAS-7 during the wonth of dovember, 1986,
Al rms values were taken from the DSG Laser Processor . 0f the 30
LAGECS passes tracked, only two passes have RMS values greater than ot
equal to 1.00 centimeter{cm). The mean RMS of all 30 passes 18
0.866cm, and the mean RMS of the combined calibrations is 0.595an A
corner cube mounted on a water tower ab a range of 3482.547 meters
from MOBLAS-7 was the operational calibration target during this time
frame. Targets located at distances of 200 meters show data RMS of
~Smm. The larger RMS in calibration on the operational target is a
consequence of the target distance the meteorological variations and
the dynamics of the target.Results from four individual passes are
i 1lustrated in Fig.2-4 where satellite residuals are displayed using
20 degree polynomial least squares fitting and editing (as described
above) . These passes include:

DATE TIME (GMT) ORSERVATIONS RMS (M)
June.ié;'IQBGII Cpisls 0 Is3T 0 o 0.79
Nov. 17, 1986 07:19 8546 3.80
Nov. 22, 1986 07:30 89495 .88
Nov., 25, 1986 06:57 10233 .89

gatellite range residuals vs. time{minutes) into the pass are
shown in Fig.2(a),3 and 4. Two of these plots have polynomial fit
V“éffﬁf@“HS“can“be~seenwiﬂnﬁingiajwaQQMEQDlﬂuﬁﬁile fig.3(a)
show no such problems. T

Two types of Receive Energy Dependence plots illustrate the
response of the system over a wide range of receive energies. In
Fig.2(a), a scatter plot of satellite residuals vs. relative recelve
enerqgy is provided. The ancmalous accumulation of long residuals
just above the value of 1200 is due to a hardware/software
limitation(bit erxor} which reduces the values above 1999 by 1000
units. These very high energy returns represent data around 80-100
photoelectrons and are present only in high elevation passes under
very good tracking conditions. Typically, this constitutes less than
5% of the data within a pass and have little impact on overall data

and Fig.4



quality. Fig.2{c),3{c-d)s 4 display the mean and rms of all
residuals within 20 standard deviztions of the polynomial with a bin
resolution of 20 units of relative receive energy.The stight increase
in the variation of the mean and larger RMS values at the higher
receive energies are due, in part, to the small number of dara
oceurring within each receive energy interval.

3.0 SUMMARY

We have shown for the First time the possibility of obtalning
consistent ranging precision of sub—cm on Lageos .The proven  dynamic
range in this design is particularly relavant considering the
Eransmitted power level and the telescope aperture.  The Coddard
Laser Tracking Network is presently undergoing the necessary hardware
upgrade to meet sub-cm satellite laser ranging goal of NASA Crustal
Dynamics program.
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TLRS=1 SYSTEM UPGRADE ANS PERFORMANCE RESULTS

‘7. Varghese, P, Seery, H. Bonovan, Patterson,
K. Emenfieiser, D.:Gurovich, I, Yannuzzi '
Allied Bendix Aerospace

BFEC, GLTN

Seabrook, MD 20706 - USA -

Telephone (301) 2867743
Telex 19770 GLTN

‘R. Appler

Code 601 NASA _
Goddard Space Flight Center
Greenbelt MD 20770 - USA -

Telephone (301) 2868115

""" Telex 257559 CDPO UR

ABSTRACT

A major system upgrade was undertaken in TLRS-1 to improve the
ranging acciracy as well as to eliminate the biases observed during
coltocation with Moblas-4 & -8. The goal is to obtain collocated
Lageos passes with Moblas-7 at the sub-cm level with calibration

~and satellite data residual RMS-values-of <t-em-and comparable groufd

calibration data. Recent operational results show satellite and ground
data close to the projected performance. In this paper we overview
past system bias characteristics, causes for the bias and engineering
upgrades accomplished to meet the goals.
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1.0 INTRODUCTION

The collocation of TLRS-1 (Transportable lLaser Ranging System)
with MOBLAS-4 in Monument Peak and MOBLAS—-8 in Quincy, Callfornia,
during Sept. 1984~-July 1985, revealed an azimuth dependent bias of
approximately 10cm. Extensive investigations were carried out by the
crew in the field with external help to identify and correct the
problem to no avail. Hence the NASA Crustal dynamics program decided
to bring the system to Goddard Optical Research Facility for detailed
engineering evaluation and analysis by Bendix Engineering group and to
make appropriate modifications to the system so as to reduce the bias
to the l-om level.

2.0 COLLOCATION RESULTS FROM QUINCY AND MONUMENT PEAK

Fig.l illustrates the bias as a function of azimuth angle. It is
evident that the data shows a transition to 1.0 cm bias in the azimuth
angle range of 30 = 210 degrees ("frontside”), and is close to zero in
the range of 211 - 29 degrees ("backside™). An important feature to
recognize here is the difference in the nature of the bias when the
mount is switching from "hackside" to "frontside" mode.

3.0 ENGINEERING EVALUATION

The AZ-EL mount of TLRS-1 has a 2 feet lever-arm and this
produces two equivalent orientations for the mount which are mutually
realizable by azimuth rotation of 180 degrees and elevation rotation
of twice the angle with respect to senith. These two equivalent
orientations are known as backside and frontside modes. The mount can
exhibit few mm of optical path length difference depending on the
orientation. The magnitude of the observed bias was too large to be a
consequence of the mount orientation. However, if the optical
alignment of the system is such that the beam shifts at the field of
”“ViéW”Of”the”teieseopewéependimguon“thg_Qﬁi@ﬂt@ti@ﬂznﬁhﬁﬁucan produce

+ ¥

significant bias if the detector is sensitive to the spatial

positioning of the beam.

For optoelectronic detection of the recelved signal from the
satellite the system had a high guantum efficiency Varian
photomultiplier tube as the detector. Laboratory experiments have
shown that the tube can exhibit 6-8Bcm time-walk even for Fow mm OF
spatial displacement of the heam on the photocathode. The electron
heam inside this tube has a cycloidal trajectory hetween dynodes due
to the longitudinal electric field and hence the frangic bime 15 not
space-invariant. The single largest contribution towards the bias
could thus be attributed to the detector. The errors in calibration

T o




~projected goals.

path distances, discriminator calibration, nonlinearity in the TD811
time interval counter etc., may be considered as additiocnal sources for
the observed bias.

4.0 HARDWARE/SOFTWARE UPGRADES AND PERFORMANCE RESULTS

The need for hardware/software upgrade was imperative following
the determination of the above problems. To verify that the data-loop
hardware changes (Table-1) would accomplish the set objectives,
horizontal ranging was performed on 8 targets. These targets were
located to provide fairly uniform azimuth angle coverage and had
ranges. of 50-400 meters. Fig.2 illustrates the measured system delay
as a function of azimuth angle for various targets. BEach division on
the horizontal axis is 15 degrees while that on the vertical axis is
50ps (77.5mm). Measurements were performed on the front and backside
modes. As can be seen from the plot the azimuth dependence was not
more than 6mm and is within the uncertainty of the hardware and survey
measurement. The mean difference between the front and backside mode
was less than 2mm and the upgraded hardware thus should meet the

Table~1 illustrates the hardware configuration before and after
the upgrade. Major software upgrade was also necessary for hardware
interface, system diagnostics, shot-shot measurements of system
parameters, and real-time computation/display of the statistics of
ranging. A new analytical mount model was also developed to provide
smoother aligmment and tracking capability and 1is expected to beccome
operational in the near future.

.uwum““mTh&msyshgmmhaskb@anhsubjechedgtowextensiue.gt@undwaeshingmmpgi@r~w~~m§
to the commencement of collocation to meet collocation prerequisites.

These tests included cube map, system stability as a function of time,
range, signal amplitude , temperature and azimuth. These results are
displayed in Fig.3~6 and it is clear that the system is capable of
providing sub-cm collocation data.

Collocation is presently underway at Goddard Optical Research facility
between TLRS_1 and MOBLAS 7 and the initial results are meeting the
sub-cm criteria and look very encouraging. More collocated passes are
to be taken and analyzed and the results will be published at a future
time.
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SATELLITE LASER RANGING SYSTEM AT THE SIMOSATO HYDROGRAPHIC
OBSERVATORY AND THE TRANSPORTABLE SYSTEM ; HILRS

M. Sasaki

Hydrographic Department,

Maritime Safety Agency

Tsukiji~5, Chuo-ku, Tokyo 104 - Japan -

Telephone (03) 541 3811
TWX 2522 452 HDJODC J

Y. Suzaki

Totsuka Works, Hitachi Ltd.
216 Totsuka-machi, Totsuka-ky
Yokohama 244 - Japan -

Telephone (045) 881 1221
TWX 3823 503

ABSTRACT

The paper outlines the history of laser ranging in Japan, and
introduces the SLRS installed in the Simosato Hydrographic Observatory
of Hydrographic Department, Maritime Safety Agency. It also describes

the transportable system ; TLRS now under development for determining f

w“?hﬁleQﬁﬁiQnsﬂgfuisalatedHis}ands”argaﬂdmdapan?~w~~~wM




INTRODUCTIORN

The work on laser ranging in Japan began with an experi-
ment of ranging the GEOS and DIADEME satellites at the Dodaira
Station of Tokyo Astronomical Observatory (TAO) in December
1968. A satellite laser ranging system (SLRS) using a receiv-
ing telescope with diameter of 60 cm, and a ruby laser with
pulse width of 50 ns, output of 1 J, 1 pps, was manufactured
for the experiment(l)(z).

A lunar ranging experiment was made at the Okayama
Astrophysical Observatory in 1971 with the target of the retro-
reflector installed by Apollo 11 on the surface of the moon.
The experiment employed an astronomical telescope with diameter
of 188 cm as the transmitting and receiving optics, and a ruby
laser with output of 5 J, 12 ppm(3)(4}. Above two systems were
developed by TAO and Hitachi.

The work of TAO has since been continued at the Dodaira
Station, and the system was improved several times.

A test model of an SLRS for geodetic observation was built

up jointly by the Hydrographic Department (JHD) of Maritime -

Safety Agency (MSA) and Geographical Survey Institute (GSI) and
installed at the Kanozan Geodetic Observatory in 1976. The
system employed a receiving optics with diameter of 40 om, a
ruby laser, and a three-axis mount (3.

Upon reviewing the experiment results and the world's
technological trends, the JHD decided to use an SLRS for marine
geodetic control, and to determine the locations of isolated
islands around Japan. The JHD introduced a fixed type SLRS for
the base station into the Simosato Hydrographic Observatory

(sHoY (8},



The SLRS is of the same sige with the system of the IFAG sta-

tion in West Germany. It is provided with a receiving
telescope, 60 cm in diameter, and an Nd~-YAG laser having a
pulse width of 200 ps, 4 pps.

Japan's first geodetic satellite "AJISAI" which means
"HYDRANGER" of flower in Japanese was launched on an orbit on
August 12, 1986(UT), by the first H-1 rocket which was deve-
loped by the National Space Development Agency {NASDA).

Following the introduction of the fixed type SLRS, the MSA
has started developing a transportable SLRS:TLRS which is
intended for determining the locations of isolated islands in
combination with the satellite "AJISAI". The TLRS, now being
manufactured by Hitachi Limited, is expected to be completed in
October 1987,

THE SLRS AT SIMOSATO

The laser site of the Simosato Hydrographic Observatory is
situated close to the point of Kii Peninsula of Honshu Island
(135° 56 min. E, 33° 34 min.). the site, at an altitude of 60

" meters above the sea level, faces the Sea of Kumano. Witm
annual precipitation of more than 2,700 mm, the climate is not
50 suitable for satellite ranging.

The SLRS at Simosato was manufactured jointly by GTE of the
U.S.A. and Hitachi of Japan under the supervision of JHD. GTE
manufactured the laser, optics and mount, contreol and data-
brocessing equipment subsystem, and main software. Hitachi
took the roles of manufacturing the timing system, the system
calibration equipment including the ground target, various

types of support software for operation and data processing,




and of integrating, installing and adjusting the entire system.

The SLRS was brought into the Simosato site in February
1982. Regular observation was started in April after some
adjustment and testing. Since then, the SLRS has been
continuously operating for four years to date,

Figure 1 shows an external view of the entire Simosato
station. The SLRS installation is housed in the building on
the right side. Figure 2 shows the electronics including the
control and data-processing equipment subsystem. Figure 3
shows the optics and mount.

Pable 1 lists the main items of the system specification.

puring the discussions on the proposed SLRS installation
_at Simosato, those who concerned with the project were afraid
that satisfactory observation might not be performed at the
low-altitude, seashore site, where the climatic conditions are
not favorable for the purpose. Table 2 lists the results of
the observation during the past four years, which indicate that

the number of annual data acqu151tlons has been increasing.

Ranglng data of 29? passes and 243 800 rangeb was acqulred for

the LAGEOCS in 1985.

System operation and ranging of LAGEOS, STARLETTE and
BEACON-C is conducted around-the-clock by five staff members
headed by Mr, E. Nishimura. One of the ranging objects was
changed from BEACON-C to AJISAL last August. Figure 4 shows
the ranging data of AJISAIL obtained immediately after its
launching.

Hitachi has been contracting with JHD for the SLRS mainte-

nance.
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Thé.cdbfdiﬁéﬁés“df.tgévbésé béihtzét the SHO were esti-
mated from tﬁe'satéiliéé'réhéihg data obtained at the Simosato
site, and wéréwrééétéédc7y?(3}l - |

'.In addifibﬁ'td“iﬁ@'mééﬁ‘%bfk féf”méiihé'géédetic control,
tne JHB partLCLpates in the efforts to detect plate motions and
crustai mevmments in the SLRS observatlon pro;ect which will
contribute to estimatzng the earth rotatzon and g@oghys1cal
garamet@rs | - 7 | |

The foiiowxng addlticﬁﬁ and chang@s were mad@ to the SLRS:

.(l) Laser attenuator |

The ground taxget is #sed to callbrate the system
Ideiay time. An attenuator of the construction shown
@iﬁ7Fig;'5 is*aédéa~td7the4syéteﬁ'ih“ér&ér“to”aSSﬂre
safety against thé laser beam and to match the signal
int@nsity wiéh thezlevél oﬁ.the signal reflected by
the satéliiﬁe. A high'éttenuation ratio is obtained
ffom the diffractive effect of a pin.hole aperture

and a beam splltter with high r@flectzon ratlo

(2) Photcmultiplier tube (PMT) ' ' §
The static crossed fieid type photomultiplier tube
initially emgldyed for the system caused deterioration
of the dynode gain in about two years after the start
of its use, and needed to be replaced. However, the
PMT was then out of production. Its substitute
selected was the Micro channel plate PMT with gate.

At the same time, a wideband =w-! 1iar (DC to 3.15

GHz) was added to the back CEUEhi PMT in order to




prevent the output from being saturatad by the 3vro

background light in the daytime, ana o improve the

signal level detectable by the systam.

Its employment resulted in the increase in the data

acquisition rate and similar ranging accuracy o

initial PMT, helped by the additional ampliZfisr.
{3) Software

Support software was developed and =zidsc o Lie &

software. The major items of tne 5uL70;

include the satellite path charting Zzaturse [or
obgservation scheduling, the star pOSLITion CONQULILG
and tracking feature for correcting SOlaTing
errcrs, the ranging accuracy calculacting fzaturs,
satellite position calculating feature us:ing wrmeri
cal intesration metho:, and the Ioysnioer aolo featu
“or facilitating sate:lite tracxing J.iT “fsal
arror.
Prior to the construction of the Simosato 2.0- e e of
authors visited the laser sites of CERGA i1 © i0o2 KT
West Germany, NASA Goddard, SAQC Boston and 1z et ln leakara i
the U.8.A. The authors wish to thank <ne o . of thsse
5s'ganizations for their kind advice and L. BUgUestions.




TRANSPORTABRLE SYSTEM; HTLRS

The transportable system: HTLRS the JHD plans to latroduce
is to be used for AJISAI satellite ranging to determine the
locations of ten major isolated islands around Japan. Figure 6
shows these ten islands (marked with a double c¢ircle) where
mobile observation is expected.

The observation is scheduled to be done on two islands a
year. The SLRS will be transported by truck, by ship (cargo
boat or ferry boat), or by aircraft.

To permit transportation by the above means, the entire
system will be housed in two shelters as shown in Fig. 7 and
designed to weigh less than five tons.

The optics/mount and the laser are assembled on the same
bench. Upon arrival at the site, the bench is installed on a
concrete pier constructed on the ground independently of the
shelters. The electronics including the control and data pro-
cessing equipment subsystem are housed in the other shelter.

,,,,,,,,, Table 3 lists the major specifications of the system.
Figure 8 is a block diagram showing the system configuration.
The major target satellite of the HTLRS is the AJISAI. It is,
however, designed to be capable of ranging the LAGEQS.

The ability of a ranging system is represented by the con-
cept of system sizel(?), The authors defined the system zize
parameter 8§ for the SLRS as follows:

S =n-Eo-+&r «"af¥%¥ n ...... e et e e s e tee e (1

where,



nble 2 Data Acgulsition =t Simogsto Hydrographic
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11,000
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ooy Laser output repetitions

- Hoo ¢ Laser output energy
Ar :  Area of receiving optics
aBy:: Efficiency of transmitting and receiving optics
i oo Quantum efficlency of detector.

Figure 9 shows the system size of the transportable SLRS
defined by the equation (1) above. The horizontal axis in Fig.
9 represeﬁts.“S“ in equation (1}, while the vertical axis
shows the beam divergence of the transmitting laser. The
oblique lines in the'diagram indicate the relationship between
system size 5 to detect reflected signals ffom the LAGOS and
the GS8-1 at an cuﬁput of rate of one photoelectron per second,

and beam divergence Bt.

System size § of the transportable SLRS is designed to be

3.5 to 17 w.sq.cm, which means that the detection of one photo-
electron output per second can be obtained (detectable) by
IShooting at the LAGEOS with beam divergence of approximately

100 arc seconds,.

' "””'”“'%ﬁ"*ﬁTTJR‘S“'i’.’S”VEEXp'@’C't”@(i”"t”O‘Vb@"”f}p@’ra‘t@d’”Wﬁ’ith”'”b@am“@iV@m@nﬂ“@”””"“' Trmmmmm———

of 40 arc seconds. Then, the theoretical value of the signal
level received from the LAGEOS will be 10 to 1 p.e. per shot.

The system is designed to operate during the period of night to

twilight time.
Figure 10 shows the calculated results of the detection

probability of a few receiving systems based on the authors'

studies on weak pulse light detection(10) (110, (12)  ppe hori-




microsec., while the vertical axis shows the detection probabi-

lity. Parameter Ns indicates the average number of received
photons. The curves of detection probability are, from left to
right, the results of threshold detection at single p.e. level,
multichannel (8 channel) detection, and coincidence detection
using double pulses by two output branching, respectively.

One~channel threshold detection (single p.e. detection)
will be conducted in the early days of the transportable system
introduction, although the multichannel or coincidence system
is more desirable for twilight operation. Possibility of day
time ranging may be discussed by narrowing range gate from 10
Ms to 100 ns and the bandwidth of interference filter from 8 A
to 1 A.

The HTLRS will employ the NA-YAG laser., Its output is 50
mJ per pulse, pulse width is up to 200 ps, and repetition is 10
pos .

Hitachi's personal computer, Model Bl6/FX will be used to

control the system and process data.

““““““““““““““““““““““““““ The Rb. frequency-standard -with a time-calibration by Loran -

will be employed for the timing subsystem.

The detector will be used for the micro channel PMT with
gate, similarly to the Simosato system.

The optics/mount subsystem will be of a new configuration.
Figure 11 illustrates a rough sketch of the optics/mount sub-
system, while Fig. 12 shows its configuratiocn. The receiving
telescope 1s arranged so that the light axis will coincide with
the elevation axis, and will be stationary for the elevation

axis. The transmitting laser beam passes along the azimuth

A Y R T T S
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axis, and is shot via the reflector mirror on the rear of the

secondary mirror of the receiving telescope and the tracking
mirror. Only the tracking mirror, installed at an angle of 45°
to the elevation axis, revolves around the elevation axis.

This arrangement has such advantages as that the receiving
telescope can be stabilized because it is used in a neariy sta-
tionary state, that the load can be reduced because the ealava-
tion axis needs to drive only the tracking mirror, and that the
transmitting optics can be simplified.

The two axes, elevation and azimuth, are driven by a
direct drive torgue motor.

The HTLRS is provided with an additional Ffor detecting the
flash light of the sun reflected vy the AJISAI (star of magni-
tude 2 to 4, 2 pps, 5 ms width) and determining the flash times
(rise and fall) besides the main feature for tracking and
ranging the satellite. This additional feature is used to £ix
the time of photographic observation of the AJISAT with fixed

stars in the background.
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Toble 1 Major Specifications of the SLRS at Simosato

Subsystem

Specification

Mount
Configuration
Transmitier system
Tracking rate
Orthogonality
Wobble
Angutar resolution
Drive
Transmitting optics
Type
Diameter -
Beam divergence
Start pulse detector
Receiving optics
Type '
Diaineter
Field of view
Sun shutter
Spectral filter
Optical attenuator
Laser
Type
Wave length
Qutput energy
Pulse widih

CURepelition e T

Receiving clectronics
Detector fype
Quantum cffccioncy
Risc time
Gate position
Gate width
Flight time counter

Control
Mount control

Data flow rate
Clock

Frequency standard

Comparison
Computer

CPU

Peripherals

elevation over azimuth

"laser stationary — two axes Coudé path

from sidereal to 1° per second

5 arcsec

+7 arcsec in elevation, X5 arcsec in azimuth
20 bits £1.2 arcsec)

DC direct drive torque motors .

Galitean

17cm

25 urad — 2 mrad {computer controlled)

common with receiver electronics connected by fiber optics

Cassegrain
60 cm

100 prad - 2 mrad (computer controlicd)
- automatic

0.8 nm bandpass (temperature controlled)
0 - 40 dB (computer controtled)

NdYAG

532 nm

150 mJ {(normai)
200 ps

PMT (static crossed-ficld)

29%

120 ps

2 s — 130 ms (computer controlled)
0.2 ps — 33 ms (computer controlled)
20 ps resolution

DC servo amplifiers (45 A peak current) with torque motors, tacho-

meters and encoders (manual, computer and computer aided)
30 Hz

a Rubidium (2 x 1071y oscillator
multi-Loran C waves (MW Pacific Chaiin"i

PDP 11/60 (64 kw Mos- and 1 kw cache memory)

two 5.2 Mbyte disk drives, a magnelic tape unit, a paper tape
reader/punch, a hardcopy terminat and a CRT display '
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PROGRESS IN SLR AT SHANGHAI OBSERVATORY

L. Wen-Yao, T. De~Tong
Shanghai Observatory
Academia Sinica
Shanghai - China -

Telephone 38619
Telex 33164 SHAOQ CN

ABSTRACT -

SLR work at Shanghai Observatory was started in 1975, while develop-
ment of the second-generation SLR system, with the aperture of the
telescope 60 cm and the width of the Nd:YAG laser pulse 4-5 nsec, was
begun in 1978, During the MERIT Main Campaign the Laser Geodynamic Satel-
lite LAGEOS has been successfully observed with this Taser system. Accor-
ding to the CSR analyses, the accuracy of our data for singte shot is
about 15 cm. In that period, the system has the capability of a maximum

range of about 8542 km, the Towest elevation angle of 20 degrees for LAGEOS :

and the Tongest track arc of 45 minutes in a pass. . .
After MERIT Campaign we began to set up a new Nd/YAG frequency-doubled

mode-Tocked Taser ranging system in order to improve the accuracy of LAGEOS
ranging.
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PROGRESS IN SLR AT SHANGHAL OBSERVATORY

Contact: fhu Wen-yao, Tan De-tong
Shanghai Observatory
hcademia Sinica
Shanghai, China

Tel: 386191
Taelex: 33164 SHAC CHN

1, THE SLR EXPERIMENTAL SYSTEM WITH 5 CM ACCURACY AT SHANGHAIL OBSERVATORY

LR work at Shanghai Chservatory was started in 1975, while development
of the second-generation  SLR system, with the aperture of the telescope
60 cm and the width of the NA:YAG laser pulse 4-5 nsec, was begun in 19749.
During the MERIT Main Campaign the Laser Geodynamic Satellite LAGEOS has
been successfully observed with this laser system. According to the CS5R
analyses, the accuracy of our data for single shot is about 15 c¢m. In
that period, the system has the capability of a maximum range of about
8542 km, the lowest elevation angle of 20 degrees for LAGEOS, and the longest
track arc of 45 minutes in a pass.

After MERIT Campalgn we began to set up a new NA:YAG frequency~doubled
_mode~locked laser ranging system in order to improve the accuracy of LAGEOS
ranging. Tﬂié“”éféﬁéﬁ“‘ééﬁéiéfé'“bf”“éﬁ”"Ggﬁiiiatﬁr;““a“"pu139“w$@ieet0£1~utw9
amplifiers and a frequency~doubler. the ogcillator mode-lecked by using
both acousto-optic modulator and saturable dye produces a sequential laser
pulse traing.

The width of each pulse with TEMOO mode is 32 picoseconds. The pulse
selector extracts one single pulse cut of the pulse train, then is amplified
through the two amplifiers. The cutput energy from the amplifiers is about
100 mj per pulse at 1.06 um. In order to match the pulse width with the
rige time of receiving system, the pulse width are expanded to 120 ps by
uming two F-P mirrors. After frequency doubled with a KDP crystal, the
output energy is now 30-50 m) al 0.53 wwm. The block diagram of HNdsYAG
mode-locked laser system is shown in Fig. 1. The width of output pulse
has been measured with a streak camera, it is shown in Fig. 2.

A 8-bit microcomputer with 64k byte memory is used for real-time tracking
control which is made in China. The accuracies of both predicting and
tracking are about 10 arcgeconds.

In Nov. 1985, the mode-locked laser system was set up at Zo-Se Station
of the 8hanghal Observatory. ©On Dec. 12, 1985, we received the [irst eche
from LAGECS by the new laser system. Tive passes with 606 data were obtained

¢
H
]
}
i



during the experimental stage. These data had been preprocessed with a
residual analvtic program of our Sheervatory. The result is shown in Table
band Flg. 3-6. Meanwhile we transmitted these quick~lock data to NASASGLAN.

The GLAN and CHR have analyzed these dats, Table 2 lists thair results.

From Table 1, 2, we can see that the accuracy of this new SLR szystem
is about 5 om for single shot.

In order to explore thas stability of the experimental system, a ground
target set on the top of a water tower separated by €75.6 meters away from
the laser, 1s uvsed for calibration of the laser system. apertures of diffe-
rent size representing different return signal strength have been used
on both receiving and transmitting telescopes to simulate the raturn signal
strength from the satellite. The resvlts of the caelibration for Ground
target indicate that the stability of mode-locked ranging system is aboutb
0.11 ns {Z om}. See Table., 3.

It is expected that the thirvd-genaration SLE system at Shanghai Chservatory
will be in routine operation From Sept. 1986 onwards.

2. SLR DATA ANALYSIS

During the MERIT Main Campaign, as one of the Associated Analysis Center,
the BShanghai Observatory had processed the global data of LAGEDS gatelilite,
using the software named SHORDE, which stands for Shanghai Gbséxvatory
Srbit Determination Processor. The results obtained are A series of ERP-
ERP (SHA) B3L0l. ¥t lists the solutions for two components of polar motion
for each 5-day arc since the beginning of Bept. 1983. The interval precision
is approximately 2.1 mas for x,, 2.2 mas for ¥p and 0.13 ms for Dg. In
addition, the ability to detect the rate of change of polar motion % and
%p’ with S5-day are solution has been estimated to be approximately 1 mas/day

The accurscy of the determination of the orbit of LAGROS gsatellite is
about 14 om for each S5-~day arc from the overall weighted RMS fit of the
laser cobservations to the orbits.

Using SHORDE software, we determined +ha length of the baseline bhetween
wo  Chinese SLR stations of Shanghai Observatory and Xian Institute of
Geodesy and Cartography. BAll cobservational data are divided into two rres:
5-day arc from 18 through 22, Oct. 1984 and d~day arc during 23-26, Oct,
1984, They are processed respectively. The weighted mean wvalue of twe
solutions is equal to 1192562.8540.11 m, The obtained resvlt can be for
checking the length survey of geodetic triangulated network., The ragearching
work of the determination of global plate motion and deformation using
LAGEOS tracking date is also underway.

Recently we have alsc completed a program for the transfer of the fuli-
rate data to normal point data. This program includes: (1} pre-processing
of full-rate data, (23 gensrating short-arc/long-arc trajectories for LAG-0OL
and removing some of the effects of +rhe unmodeled perturbations, and {3
obtaining normal peint data and identifving bad ocbservations,

1. THE CHIWESE SLR NETWORE

The Chinege SLE network is al.o being developed. At preseny, his e wer-

cngist  of severn stat ons o ated a+ Shangtal  #uohan ! an-h n. urmin o,




Xian, Guangzhou, and Zhengzhou. The rang.ny accuracy of thes~ stasions,
except the ghanghai and Wuhan stations, is about 2. <m for sintls 870

py 1988, two SLR systems of the third generation will be doined Int nan e
network. The Chinese SLR network is aimed at geodesy, ancronowy no ged
dynamcis applications such as building of the zerxo order geodetic control lin;
network, monitoring of the regional crustal deformstior ard s. on.
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Table

The Summory of Observation for TAGHOS with

Mode-T.ocked laser
E Date Time Lengtl of arc Total Accuracy
g e e T o Ohu- {cm)
ec.12, 1985 lﬁhhﬁm H3}159m g e 6.3
bec. 16,1985 go Nt zolym 29" T 7.6
Jan. 5,1986 17! 3 —~H‘56m {30 1353 G. 1
Jan. 8,1986 | 191 yphygom 1o 141 6.9
L Jeme 9,1966 | 19"16%n gt 7" 16 5.0
lable 2 The Results of Analysls at GLTN and CSR
No . of GLTN C3R
Date the Obs.| Good Accuracy Good Accuracy
- R Sent Obs, | {cm) Obs. (cm)
‘Dec.i2,1985 €0 61 7.2 75 6.4
Dec.16,1985 50 LG .9 L9 569
Jan, 5,1986 100 97 45 97 o dy
Jan., 8,1986 160 100 5.5 100 5.8
Jan. 9,1986 15 iy 6.0 14 5.2
Table 3 Calibrated Stabllity for Ground Targel (Dec.16,1¢85)
; . - SR "
Transmltter Recedlver No. of Measure Value of Cbs.ng) |
Aperture(cm ) | Aperture{mm ) S
- 2 o1 h650.14
IS 8 54 hovo. 1y ;
tox g 2 9 4650.09
0.5 x 2 55 649,97
Py b 2 69 1|6[i9 Y
Uu 3 x g 1 13 ;6;() 16
Avaeraga !6/0 UUithl
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HTERKOSMOS LASER RADAR, VERSIGN MODE LOCKEY TRALK

K. Hamal, M. Cech, H. Jelinkova

A. Novotny, 1. Prochazka

Czech Technical University

Facuity of Nuclear Science and Physical Eng.
Brehova 7, 115 19 Prague - Czechoslovakia -

Telephone 848840
TWX 121254 FJFI ¢

B.B. Baghos, M. Tawadros, Y. Helalj

Helwan Institute of Astronomy and Geophysics
Academy of Scientific Research and Technology
Helwan, Cairo - Egypt -

TWX 930670 HIAG UN

ABSTRACT

The INTERKOSMOS 2.generation satellite laser station, built in
1980, Tocated in Helwan, has been operating since 1982 in the mode
tocked train version. To improve the performance several upgradings
have been made since 1984. To improve RMS, the new Start detector
and HPE370B counter have been implemented. To improve the reliabitity

the transmitter has been placed %ntgmihenﬁﬁudevMignstudyn&ew~detect@rsg“~~~~~““““*

....................................

the independent receiver chain No.2, consisting of Newtonian 32 cm
telescope, detector and HP5360 counter has been implemented. This
arrangement ailows to apply different detectors inciuding solid state
silicon diode operating at room temperature on single/multi photon
signal Tevel,




TR RAGSMOS LABER ADAR,

E:isION MODE-L . CKED TRAIL

K,ﬁamai,M,Cech,H.Jei{nkové,aaNovotn§,i.Prochézka

B.B.Baghas,M.Tawadros,Y.Helali

The INTERKOSMOS 2.generation
tocated in Helwan,
train version [2]. ToO improve the
have been made since 1984,

7o improve RMS, the new
nave been implemented.
contributed 50 psec to the RMS budget.
congists of PMT RCA3I1034A,
discriminator and HP5 370B counter.

70 improve the reliability, the transmitter has been placed
increase of
stability was resulted. The laser transmitter itself was examined
influencing the beam guality
under dif ferent conditions (5]
the independent receiver chain
¥Nr .2, consisting of the Newtonian 32cm telescope,
HP5360 counter has been implemented. This arrangement allows to
detectors (solid state diode .[61),
ranging has been provided using the original receiver chain Nr.l. 3
has been tested at the ;

into Coude focus. A tremendous

to identify the optical elements

[4]1 . The saturable dye was tested
To study new detectors {61,

apply different

To have a compar ision, the MCP PMT Varian
indoor calibration facilities [71.

To collect data from both chains,
package has been modified.
and data processing procedures, some other
been implemented into the software package.

The calibration and system
to the upgraded version «{10Q].

at the indoor cal ibration facilities .[9].
Summary.

before upgrading

1984
System stability (ps) 150
System jitter (ps) 520

Upgrading of the existing 2.generation
:,generation has been proposed ({10} .

laser radar.,
has been operating since 1982 in mode~locke:s:
performance several upgradings

The detector chain Nr.l
two HP8447 amplifiers,

the computer software
7o simplify the cal ibration,

puilt in 1980 {1}

Start detector and HP5370B counte.
The Start petector [31,

using a transistor,

ORTEC 4732

the laser output

L]

detector and

while routine

ranging
modifications have

stability tests have been acomodated

Tﬁémstrﬁng~signakmrasponsemfxom“PhﬁwP?QFgﬁipde was measured

after upgraging

1986
PMT MCP-PMT diode
110 25
300 100 100

laser station into
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JPGRADES AND NEW DEVELOPMcNTS
ON SATELLITE LASER RANGING
STATION FROM GRASSE

F. Pierron and the laser staff
Ooservatoire de Calern

Laussols

06460 Saint Vallier de Thisy -~ France -

fzlephone 393 47 62 70 - 93 35 58 49
“elew 470B65 F

RESTRACT

The Grasse Satellite Laser Station, operating since 1678, in & tirst
step with a decimeter accuracy has successively been upgraded,

At first the ruby laser was replaced by an active mode locked Hd:YAG
taser in 1984 and it puts the system at a centimeter level.

After that, in view to give to this station a tota) efficiancy and

zutonomy the replacement of the computer was undertaken and this improvment
should be ready before the end of 1935,

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ Th?sﬁape?de’sm‘?b‘ffi‘théS”ta?i‘ion‘tt}day’hardware%ndggf’—{;ware}ygta e B

erformances and 1ts prssibilities.




1.0VERVIEW OF THE SATELLITE LASER RANGING FROM GRASSE

The Satellite Laser Ranging of GRASSE is,in fact,
installed in the mountains just above Grasse where the
astronomical Observatory of the CERGA has been built. (Annexe i}

The site is a plateau at a 1250 meter altitude at
20 Kilometers from Grasse and the weather is particularly

favorable to Laser Ranging.

This §.L.R. Station developed in the Years 75-78 and
entirely financed by the French Spatial Organisation(C.N.E.S.}
obtained the first returns in 1978 and,since this time.in spite
of some interruptions,it has provided to the gcientific community

NN

TR

a lot of data of an increasing guality.

In order to minimize the interruptions of data,the modi-

—fications and upgrade have been carried out in stages.

in a first time the Ruby Laser System(3 Nanosecondes of PWHM: %
was replaced by an active Mode-locked ND:YAG in 1984 and in a %
second time{1985)the change of the computer and software was !

,,,,,,,,,,,,,,, undertaken;“,v

For this occasion,the software was totally refurbished
in taking into account the new techonology and the requirements
for the data(great number of data,need of quick dispatching the

results with the new link possibilities,...)

This very important work is beeing terminated in a few
weeks and so,the station will acguire all the possibilities of

a modern station.



<. HARDWRARE. EQUIPMENTS

Except the Mount,the Telescope and the computer,all
the hardware equipments are installed in a schelter ,where the
sperators stand during the ranging,close to the building.

The mount rests on a concrete pier at 3 meters from
the ground and a floor independant from the mount allows to
reach the equipment attached to the telescope.

2.1 MOUNT,TELESCOPE(Annexe 2)

The optical system consists of -

- The Telescope(Cassegrain)proper of a diameter or
1 meter and a focal length of B meters;it is especially
dedicated receiving light from returns.

- The transmitting afocal optics made of lenses with
a diameter of 20 Centimeters.

-A sighting Refracting Telescope to achieve some
adjustments(particularly the alignment of the transmitting

and receiving axe5¢hhg“fixingmdiree%i@ﬂyaﬂthO“obserVE“thé “““““““““““““““““ R

satellites when they are illuminated.

As the Telescope,the Mount was designed,drawn and bui’t
in FRANCE,it is an altazimuth system with an absolute
accuracy of about 10 arcseconds.,

The encoders{absolute)have a resolution of 1.2 arcseconds
{2 bits),

The laser beam 1is going to the transmitting optic through
a coude path with five coated mirrors.




2.7 ND:YAG LASER(Annexe 3]

This transmiter built by QUANTEL FRANCE currently
provides a single 200 Picoseconde pulse at a repetition rate

of % Hertz or 10 Hertz.

One of the distinctive features of this system is that
it is possible to operate the oscillator either in passive
{with dye) or in active(with pockel cells) mode:this active
mode is generally used for an easier operabting.

An active mode-locker{at 70 Megahertzl)in the cavity

increase the stability of the pulse train.

At the outgoing of the oscillator,the slicer(with
avalanches transistors)selects one pulse and,after a double
pass and the final amplifier,the single pulse energy 1is §

~urrvently 100 Millijoules per shot in the green.

2.3 TIMING EQUIPMENTS. (Annexe 4)

The chronometry is achieved by a Thomson event-timer
~of for channels(l start and 3 stop).The resolution of this

egquipment is of 100 Picosecondes.

The start time is trigerred by a rhotodiode on the
Laser bench and through a TENNELEC discriminator.

The Photomultiplier tube(RTC 2233b)is going replaced
in a few time by a Micro channel plate HAMAMATSU PMT in view
to increase the RMS of the data and reduce systematic biases.
A constant fraction discriminator TENNELEC is used for the

stop channels.

With such a configuration,the RMS currently

achieved is from 3 to 5 Centimeters on a zsatellite pass.



2.4 COMPUTER:

The Computer is a DICITAL EQUIPMENT(DEC) PDP 11-732
with & memory size of one Mega-byte and an optional hardware
to increase the spesd of floating operations.

- Numerous specialized interfaces to control the Servo of mount,

the encoders,the avent-timer,electronic systems to alaborate
the range gate,..

A 2 paralliel I/0 64 hits

# 1 Real-time clock

b
et

Digital/hnalog convertar
~A Track-ball{connected by an asynchronous linklin view:
* To introduce corrections during the tracking

* To process the data

““““““““““““““““ Biffer@ntm&gg5‘6@.{‘&%‘85&?8Canneqtedtgthiscém?uﬁer:
- Two removable disk systems of 10 Mega-bhytes

A One for the system.

* One for the software developments.

=~ One Winchester disk of 160 Mega-bytes

*Storage and editing the data.



ne Magnetic Tape drive{one-half inch,i600 BPI:

% Disk backups
% Editing full rate data
* Different exchanges

This computer is connected{by the VAX in grasse) to the
computing center of CNES in TOULOUSE.

i
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The computer is running under the Real-time Multitask,

Multiusers RSX 11 M PLUS Operating System.

According to their functions,all the modules were written
either in Assembly language(Driver modules ,Process control,

Interrupt services routine modules,...) or in Fortran 77

................... Language for all the scientific calculations and every time it

was possible.

The programs are accessible to the operators through

a system of Menu .
The different possibilities are:

~-Computing the shedules of a given satellits=.

-Tracking:
* Stars.
& Satellite(Ranging)
~Target(Calibration)



- Preprocessing Data
* Manual

* Automatic

- Editing
AQuick-Look
*Full rate Data

3.1 SCHEDULE COMPUTING(Annexe 5)

Once a Month the Opetator éomputés the Séh&dule of
LAGEDS, STARLETTE and ﬁJISAI(Rlse tlme Set time ,Max Elevation}
in view to establlsh work schedule for the crew.

. These computations are achieved with the IRV far LACEQS
and Keplerlan Elements for other satellltes.

3.2 TRACKING(Annexe 6 et 7)

The capabillty to track the stars{dlrect and reverse)
" is needed to adjust the encoders and the parameters of the

mount.

The tasks which control the tracking of a satellite

are numerous.,

-Preliminary computation of Sité,Azimuth and range
of the satellite every second of time.




in veal: time:
interpolating position(50 Hertz}

4 Servo control of the mount{activation every 20 Milliseconds
by internal clock)
Reading Encoders
Reading Track-Ball for caorrection
elaborating speed orders f{or servo amplifier site and

azimuth
4 Interpolating rangs and derived of range
# Loading Range Catel(hctivation by an interrupt on firing,5 Hertz?

4 Reading Start an Stop time on the ewvent timer(Interrupt on

the end of gate)

%~Com§uting of residuals for the exact firing time(With
predicted range and his derived)for later processing and

recording on a file.

A4 Ploting on Graphic display residuals and informations for

operator.

Q"iﬁf{éa{'{iing"{}?f@fatbrCﬁmmaﬁdsn ......................................................................... e e

After each pass,a calibration is achieved on a ground

target erected at a distance of about 2.5 Kilometers.
rive hundred returns are recorded and processed.

The calibration is appended to the file of the

preceding pass with the meteorological data.

i
5
B
i




3.4 PREPROCESSING DATA

The preprocessing of the data is entirely based on the
residuals computed during the pass.

To avoid to spend a lot of time to read files and to
give more flexibility to the software,all the data are loaded
in the memory of the computer at the beginning with managment
memory facilities.

The data residuals are plotted on the graphic screen
and the operator can execute with the Track-ball a manual
cleaning (Annexe 9)of the data,after what an automatic
algorithm{with polynomial fitting,elimination at 2.5 RMS and
iteration) terminates the processing. (Annexe 10).

3.5 EDITING QUICK LOOK AND FULL RATE DATA:

After the cleanihg'of the data,the operator can edit
quick~look of the pass and send it to CNES in TOULOUSE where
an automatic telex will send it twice a week to the users.

The full rate data are computed and stored on the
Winchester disk and on a magnetic tape.

The original file(not processed)is copied on a tape
to be preserved.
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AMNEXE

SATELLITE GEODESIQUE
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THE SBG LASER RADAR STATIONS POTSDAM AND SANTIAGO DE CUBA
STATUS AND PERFORMANCE REPORT

L. Grunwaldt, H. Fischer, R. Neubert
Academy of Sciences of G.D.R.

Central Institute for Physics of the Farth
Potsdam 1500, G.D.R.

Telephone
Telex 15305

J. Del Pino

Cuban Academy of Sciences

Institute for Goephysics and Astronomy
Havana, Cuba

ABSTRACT

ystems are based on a modified d-axis satellite tracking camera
Their basic concepts and technical performance are typical for
neration devices. Blind tracking of LAGEQS using narrow beams is
ible with the help of a star calibration method. The systems are ope-
with Znd generation performance since 1981 and 1985, respectively,

w.v
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Patsdam st

e B T R

ation is contributing continuously to the MERIT project

LAGECS tracking at santiago station started in December 1985,
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4. Station 1181 Fotsdam

"he SBG telescops wWas developed in itne early sixties as 2
photographical femoking camera ant Was operated at Central
ITnetitute for Physics of the Bar-: {7IPE) since 1466. In its
hasic construction, it was a Maksutov—Schmidt system (effective
diameter of receiver spties 32 em) on a 4-axis mount with axes
vo . 4 svd 7 fixed and aXxes 2 (along track) and 4 (cross track)
e Suring operation. Llong track movement wWas controlled
L punch tape with an accuracy sufficient for photographic
sracking of GECS type satellites (SBG mount see Fig.1).

The main modifications ts allow laser tracking with the SEG
was to mount an additional hinged fassegrain mirror in front
of the pho%ographical unit and to drill a cerital hole through
the main mirror. In this way the receiver optics ani related
electronics could be placed hehind this mirror. * two~stage
passively Q-gwitched rTuby iaser was mounted on the main tube
and moved together with the telescope. By inserting and re-—
placing the Cagsegrain mirror, alternating photographical and
lassr observabtions became possible. This 48t generstion system
(laser pulsewidth 20U ns, sisual tracking only) was operated
suceessfully since 1974, First LAGEDS returns wers obtained
in September 1977.

Especially through the years 1979-81, the system was up—
gradet to a 2nd generation device (possibility of automatic
observations, ranging errors of a few decimeters for all
exiasting laser catellites). The main hardware modifications
were:

- Equipment of the 3rd and 4th axis with step motor drives
and digital encoders for precise positioning, 2nd axis

with a theodclite for accurate control of inclination.

~ On—-1line computer control of the mount and related elec—
tronics (digital range gate, laser firing etc. ). For this
purgséé:”éhmIECWSQSMpré“interfaee~with~anéeskﬁapmﬂnmpﬂﬁﬁxumnm”m””

(8 — 24 kByte operational memory) as a controller is used. o

-~ Re placemant of the former laser transmitter (20 ns) by a

“ ns ruby laser 117,

There are somea limitations in further upgrading the system:
because of the opticalwmechanicai layout of the SBG mount
there is no possibility to install a Coudé focus. So both
1nger and recelver have to bs moved together with the mount
beeing unfavourable ssoeoially for more sophisticated laseTs
with shorter pulsewidih. rdditionally, the mount errors for a
h-axig mount are not B8O asy ts handle and can be controlled
exactiy only by siar calibrations limiting this method to
night and twiiight observations.

A program system for satellite position prediction, on-line

i
§
t
i
H
t

mouns ot ., data reduction and orbital elements improvement
fpom owe menourements was developed [2]. Additionally, from
ct=r obo2rvations an error model for the 4—axis mount can be

derived Leading to @71 ~bsolute pointing accuracy of about



+/~ 30" which is sufficient forp most fracking purposes with.
wider diffraction angles of +he laser. Totally blind tracking
of LAGEOS using narrow beams (20 - 30") can be attained by
cbserving the positions of some stars along the track of *he
satellite and finding the true setiing angles of the mount by
matching the observed and the catalogue positions of +the stars
via the computer. In this way the pointing accuraecy can be im-—
proved to about +/— 10" which is strongly enhancing the re-—
liability of LAGEOS tracking, especially uging the long—tem
predictions of the LAGEOS position editeg by the University
of Texas [3] to produce osculating elements for ths given
pass. | | | R

The station 1181 Potsdam is contributing continously +to the
MERIT project since the sho it campaign 1980,

2. Station 1953 Santiago dé Cuba

To improve the INTERKOSHMOS station distribution of highly
automated stations and according to the good experience with
the Potsdam equipment, a sécond SBC mount wasg upgradet asceor—
ding to the main construction principles described above. Some

slight modifications as enhancement of the laser‘outpyt,gnergy o

and simplification of receiver optics were done. The station
wag egquipped in cocoperation between G.D.R., U.S.S.R. and Cuba.
After the installation in summer/autumn 1985, first perfor—
mance tests were carried out during Dec.1985/Jan. 1986 proving
that the main performance data are similar to the Potsdam de—
vice. In Fig.? and 3 typical range—n&ise:histograms on a pass-—
by-pass basis fer both stations are shown. For the Santiago
station it was gained from the performance test periocd, for
the Potsdam station it is derived from the whole MERIT main

campaign. A comparisen Qf‘ﬁgmg;xamhniaal“da$a~%&®weeﬁ~ho%hm~“'“““'“”““

stations can be found in Table 1.

Table 1: Technical data of 3BG stations 1181 and 1953

Location Potsdam, G.D.R. Santiago de Cuba
Station number 1181 19513
Laser type Ruby, TEM,, Ruby, TEMoq
Pulsewidth/ns 5 5
Max. output/mJ 200 800
Min. divergency/" 20 20
Q—switch Dye cell Lye cell
Receiver type RCA C 310344 FEU 79
Quantum eff. /% %) 10 o 3-5
Bus controller HP 9825 3 EMG 666 B
Oper. memory/kByte 24 _ &
Time base ZIPE time ger— LORAN-C

vice {Cs-cloeck)
First operation March 1974 *x) December 1985
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AEBIGUITY AND RESOLUTION oF & MODE-~LOCKED
PULSE TRAIN LASER RADAR

R. Neubert, B. Ritschel, I. Grunwaldt
Academy of Sciences of G.D.R

Central Institute for Physics of the Earth
Telegrafenberg A 17, Potsdam 1500, G.D.R.

Telex 153058

ABSTRACT

The accuracy of a multipulse lasger radar has been studied
with indoor eXperiments ang computer simulation. For the ex-
beriments a mode-locked Hd-YAG lasger producing 7 4o 9 pul ses
of 4.6 ns spacing at 10 Hgz repetition rate ig used. The fre-
quency—-doubled pulses are divided by & beamsplitter and recom—
bined at the photomultiplier which ig working at the single
photoelectron level. The time-of-flight data are treated by
Gross—correlating the empirical distributions corresponding
to the +two light paths. This leads to an estimate of the
time»ofmfiight difference.Using a large amount of data sets,
the following parameters are determined:

pulse spacing :
b} the standard deviation of the unshifted estimates,
For the parameters of ocur system, the percentage of "Ygood"
estimates 1ig higher than 90% ir more than 200 measurements
are used. A standard deviation of abous 100 ps is obtained
under the same conditions. Thesg results are obtained using
electrostatic PHT's with about 500 ps jitter.
Good agreement between the experiments and computer simu—
lations is foung. Thus the simulation method is used to
determine the system performance in a wider parameter range.
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rormik Berlin). Assuming that the start- and stop-
lons are squal and independent in 4his case, the
time nolse can be calculated to he 100140 pa. For
ments with PMT receiver, the SP 109 was alwavs used.
he jitter of the RCA C.310344 can be estimated by qun~
tic suh%yaséieﬁ.gf the start noise to be around 350 ps..

% tnis sxample. it can be seen, that the start-time noise
only small influence on the overall regolution in our
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The precision 6f the cross-correlation method

he generally adopted method for treating the data of a
mode—locked train laser radar is. to caleulate first the fre-
quency distributions ef the calibration- and the ranging—
measurements sagaraﬁelyﬁ and.then,ie_ds%&rmiﬁe the time shift
fﬁf>mazig*u.aexrﬁiaticn of the twg distributions. An example
stribution is shown in Fig.2. The two subdistributions
aﬁsﬁfﬁing_%ﬁ_@ath 1 and 2 afe_wsll_s&@araﬁa@ from each other
by roughly %Q.gsg Gonveluting hoth distributions, Fig.4 was
b1 i..In this figure the convelution sum ie plotted 1ike
linking the points separsted by the bin width of
g . maximu -ean be-determined very aceurately using
rpolation method. In ocur case we obtain for the
t of maximum correlation (641,416 £ 0.1 )ns.
investigate the precision of the method, the measure-
of this and several other experiments were arranged
nto groeups. Then the croas—correlation methed was applied
o each group sc that an engemble of time shifts is obtained
from which statistical eglimates for the precision ecan he
gained. The parameters under consideration are:

&

. the percentage of time shift results deviating from. . ... . i

the real Value not more than half & pulse se paration
(this guantity called "uniqueness™)

the HMS error of +the results deviating not more than
half a pulse sevaration o

parameters are plotted in Fig. 5 and 6 in dependenas

2 quantity ¢of measurements. As a normalized measure of
ata quantity we are using {(1/n, + ?fnzf%@ where n, and
the number of measurements for path 1 and path 2,
tively. Thie is just the probable srror of the ranging
gz for a single pulse system, expressed in terms of +the
rd deviation of a single time interval measurement.
imate the unigueness {resp. ambiguity ) arnd pregcision
the measurements, 10 runs of 1000 points-each ars used.
tal ensemble of 10000 measurements is arrang=d into

of n, + ny = 60, 120, 240, 480 individual measure-
for each group the cross-—correlation methed is applied
n the generation of an ensemble of ranges from .
nteresting average parameters are gatinated. The
g_uerﬂﬁﬁe“twq.light“gaths.are”glighﬁiyaeh&ngiﬁg~
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from run tc run. Therefore averages for the parameter

(t/n, =+ 1/n4 Y% have to be determined also. The resulting
experimental values for the uniqueness and precision are
pletted with the symbol Hett o in Fig., 5 and 6.

For comparison with thecretical values and fo obtain more
general results (including different shapes of the laser
signal like reduced pulse numbers), computer simulations were
ssnrried out assuming the photodetection process to be de-—
seribed by Poisson statistics and the timing Jjitter to have
s Gaussian distribution. The simulator is a pseudo random
number generator which outputs two possible numbers:

3 {corresponding T no detection) and 1 {detection). The
probablilities of the two states are determined by the average
number of photoelectrons (a) of the pulse according to:

PO} = exp (~s) ; P(1} = 1~ exp (~s) .
The simulator is called for each consecutive pulse of the
group using the pulse intensities as input parameters. When
he first positive answer QCCurs, the corresponding pulse
mumber is stored together with some added Gaussian timing
notge, By repeating this process, 5000 simulated time inter-
vals for both the calibration and the ranging channel are
generated and stored into the memcry. In this process, the
average return rate for the calibration ig set to be 50% and
for the other channel 25%.

T estimate now the performance parameters of the system
in dependence on the amount of messurements, example reali-
sations are selected from simulated measurements and then
treated by the cross-—correlation method in the same way as :
is done with the real measurements. :
The selection of the individual values from the memory is ;
done by calling an equally distributed pseudo random number
M”geﬁe%&%apm%@”é@@@$mina”thg”addressaslmigﬁuﬁﬁﬁmﬁlﬁh2§§lirnm”mnmmm
sations are used to estimate the performance parameters, 1.e. o
the uniquensss and the HMS error of a cross—correlation re~-
sult. -

To compare the experimental values with the simulations,
the average shape of the time interval histogram is needed.
I+ has been approximated by 9 Gausslan peaks with Gaussian
envelope according to

4

h = aag?% exp (k%/U) . exp ({(¥ - tk)z/aﬁz Y. (1)

T A I AR AA AR AN

The average experimental parameters are U = 4.61, & = 386ps.
The separation of consecutive pulses is

At = T - ty = 4.5%% ns,

S0 the relative resolution is G = & /at = 0.0848.

Using these parameters the results marked in Fig. 5 and 6 by
1k ape generated. They agree reasonably well with the experi-
meéntal points, especially for the unlqueness (Fig.5). This



agréeement is somewhat surprising because the lasmer pulse shape

fluctuations are not direetly modelled in the simulations.

Instead, the pulse shape is céhosen in agreement with the ob-

served histograms, Note further that the simulated results

showed almost no dependence from ny / n, if the above intro-
duced parameter (1/n, + 1/n, )ﬁéis'kept congtant, This ig
proved in the range ty/ng = 1.1, - ' )

Fer the eén&i@i@ns:usé&'iﬁ*c&xﬁexperimeﬁégs the following

cenclusions can be drawn: : - ' ' '

~ the performance of the system can be reascnably well deter-
mined by the deseribed simulation methed :

- 200 measurements for both calibration and ranging are re-
guired to have 9 per cent probability of correct asgign-—
ment of the data (not shifted by a multiple of the pulse
separation) SRR : )

~ the standard deviation of a result generated from 200 mea-
surements is in the order of 100 ps. o

The good representation of +ths experiments by the simula-
tien encouraged us +o study %hécé&pendénée-ef~the system per-
Pormance from the ‘laser pulse ‘shape and the timing resclution
more detailed. Some of the results are graphically represen—
'teéjin»§1g¢?*aﬁ&~8e~1ﬁ %ﬁes%ﬁffgﬁféég”béfﬁﬁthé”ﬁni@uenesa
parameter (broken lines, 1 at the vertical scale corresponds
te 100%) and the ratio of the RMS error of the eross-corre-
lation result to the single-shot timing jitter (full lines)
are plotted in dependence on the amount of measurements. The
relative RMS errcr as defined describes the effect of
averaging.
in Fig.7 for a fixed lager pulse sghape the influenceé of the
timing reso lution is represented. A3 a measure of the reg0—

lution, the parameter € Céefineidaagthanma@&ewafmﬁﬁameveraiﬁ“““””“””“5
""""""""""""""""""""" TREMS T itter of the timing system to the pulse separation of

the laser pulseg) is used. The time resgolution iz visualized
by the probability distributions of the tims intervals, i.e.
the shapes of the histograms for very large amcunts of mea-
surements .,

As can he seen from Fig.7, the timing resolution has a very
small influenceé on the uniqueness (resp. ambiguity) but socme
effect on the relative RMS error. This behaviour is +to be
expected. We conclude from Fig.7 that the resolution para-
meter C should be smaller than 0.2. Note that for a given
reso lution of the timing system, the parameter C can be ad~
Jjusted by the separation of the laser pulses which is
possible by choosing the laser resonator length,

The number of vulses in a laser pulse group is repregented
by the parameter U. Mors px@@igelyg'%hi%'ié-%%e”dvéfaii'
width of the probability distribution of +he time .intervals
according to equ.(1). The parameter U is chosen to be U = 6
in Fig.,7. o e
The dependence of the system performance on the parameter U




for a fixed resolution ( © = 0.1 ) is shown in Fig.0. A&s ex-
pected, the parameter U has almost no effect on the error,
wut strong influence on the ambiguity. Fig.B may be used to
determine the amount of data to reach & given unigueness

level. & unigueness sf 90% in connection with U = z

is
reagched for ny = nzssiﬁ, Por U = 1 only 20 measuremenis are
needed in both channels to reach 90% unigueness. There are
some methods to minimize the parvameter U inoluding laser
design, the combined use of nonlinear optical effectis and
well matched start detectors. With generally available tech-

T

wlogy, U = 4...2 should be a Tealistic value .

Trom the results of this gtudy we conclude that the mode~
1oeked train laser radar remaing to be an atiractive variant.
Tts main limitation, the ambiguity, can be reasonably overcoms
using a sufficient data quantity. The minimum data amount for
a given probability of correct assignment can be gained from
this paper. AB a guide to good per{ ormance , one should restrict
the number of pulses per Eroup to 2 minimum and adjust the
pulse separation to roughly 10 times the timing jitter.

i special sdvantage of the rigorous use af single photoslec—
tpon detection is the 1aow level of sysiematic srrors. This
gives the possibility to attain normal point errcrs neal 1 oom
even by using conventional electrostatic photomultiplier
tubes.

i

i
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3.GENERATION LASER RADAR, VERSION MODE LOCKED TRAIN PROPOSAL

K. Hamaly IV Prochazika

Czech Technical University
Faguity of Nuclear Science and Physical Eng.
Brefove 7, 115 19 Prague | - Czechoslovakia -~

Telephone (1) 848840
THX 121254 FIFI €

fo range the satellites and the Meon at the 3rd generation tevel
(rms<® cm}. laser transmitters generating mostly single pulse are exploited.
Foliowing the idea of £, Silgerberg (4WLRI, 1981) and B, Greene (SWLRT, 1984)
we propose-te exploitd the full train of mode locked pulses. The simplifi-

cation of the Taser transmitter is tremendous, the laser output average power
may be 3 to & times higher for the same material damage threshold. To avoid
the ambiguidity in range determination we propose to use the tranzient digi-
tizers as the START/STOP discriminators. The ambiguidity is removed by START/
STOP signel crosscorrelation on the shot by shot basis for satellite/multi-

proton/rangingAssuming the Moon ephemsyis quaTity, ¥he possible ambiguidity
in Moon ranging at single photoelectron level may be removed by ranging data
ac : _

e




ion lacer radar /version node locked train/proposal

. W5 sinale shot { 3ca (200 picoseconds)

JTITER budget main contributors - detector
- laser pulse
- discrinimator
RETERTOR jitter cortribucion
Wl /milni PE detection/  \/ [pulse energy] k
4

Hormal point acturasy  [average pover] s

LASER - pode locked train, d-oilp

1ses, puise HAFY 3psec

BEIECTOR - microchannel PHT

harduidth 400z, 18sV/div seneitivity
diserininators software nodelled
nonlinearities compensated

Craprt/Stop events data ersseoirelzted

IO - Tranzient, digiizer /Tekeronix _—y
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THE NEW SATELLITE LASER WANGING SYSTEM
AT CAGLIARL OBSERVATORY

International Astronomic Station of Latitude
. Lagliart -~ git&?y ' ' Co o
{39) 70 857857
6 OSSAST T

¥, Capoccia 7
WitroSelenia Sip. A
Cagliari |

Telephone (39 70 99957

TR 731090 :

ABSTRACT

About one yearago the restructuring of our laser station. was begun,

witt the ieﬁ%g?ﬁ&l'agsisi§ﬁce'sf‘tb@ Vitrosetenia Company of Cagliari.

The work consists of the total substitution of tracking, contrel and
acquisition equipment,

_ yngroutthe work the pring ConsTaEFETON Was ERat OF The reii s
y and precision of each single component.

¢ new station s expected to become cperative in the first months

s




1. TRANSMISSION-RELEPTION PULSES SYSTEM

At present we have availabie a first-geueration Q-swit-
chéd “uby Laser that was custom-ouilt for us by Apollo Lasers
inc.

This system remained inactive for aboct three years for
various reasons, most of which of a technical nature.

therefore we are now in the process of verifying the effi-
ciency of the pochels Cells assembly, the Q-switching system,
the optical alignments, the electrical system and also the
tracking system (fast diode, PMT, +ignal amplifiers).

The characteristi¢s of our Ruby Laser Transmitter are gi-
ven in Table 1.

For the transmissicn and reception of the laser shot we
use a single reflector telescope of the Cassegrain~coude’
type, the lenses of which were made in Florence.

tn the previous system, transmission, reception and TV
control were carried out' by means of three distinct tele-
scopes, with consequent problems of mechanical inertia, opti-
cal aligrnment and electromechanics.

We therefore designed an optical diagram that couples the
rhree optical paths with the use of dichreic mirrors and beam
splitters with minimum variations in thée percentage of signal
power lLoss.

As for mounting, we have available the hbase of . Con-
traves BOTVCS-B cinetheodolite the electromechanical compo-
nents of which have been replaced, partly because they were
~-solete and partly because they had deteriorated.

The characteristics of the telescope are given in Table 1
and the optical diagram is described in Figs la and 1b.

Tabie 1 .

Oscillator Red 1x7.5 cm AR coated ruby
amplifiex 1.3x15% com AR coated ruby
O=-Switch 1 ¢cm clear aperture,

KD*P pockels cell
Cavity configuration Flat-Flat, pulse-~on switching
Wavelength £94.3 nm
Line width 0.3 A fwhm typical
Output Enorgy 1 Joule in 5 ns pulse width
Beam divergence 3 mrad
Repetition Rate 60 per minute, maximum
Main Mirror 50 cm

Quartzand aluminium
Equivalent Focal Length 5 m

Field of View 0.0002-0,006 mrad

AT

SEETENT
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agimotl and elevation drives  the cinetheodolite wag
1 with servomotors of the type with direet current and

5 for following are driven by servoamplifiers. and

ig' read by speedometer dynamos..

speedometer dynamos, which make up the velocity feed-
: the servoamplifisrs, are keyed on the same anis

tore themselves, PR _

servoamplifiers, built with LST technology,

' converters with' bidirsotional, highwspeed resg-
wave modulation [(PwMl, :

g aregoverned by & microprocessor which care

%Ltia
et
[ .
re]

R
£3

<
i
£F
et
O

»

be following duties:
vz of the drive units
isition of angle data
ing of speed and position loops
cswitches : :

fir

cguing with computer personnel

croprocessor divectly gcverns the function of fol-

: snerol by means of the positién feedback supplied by
reoders, oo S .

e azimuth and elevation encoders used are of the abso-

type with a 16 bit angular resolution: they consist of an

tical-mechanical part and a card containing all the elec-

tronic  interfacing to  the data acguisition and econtrol

RICroprotesssy, 0 T e T
In erder to optimize the angle readings the encoders were
installed close to the two rotational axes with a system. for

b
T

the taking up of mechanical play such as ¢o guarantee aim

tia which are coupled to the awes with gear wheel -

Table 7
SERVOMOUTOR END ABSOLUTE ENCODER
77 Hem

240 Watt
0.18%

i
wbh o a tolerancs of. <0 L-degrs e S e e -




3. DATA ACQUISITION BYSTEM

23 in the case of following control, the data acguisition
sub-system 1s also governed by a microprocessor which carries
cut the following tasks:

a) time reading at the instant it receives the stop signal
from the PMT;

L) telescope position reading;

¢} Reading of time interval recorded by the time interval
counter; _

4} temperature, humidity and pressure sensor readings;

e} Dialogue with computer personnel.

The eclock is triggered by the 1 Mhz sample frequency of
cur Master Clock and therefore gives a resolution ¢f 1 us.

Furthermore, the clock is equipped with an output at va-
rious frequencies for thé laser control trigger.

_ Readings are carried out serially at the moment in which
the stop signal is received from the photomultiplier in the
order given above. )

Phe entire system will be managed by an IBM or IBM compa-
tible perconal computer to facilitate the management of both
+he follow contrel and data acquisition suyb-system and the
files of data acguired during satellite rangings.

tn Table 3 the salient characteristics of the system are
described.

Table 3

DATA ACQUISITION SYSTEM FEATURES

CLOCK RESOLUTION 1 us
CLOCK PRECISION not yet verified
"""""""""""""" PULSE TRIGGER FPREQUBNCY- - 1Hz~10Hz
HP COUNTER RESOLUTION - 20 ps
HP COUNTER PRECISION 100 ps
Table 4

STATION SITE DATA

STATION NUMBER 4969 (Punta Sa Menta)
LATITUDE 38°08-32¢"

LONGITUDE geng 12"

ALTITUDE 202 m ssl

CAVU Average 120 days an year
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1. STATIOH REPORT AS PER SEPTEMBER 1.18986-

LASER

Measurements proved that the emitted 1acer energy in the mearn
wag never above 5 millijoules. 4 traction of the permitted
energy with the Quantel 402 DP laser. yet already at this output
tevel the KD¥P doublers had to be reworked quite frequently. The
reason for this 1% suspected insufficient mechanical stability,
and possibly uneven energy profile of the bheam.

The average frequency of tne laser shots aleso was never up o th
”'"é'siéfgfﬁé"fi"ﬁé"{i""@“"'ﬁZ'"-"at’~-%@yn-bm..nmg.ﬁ.ti&i.Mi%ﬁgﬁiﬁf"i around 5 Hz. This in
turn reduced data-yield. Bctive/s
futuyre will improve this situation.

An unnoticed breakdown in primary laser conling caused destruc=
cion of a ND-YAG window and consequently a nreak in observatlions
netwesn July and SepLember 1485,

The puige*seleitmf {Krytron switch) proved unreliable and will
pe replaced DY rhe end of this yeat.

TRARSMIT gPTICS

The lenses of the Galilei telescope Were replaced Dy & more pre-
cise set with netter coatings. +hus affording better brangmit-
tance and far field.

RECEIVER

After the protective shutter had been instailed, and 1 GHz band-
width orovided for the timing channel. the microchannel plate
photomultiplier {Hamamatlsu 2179407 was tried with some good
resulls.

397 of the datas though, have beeb gathered with the conven~
rional phﬂtemultlplier model D3418 by EMI.

A HPS370A time interval counter was purchased 10 spring 1986 and
sdded to the system. Due to the computer 1imitations mentioned

pasgive moda~{ocking in the neat

T

4



matbicy. . c

. wheather limited. observations.. as well as the Bad -moctur

below, it could be used only for calibration purposes so far.
Intercomparison with our time digitizer showed a small reduction
in digitizing noise, but no noticeabls gifference in syebe-

COMPUTER , : P :

The software was extended by some degres: most prominent exten-
sions were the possibility of communicating via GE-Mk 2 (making
telex transmission of QL data obsoleted. improved tracking sup-
port and data screening. s 3 Sl

~Fhe station c@mguter,?ﬁPfliwéé.aééér_RTfll'ané orly 64 k@gi&:¢§
RAM: limited .the program evolution . and many few concsEptd Sould

not yet be implemented. Becauseé of this, and the increasing fai-
lure rate, we decided to introduce a new computer, most possibly
during 1987. ' ' ' S

-TIME SYSTEM S L _ ' o
~The statlon was. fitted with a BVA quartz oés5c¢illator as principal
‘time-base. This type of osgillator is reported to yield the best
short-time stability, ' ' -

CPERATIGNS
Tracking efforts were considerable. but vields moderate. Th
e

L e

al
coverage by LAGECS in  summer 1986. Much time was put int
calibrations, to finally be able to speécify an errer budget.
Some special afforts were taking place in the fall of 1985, when
the dutch MTLRS was visiting Mte. Generoso in southerpn Switser=
land. SLR. terrestrial LR and GPS obgervations were gatheced.

‘Results are presently under review. . . T

FUTURE IMPROVEMENTS AND ADDITIOHS

The modifications. of the laser for active/passive mode-locking

—and-spatial-filtering are under - way U THE CORpUTST PEPTECERERE T

{most probably by a DEC Microvax) and an exchange of angle-
encoders will be the most prominent upgrades at +tHe station in
1986/7. We also hope. by modification of the building structure,
to-gain space for a new laser table. The purpose is fo rearrange
the laser related equipment to facilitate a mechanically more
stable setup., and to solve the radic interference problem into
the electronic system.

: Z. PRECISION ESTIMATE OF ZIMMERBALD LRS
This summary report coverg the period September 1984 through
August 1986. More detailed information is available on reguest .

Z.1 MODELLING AND ENVIRONMENTAL ERRORS

The survey error is not being specified because we describs a
stationary system.

Refraction corrections are especially sensitive to the prassurs
measurement. From barometer trips from the State Standards
Laboratory, we conclude that the mercury  barometer at  our
station is not beyond doubt. This situation is being cleared,




and for the reported period a worst case estimate used.1 Ho
<
measurements are made below 30 .

2.7 RANGIHNG MACHINE ERRORS

SPATIAL VARIATIOR

¥o test of this has heen made due te the 1ack of external calib-
cration. We trust that our mode~locked QUANTEL laser performs
equal to those tested at GCSFC.Any remaining spatial gffect
should tend to average out due to our rather erratic tracking.

TEMPORAL VARIATIOR

he we perform in-pass calibration: temporal effects are
minimized. However, the calibration measurements have bDe&en
averaged over the whole pass so far. The mean has been rounded
to 17106 of =& nanosecond. intreducing a rounding errorl which
should not introduce systematics.

AMPLITUDE DEPEEDERCE

The gysitem WaS mostly operated in the 1-10 photon region
{LAGEQS). Stronger refurns were noticed on the display and the
peam immediately widened, thus limiting time-walk. Any excess
amplitudes could be detected after screening and appropriate
measures taken.

CALIRRATIOR PATH _

The internal path geometTy can be sufficiently well measured. On
the obher hand there 1s & piece of optical fibre for feedback .
the delay of which has to be measured electro-optically. The
method employed ensures 3t uncertainty of less than 100 pico-
ceconds [ a value which can De improved 1in ghe future.}

CALIBRATIOR {METEOROGICAL CONDITIONS)
Not applicable because of internal calibration.

MOURT MODEL
'“ﬁ@ﬁﬁtméﬂﬁ%ﬂ%fiaitymis”remoﬁsﬂ“?Ymiﬁﬁm???gfnal calibration.

TIMING ERRORS

Daily TV comparisons ensure an accuracy of ¥F1 microseconds an
additional allowance i¢ made for the drift of the TV delay-
constant, which 18 checked yearly DY clock transport. Since thisz
method allows only " posteriory’ time comparison. the QL data
epochs are of LORAN accuracy. {(F 5 us worst case’.

ge finally wish to remark that we miss a specification of the
chort~time stability of the flight-time clock {scale factor} !
We urgs that this iscue be discussed at the next opportunity !

lgote: A fault in the mechanical readout of the barometer has
nean found meanwhile: no adjustment 1is made of the data because

the error was judged negligible.




RANGING ERRORS {CHM}

PASS DAY MONTH INDEE .,
HODELLING ENVIRONMENTAL ERRORS
ATHOSPHERIC PROPAGATION |HMODEL) s 5 =
ETROSPRERTC PROPACKTION TSEYEORSTSaTomT ' '
 MEASUREMENTS o l_;Q 1.0 l_. G 1.0
EPACECRAFT CENTER OF MASE 5 2 2
"GROUNDG SURVEY OF LASER BOSITION —
BRI ACERESRT IO '
BLEET
1.2 1.2 1.2 1.2
BANGING MACHINE ERRORS
EFATIAL VARTETTON 1.0 ' : = z
TEMPORAL VARIATION == 1.0 3 1 1
STONAL GTEENGTH VERTATION
¥ eh 3.0 3.0 3.0 3.0
CALIBRATION PATH [EURVEY] 1.5 1.5 | 1.5 1.5
CALIBRATION PATH (METEOROLOGICAL CORBITIONSY N ' T "; '
THOUNT ECCENTRICTTTES = ' ] 1 1 1
R.6.8.
3.70 3.50 3.40 3.40
RANGING ERRORS (M)
TIMING ERRORS {MICROSEC)
PORTAELE CLOCE BET 1.0 1
BROADCAST MONTTORING 1.0
R.5.5. 1.5 . ) 1.5

ESTIMATED RANGING ERRORS FOR SATELLITE LASER RANGING SYSTEM
ZIMMERWALD LRS (7810)

1984-1986
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THE NEW CERGA LLR STATION

Ch. Veillet, J.E, Chabaudie, Ch. Dumoulin, D, Feraudy
P Laﬂa3sss J. F Maﬂgan, J. Pham-Van, J M. Torre
cCUELRLGUA, e _ I
oo Avenue Copernic e

”f,'96?38 Grasse - France-w .

'ﬁ«_*T;jTeiephane 93 36 58 4@
- Telex 470865 F -

ASSTRAC?

The ﬂew‘Cerga Lunar Laser Rangzng stat%on 15 presented with itg main
characteristics. The new YAG Taser delivers at 10 Hz *wo beams 300mJ each
in green with a 300 ps pulse. The new trans&ztt?ngirﬂcp3V?§GE§aémt§%§
package is described as well as the computer environment. The first seriec
on a single night (obtained after the wsrksﬁep}ar& f}ﬂa!?g shown,
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1/ Introduction

The OCERGA LLR station has been operating for four years with results increasing both in quantity
and quality. I gsed 2 ruby laser with a 3ns/3J pulse and 10 shots per minute. Fig. 1 shows the
progression in data quantity and divessity {various refleciors ...}. Bince April 1984, the normal poiné
accuracy has been atable around 16 cm on the Moon distance, The OERGA station has been the most
produckive in 1985, and more than 2/3 of the UT determinations made from LLR that year have used

CERGA data,

74 7o

1983 (w7245 1984 (n=357) 1985 (a=766)

LEGEND:

2 fipelle Kl
& fpollo KWV
i fpelle W
B Lunakhed ¢

Pig. 1 - Normal point total number and repartition over reflectors - n is
¢he number of normal points obtained with the old ruby laser at thke CERGA LLR
station for the givem year.

In order to bmprove the accuracy of the data, an upgrade on two years has beenvgi;ﬁ'ﬂéé'%f 1985 T

and 1686, including a new vomputer, & pew izser and the new transmitting/receiving equipment linked
so different laser rate snd wavelengia.

2/ The laser

iy

fig. 2 shows the implementation of the new Quantel Nd-YAG jaser components on the granite.
The oscillating cavity can work in both active/passive {dye cell) or active/active modes. After the
slicer, each pulse is 1mlin 200 ps in active/active mode, or roughly .4 mlin 200 ps in active/passive
mode, both at a 10 He pulse rate and in infra-red. Two consecutive Tmm rod amplifiers permit to reach
260 m] in active/active mode, This pulse is divided in two equal pulses, both of them being finally
amplified on ite own third amplifier {9mm rod}, a delay line insuring a simultaneity of the start at the
granite edge. The final energy is 600 ml in infra-red per 300 ps pulse and per beam at 10 He.

By changing the Fabry-Perot glass at the cavity cutput edge, other pulse lengths in ackive/passive
mode can be obtained down antiil 25 pa. They can be used for exemple for accuracy tests on the
electronice. ¥ the active/sctive mode i easier to work with (there is dye check and maintenance), it i8
tess stable in energy. This mode has been used at the beginning till December 1686, The active/pasaive
mode iz now used due to a much better stability.
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Fig. 2 - Laser configuration - Energies are given at 10 Hy rate for 300 ps puilses.

The shape of the two. beams
st the edge of the laser snd on the -
telescope aperture ¢att be seen oy
Fig.'$. Hach beam has 4 9 nm
dismeter dfter the last amiplifier.
The two beams are made paral-
lef 2t the laser edge with 2 9 mm
separation. At the matching lous

fevel, the faser spote are fanioe 6

1.5 m

-

. at
telescope
aperture

Hicrease

osen in order to fncrea
by o factor 2 the emijttad ens ' " Y

in An.

18y withous Increasing the risks..oooovoo NSNS
- R | 18 o

of damaging the sptical compo-
nents, and for only 20% of luser
total cost, : Fig.3 - Double beam conflguration

&/ The i:r&nsmitﬁiug_frewivingfpeiming package

The general design of this package is shown on Fig. 4. This system is mounted on the telescope and
s moving with the telescope azimuthal motion, It has been designed in order to minimise the number
of optical components encountered by the returns, The transmitted beam is entering the telescape

after the matching lens (ML) and a reflection on a rotating mirror (RM1). This mirror itself starts the
laser when in transmission position. Its speed is monitored by the computer in order to inatre that the
returns are entering the receiving path through the hole of the second rotating mirror, in fact a rotating
hole (RM2). RM2 allows to send the pointed field on 2 CCOD camera and then to view the pointed area
on & TV screen when RM1 is not transmitting nor RM2 receiving {most of the time),

A &i&p-&ragm"aéjustéaiﬁ.ie from & to 80 i
dishroic giass (D) nends e g:ﬁ‘één'remrxzs' on the PM




o

Fig. 4 - Trensmitting/ receiving/pointing package - See text for information.

M1 (lower left] is sended on the receiving package through neutral densibies (MDD} for attenuation, &
second mirror M2 and a converging fens CL focusing the calibration in 2 peint OF conjugate of the
elescope focus. After M3, the calibration go through the dichroic glass (D} and follows the returs path

le inbernal calibration path is shows on the same Rgure. The light srensmitted by the first mior

£/ The computer and jis environment

The pew computer {PDP 11/73] has been installed in September 1985 and has menitorad the raby
aiation ten monthe before the laser change. [ts snvironment is shown on Fig. 5. The main characterictics
of the configuration is that the PDP is not concerned with telescope pointing and guiding. At the
beguning of each obssrving session, the date needed for pointing the Muon {9 refersnce cralers and
yhe fve reflectors) and close stars are sent feom the PDP to a microcomputer Vietor §1. This small

computer is sufficient for running the telescope for all the night with & very Friendly roftware.




The PDP is thus only busy with

the real time monitoring of the sta- ’ Tolsscops - '
tion : rotating mirrors enelavement, - baser siart dot.
5 ,

event acquisition (laser starts, inger- “1/4 Flop e ,;,amm P
nal calibration and in gate events), $ICTOR 51 ! Clocks z
gate commands, ... The event-timer - Tennalec|—~—; T

}

has one channel for the laser start \ .
¥ Flop. I
h.__ﬂ__f};,j\\

and three other for events {calibra-
tion or/and gate events). Ibs reso.

bution is B0 ps. A lnk ie planned
between the PDP and a OCD cam- X Bisk !/

ers used for pointing stars or features

on the Moon. It could be used for :
ah automatic pointing {planned for

] |

——.| Bvent-timer )
i\
\\ TriRee rotat. mirrors

\

PP 1173
BSE 11 #s

/

|
the end of 1987}, A data process-
ing is made at the end of each series
providing with the normal point {if [w e ’(;‘T b7 L Camera {L&ser
there are identified returns). At the ‘
end of the night, these data can be
used for a UTO determination, Fig.5 - Computer environment

|

i
{
i
!
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The PDP is linked to the VAX computer located at the CERGA down and the normal points can
be sent from the station on the VAX and from there on the CNES CDC computers.

8/ Conslusion

The system described here is working since the end of September 1986, It is planned to spend 8
months to test and improve the various components of the station recently modified or changed {laser,
electronics, mechanics and software]. It is thus tao early to give some conclusions on the efficiency
of the new station. The next paragraph added after the waorkshop will show the frst resuits, but ne
information on energy or error budgets can be extracted from these data. The PMT, the laser and the
internal calibration were not at there normal efficiency ... and the timing electronics was not tuned at
this time for minimal jitters and biaces.

The year 1987 should proof the quality both in accuracy and in efficiency that we hope to have
with this new LLR station.




&/ First vesults ...

Fig. 6 shows a plot of the residuals for four normal points obtained in November 1986 {ns on
the round-trip). The dotted Hne shows the fit done to determine UTO from thes data. It can be seen
that the pradiction used for the observations was very poor. The value finally found using X and Y
prediction from BIH is :

UTO — UTC = —0.00024 s {0 = 00127} at JD = 2446759.673591

The weighted rms of the residuals s 4.5 cm on the Moon distance.

g T T T T LI S B SR SR R TR v-[|‘1.|;|«§-v
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g...;.,,.!,x,r;..,5....5..,,!..,,3‘,.,
tg -35 -3 ~2.5 -2 -1.5 - C 0.5 aQ
Fig. & - First normal point residuals - November 1988 - Residuals for four
normal points in ns relative to the hour angle of the Moon (in hr}. See text for more
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RECENT IMPROVEMENTS AND FUTURE PLANS AT THE UNIVERSITY OF HAWAIT
LUNAR AND SATELLITE RANGING STATION

M.L. White
Lure Observatory
zzn5£itutep§aﬁ=Astrenamy :

SR LRI Uﬂiyeﬁgity;af,Hawaii_-

- Kula, HI 96790, L
 Telephone (808) 878-1215
o Telex 7238459 . .. _—

ranging station during 1986. A new data processing and software development
computer has been installed, and the real-time ranging computer has been up-
graded, The ranging electronics and optical systems have been improved. These
improvements and future station plans are discussed in this paper,
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¥ UNIVERSITY OF HAWALL
LUNAR AND SATELLITE LASER RANGING STATION

WECENT IMPROVEMENTS AND FUTURE PLANS AT THE

[.Computer Hardware Improvemenis

During 1986 at Hawait, major improvements have teen made {o the computer hardware.
Tye (o the increased demand on the ranging somputer by tunar operations, and the
necessity for on site lunar data analysis. a new Micro pUP-11 compuler was purchased and
imstalisd at the observalory's administrative office in Waikoa The new computer will free
up the real-time canging computer for sperations, white altowing the majority of software
development and lunar data anafvsis to be doge al Waikoa, Future lunar data arnalvsis
requires near real-time normal point formation. The operation's crew will hand carry lunar
dsts on & removable 76 megabyte disk cariridge to the Walkos dala processing ceanter where
the Micre PDP-11 will be used creale normal peints and earih rotation/polar motion
esiutions. The lunar data products will be entered on the GE Mark 111 svtsiem the moraing
after the dats is aquired,

Copcurrently, plans were developed and hardware purchased o expand the real-{ime
gperaling compulsr hackplane from 18 to 22 hite increase the virtual memory io 1.25
megabytes and increase ihe data storage capacity io 52 megabyies. These changes will

significantly speedup real-time execolion and sireamline operational procedures,
I1. Optical Improvements

b pew receive package Wwas instalied in the Multi-Lens-Telescope {BLT), grestly
improving lunsf ranging effciency. During normal lunar operation the MLT alignment
must be routinsly comparedios guide camera o insure correct telescope pointing. The new
receive package silows the operalor 1o verify the telescope pointing and alignment by the
stectro-mechanical movement of & movie camera inls the same tocaiion as the pholo

""""""""""""""""" miltiphier ke The new recieve package sllows pne operalor 1o perform a task in seversl

minutes which previously ook two operators nearly 30 minuies.

The MLT has 160 individual wrning mirrors which direct incoming light o a Comumon
freus. Thess urning mirrors were refastened after the epoiy. previously used to hoid the
mirrors in place, deteriorated. The deterioration of the epoxy caused the mirrors io became
{sose and unsiable. The old epoxy was not as mosilure resistent as sxpected. The pew epoxy
was applied in large quantities and is moisture resistant. A dramatic improvement in MLT
alignment stabilily was ohserved as a result of applying the new epoxy. A complete MLT
alignment is nov required every 2 menths rather than every 2 weeks.

A 1angstrom bandpass filter was purchased and successfully tested in the lunar regeiver.
The double peak. polarized interference filler substantially improved the signal-io-noise
catio on illuminstsd lunar targets and during daylight lunar ranging.

Tye o the unique design of the MLT, which consists of 80 individual tight paths of varying
lengths o light pathlength compensalor iz pneeded The compensaior ronsists of 3 cvclinders
o7 solid glass that fit in the optical path of the MLT delaying the longer path lengihs. AsiS
afisp the case with unigue pptical components, substantial faprication lime is reguired.
After nearly two years since placing the order for the compensator, it is expected  be
delivered by the end of 1986,




III. Ranging Machine Improvements

Plans to install a new Micro-Channel Plate (MCP) detector in the satellite and lunar
systems have been approved. As part of the the MCP package, new Tennelec discriminators
_ will replace the currently used Ortec 934 discriminators. The new detectors are likefy to be
installed and acceptance tested by early 1987. Other future ranging machine improvements
include new 50 pico-second vernier cards for the University of Maryland event timer
currently used in the lunar system.

IV. Calibration -

Currently, both the the lunar and satellite calibration are accomplished by ranging to an
external calibration board focated approximately 1 kilometer from the station. Internal
calibration will be implemented by early 1987. The satellite system internal calibration will
be easily accomplished due to the uniquely, simple design of the transmit/receive optics.
The lunar system however, has a separate transmit and receive telescope making internal
calibration more difficult. The use of a lengthy, single mode fiber optic cable will be
required, and considerable testing will be necessary to verify calibration accuracy. Unlike
the satellite system which uses a single stop epoch timer, the lunar system uses a multi-
channel event timer, making real-time calibration possible. In both the sateliite and Junar
system the external calibration board will continue to be used as a verification of the
internal calibration.

V. Observing Schedule

Over the past 2 years, the Hawaii ranging station has generally scheduled 2 observing
shifts, back to back during the evening, Monday through Friday. The 2 shifts range to
LAGEOS and the moon with LAGEOS as the first priority. This schedule resulted in a
considerable loss of lunar data when optimal ranging times occurred over the weekend, and
occasional loss of LAGEOS data, when LAGEQS moved out of the night-time window. As of
August 1986, the station began scheduling one shift during optimal lunar ranging periods
(including weekends), and scheduling the second shift to mazimize lageos coverage. This

new scheduling scheme, though sometimes complicated in the case of lunar scheduling, has

- greauyimproved [unar coverage and contributed to increased fageos tracking efficiency.
V1. Conclusion

The University of Hawaii laser ranging station has provided very consistent state-of-the-
art satellite ranging measurements to the scientific community for the past six years.
During the past 3 years, the station has regularly provided lunar ranging data in quantities
previously unobtained, and with normal point accuracies of less than 2 centimeters. The
improvements discussed in this paper will allow the station to maintain state-of-the-art
status by improving the ranging system accuracy and precision by a factor of 2 to 3,
providing increased satellite and lunar coverage, and  providing real-time earth
rotation/polar motion solutions.
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THE McDONALD OBSERVATORY LASER RANGING STATION : MLRS

J.R. Wiant, P.J. Shelus

McDonald Observatory and Department of Astronomy
University of Texas at Austin

Austin, Texas 78712-1083 - USA -

Telephone (512) 471 446
TWX 910874 1351 -

ABSTRACT

Since the last Workshop of this type, which had been held in Eng?anc'
SOme twWo years ago, a number of changes have been made with respect tg

which have been made to that system over the past two years. These impro- §
vements include, but are not limited ﬁggmgHqgwﬂhigh:ﬁnergy,”Short-payge“”Hﬂmmnwuﬁ

system providing for improved observing capabilities as well as for data £
pPre-processing and analysis, the installation of 21-bit encoders and a i
hew telescope bearing for improved tracking and pointing, as well as new

timing and photomultipliep equippment . A1l of the relevant changes will

be presented and discussed together with the impact of those improvements

on the MLRS data yield, both with respect to the moon and to LAGEDS.,

This work is being supported b the National Aercnautics and Space
Administration under Contract NAS5-29404 tp McDonald Observatory and the
University of Texas at Austin from the Goddard Space Flight Center in
Greenbelt, Maryland.
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introduction

The McDonald Observatory and Department of Astronoiny of the University of Texas at
a continues to operate the McDonald Laser Ranging Station (MLRS) for the NASA
tal Dynamics Program under coniract to Goddard Space Flight Center. The MLRS isa
1 purpose instailation designed for laser ranging operations 10 toth lunar and artificial
g e targets. The station s located on the grounds of the Cihservatory, about 17 miles north
of Fort Davis, Texas, Yarious gperational, programmatical, and logistical sapport is 4180
srovided by several personnel associated with the Department of Astronomy on carmpus at the
University of Texas in Austin, Since the MLES system and its operations have heen the subject
of 50 any reports in the past, this paper wili only cummarize the up-grades and improvements
which have been made to that system over the past two yEars {since the last laser ranging
workshop).

Jurt

Hardware Changes

The 18-bif absolute encoders On both axes of the alt-alt telescope weare removed and
seed with 21-bit encoders. Omly minimal software changes were required 1o take full
advantage of the increased angular resoiuion and the expected poinfing and tracking
‘mprovement was tecognized immediately. The full extent of MLRS pointing and tracking

vt

eyl
5:’;}1
1 €r

capabilities has still 5ot heen fully realized however hecause of suspectad bearing problems.

=

{especially for the telescope yoke). Work on this sub-project Continues.

A single, short-pulse, dual-power 1aser was supplied to us by N ASA/Goddard to ysplace
the original two-laser Systomm of the MLRS. With the help of Grant Moule, from the Austrabian
{aser ranging station at Orroral, this new laser went from shipping crate to operational status at
ihe MLRS within nine calendar days. The advantages of the new laser system over the old arz
numerous. Alignment and calibrations need nOw only be performed for a single laser. There is
possible & very rapid changeover from lunar to LAGEOS operations and vice-versa {(~2t
seconds). A mote convenient physical armangement allows for easier maintenance. And, of
mourse. (e ability to Tange the moon With-a 200, picosecond pulse (instead of the 3 nanosecond
pulse of the former systen) has nof been lost on the LLR analysts.

The Varian “super-fube” photomultiplier was recovered from the TLRS, when that systom
was np-graded to a more powerful laser, and this new tube was then incorporated within the
MLRS, This new PMT has been observed to reduce the RMS of hoth the internal calibration
and the data themselves by a factor approaching two over their former values, Further, the
Yarian is considerably less “noisy” that the previous tube ased. A cloud on the horizon is the
possible contarnination of data quality caused by a potential time-dependent “hearm-watk’
problem across the face of the tube.

in order to esiablish the capability of performing sirnultanecus data acquisition and das
reduction at the MLRS, some sdditional funding provided 6 us by the 1. 8. Naval Ubse
Slowed ws to purchase and install an entire second Dafa Cieneral Nova compuier sysiein
s MLRS operating environment. Ty addition to a new CPU, there were two 160 M-Byte
nehester disk systems (with asscciated dual-controllers), an sdditional 9-track magnetic @pe
deck, and vanous comrmunications peripherals purchased. Asan additional benefit of this new
compuier system 18 the fact that two dala streams can be cimultaneously processed {when 1o
ohserving 18 being performed) and we can temporarily share equipment C vetain full
ohservational capability (at the expense of data reduction) if there is an equipment failure. An
IBM PC/AT Microcompuler was purchased with various peripheral hardware and software
et as we seek to do Vsmart” cerminal emulation in anticipation of the eventual "death” of our

«
¥

surchased for documentaiion pieparation, the making of schematic

4 venerable Tekionix 4025 graphics corminals,  Finally, an Appie Masintosh PC.

S A R L RSN S




drawings, monthly reporting, and direct file transfers between the Austin and the Observatory
portions of this project.

In an attempt to alleviate as many seeing-related probiems as possible at the MLRS, an air
conditioning unit was purchased and installed in the MLRS telescope room. This unit provides
active temperature and humidity control during non-operating hours. Operations have been
streamlined since this installation because far less time need now be spent in waiting for the
telescope to come to thermal equilibrium with its surroundings after the dome has heen opened
in anticipation of ranging operations,

Finally, after 15 years of faithful service, our LORAN-C receiver has been retired. Tis
role in providing accurate €poch monitoring at the station has been taken over by a Globai
Positioning System (GPS) recejver, Also, we have abandoned our attempts to incorporate the
computer controlled narrow-pulse filter in the MLRS receive system.

Software and Logistical Changes

As might be expected, a myriad of software changes were incorporated into the MLRS
computing systems in concert with most of the hardware changes mentioned above,
Fortunately, because the MLRS was originally designed to be a software intensive one, these
software changes could be designed, coded, and debugged "off-line", well before the
implementation of the actual hardware changes. Thus, in most instances, they could be
incorporated into the system without requiring additional station down-time except for that
which was required for the actual hardware changes themselves. Further, many routine
changes were made in the data processing systems to accommodase data format and electronic
communications up-dates and up-grades. Again, each of these was completed and implemented
with a minimum of difficulty, all the time maintaining active communications with the outside
world.

As far as MLRS observing operations go, it is safe to say that since December 1985, the
. station has finally realized a large percentage of its original observaticial potential. Day-time

LAGEOS ranging is now accomplished with the same ease ag night-time ranging and the lunar
system has become as reliable as the 2.7-m System was. In reality, over the past year or o,
only the weather has been our major problem (see the illustration of MIRS data statistics for
both the moon and LAGEOS). With that in mind, a great deal of fime and effort has been
expended to examine the trade-offs between cost and data throughput to provide for the most

whatever physical and personnel constraints may exist. Each shift, wherever possible, attempts
to take the other crew's target as a “target of opportunity”. To the best of our ability and within
the constraints of our budget, those are the procedures which we try to emulate at the MLRS,

Using this scenario for our observing operations, it is €asy to see that the scheduling of
the LAGEOS crew is quite straightforward and can be tmplemented with little difficulty. For
maxizum lunar data throughput things get a bit more difficult. 'We attempt to maximize our
coverage at the lunar quarters {(completely ignoring week-ends). During a lunar ranging session
we attempt to obtain a minimum of three Apolio 135 reflecior observations with as wide an hour
angle spread as possible; all remaining time is spent on observing the other three accessible
lunar targets and/or observing any potential LAGEQS “targets of opportunity”. At the present
time, a successful lunar observation is considered to be made when a total of 25 photon returns
have been identified (in real-time) by the observing crew.




On other matters, as reported elsewhere in these workshop proceedings, we have
established real-time Earth orientation computations at the MLRS, using lunar data. Normal
tunar laser ranging data is identified, filtered, compressed, formatted, and analyzed on-site, and
when sufficient data exists, an Earth orientation reduction is performed. The results are
electronically transmitted to the U. S. Naval Observatory (and to other interested parties),
usually within hours of the data taking.

Finally, the MLRS Operational Readiness Review was satisfactorily completed in the
summer of 1085, testifying to the fact that the MLRS has indeed taken its place in the world
among the other fine stations in the international laser ranging network. The road to the
completion of the MLRS was a long and a hard one and, at times, many of us had our doubts as
to whether or not it would ever come up 10 the standards which were set by our old 2.7-m
system. To the future, we look forward to the time when the MLRS might be moved from its
present "saddle-site” to one which is much more favorable, in order that it might be truly raised
to its full observational potential.
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START DETECTOR FOR THE MODE LOCKED TRAIN LASER RADAR

I. Prochazka

€zech Technical University

Faculty of Nuclear Science and Physical Eng.
Brehova 7, 115 19 Prague - Czechoslovakia -

Telephone 848 840
TWX 121254 FJFI €

ABSTRACT

The start detector + discriminator for the mode locked train
laser radar is described. The device is based on the semiconductor
optical switch. The jitter test experiment using streak camera and
the optical sampling application of the detector is described. :
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START DETECTOR FOR THE MODE LOCKED TRAIN LASER RADAR
I.Prochazka

mhe Interkosmos laser radar is using the mode locked train
trapsmitter since 1983 /1/. The laser emits the train of pulses
HATWC 30psec, spaced at 2.00 nanoseconds {see fig.l). To start the
ranging electronics channel, the appropriate detector/discriminator
capable of responsing to the train of pulses was to be developed.
The most common set up consisting of fast photodiode followed by
constant fraction discriminator is far from gptimum, Pera 'se€ Do
disriminator available is able to respond to a single p:l.e from
a narrow spacing train with low jitter. A special type of a fast
fixed threshold detector/discriminator was developed b . Cech /2/
and applied 1983-85. It was based on the fast photodiocce followed
by tunnel diode monostable circuit and pulse forming circuit. The
jitter and time walk 150psec at the dynamical range l:2 was
schieved. To meet the high reguirements of picosecoad rarging
using the train, the new principle of dete~tor/discr 'minator was
developed.

Its electrical scheme is on fig.Z2. The circuvit is based
on the in house built semiconductur opto switch (08). The switch
is working in the avalanche regime generating on its output the
wniform signal (see fig.3) of several volts with fast leading
edge lOmV/picosec. The 0% switches at the fixed signal ievel,
this the'_fimt';su},se'highe’-r_than'—this level is causing generation
af the electrical output pulse. Taking intfo sccount the pulse
duration <30psec, the fixed threcshold discriminator technidgue is
no drawback for the application.

The jitter of the device was tested and the circuit cptimised
using the train of 10~30psec laser pulses and a streak camera
{(Ramamatsu 979) as a detector. The camera was triggered by the
circuit output, the laser pulse was displayed. The digitised data
from the camera were processed in the on line computer. The
jitter of the device may be determined from fluctuations of the
_pulse position on the streak screen taking into account the trigoe.

‘itter of the c'ani'éféé""i"é&i"é"l’f""{'1"8p’éé'c:'”‘rr%é'asvr'eﬁ“’by“the-'maﬂu-ﬁnact-u{»e-rm}.,mm.m.m.w

On fig.5 there is a plot of consequent streak records.The excellent
owelap of the pulses/trains may bhe seen. Using a streak camera,
the jitter ranging 10-40picosecond was measured. The actual value
of the jitter depends on the laser pulse length and amplitude
fluctuations. Usinag pulses longer than 50picoseconds, the trigger
jitter was about 0.4 times the pulse length.

Using two identical circuits =et to different trigger levels
and a high resclution time interval meter, the simple gampling
scheme may be constructed. One detector starts the counter the
second it stops. On fig. 6 there is a histouram of measured times.
The peaks separation corressonds to the laser
resonator round trip, the peaks width detemines the Jitter
(ZzxStart+counter) typ. 50-70psec. The guali-y of mode locking may
he estimated from the background. For comparison, con fig.7 there
i the analogical histogram of measurements taken on the passivelly

N e X SR
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mode locked laser oscillator incorrectly adjusted, transmi tting
-multiple pulses. The laser output was monitored simultanecusly
on the streak camera., The background is of order higher. Thus,
the pair of the STAFRY circuits may be used for quick check of the
mode leocked train transmitter in the cuasi sampling mode with
effective bandwidth of 5GHz. The possibility to monitor the mode
locking cuality is attractive especially in connection with
passivelly mode locked laser for picosecond pulses generation.

Literature

1/ K.Hemal et all,Inter kosmos laser radar,version mede locked train
proceéedings of 5~WLRI,Her stmonceux, Sept. 1984, edited by J.Gaignebet

2/ M'.C'ééh,Start discriminator for the mode locked train laser,
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- AMBIGUITY AND RESOLUTION OF A MODE-LOCKED
PULSE TRAIN LASER RADAR

R. Neubert, B, Ritschel, L, Griunwaldt
Academy of Sciences of G.0.R.

Central Institute for Physics of the Earth
Telegrafenberg A 17, Postdam 1500 - G.D.7, -

Telephone
Telex 15305

ABSTRACT

' ?hE'accuracy'df'a'mUTtipuTse laser radar has been studied with
indoor experiments and computer simulation. For the experiments a
mode~Tocked Nd-YAG laser producing 7 to © pulses of 4.6 ps spacing
at 10 Hz repetition rate is used. The frequency-doubled pulses are
divided by a beamsplitter and recombined at the photomultiplier which
is working at the single photoelectron Tevel, The time-of-flight data
are treated by cross-correlating the empirical distributions corres-
ponding to the two Tight paths. This leads to an estimate of the time-
of-flight difference. Using a large amount of data sets the following
parameters are determined -

,uu~nwma&~?he~percentage of "estimates shifted by more than half a pulse
spacing.

b) The standard deviation of the unshifted estimates,

For the parameters of oyr System, the percentage of "good" estimates
is higher than 90 % if more than 200 measurements are used. A standard

3 .

deviation of about 100 Ps 1s obtained under the same conditions., These
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The use of the full mode—locked pulse train for laser radar

15 advantageous because of laser simp
of its energy. However,
ambiguity of such a laser wWas

report on comparison
experiments.

Experimental setup

The simplified optical diagram of the

licity and efficient use
because of the
concept found only jimited applications as yet

ambiguity problem, this
(17, [2]. The

discussed 1in an earlier paper
(3] on the basis of computer simulation.

In the following we

of the simulation results with laboratory

setup is shown in

Fig .1. The signal of the mode-locked Na-YTAG laser is split

into three parts.

edge trigger.

ray paths:
— the short calibration path 1
- +he longer ranging path 2
The attenuation
by neutral density rilters (F).
signal level 18 adjusted in such a

PMT photocathode. Thus, the stop of
domly by & photon arriving along path
photoelectron pulses f{rom the PHT are

fraction digeriminator [4] to reduce the timing nolse caused

by PUT gain fiuctuations.

to the single-photoelectron level is achleved 7
By choice of the £ilters, the
way, that 10 to 50% of the
laser shots are causing the emission of one electron from the
the counter og¢curs ran=

A first part is reflected by a beam spiitter
(B5) to a silicon photodiocde (PD) which is
start input of the P3-500 time sinterval counter via a leading
The stop receiver (usually a PMTY is illu-

minated with very weak signals reaching it along

connected to the

+wo different

B ot 4 1 MACH AN S i R e

1 or path 2. The single-—
detected by a consiant-

The main specifications of the passively mode—~locked Nd-YAG

laser, which has been designed in our
in Table 1.

Table 1: Specifications of %he‘ﬁé;iﬁﬁm

Gnergy of pulse train {A=1.00 pm)
Tunber of pulses per train

Pulse separation

Pulse width

Repetition rate

Laser rod dimensions

Optical resonator type

Resonator length

odelocker

¥) Average value for 1 = 1.06 um,
fluorescence method

Tor second harmonic generation, a KDP

laboratory, are given

3 md

-9

4.6 ns

68 ps *)

10 Hz

5 x 75 mm

large radius mirrors
59 cm

Soviet dyes 3955 or
3274 in methanol

eatimated by the +wo—photon

crystal is used. To



nmave deflinite polarizaition of +the lazer, Brewster plates are
introduced into +he ¢ptical resonator.

1o

Yime reso lution Teats

Starting point for the analysis of the measuremsnts is the
frequency distribution (histogram) of the time—of-flight
values, This digtribution is caloulated usually from 1000
measurements. A typiaal eXample is shown in Fig .2, To deter-
mine the resolution of the system, the part of the distri-
cution “orresponding to ane ray path is neceseary omnly. As an
example the left-hang part of Fiz.2 is rlotted in Fig.3 with
higher resolutien of the abscissn. The pulae structure of +the

laser is well resolved, but to take into ascount the partial

overlap ¢f the individus] pulses, +the distribution is analyzad
a le

using
reduce the
of the peaks have been assumed to be eéqual. The RMS width of

ast~square fit of & sum of Guaussian funetions. Ts
It

the peaks obtained in this way can be used as a measure of the

overall time resolution. The mos+ important contribution to

the timing noise is the fluctuation of +the PMT delay (jitter),

This quantity depends on PMT type and sample and its working
conditions (voltage divider,'illuminateﬁ'area),

Some contributions are alge glven by the amplitude fluc-
tuations. This effect depends on the discriminatos rerfop-—
mance. Some resulis of resolution tests fop different P?
tubes obtained in earlier experiments are shown in Yable 2.

Table 2: Tine resolution of the svatem

PET type Sample No. BMS -~ Jitter (ps) =)
o . Ho diaphragm ... .. Tommeddaphpagy o
KCA C 310344 47105 540 370
FEU 79 4665 530 230
FEU 136 20573 £00 L70

*) Overall Jitter including start, i.e. no deconvolution
applied. Start photodiode type SP 109 directly connected
to the counter (HP 2370 in these experiments ),

It can be seen that the restriction of the illuminated area
has some ef fect on the resolution, especlally for the ROA

C 310344 tested. The best resolution was obtained with this
tube as yet, but with selected samples of other electrostatic
PHT even better results might be attained, To determine the
contribution of the start-time neise, some experiments werae
carried out using a silicon photodicde for the stop too.
Using the HP 5082-4229 type in both channels, a RMS reso-
lution of 300 Ps was cbtained. This value could be improvad
to 150-200 Ps using the fagt SP 109 photodiode (VEB Werk fuer

umber of frae parameters, the separation and width

T




Fernsehelektronik Berlin). Assuming that the start- and stop~-
time fiuctuations are equ . and independent in this case, the
BMS start-time nolse can be calculated to be 100-140 ps. For
the experiments with PMT receiver, the SP 109 was always used.
Thus, the jitter of the RCA C 310344 can be estimated by gqua~
dratic subtraction of the start noise to be around 350 ps.
From this example 1+ can be seen, that the start-time noige
has only small jnfluence on the overall resolution in our
experiments.

The precision of the ecross—correlation method

The generally adopted method for treating +he data of a
mode—locked train jager radar is o calculate first the fre-—
quency distributions of t+he calibration— and the rangling—
measurements geparately, and then to determine the time shift
£or maximum correlation of the Two digtributions. An example
distribution is shown in Fig.2. The two gubdistributions
according to path {1 and 2 are well gseparated from each other
by roughly 60 ns. Convolutin~ both distributions, Fig.4 was
obtained. In this figure the convo lution sum 1is plotted like
a polygon 1inking the points separated by the bin widtl of
250 ps. The maximun can be determined very accurately using
some interpolation method. In our case we obtain for the’
time shift of maximum sorrelation (61.16 % 0.1)ns.

To investigate the precision of the method, the measure-
ments of this and several other experiments were arranged
into groups. Then the cross—correlation method was applied :
+to each group 8O that an ensemble of time shifts is obtained ;
from which statistical estimates for the precision can be %
gained. The parameters under consideration are: :
4. the percentage of time shift results deviating from

the real Qéiﬁémﬁéf"ﬁéfé“ﬁhaﬁ“halfwa~pulsamﬁapag§§i99m
(this quantity called #yniqueness") ST

o, the RMS error of the results deviating not more than

half a pulse gseparation
These parameters are plotted in Fig. 5 and © in dependence
of the guantity of measurements. As a normalized measure of
the data quantity we are using (1/ng + 1/n27%@ where 1, and
n, are the number of measurements for path 1 and path 2,
respectively. mhis is just the probable error of the ranging
average for a single pulse system, expressed in temms of the
gtandard deviation of a single time interval measurement.
To estimate the uniqueness (resp. ambiguity) and precislion
from the measurements, 10 runs of 1000 points each are used.
The total ensemble of 10000 measurements 1 arranged into
groups of n, + Mg = 60, 120, 240, 480 individual measure-—
ments. For each ZTroup the crosa—correlation methoed is applied
resulting in the generation of an ensemble of ranges from
which the interesting average parameters are estimated. The
return rates for the two light paths are slightly changing




f

from run to run. Therefore averages or the parameter

£1/n, + Ty )% nave to be determined also. The resulting
experimental values for the uniqueness and precision are
vlotted with the symool "+" in Fig. 5 and 6.

For comparison with theoretical values and to obtain more
general results {(including different shapes of ths laserp
signal like reduced pulse numbers), computer simulations were
arried out assuming the photodetection process to he da-
¢ribed by Poisson statistiocs and the timing jitter %o have
a Gaussian distribution, The simulator is = Peeudo random
aumber generator which outputs two possible numbersg:

0 {corresponding to no detection) and 1 ¢

A
2
]

tdetection). The
probabilities of the two states are determined by the averags
numver of photoelectrons {(8) of the rulse according to:

P(G) = exp (-5) | P{1) = 1 - exp (-g)
The simulator 1s called for esach consecutive puise of the
ST0Up using the pulse intensities as input parameters, Whern
the first positive answer occurs, the corresponding pulse
pumber is stored together with some added Gaussian timing
nolse. By repeating thie process, 5000 simulated time inter~
vais for both the calibration and the ranging channel are
gercrated and stored into +he memory. In this pracess, the
average return rate for the calibration is set %o bhe 50% and
far the other channsl 25%. - o :

To estimate now the performance parameters of the system
in dependence on the amount of fleasurements, zxample reali-
zations are selected from simulated measurements and then
Lraated by the crosc-correlation method in the Same Way as
18 done with the real measurements,

The selection of +the individual values from the memory is

done oy caliing an equally distributed pseudo random number
generator to determine the addresses. 500 example reali-

Zatilons are used to estimate the performance parameters, i.e. ‘
the uniqueness and cheMRMSmeyre?mof~a“cross#ﬂﬁr?éiafi5ﬁmfé¥m“m”m”m

"o compare the experimental values with the Simulations, ‘
the average shape of the tinme interval histogram 1s needed .
It has been approximated by G (aussian peaks with Gaussian
znvelope actcording to

4
2
h = aoz exp (k%/U) . exp ((+ - t ) /2y (1)
ka4

The average eéxXperimental parameters are U = 4.861, & = 386ps.

my

tnie separation of consecutive pulses is

at = tk,4 - T = 4.55 ns.
B0 the relative resolution is C = & /4t = 0.0848.

Using these parameters the results marked in 'ig. 5 and 6 by
"*'" are generated, They agree reasonably well with the experi-
rental points, especially for the uniqueness (Fig.5), This



szreement is somewhat surprising because the laser pulse shape
ions

fluctustions are not directly modelled iIn +he simulations.
Tnatead, the pulse shape is chosen in agreement with the ob-
ge

. @
ryed nistograms., Note further that the simulated results
owed st no dependence Irom ny4 / ng, if the above intro-
ol parametsr (1/ng + 1/ng Y% is kept constant. This 1is
i e vange ny/ng = 1...10.
+ the conditions used in our experiments, the following
nelusions can be drawns
~ the performance of the system can be reasonably well deter—
mined by the deseribsd simulation method
. 200 measurements for poth calibration and ranging are re—
guired to have % per cent probability of correct assign-
ment of the data (not shifted by a multiple of the pulse
se paration) ‘
- the standard deviation of a result generated from 200 mea-
surements is in the order of 100 ps.

[

1
1

'he good representation of the experiments by the simula-
tion encouraged us to study the dependence of the system per-
formance from the laser pulse shape and the timing resolution
more detailed. Some of +he results are graphically represen-
‘teod ip Fig,7 and 8. In these figures, both the unigueness
parameter ( broken lines, 1 at the vertical scale corresponds
5 100%) and the ratio of the RNMS error of the crosgs—corre-
Ltion result to the single-shot timing jitter (full lines)

.
i
P
i

are plotted in dependence on the amount of measurements. The
ralative RMS error as gefined describes the effect of
averaging.

In Fig.7 for a fixed laser pulse shape the influence of the
timing resolution 18 represented. As a measure ¢f the reso-

,,,,,,,,,,,,,,,,,,,,,,,,,, iution, the parameter ¢ (defined as the ratio of the overall

S jitter of the ‘iimi%"zé”éji’é%'é"ffimf"éV'"f’f’ié"“p"iﬁ"sw'Sép"arati-onﬂwevfm,-.,.....n,n,,.v.n.“,m,,i

"

the laser pulse J used. The time resolution is visualized
by the probability distributions of the time intervals, 1.8.
the shapes of the histograms for very large amounts of mea-—
urements.

La can be seen from Fig.7, the timing resolution has a very

-
A

[

.

amall influence on the unlgueness (resp. ambiguity) but some
ef fect on the relative 2%S srror. This behavicur is to be
expected., We sonc lude from Fig.7 that the resolution para-
meter O should be smaller than 0.2. Note that fer a given
veso lution of the timing system, the parameter ¢ can be ad-
justed by the geparation of the laser pulses which is
possible by choosing the laser resonator length.

P
The number of pulses in & lager pulse group 1is represented
o vavoacter U dore nrecisely, this ia the ovevall
f +he probability distribution of the time intervals
ng to equ.(1). The parameter U is chosen to be U = &
-

the dependence of the system performance on the parameter U
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MICROCHANNEL /DYNOBE PHOTOMULTIPLIERS COMPARISON EXPERIMENT

I. Prochazka, K. Hamal

Czech Technical University

Faculty of Nuclear Science and Physical Eng.,
Brehova 7, 115 19 Prague - Czechoslovakia -

Telephone 848840
TWX 121254 FOFI ¢

J. Gaignebet

C.E.R.G.A.

Avenue Nicolas Copernic
06130 Grasse - France -

Telephone 93 36 58 49
Telex 470865 CERGA F

ABSTRACT

The calibration/comparison experiment for PMTs jitter measurement
s described. The Tranzient digitizer interfaced to a minicomputer
together wi@h”the powerful software package is usedas an high perfor-

mance discriminator and time interval meter with jitter typ. 23 psec,
The transit time Jitter and time walk for single PE and multi PE respense

of the MCP PMT Varian and dynode PNT RCA 8852 were measured. '“““M“”Hn“”MMME
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MICROCHANNEL /DYRODE PHOTOMULT IPLIER COMPARISON EXPERIMENT

1.Prochdzka, K.Hamal, J.Caignebet

apnalysing the 2G or 3¢ lasger ranging system jitter budget
one may conclude; that the photomultiplier contribution is the
most significant. The transit time jitter and the time walk
(tranpsit time versus amplitude dependence) are the dominant
parameters. The goal of this work was to measure the transit
time jitter and the time walk of the microchannel and the dynode
emT. Althouch these parameters Have been measured by several
authors before ¢ /1/./2/ and others), the discrepances between
them arnd between the experience from the figld was existing. That
iz why this maeur ement /ocompar ison experiment was carried out.
The experimental set up is on fig. 1. The gingle pulse from
na YAG, freguency doubled laser, FWHA of 90psec is illuminating
the fast vaguum photediode and Jafter an appropriate attenuation/
+he PMT photocathode. TO reduce the effect of transit time
dependence on the iliumination spot position /1/, the light spot
s«ize on the dynode FMT photocathode was reduced tc 3mm. Using the
ND Filters, the BMI input signal was set TO 1 to 50 photoelectrons.
The outputs of the photodiode and the PMT were added and fed to
she Tranzient digitizer y-input. The cptional amplifier 1 000MHz /304E
was used for NCFP ghotsmultiplier at low signals. The Jranzient
digitizer Tektronix, bandwidth 400MHZ, min. 10mv/div, §12x512
pixels array ig interfaced to the ¥P10060 computer system. The
Tranzient together with the computer hardware/software package
are used as an high performance discriminator and short intervals
meter. The recording speed exceeds 10frames per second. The records
are off~-line processed and data analysed. The example of the
Tranzient output ig on fig., 2. The first pulse corresponds to the
photodiode, the second to the PMT output. The PMT output pulse
anplitude A2 and the pulses mutual distace T are the main process
cutput parameters. The flucuation of T is caused by the Jgranziet,
phorodiode and PMT jitters. The pranzient and photodiode jitter
contributions were calibrated /3/ and found to be 23psec. The

R AR

P —

AR

S etant fraction (1/2) discriminator. (softwar e modelled) was

wged for all the measurement S.

The examples of the records are on the figures 3 to 6 for
the microchannel and dynode and multil PE and low signal,
respectivelly. The results are plotted on fig.7 and 8 where is a
graph of a phetomultiplief +ransit time difference as & function
of signal strength. The vertical bars represent the jitter for
given signal strengthe.

Literature:
1/ S.K.poultney,Single photon detection and timing, experiments
ared techniquesgAdvanceé electronics and electron physics,&blu3l,1972

27 Jajeﬁegaaﬁ?Sateilite 1aser ranging,current status and future
prospects, IEEE,Geoscience nad remote sansing,Vol.GEw23,§m@4

3/ I.Prochazka, ricosecond laser ranging using photodiode
in this proceedings



THIEREMES SATELLITE LAGER Re0Rl METUORK : P seasurenent opale

Goals

- MEasurenents

%ii%ﬁiﬁgg%gim?ﬁéggg % jiter gt gimgle/milsi B simal lpvel
' W tine vall {int. delay/ampliticke) dependence

?H@?SM{}E?E?@EE?Q ¥ yltinate jitter linits
COMPARTSON EXPERTMENT

1 Prochazka, X Hems! A - comparism

. Laeeh Testmical University ¥ nicrocharnel plate P Varien
Faculty of Ruclear Solence wd Phwsical Droineering
Brefina 7, 155 19 Pracee, Creohoslovabia Aol tpr PN HAMEY (e snt)
d Geinaehet
LERGA Grasse
Frange
I Proshazia, i Famal ,J. Gaigebet, B || 1 Produda, il o {
Kiorocharne]/vnode Photonsitiplier Comparison Fuper. Klerechamel/Dymde Photomultiplier Comparison Faper.
PHT test ewperiment T test chmin duracteristing
Laser, B ViGaH 1069 core. | laser - B UG+ 26, % pec PR
Pvsec P % foyte dise | iranziont, - 48k, 18 W / diy
graphics |
T THIZE - sveep speed 20 psec/pinel ()
, E,EJ \W“ﬁ_,_; Traziert digitizer 4 psec/pinel (dynode) ,
I YT R ;.Z.".:.:.i.“.f.'.,',f,:. """"" : ;",':"”ngam"lm" - '”“'”M'"""”“:'i@ﬁw'“&ébﬁiégwggz”'%g“' """""""""""" T e e e
I ol B Fin dee, 18
! M e b it - B (cn) ¢ Tramien, 23 g
g, 1

PB A SEREIZRIRIS i - dmanicrme § ;1
18 nspo/epreen
8 prec/pinel
Fig. 2
IPvochazta, {.Haml i Gaignebet _ y; IProchaska, 4.1kl J.Grignebes k|
Ricracharne L/ fymedk ﬁwmimlier {ompar isun Exper. 1 Mierochams L/ vnode Photosultislior Conparisen Exper.




riceocharnel plate P Varian | honede PH , FCA BEE2 , 3 Spol on photanathoe

TS S

iri ¥ sigral resporse Bl B sigl reseinsd
’ mg:{z:»sw,mm i rumparon 87185 TOMRTISRE 5. Pyrese ?’T,ffffff&ﬁ_fiﬁﬁgiﬁ%
L e i 1
L e | !
i vty Ee £ ¢ #1r e | i
L e | 1 s
i 2 t Fao.l i 3
I Tl i ; S ! . |
L A Iy ; ,.f\\ [N e % p
I S A [\ P AR -
s N T ~ X E
o e - U |
Fis & i
: . |
; Low sigal respinse Loy gigal responst
[ e R Vet e el e BTSN g, Dmada PN i ool $082: (RTIEE z
D el T l““’”"‘ ;
£ H | %
f el ! ;
L ey i | X |
Z 3z gm% ‘E z zm,i t i; :
o =5 gt [ - i
vl L jiver st 1 N\ | 28 peee :
an i { /Y i Ly i 1
| L\ . :
H i) ¢ . '::
! s %'_{,Mfi\\fw D .- e ~ %E H
g s = E & =~ < = j@i’”’zﬁ T % 2 % | ;
3 Fig. 4 S o Fisb L :
| - : : P . !
L Prociada, { Hamal J Gaigebel ‘ { 4 1. Prochazia, ¢ daml J Gaigebel , i 5
| gieroctarmeLiyrede Phetsaultiplier Comparisen Dper. | i Hiorochanne L Dynode Prstoauitinlier Losparisin Exper. 1
o7 imernal delay versus wnplitude i ML jivter comarise SURRRTY

Low signal |

A L
L Dyocce

Firtan

i

i

E

18 5 B psec 50 psec |
168 5 & pec % puse |
E

|

|

s

|

i

|

Strong signal

& W trany wighut e R steoey Tipnl ,‘
! f
§ 5% l ‘g % ‘
i T !
H E
AN R .l
R R ! L L
i l ' ' i | i i i
a o B |
r i P 3
: 4 i FY: S T ;
i LR 3 T A o SRR i
e I :
-’ " " tig

fae o R
hX: 1)

T Froctania, & aml . Gaionebel T T e, Rl 4 Giget -
| Hicrochamnel/Aynote shotosultiplier Comparisen Exper. | |+ Hicrocharne L /Dynode Phovomyitiplier Comparison bxper. |




DETECTORS FOR ITI.GENERATION LASER RANGING SYSTEMS

Z. Neumann
Astronomical Institute
Czechoslovakia Academy of Sciences

Telephone (0204) 999201

ABSTRACT

Possible detectors are deécribéd and their properties jitter,
gain, spectral response and noise are considered. The avalanche
photodiodes are described in some detail.
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The accuracy of transit time depends on ~ laser pulae

width, acouracy of time counter, btime property of photode~
tacting element, frequency properties of cables, type of
A4 -oriminat r, time properties of electronic circuits.

T+ 4is possible to generate a pulge width below 100 p=
by mooe~l0CKing, 1% influences the detection accuracy { at
one vhotoelsciron level } by 40 ps approximately { see
13t./1/, relation 2.14 Yy, In cage of one photoelectron dete-
etion level, the accurecy elmost doeg not depend on the type
of the discriminator used { see 144,73/ %teble 1 ). The top
tine sounters reach the accuracy 1avel better than 40 ps
( §p 5370 ). Thers are cables for frequencies over 10 GHz
and with a convenlent arrangement ( digcriminstor as near as
possible to the detector ) the influence of cables is below

10 ps. It 18 pogsible make electronic circuits with jitter
helow 20 pa, Thus, the tyansformation of light pulsge into
the elschrhac ong DY g ?hotedetéctﬁr ig the main effect that
determinates the +ragngit time acCcuradcy.

The case of a photodetector for a start impulse is rela-
tively simple. It is possible to use an sntensive light pulse
so that no amplification is necessary. The abgorpiion process
i4 fast encugh and 1% implies that the time properties depend
m@ﬁmp&§$ive“eiﬁmﬁniﬁ‘QM?Q?%S?ann?gyaﬁitia capacity, indue-

b
b
&

b3

R

tance ate., }'g Tt ig .Gssible Tealiz@ Ehgtodeﬁgatgrg,gaes
p - ]

1it./10/,/11/, such as having a jitter below 10 ps. Por the
ster:t impulse we can use photoresistor, PIN photodiod,
Schottky photodiod atc.

The case of & photodetector for the stop impulse 1lg more
gifficult. One photoelectron or gsome vphotoelectron detection
Tevel implies the need of m high subsequent amplification
{ 3@6 - 100y, Up today solution by the usege of photomulti-
pliers 1= 1imited. The photomultipliers regch a gufficient
pain, however, the principle of phctemultiplier activity
causes the best photomultipliers having the jitter of appro=
simataly 500 ps ( see 1it./3/,/4/). Therefore, the photo~
multiplisr limitse +he resultant accuracy to & value of appro—



ximately 7 cm.

What are the posgibilities of improving ? The ugage of
microchannel plate photomultipliers is one solution, They
reach a sufficient gain of 107 and maybe also a convenient
Jitter with ragard to their +time regponse of approximately

250 ps ( FWHM ). The comparsion of this value with the time

The other possibility is to look for gome other devices
acting on an other principles. The need to detect g single
photon implies the necessity of amplifying in the game device
where the photon is detected, So, main attention Emong semi-
conductor devices ig directed to the avalanche photodiogd.

The amplifying effect of avalantche phetodiods”is based
on the knocking-out the electrons from a ﬁéiénce in to a con-
duction band by high energetic electrons and holes, Heteroge~
heous photodiods, instead of homogeneous ones, are used to
decrease the dark current. They consist of absorption and

avalanche regions, ses fig. 1 . Photon is detected in the

- A

b

Pig, 1 Schematic illustration of an avalanche photodiod
A - absorption region, B =~ avalanche region, a - negative
outlet, b - positive outlet

absorption region ( A ). The free electron penetrates into
the avalanche region ({ B ) where it induces an avalanche
bropagation. Arose free electrons get out by the b outlet,
the holes penetrate through absorption region %o the a
outlet,

M o i e



Avalanche photodiods from germanium, silicon or A335
semiconductor ( mainly In Ga,  As Py o } are under conside-
ration from technology point of view.

Avalanche photodiod, a&s an amplifier, can operate in
two modes - linear amplifier mode and photon counting mode.
Tn the first case, 1t reaches the gain of approximately 10
to 100 which is a very small value for usage in laser
ranging system. In the other case, an avalanche photodiod
operates either nearly below breakdown voltage or ( a short
time ) over bréakdown voltage. In this mode, the gain reaches
o value of 10° or higher ( for silicon see 1i%./6/,/9/7 ).
This is sufficient for a one photoelectron detection level,

too.

The type of the semiconductor used implies a spectral
response, see fig. 2 . We can see that all materials are able

10@%” o T —_—
-1 InGalAs?
50% "
AT T T T T T
oo 500 260 CGRGTTA00 T T300

Fig. 2 Spectral response of gemiconductor materials
Comment spectral response of TnGaAsP changes according
to the relation of components

to detect the radiation with 532 nm wavelength as well as
with 1064 nm wavelength.

Total photodiod quantum effciency at concrete wavelength
is determinated mainly by the value of abgorption coefficient
ot this wavelength and by the thickness of the sbsorption
layer ( and also by antireflection improvement etc. }. To
obtain a reasonable quantum effciency ( over 10% ), a mini-
- mal thickness of the absorption layer ought to be of 10 um



Tor o 8532 am coad S oum L Yar T4 nm onnre of  oaoem

aium, of 20 um ( for 532 nm ) and 100 um ( for 1064 nm )
in case of silicon and of 1 um ( for both wavelength ) in
case of InGaAgP,

The jitter of an avalanche photodiocd 1g determinated
meinly by the thickness of the absorption layer. 4 photon is
absorbed rTendomly on any place of the absorption layer. Due
to the different speed of light ( approximately 108 m@smq )
and electron { approximately 10° pm, g™ ), the delay between
& photon coming into the photodicd and the electrical plilse
leaving out the photodiod changes according to the place of
photon absorption. The Jitter implying from thisg affect rea-
ches approximately 50 pe ( 10 um layer ) and 25 ps { 5 um
layer ) for germanium, 100 ps ( 20 um layer ) and 500 ps
( 100 um layer ) for silicon and 5 ps { 1 um layer ) for
InGaAs?P, _

~ The signal-to-noise ratio is not constant { depending
en gein ) at avalanche photodiods, as it is in the cags of
photomultipliers, but it decreagses ag the gein increases,

This dependence is shown on the equation /1/ ( according
1it./7/ )

sin . K1.P2._m?_ .

where K1 to K4 are constants, M ig the gain, P is the opiical
power, Id ig the dark current, e is the electronic charge and

material, If +the ionization coefficients of glectrons anc
noles are equal, the noise power increasesg gg ME but tie
signal one only as Mg. When the _onization coefficients are
very different, the noise power increases also ag Mgg "he
biggest difference between the ionization coefficients reve-
elg silicon. In the cage of InGaAsP the difference depends
0n the ratio between the components,

It is reasonsble to describe the noize properties of g




photodetector +or laser ranging ingtruments by the frequency

of neise pulses instead by i1tg noise power. According ks
dats from 11it./6/ =~ the dark current 18 nA and a gain o-
?@€64 { at temperabure 25% ¢ ) - it is possible %o compute
the fTresquency of noise pulses of 5 MHz . According to data
fyom 1i%./9/ = the derk current 10~12 A and the gain 250
{ at the tempersture 22°% ¢ )} - +the frequency is equal to
2500 Hz., 1t 18 possible to compute, according to date from
Lit./8/ - dark current 3.107'C A and the gain: 100 - the

frequency of noise pulses 20 MHz for InGaAsP .

CGopelusion 3 The microchannsl photomultipliexrs and
siiicon avalanche photodiods with an epproximetely 20 um
thick sbsorption layer ( and probably cooled ) are convenient
foy stop impulse detection of 2, hermonic of the NAd:YAG laser
fay TIT, generation laser ranging“instruments,

-Gﬁiy-siliceﬁ,avalanahe photodiods with approximately
50 wn thick absorption layer ( for smell jitter ) in the
photon counting mode seem to be convenient for stop impulse
dstection of 1064 nm wavelength., The quantum efficiency
( due to thin absorption layer and small sbsorption coeffi-
cient ) is smell, of about 2 %o 3%.

Tor the future, after improving the technology, the
T HGaAST avalanche photodiods seem to.be. most perspective
photodetsctors ( see 14%./7/ peges 413-414 ). A detection o
not only 532 nm, but also of 1064 nm wavelength radiation
with high guanium afficiency and & very agmall jitter will be
probably posgible in the case of convenient ratio between
the components. The jitter will be probably so small to make
i+ ressonable to consider their usage in a two-colour laser
spetruments { instead of streak camers ). Different loniza-
tion coefficients snable to reach small noise. The gain

?86 or more will be probably regched in the photon counting
mods .,
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THE USE OF GEIGER MODE AVALANCHE PHOTODIODES FOR PRECISE
LASER RANGING AT VERY LOW LIGHT LEVELS :
AN EXPERIMENTAL EVALUATION

S.R. Bowman, Y.H. Shih, C.0. Alley
Department of Physics and Astronomy
University of Maryland

College Park, Maryland 20740 - USA -

Telephone (301) 454 - 3405
Telex 908787

ABSTRACT

Measurements have been conducted to determine the utility of
commercially available silicon avalanche photodiodes as detectors in
single photon ranging systems. When cooled and operated in a gated
Geiger mode these detectors offer an attractive alternative to photo-
multipliers.

Seven different types of diodes were evaluated for Geiger mode
operation. Characteristics such as dark noise and temporal response
were used to selectthe best diode types. Response time studies were
conducted on the selected diodes at very low Tight Tevels using a -

w@?@?ﬁiqggﬁgwffﬁgﬂﬁﬁQ¥“50Ublsd“Nda¥AG~1aseF~aﬁdﬂﬁ“ﬁ%CGSEC@ﬁﬁMFéSG?Uf?éﬁ”””””””H”

streak camera system. single photon response time distributions with
standard deviations as small as 90 picoseconds were observed.

Detection efficiency at the singles level was also studied. Using
a parametric down conversion process to generate a source of correlated
photon pairs, the absolute single photon detection efficiency was mea-
sured at 532 nanometers, Efficiencies of 28 % were observed and changes
in the detection efficiency with gating voltage were studied.

Results from Tow and moderate intensity laser ranging with Geiger
mode diodes are discussed. The ranging results acquired at the Goddard
Optical Test Facility include both terrestrial targets and the Laser
Geodynamics Satellite, LAGEOS.
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measurements. In this application "echo" pulses are not a
significant problem.

Qualitatively the theory of Geiger mode operation is quite
simple. The combination of low temperature and a high reversed
biasing potential produces an essentially carrier-free region
in the junction and depleted intrinsic region of a PkN diode,
Figure 1. When a carrier is produced in the depleted region it
will move into the high field region of the junction and
undergo avalanche amplification as large as 107, The resulting
current pulse will continue until voltage across the diode
£3lls to below the breakdown voltage.

Geiger mode operation is easy to observe. The circuit in
Figure 2 is cooled to ~60°C using dry ice. Reverse bias is
applied tnrough a current limiting resistor to bring the diode
to within a few volts of breakdown. An additional gating
voltage pulse is capacitively coupled onto the diode. 1In this
way the diocde can be overvoltaged by as much as several hundred
volts during the time of an expected signal. (If the diode is
kept in almost total darkness the full voltage can be applied
continuously. Most of the silicon diodes tried exhivited dark
count rates of less than 100 Hertz at this temperature.) When
the diode does break down the resulting pulse is large, usually
several volts. This is a great advantage when working with
lasers or other electrically noisy devices.

DETECTION EFFICIENCY

To determine their usefulness as laser ranging detectors,
several different avalanche photodicdes were purchased., They
were selected for large active area, high responsivity, and low
cost. Each was tested for Geiger mode operation. Diodes that
either failed to exhibit Geiger mode or had dark count rates
above one kllohertz were rejected, Figure 3 illustrates
relative measurements made to determine the optimunm dicde
operating conditions, Measurements were made to determine
detection efficiency and temporal response.

e Aocurate . measurements.of. the detection efficiency of .

silicon Geiger diodes were _made using a technique first
described by D.N. Klyshko.5 Conceptually, this is a very
simple technique. A single weak laser beam passes through a
nonlinear crystal that is phase matched for non~=collinear
parametric frequency halving. With proper spectral filtering,
the result will be two very weak beams having the same
wavelength, In fact, energy conservation requires that an
equal number of photons, N, are simultaneously created in each
beam. Two very sensitive detectors are used to count photons
in each beam. The number of counts in each bean, N1 and Na,
are recorded. Also, the number of coincidence counts, N,, is
recorded. The absolute detection efficiencles, ny and n, can
then be caleulated from the simple relations:

N, = m;N N, = n,N NC = n,n,N.
Figure U details the actual device set up to realize the
Klyshko technique at the wavelength of interest, 532
nanometers. The results of measurements using two RCA C30902E
diodes were maximum single photon detection efficiencies of 21
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£ 3% and 28 ¢+ 3%,

TEMPORAL RESPONSE

In addition to detection efficiency, the temporal response
of the diodes was studied. Three important properties of the
Geiger pulse were measured. They were amplitude stability,
pulse risetime, and internal delay time jitter,

~ Amplitude fluctuations gre a potential source of timing

error in any ranging system. Fortunately, the amplitude of
the Geiger pulse is very stable. Under normal conditions
"good" diodes have only a few bercent variation in pulse
amplitude, Figure 5, If the diode is operated at high count
rates (greater than 5 kilohertsz for d.e. biasing), it will not
recharge completely before each firing. The result is a wide
spectrum of pulse heights, Some diodes, partieulagly the RCA
C30954E, exhibited frequent echo pulses within 10% seconds of
the leading pulse. The amplitudes of the echo pulses varieg
Substantially again, probably due to lack of eharging time.

Rise time measurements on the Geiger dicde pulses are
summarized in Table 1. All were measured with a load impedance
of 50 ohms. A weak dependence of the risetime on temperature
and ?cltage was observed. Lowering the temperature or raising
the voltage could shorten the risetime by as much as a factor
Oof two. The fastest rise attained was 1.0 nanosecond. This

may be limited by the impedance Qf thQWQjQQe_pagkggigg,‘a_TQn?&

can and Sgﬁkﬁﬁ B
Internal delay jitter was measured in two different

ways., The first was to trigger a Hamamatsu C1000 Streak Camera

System with the cutput of a Geiger diodé., This system

incorporates a C1583 streak camera with a streak trigger jittenr:

of 5 picosecond as measured by the company. After a thousand
laser firings, the width of the distribution of camera streaks
was measured, Comparing this with the distribution produced by
triggering from an ultrarfast PIN diode, the internal Jitter in

the Geiger diode ean be found. For the single photon intensity _

level, the standardg deviation of the distribution was 95

"""""""""""""""" pPIvosedords,. These distributions clearly show an increase in

the 10¢ full width trigger jitter from 190 to 360 picoseconds
when the moderate intensity was reduced by 107 to the single
quanta level, This increase in the internal delay Jitter at
low light levels can be explained in terms of the carrier
transit time of the depleted region. At very low intensities
the carriers which start the avalanche in the junction are
formed throughout the depleted region. The structure of the
RCA C30902E diode on which these measurement were made is sueh
that the depletion r$gion and junction are 15 and 2 microns
thick, respectively.

Similar results were obtained when the detector was used
for terrestrial ranging. Figures 6 and 7 show histograms of
the timing spread for ranges to a terrestrial corner cube =
reflector., With only a factor of 10 difference in the
intensities used, the broadening of the distribution is
clear. In addition to a 39% inecrease in the standard
deviation, the mean value shifted later by 200 picoseconds.
These measurement have 40 picosecond uncertainty associated
with the timing electronjes used.




Although Geiger mode photodiodes offer many advantages to
photomultipliers in the measurement of weak light pulse epochs,
they do have a serious drawback,. After the avalanche pulse
occurs, the diodes experience a relatively long deadtime
assoclated with the carrier lifetimes In silicon., The minimal
recovery time was not studied here but is thought to be of the
order of 10 ' seconds. In this research the recovery time ﬁas
limited by the RC time constant of the bilasing circulit, 10"
seconds. As & result the GM diodes used here were basically 3
single stop detectors. This leads to significant noise 2
blanking when the diodes are used in the presenge of high
background lighting, photon flux rates above 10~ Hz. To
resolve this problem work is currently under way on a multiple
diode detecting package.

RANGING RESULTS

As a final test of utility of the GM photodiodes, lsaer
ranging sessions were conducted using a single RCA C3090Z2E
diode as detector. The ranging test were conducted at the 1.2
meter precision tracking telescope on the Goddard Optical Test
Site in Greenbelt Maryland. Strong return rates were achieved
from the Laser Gecdynamics Satellite (LAGEOS) using only two :
millijoules of transmitted laser energy. The LAGECS satellites E
is in & nearly circular orbit with an altitude 6000 kilometers. J
For ranging at the single photon level, a chl sguared fit to a o
second order polynomial using a typical two minute sample of §
the resulting timing residuals gave a standard deviation of 192 :
picoseconds., Figure B8 shows ranging residuals from a typical
LAGEOS ranging session where higher laser energies are used to
get a nearly one to one signal rate.

Lunar ranging data has also been acguired using the GM
photodiode reciever. The results shown in Figure 9 vere
obtained in five minutes using 100 millijoule pulses under
marginal atmospheric conditions. JPL analysis of this data
gave a standard deviation of 168 picoseconds or a range
uneertaln;tyog‘g‘s@@nt};megaps,
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CONCLUSION

Measurements were conducted with silicon avalanche
photodiodes used in a ccooled Geiger mode to determine their
usefulness in satellite laser ranging systems. Single photon
detection efficiencies were measured to be 28% for 532
namoneters, Timing jitters of the single photon responses were
found to have a standard deviation of 90 picoseconds., The high
gquality lunar and satellite ranging results obtained here prove
the commercially available GM photodiodes to be an excellent
alternative to photomultipliers both in terms of cost and
performance,
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TABLE 1
TYPICAL GEIGER MODE PROPERTIES OF APD'S TESTED
: T = ~60%
RCA C309021s VBrk = 165 v, TRise = 3 ns
bBark count = 16 g & v + 20V
Brk
RCA C30902E VBrk = 1706 v, TRise = 1,2 ns
Dark count = 100°Hz @ v + 40 ¥
Brk
RCA C30948E Vppr = 192 v, Tﬁise = 1.7 ns
Dark count = s5p Hz
RCA C30954E Vo = 140 v, ?Rise = 3 ns
Dark count = 70 Hz. @ Vape * 200V
RCA C309s5E No Gelger mode
NDL t202 ) VBrk = 135 v, ?Rise = 1 ns
Dark Count = 2 kiAz 6 v + 15V
Brk
NDL 5100 VBrk = 30 V, Tﬁise = 5 ns
(Germanium) very noisy, triggered immediately,

amplitude oenly tomy
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GCEIGER MODE PHOTODIODE PERFORMANCE VS. VOLTAGE
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SINGLE PHOTON SOLID STATE DETECTOR
FOR RANGING AT ROOM TEMPERATURE

K. Hamal, H. Jelinkova, I. Prochazka, B. Sopko
Czech Technical University

Faculty of Nuclear Science and Physical Eng.
Brehova 7, 115 19 Prague, Czechoslovakia

Telephone 848 840
Telex 121254 FJFI C

ABSTRACT

To detect return signal at satellite/lunar laser ranging stations,
mostly photomultipliers are exploited. There is a strong interest to
expioit solid state detector. We developed a solid state detector ope-
rating at single and multiphoton level at room temperature. The quantum
efficiency is 10/2% at 0.53/1.06um. The timing jitter at single photon
detection is 100/220 psec at 0.53/1.06um. Two modes of operation :
active and passive quenching have been exploited. i
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"CONSTANT FRACTION® DISCRIMINATORS IN FEW
ANu MULTIPHOTOELECTRON LASER RANGING

W.A. Kielek

Departement of Electronics

Institute of Radioelectronics

Warsaw University of Technology

Nowowiejska str., 15/19 00-665 Warsaw - Poland -

Telephone 21007653 or 253929
Telex 813 307

~ ABSTRACT

The report explains some not widely known properties of c.f. discri-
minators used in nuclear techriiques when using in laser ranging, as for
instance mean value of timing point walk with signal energy, and the pos~
- sibility of jumps in results in some conditions. Accuracy optimization

methods are given for the case of the absence of Jumps.
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ABSTRACT

The report explains some not widely known properties of
c,.f. discriminators ssad in nuclear techniques when using in
laser ranging, 38 fo: instance mean value of timing point
walk with signal anergy, and the possibility of jumps in re-

sults in some conditions. Accuracy optimization me
given for the case of the absence of jumps.

1. GENERALITIES
Almost all so called “constant fraction” digscriminators
use the principle of work as follows 1], [2] » [31; [4] :
from the input signal attenuated in accordance with fraction
value, the input signal unattenuated but properly delayed is

subtracted, and resulting signal is examined for zero - Cross«

_ing. After that subtraction, one obtains the signal

We) = ¢« f () - F(x- Td7(1)

where: f = fraction, T4 = delay, f (t) - input signal.

This operation i done using for instance block schemes as
at Fig. 1. ALl ORTEC, TENNELEC 454 and 455, EGRG and almost
a1l other c¢.f. discriminators used in nuclear technics follow
this principle of work. The independence of timing point on
the amplitude of incoming pulses 1S preserved in case of cone
stant deterministic shape of them. This situation is illuse-
trated at the Fig. 2. There is the single zero - crossing
cnly in case of that deterministic pulse signal case.

The signal at the PMT output, it is the sum of random
poisson number of PMT single~photoelectron responses, each
of deterministic shape, but of random amplitude. The single
realisation of that signal can be described by the formula:

, K
F(0) = feem (T 7, ) (2)

where: K - Poissonian number of photoelectrons realised, 9.

thods are

N s Y



t.,'Tji ~ random variables: PMT gain, times of PE generation

at the photocathode, and delay in PMT, respectively; f (t)w
AR . R

- deterministic shape of single PE (photoelectron) resggnse

of PMT. Due to existence of the sum t. + T\ in parentheses
of formula (2), it is clear that prab%bili%y density of PMT
delay curve has got the same effect on the accuracy as the
laser pulse shape, and the "equivalent” laser pulse can be in-
troduced, of the shape of the convolution of laser pulse and
PMT delay density curve. In case of single - photoelectron
signal the shape of the signal is the same in each realisa-
tion. It is also true when the signal is composed of few or
many PE but the length of the laser. pulse and PMT delay den-
sity curve is.very short in comparison with the single elec~
tron response pulse of the PMT tube. :

2. POSSIBILITY OF JUMPS

When it is not the case, the shape of the input signal
is random, not the same in each realisation. For few PE in
realisation of the signal, and sufficiently small relation
between widths of fS- and convolution of the laser pulse and
PMT delay density cugse, the width of f p 1s not enough to
make one smooth pulse signal., There is §§e group of separated
f gr Pulses with breaks between them. The signal can be also
of the form of the multi - top single pulse. In both such.
cases the resulting signal at the input of the zero -~ cross-
ing sensitive trigger can have more than one zero - crossing
(Fig. 3) . The time position of work of the discriminator
Jumps from the right position to the first zero - crossing,
This effect produces the increase in standard deviation and
decrease in the mean value of results.

Especially severe influence on the results can have this
effect, when the laser signal is not well limited in time,

tal of weaker radiation (e.g. when using pulse chopper) , or

ﬁhenﬂlaser,leaamiama"Gaussian~pulse:mForwsuvhmﬁigﬁéljmiﬁ“”“””““”“”'

few - and multi - PE work there exists the possibility to
obtain the jumps in results in the direction to decrease the
result by few nanoseconds.

This phenomenon is illustrated at the Fig. 4 (Gaussian signal
pulse ). Single photoelectrons generated by the weak laser
radiation before main part of the signal can move in some
realizations the time point of work of zero - crossing trig-
ger from the right position to the wrong position few ns be-
tfore the right one,

At low energies, there is no thisg effect due to small
probability of generation of photoelectrons far before the
central part of the laser pulse, At higher energies, when the
photoelectron number is high, there exists the high probabi~
lity of compensation of the influence of the first photoelec~
trons by the subsequent ones. The probability to obtain false
<€ro - crossing at the summing point in the circuit is again
small, The max. probability lies in the medium energy region,
between 20 and 1000 PE; dependent on parameters such as frac-
tion, filtration and delay.

It can be deduced from signal model and formula (1) that




probability of jumps should be smaller when: increasing the
delay of delay line, or / and the filtration £, or / and the
fraction value f. These statements are confirmed by simula-
tions and experiment in laboratory and at the 1-st generation
laser stations. Simulation results are given at Figs. S and 6.

7, WALK IN THE CASE OF ABSENCE OF THE JUMPS

But also when the jumps are absent, there is no possibility
to obtain no delay walk with energy when using c.f. or fixed
threshold discriminators. Suppose the symmetrical shape of
the "equivalent” laser pulse. In case of the single photoelec-
tron in the signal, the mean position of this photoelectron
1s in the centre of this pulse, say zero, due to equal proba-
bilities of negative and positive values of PE position. But
in case of two photoelectrons, the probability of positive
value of position of both photoelectrons is 25% only. Then,
the probability of existence of at least 1 PE on the left
cide from the zero position is 75% (50% for single PE ). For
very high PE number, the PMT output signal has got the shape
of the fgep convolution with the "equivalent" laser pulse
shape, agd the timing point goes to the negative position in
accordance with the fraction value. Then, for the signal fol~-
lowing (2), the walk is unavoidable even in the jdeal case of
no walk for deterministic signal shape, Some results for walk

obtained from simulations are given at Fig. 5.

4. STANDARD DEVIATION

There exists the proof, that normalised to the pulse half-
width random error,approximatelv, for large PE number, fol-
lows the formula:

8/ = g, M W2 (z)

where o is the mean square of the normalised to unity PMT
“'-'ga*ir':-,----?ﬂ&--»siwsf-n-t-hwewm.&sﬂan.,1?,E,,,mgnfrabaz’yl T - half of width of the pulse,

or & parameter of Gaussian pulse.

The g, coefficient obtained by simulations is given at
the Fig. 6. Fortunately, no jumps are present up to 20 PE
energy level. Well 1imited in time ( for instance trapezaidal)
wave forms without wide pedestal do not produce the jumps. In
case of absence of jumps, this discriminator is quite good,
especially for the random error.

The theoretical formula I obtained (remarks about method in

[5] ) for g, coeff. dependent on f, F and w (fraction, filtr-
ation and “normalised delay raspectively ) when the signal and
filter { PMT) response is of the form of Gaussian pulse is as
follows:
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2 2
gy = {Tf oxp [ - Fty A2+ exp -5 ]
1
2 In 2
Z 4+ 1 w 1 ? ¢
“”B"P["m{ﬁ“(“ﬁ)*( 7 )}j}

-

2 2 2

Zz + 1 B A

z \2z+1 P 2 P g }> C }
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whare: w s W R Td - daiay time at Figt 1. =z “(6’/55‘;5)
G° +0¢ 1/2
) F o= <811n 2 ) - O/
A v_g. ln lr w 13'3 'i'_‘

27w Bz G Of - parane-

ters of Gaussian signal and filter response, respectively,
Computations from formula give the results as at the Figs. 7
g, 9,

The case of f equals 1, there is alsc the case of Short Cire
cuited Delay Line shaping and zero crossing detection. The
results indicate that proper choice of parameters can give
the same standard deviation as for max. likelihood astimation

[e1]-

£

5. CONCLUSIONS

A. The mean value change is unavoidable when using C.F.
timing in case of changing the energy level from 1 to few
PE, That change is proportional to the width of the convo-
lution of laser pulse and PMT delay density curve,

8., Above 10%#20 PE energy jumps in results can exist, This
effect is absent for laser pulse waveforms well limited

""""""""""""""" Irtime,

C. Probability of jumps decreases when increasing the fil-
tration (fSE width ) , fraction, delay, and charge sensi-
tivity of Bero - crossing trigger or comparator.

D. In the absence of jumps, for proper values of F, T,, f
parameters, Gedcke-Mc Donald type c.f. discriminat8r is
good, especially for standard deviation, and is only
slightly poorer in mean value walk than the c.f. discri~
minator with peak value memorization [5 .

E. Standard deviation reaches the minimum For much higher
delay values than the value which is needed to obtain con-
stant fraction work for the deterministic signal.
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CALIBRATION OF SUB-PICOSECOND TIMING SYSTEMS

B.A. Greene

Division of National Mapping

P.0. Box 31

Belconnen ACT 2616 - Australia -

Telephone (6162) 525095
Telex AA 62230

ABSTRACT

- The difficulties of calibrating picosecond precision timing systems
are discussed. A wide range of technigues are considered, and a minimum

configuration for rigoveuas calibration is described. High speed tech-

niques that lend themselves to full automation are evaluated in the
context of a fully operational system.

197




CALIBRATION OF SUR-PICOSECOND TIMING SYSTEMS

B.A. Greene

1. Introduction

The recent development of timing systems with picosecond and even
sub-picosecond accuracy has stimulated a reguirement to calibrate such
systems. In LR systems the systematic errors are of overriding
importance, and even if real time gurveillance of the absolute accuracy
{1} of the SLR system as & whole is maintained, it is still essential to
be able to calibrate the timing sub-system independently. Once
calibrated, it is a tool which can then be used to characterise the

errors, systematic and otherwise, in other sub~systems.
The principal requirements for timing system ecalibration are to establish
., stablility

. continuity (' smoothness')

. .linearity

B
it
;
<
:
L
5
%
£
;

1f these characteristics are properly established, then the absolute
accuracy of the timing system is rigorously proven.

Tn the context of & time interval measurement system, stability can be
defined as the RMS error associated with a straight line fit of zero slope
against time for a constant {not necessarily ¥nown) time interval.

Linearity is defiped as the degree to which system error 1is proportional
to jength of time interval measured.

continuity is defined as the degree to Shien Tinearity snd stabllity are
maintained as the time interval between test (calibration) points is
reduced continuously.

A rigorous calibration procedure must examine all of these parameters.

In this paper we discuss several calibration techniques, and the role they
can play in establishing system accuracy in terms of which of the above
eriteria are adequately tested.

2, Delay Line Calibrations

An established calibration technique for nanosecond timing gystems
wtilizes an array of switchable coaxial delay lines, which have been
pre-measured and are thus of 'vnown' delay. FEven if it is assumed that
the original calibration of each delay line was accurate without limit,
this technique is unsuitable for picosecond calibrations becsuse



« cable ageing causes delay changes

« uable flexing causes delay changes

T

« typical switch repeatability is only 3 sk

4

ME

.

« cable delaveg are temperature dependent
+  coaxial connect-reconnect repeatability is only 3 ps BMZ

This technique can be adapted to produce sub-plcosecond tests of stability
only. If the cabls temperature is controliled such that the delay ig
stable to 0.5 ps RM8, then long term stabiiity tests can ba conducted on
the timing system, & typical temperature sengitivity for coaxisl cable is
0.03% per degree {C}, Although temperature Bervos have beep developed
which can offer ,001°C temperature cenbrol, it iz in practice difficult to
control coaxial cable to better than 0.1°¢ for ench 50 ng oF deley. That
ig, 0.5 ps stability can be readily obbsined up to about 17 ns of deliny,
This is of little use if +ime interval units (TIUs) are used directly
(i.e. in time interval mode) to measure satellite range, However, it
precision TIU's are used as the high precision vernier of an epoch timing
system, it is not necessary for them te count beyond 20 ns, Thus
temperature stabilised delay lines can bhe used for 0.5 pz stability tegts
throughout the range of use of the TIU,

3. Variable Delay Lines

during a period when 100 ps timing system accuracy was the achieveable
limit, and could be expected to he inadeqguate for ricosecond calibrations,
This is the case, although some well constructed varisble (rigi&} coaxial
delays can produce 3 ps RMS linearity and repeatabiiity. Theip stability
will depend on delay length chosen, heat sources and sinke attached to +he
delay, and mechanical wear,

It is now possible to obtain crygtal oscillators which have sub-picosesond
stability over 1 second, and ageing rates which are undetectabie over 20
minutes with present instrumentation. The relative phase of two guch
oscillators provides a very slowly and linearly tims varying delay for
calibration purposes. This calibration technique is in everyday use at
some SLR sites [2,3], using less stable oscillators for coarser (50 pa)
calibrations. Provided that care is taken in generating the pulses o the
timing system from the erystal outpat frequencies, this technigue can give
1 ps linearity and accuracy, and sub-picosecond continuity checks.

S Phase Locked Leop Method

An alternative oscillator phase technigue utilises g single high stability
oscillator and another oscillator phase-loeked to it. The phase angle is
programmable allowing selection of the relative rhase of the crystals and
thus a time interval. This technigue gives linearity and continuity test
capability, but is inherently noisier than the dual oscillator technique
{above),

gt
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The noise attributable to the phase locking process can be brought down to
around 5 ps if great care is taken with the circuit design. In addition,
several picoseconds of systematic error arise from non-linearities in
gtate-of~the-art phase angle programming circuits.

6. Optical Delay Line (oDL)

The time required for light to travel up to 10 m in air is virtually
independent of envirommental parameters (4]. To effect a 0.5 ps change in
observed optical delay, environmental changes of the following order would
be required:

P = 30 mb
or
P = 200 mb
W
or
T = 10°C

{where P is atmospheric pressure, Pw is water vapour pressure, and
T is air temperature

The use of an optical delay 1ine provides excellent linearity, accuracy,
continuity, and stability. For example, if the delay elements are used to
form a one-way light path, 100 microns of displacement of either end will
cause & 0.33 ps change in the delay. Since the delay path can be very
accurately controlled, to within a few microns, femptosecond regolution
and acecuracy can be obtained for differential delays. : .

R AR AR KA RN

For a two-way (folded path) calibrution range, only 1.5 m of travel is
required to produce & delay change of 10 ns. Such a path length is both
simple to control environmentally and quite simple to automate for
translation with 0.1 mm accuracy. Thus high resolution verniers with up
to 10 ns full scale count can be absolutely calibrated to 0.66 ps under
program control.

R

The technique is usually limited by the characteristics of the optical

- 4ransmitter.and receiver used 1o generate and detect the light pulse which

transits the delay so accurately formed. Using a 30 ps FWHM diode Taser T
tpansmitter, and a 30 ps risetime detector, sub-picosecond relative

aceuracy, stability, and resolution can be achieved, provided

environmental parameters are controlled.

T Ensemble Technigques

The process of refining the accurate determination of time interval 1s
analagous to that of defining time itself. The well established technigue
of using clock ensembles and optimised algorithms for manufacturing &
timescale can be readily adapted to the time interval problem.

The use of as large an ensemble as possible of time interval counters is
suggested by two factors grigsing from 8 very 1imited development program
for TIUs for the Katmap laser Ranging System {NLRS} at Orroral:



« no single TIU was ever constructed or tested which had better than
8 ps BMS single-estimate uncertainty for time interval.

+  &Ven the very best units ever tested at Orroral would exhibit
occasional and inexplicable short term (minute) systematic excursions
of up to 4 standard errors of a single estimate as measured from the
long term average., Over a long period (20 mins) these units would
produce sub-picosecond (avaraged) stability of a mean estimate.

Since the Orroral brogram goal was to produce 5 pe BMS szingle estimste
random errors with 0,5 ps systematic error, it was necessary to aggregate
the performance of many TIUs to damp out excursions and to statistically
reduce time interval errors.

A Teature of the ensemble technique is that it requires very compact TIU
design, so that a large number of TIUs can be fed an electronic signal
over sghort paths, and so that complete environmental control of the
ensemble is possible,

It has been found that the engemble techniques are very effective in

improving the resolution and linearity of TIU systems. Ensemble

techniques do not yield absolute accuracy, but do facilitate absolute

accuracy calibration of systems by improving linearity. The decay of

accuracy of an ensemble is also significantly slower than that of

. individusl TIUs, allowing less frequent resort to absolute accuracy
calibrations, which can be tedious to execute rigorously.

The ensemble techniques can be used to calibrate individusl TIUs gimply by
examining the performance of the unit in comparison to the engembie mean,
In general, if the ensemble is well behaved, errors in the individual TIUg
can be readily identified. fThe technique lends itself very well for total
asutomation, but is clearly not rigorous.

8. Calibration Techniques for the KLRS

Although the NLRS has the capability to apply any of the above calibration

technigues, in practice the only techniques routinely used i

VM. optical delay 1line
- fixed (stable) cable delays
« ensemble

The NLRS is constrained to operate almost totally automated. Thus only
techniques which can lend themselves to total automation can be routinely
used, The optical delay line method, which is the only rigorous  technique
iisted above, is used very infrequently because it is not totally
automated (here defined as requiring no user intervention whatsoever),

The timing system philosophy for the NLRS uses a large ensemble to reduce
random error and give momentum to the system (the ensemble characteristics
change more slowly than those of its elements). These ensembles can then
be monitored very infrequently using a primary {rigorous) test such ssg
oDy,

Such e complex calibration technique is not required to monitor the
ensembles for accuracy. 1In practice a very simple approach is used,
called fixed delay epoch measurement (FDEM).,




For FDEM, two electronic pulses are obtained from a fixed, stable, delay
cable built into the timing system. One FLES timing ensemble measures the
epoch of the first pulse, whilst a gecond ensemble measures the epoch of
the second. The pulses are sourced such that they are totally random in
phase with respect to the time base of the epoch timing gystem. Thus the
Pull count range of the ensembles will be sampled 1f many measurements are
taken. The delay is obtained by subtracting epochs. An error in either
ensemble, at any point in its range, will cause the distribution of delay
egtimates to depart from the ideal., This is most egsily seen as all
inerease in the spread af the distribution.

Because the delay ég_fixed, the error space of the ensemble measuring the
second epoch is not sampled rendomly. That is, the point in its range
which is sampled 1is 100% correlated with the sample point of the first
ensemble, Thus it is possible for errors to compensate asnd go undetected.
The probability of this ig reduced significantly if more than one delay 1is
used.

The utility of this technigue, which is used before every tracking
operation, has been horne oubt by oceagional applications of rigorous tests
such as 0DL.

The three technigues in routine use at Orroral are thus applied in the
following way:

(a) On every shot. On each shot, at least 3k estimates of epoch are i
made. The ensemble size ig large enough to give & good reduction in i
systematic drift and random error over individual TIU elements.

Individual TIU readings are processed through a double-pass filter

which utilises the recent performance history of a TIU to adjust its
reading before comparing it to the ensemble mean in the filter ;
process. Units may be ‘'mccepted' or 'rejected’. Consistent :
rejection implies a need for repalr or recalibration.

WS,

Also on each shot, a real-time calibration of system delay is made.
This is essentially an ODL calibration in which the delay is not
known a priori to better than 200 ps, because of long term drift in
the~a§paratus'”~ﬁomeyﬁr,whhﬁw§E§P§§W§?}§Y so measured can be and is
used in an FDEM sense. The calibration curve is &isplayed;“ghntmby ««««««««««««««««««««««««««««««
shot, in real time, with picosecond resolution, so that the operator
(if present) can monitor the overall system performance, including
timing. The date is continuously analysed in real time, and
statistics presented to the operator. Only gross errors of over

L0 ps would be detected at this stage because the detector used
(MCP~PMT) has around 40 ps RMS error stself, and can walk 40 ps
during a typical SLR pass.

(v) Before each pass.

Before each pass, oOver 3000 samples of timing system performance are
taken in FDEM mode, under total software control. The FDEM algorithm
in use calculates the signal delays to each ensemble, and trims them
into eguality before the pass commences {usually only a few Dps
adjustment).



{e) Occasionally the gramularity and accuracy of the timing systen are
checked independently, 4 good test for contimuiity of the timing
system ie obtained by taking a delay line and heating it for 1 minute
and then allowing it to cool. The thermsl relaxation produces a
deleay continuum. If the delay is gampled st 50 Bz, delay changes of
20 fs can be sempled, Figure 1 ghows & typicel result from g
contimuum test of this kind, showing indlvidual delay mesgurements,
Btrong structure at the picosecond level is evident, but the résults
show very good performance overali.

The accuracy calibration used is the 0L technique, applied
infrequently because of its need for operator intervention,

Finally, system stability checks are carried out vericdically. &
typical stability plot for the RLES timing system 1z shown in Pigure
€+  Ezeh point plotted is a normad point of LOO ensemble estimates of
& fixed and stable delay. The RMS error of a streight line fit to
the data shown is around 0.6 bs, which is a typieal result., The
suggestion of a cyelie syetematic error is present in the deta, This

has been seen in ODL tests also, se it i likely to he attributabls
to the timing Bystem.

9. Commentsg

The electronic geasurement of time interval to the picosecond level ig
exceedingly complex. The NLRS timing system can only approach plieosecond
performance on s statistica] basis. That is, it is beyond our present
technology to adjust z delay by 5 piceseconds and be 100% confident that
the TIU single sample reading, or sven that of & TIU ensemble, will change
by 5 picoseconds. Hovever, if mary hundreds of estimetes are made, delsy
changes of less than 1 ps can be accurately determined by TIU efsamblesa
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RECENT ADVANCES IN THE GLTN TIMING AND
FREQUENCY INSTRUMENTATION
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ABSTRACT ”
o Ihe,stringent'egﬁch“tfmé”réqufréméhts”ﬁetesséry for the Goddard Laser
Tracking Network to satisfy its global geodetic SUrvey programs have con-

sistently pushed the state of the art. As geophysical baseline accuracy
Fequirements have appreoached the sub centimeter level, ney time and fre-
quency technologies have been sought.

This paper wil? describe the early Global Positioning Satellite (GPS)
time transfer receiver development. The GPS receiver development program
at the Naval Research Laboratory for nASA was the forerunner of many com-
mercial efforts which have led to unitized construction and firmware
controlled receivers, “19ngﬂiﬁbmthawGES;ﬁeeeve4rméﬁve?ﬁﬁﬁéﬁijmﬁﬁsA worked
withwather“ﬁtﬁt“éﬁﬁ“?ﬁfernationaT timing organizations to develop strategies
to optimize the use of these receivers by forming a global timing network
for geophysical measurements. Through the use of “common Jook" techniques a
laser tracking site may observe a gps satellite simu?taneous]y with the data
reduction center which is in turn synchronized to UTC via USND. Using this
common Joock technique, orbital & Spacecraft clock systematic errors may be
minimized.

accuracy goal of the Crustal Dynamics Program the need for picosecond short
term stabilities in generation, distribution and monitorjng systems is be-

4 2
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Prior to the inception of the Goddard Laser Tracking Network (GLIN) ten
years ago, NASA required that satellite support stations be synchro- mized
within +/- 25 microseconds. The GLIN need for +/- 1 microsecond
world-wide time synchronization required the development of mew methods

for maintaining time synchronization.

Recognizing that conventional means of timekeeping using LORAN-C, HF and
VLF could not practically achieve the required +/- 1 microsecond global
clock synchromization, the cesium portable clock was used to provide time
synchronization. Periodic portable clock trips were made to each stationm
to determine the station's nominal LORAN-C value. Each station's cesium

clock offset from U.S. Naval Observatory (USNO) time was plotted from

daily LORAN-C values, time steps were calculated to synchronize station

‘time to USNO <time, and the - station . was directed to make the proper

equipment adjustments to achieve the recommended time step.

Wwith the improvement of laser equipment and the demand for more accurate

ranging, the need for sub-microsecond timing has become a valid

This need prompted investigation and development of satellite timing
receivers in a combined effort between the Naval Research Laboratory and

NASA.

The Navigational Technology Satellite receiver was developed as 2
forerunner to the GPS Time Transfer Receiver now being used for sub

microsecond time transfer.



GPS TIMING

Techniques are being developed to utilize GPs timing for the GLIN, with a

goal of world-wide time synchronization to the greatest feasgible accuracy,

To utilize the time transfer capability of the GPS, a timing receiver wag
developed by the HNaval Research Laboratory (NRL) for NASA, was tested at
field sites, and wag used in time transfer experiments {References 1 and
2). The first commercial GPS time transfer Yeceiver was builc by Stanford
Telecommunications Inecorporated (STI). This receiver was evaluated for
possible use in the GLIN. The STI and the NRL receivers are operated from
a keyboard similiar to that of a personal computer. The cost of the STI
receiver wag approximately one half that of the NRL receiver and it wag
more sultable for moblie_lnstallations- More recently ' a third recexver

the Frequency and Time Systems (FTS) Model 8400 was evaluated and found to
be the best suited for GLTN operations because of itg smaller size, unit

construction and lower cost,

Figures 1 and 2 compare time transfer data obtained with an FTS 8400 cps. .

receiver or the 1dent1ca1 Trlmble 5000A and a cesium portable cleck at
several timing installations. Portable clock time was compared to USNO
time before and after these trips. The measurements were supplemented by
TV Line 10 meagurements which were accurate to +/- 50 nanoseconds with

respect to USNO.

Figure 3 lists current deployments of FTS 8400 GPS timing receivers in

the GLTN.

B R |



GLTN GPS DATA COLLECTION

GPS time position measurements axre made daily at the GLIN stations. The
stations collect GPS data twice a day for each visible satellite. The raw
time position reading is recorded during the 10-minute satellite
obgervation pass. This data point along with the date, time, and £
satellite vehicle number are yecorded for each measurement. The
measurement data are transmitted to the NASA Communications Center in the
daily Laser Operations Report (LOR). Also transmitted In the LOR is

information concerning station time steps, frequency changes, power

outages, equipment problems, etc.

AUTOMATED TIME POSITION SYSTEM. (ATPES) .

The Automated Time Position System is the means by which station time is

monitored and analyzed for the GLTN. The ATPS

o provides daily time position determination

o calculates long term cesium frequency drift

Q

predicts the date the station tolerances exceed 1 microsecond

o evaluates the validity of data and data analysis methods

The System includes several computer p¥rograms that (1) read the 1LOR data
into the ATPS data bases, (2) permit the manual entry, editing, deletion,
and listing of data files and (3) perform the analysis of the timing

measurements. The systen is coded in FORTRAN and runs on a VAX computer



ciuster. The cluster consists of two VAX-11/780 computers and one VAY

8600 computer. The analysis program is operator inactive and produces a
printed data output, The data output consists of the source ligting data
from the data files used in the analysis, a least-squares caleulation of
the oviginal source data, and a line printer graph of the original and

least-aquares dats plot.
GPE COMMON VIEW

Utilizing the GPS common view technique described in Reference 3, orbital

and spacecraft clock systematic errors can he minlmized.

A common view/near common view GP§ time transfer experiment was conducted
in 1983 to determine the accuracy of GPS time transfer receivers for the
GLIN {Reference 4). The experiment was conducted between the Bureau
International de 1'Heure (BIH), Paris, France, the Institute Fur

Angewandte Geodasie (IFAG), Wettzel, Germany and the GLTN dats reduction

center 4t Columbia, Maryland. The local time bases incorporated HP5061
(Option 004) Cesium standards or hydrogen masers, Results of the
experiment showed the overall accuracy te he consistently better than 100
nanoseconds. Recent improvements in the GPS system have permitted common

view accuracies approaching 10 to 20 nanoseconds. (Reference 5),

Efforts are underway to utilize GPS common view techniques on a day-to-day

operational basis in the CLTN (Figure 4).



TIME INTERVAL MEASUREMENT ERRORS

The GLTIN utilizes Hewlett Packaxd 5370 rime interval counters with an
atomic standard for the time base. The 5370 has a 20 picosecond single
shot resolution, however, the accuracy 1is typically +/- 40 picoseconds.
The accuracy of the time interval measurement is influenced by the

summation of:

o

trigger level

o input signal noise

o interval timing jitter

o time base short term stability

&
&
%
:

:

fvent timers developed by the University of Maryland and by the Division
of National Mapping (Australia) veduce the internal timing jitter and :
improve the short term stability. The University of Maryland unit uses a

200 MHZ oscillator phase locked to the atomic standard.

IMPROVEMENTS IN SHORT TERM STABILITY

Improved short term stability oscillators that can be steered to UTC via

the GPS are being developed.

Austron, Ine. and the GLTN are developing a iow noise discipiined
frequency standard (Reference 6) that utilizes a microprocessor controlled
system which automatically locks the frequency of a precision BVA crystal

oscillator to an atomic standard having superior long term gtability.



With the use of a third-order serva technigue, the instrument is shle fo

correct the frequency offset and aging of the internal BVA escillator. I1f
the frequency of thé atomic standard is altered (due to loss of lock, loss
of zignal or fallure) the unit will continue to apply correcticns to the
intermal BVA oscillator. These corrections are cslculated from dats
sccumulated while the stomic standard ig stable. These corrections ars
automatic and do not disturb the phase, This technique minimizes the
effect of aging of the BVA oscillator and holds the unit to within +/- 3

parts in 1012 per day.

The short term stability (50 milliseconds te 100 szconds) of ths low noisze
disciplined fregquency standard is represented in Figure 5. The internal
BVA oscillator has & short term stability o (T = 0.2 to 30 seﬁanés}
25 % 1070 4na an aging rate of 1 x 10 per day. Frequency steering of

the low noise disciplined oscillatoer by the atomic standard to apoch time

accuracies of 100 nanoseconds via the GPS gystem can be achieved,
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Prior to the inception of the Goddard Laser Tracking Network (GLTN) ten
years ago, NASA required that satellite support statlions be synchro- nized
within +/- 25 microseconds. The GLTN need for +/- 1 microsecond
world-wide time synchronization required the development of mnew methods
for maintaining time synchronization.

Recognizing that conventional means of timekeeping using LORAN-C, HF and
VLF could not practically achieve the required +/- 1 microsecond global
clock synchronization, the cesium portable clock was used to provide time
synchronization. Perfodic portable clock trips were made to each station
to determine the station’'s nominal LORAN-C value. Each station’s cesium
clock offset from U.S, Naval Observatory (USNO) time was plotted from
daily LORAN-C values, time steps were calculated to synchronize station
time to USNO time, and the station was directed to make the proper
equipment adjustments to achieve the recommended time step.

With the improvement of laser equipment and the demand for more accurate
ranging, the need for sub-microsecond timing has become a valid
requirement,

This need prompted investigation and development of satellite timing
receivers in a combined effort between the Naval Research Laboratory and
NASA.

The Navigational Technology Satellite receiver was developed as a
forerunner to the GPS Time Transfer Receiver now being used for sub
microsecond time transfer.

GPS TIMING

Techniques are being developed to utilize GPS timing for the GLIN, with a
goal of world-wide time synchronization to the greatest feasible accuracy.

To utilize the time transfer capability of the GPS, a timing receiver was
developed by the Naval Research lLaboratory (NRL) for NASA, was tested at
'“fiélﬁ”éiﬁééj“éﬁ&”“ﬁéﬁ“ﬁﬁéd”iﬁ“timé”transfer“experiments~~{Referenees~l“and
2). The first commercial GPS time transfer receiver was built by Stanford
Telecommunications Incorporated (STI). This receiver was evaluated for
possible use in the GLIN. The STI and the NRL receivers are operated from
a keyboard similiar to that of a personal computer. The cost of the STI
receiver was approximately one half that of the NRL receiver and it was
more suitable for mobile installations. More recently a third receiver,
the Frequency and Time Systems (FTS) Model 8400 was evaluated and found to
be the best suited for GLIN operations because of its smaller size, unit
construction and lower cost,

Figures 1 and 2 compare time transfer data obtained with an FIS 8400 GPS
receiver or the identical Trimble 5000A and a cesium portable clock at
several timing installations. Portable clock time was compared to USKO
time before and after these trips. The measurements were supplemented by
TV Line 10 measurements which were accurate to +/- 50 nanoseconds with
respect to USRO.

Figure 3 lists current deployments of FTS 8400 GPS timing receivers in
the GLIN.
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GLTN GPS DATA COLLECTION

GPS time position measurements are made dally at the CLTN stations. The
stations collect GPS data twice a day for each visible satellite. The raw
time position reading is recorded during the 10-minute satellite
observation pass, This data point along with the date, time, and
satellite wvehicle number are recorded for each measurement. The
measurement data ars transmitted to the HASA Communications Center in the
daily Laser Operations Report (LOR). Also transmitted in the LOR is
information coencerning station tims steps, frequancy changes, power
outages, equipment problems, etc.

AUTOHATED TIME POSITION SYSTEM (ATPS)

The Automated Time Position System is the means by which station time ic
monitored and analyzed for the GLIN. The ATPS

provides daily time position determination

calculates long term cesium frequency drift

predicts the date the station tolerances exceed 1 microsecond
evaluates the validity of data and data analysis methods

S0 095

The System includes several computer programs that (1) read the LOR data
into the ATPE data bases, (2) permit the manual entry, editing, deletion,
and listing of data files and (3) perform the analysis of the timing
measurements. The system is coded in FORTRAN and runs on a VAX computer
cluster. The cluster consists of two VAX-11,/780 computers and one VAX
8600 computer. The analysis program is operator inactive and produces =
printed data output. The data output consiste of the source listing data
from the data files used in the analysis, a least-squares calculation of
the original source data, and a line printer graph of the original and
least-squares data plot,

GPS COMMON VIEW

Utilizing the GPS common view technique described in Reference 3, orbical
and spacecraft clock systematic errors cam be minimized oy

A common view/near common view QPS time transfer experiment was conducted
In 1983 to determine the accuracy of GPS time transfer receivers for the
GLIN (Reference 4). The experiment was conducted between the Buresu
International de 1’Heure (BIH), Paris, France, the Ingtitute Fur
Angewandte Geodasie (IFAG), Wettzel, Germany and the CLTN data reduction
center at Columbia, Maryland. The local time bases incorporated HPS061
(Option 004) Cesium standards or hydregen masers. Results of the

experiment showed the 0%5811'a_'F?‘"%‘fif_ﬁC}”__'__tl"c}."be...'Q.Qng.ismntlyﬂbe;%t;te;x...ﬁhag.”.l{;ﬁ(_;:______ RS
. manoseconds.  Recent improvements im the P system have permitted common

view accuracies approaching:?Q_tg_&ﬁ_han@se@éndsaw.{Refexence,B},w,,,,”k.n_.




TIME INTERVAL MEASUREMENT ERRORS

The GLTN utilizes Hewlett Packard 5370 time interval counters with an
atomic standard for the time base. The 5370 has a 20 picosecond single
shot resolution, however, the accuracy 1is typically +/- 40 picoseconds.
The accuracy of the time interval measurement is influenced by the
summation of:

trigger level

input signal noise

interval timing jitter

time base short term stability

o 20 o B - Y

Event timers developed by the University of Maryland and by the Division
of National Mapping (Australia) reduce the internal timing jitter and
improve the short term stability. The University of Maryland unit uses a
900 MHZ oscillator phase locked to the atomic standard.

TMPROVEMENTS IN SHORT TERM STABILITY

Improved short term stability oscillators that can be steered to UTC via

the GPS are being developed.

Austron, Inc. and the GLTN are developing a low noise‘”ﬁiééiﬁiiﬁéé‘””‘” -

frequency standard (Reference 6) that utilizes a microprocessor controlled
system which automatically locks the frequency of a precision BVA crystal
oscillator to an atomic standard having superior long term stability.
With the use of a third-order servo technique, the instrument is able to
correct the frequency offset and aging of the internal BVA oscillater. If
the frequency of the atomic standard is altered (due to loss of lock, loss
of signal or failure) the unit will continue to apply corrections to the
internal BVA oscillator. These corrections are calculated from data

accumulated while the atomic standard is stable. These corrections are

effect of a%ing of the BVA oscillator and holds the unit to within +/- 3
parts in 10'Z per day.

The short term stability~{5@“miiliseeenés.tauloomseconds) of the low noise
disciplined frequency standard 1is represented in Figure 5. The internal
BVA oscillator has a short term stability o (1= 0.2 to 30 seconds)
=% x 10727 and an aging rate of 1 x 10711 per day. Frequency steering of
the low noise disciplined oscillator by the atomic standard to epoch time
asecuracies of 100 nanoseconds via the GPS system can be achieved.

and do mnot disturb the phase. This technigae minimizes the: . o
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THE DEVELOPMENT OF A DUAL FREQUENCY EVENT TIMER

C.A. Steggerda

Department of Physics and Astronomy
University of Maryland

College Park, Maryland 20742

Telephone (301) 454 3406
Telex 908787

ABSTRACT
The fundamental concepts and equations of the Event Timer are
discussed. The evolution of the Event Timer since the Herstmonceux
conference and the specifications are stated. New circuits are described
which reduce the RMS jitter to the range of 15 picoseconds. Under ideal
conditions, over a period of one hour, the stability and the RMS variation

of 1000 point mean points is in the order of one picosecond, Plans for a
5 picosecond resolution Timer are presented.




part is
gauations

rbout five years ago I started developing an Event Timer
or chronograph,
nDescribed two years age at the Yerstmonceux conference, the
wvent Timer 1is near completion and I hope to have at least
two Timers built by the end of this year. One of the Event . :
Timers will go to the Yunnan Observatory of the Peoples §
Republic of China when Mr. Wang Ben~Chun returns to China.
Others will be used by Dr. Alley for time synchronization
experiments and satellite and lunar ranglng.

paper is organized into three parts, The first
description of the fundamental concepts and the
of the Tvent Timer. The second part describes
the specifications and describes how the Event Timer has

NTRODUCTION

————— g

using the dual freguency vernier system.

T P T S T T T e P

evolved since ithe jerstmonceux conference. The third part E

concernsthemedsurementofaltterandanewc:r.rcmt‘whlch e

improves the jitter characteristics. Final conclucing
remzrks describe & possibie new next Event Timer,




which redcts to the rising edges or F, éand transitions in

- Tae. esuation. . AT

Part 1 fundamental Concepts of the Tvent Timer

Figure 1 shows the essence of the dual freguency Fvent
Timer concept. One of the dual Tfrequencies, Fy 3 1s produced
by & 200 MHz tunable crystal oscillator which is synchronized
te & 5 or 10 Mz standard, The 200 MHz oscillator runs
continuously to drive a 26 b»it synchronous counter Which is
the time generator, The time generator has exactly
50,000,000 states so it repeats every ¢ second,

The second of the dual freguencies, 7., is rroduced
by a delay line oscillator which i tuned By other cirecuits
to operate at 199,2217899 Muz called 19+ yHz, 7, and Fa
come into synchronization every 257 cycles of F, and 256
cycles of F,» F, is derived from Fy by the equatioanwFi:Eifﬁﬁéﬁ

An event, either from the test circuit or en ocutsgide
source, stops, then restarts the 199% yus restartable
oscillator to drive a 9 bit counter called the A register,
Constantly monitoring the two frecuencies is & comporator . .

state of ¥,. The result of this operatiocn is that the
comperator redcts to the nearest co=-incidence of the rising
ecges of Ty and Fye Uhen the 7 and ¥4 rising edges are in
closest synchronization, the comparaton gives & 3ync, pulse
which latches or stores the state of the 26 bit time generator
and stops the § bit A counter,

From the contents of the 4 and 2 registers, the epoch
of the event cen be computed within “. L/h second dnterval,

Tﬁe*e§é6h~éf-%he“event“isz{mﬁ@”of'sync. (represented by

the number latched in the B register) - the 4 register count
times 5,01953125 n,.s.. (5.01953125 n,s, is the rericd of
199+ Mz, )

The vernier action occurs because the period of 7; and
Ty aiffer by 19.53125 p.s.. Using the test circuit, which
Lrocuces an event synchronized to the <00 MEz standard every
L/4 second, we find that A and B repeat every 1/h second,
Im figure 2, if the event is delayed by 19,53125 PeSey the
synce coneition occcurs one cycle sooner, & and B are both
decreased by 1,

T
) omes.
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£ we can continue increasing the delay of the te
event, the Sync, point will come c¢loser and closer fo
event, The actual Tvent Timer is built such that vhen a
becomes egual to about 15, the first Sync. is dignored
vhereby the next Sync. noint 1,285 u.s. later is used.
At this time, the & register jumps 256 counts and the
5 register Jumps 257 counts, In fact, any Sync point
can be-used to compute epoch. In fact, for the ¥th
synchronization point

Zpoch = RB%v257S) - (i+256¥}] 5,0 = (44 256)(19.531 Xip~

ot N

%
he

*
B
L
b
€
i
%
k
3
%
<
3
b
¢

3

%

]

N =3 - e - o

CEnochoz. . 53.._;;.}5,0...@..._;-;(]_;};‘Y;}L.}( J0 7Y 4 (5,0 =256 17,531 Xi& }}

but 5.0 - 256 (12,531 x107%) =0

. -3

Thuz the epoch of the test pulse may be moved zhout
the 1/4 second interval, Bither the first of second
Jync. point is used to generate i und B from which the

c

n can be computeg,




Part 2 Block Diazgram and Specifications

Figure 2 shows a partial block diagram of the Event
Timer. This diagram is useful brimarily to show input and
output functions.

The Lvent Timer has been expanded to have fwo independent

verniers. It is thus possible to meagure the epoch of two
events up to and including co-incidence. FRach event can
arrive on its own cable, or, the events may be combined to
feed both verniers in which case the first vernier arms the
second, _ STV . . o - e

There are three inputs, each terminated in >0 ohms,

in one mode, input 1 drives vernier 1 only, &nd input 2 .

“drives vernier 2 only. In the second mode, input 3 drives
both verniers., The input networks accept negative NIM
type pulses going from an initial value of O volis to an
emplitude of ~.5 to -1.0 volts, verniers respond to leading
edges, so the pulses may be any width greater than 1 n.s..

The 200 MHz standard is a 66,66+ Maz voltage controlled
crystal oscillator with & tines 3 multiplier and & very narrow
bend filter. fThe oscillator is bhase locked to either 5 or
10 Mhz“standards,,Gr,wthe;oseillaﬁarmmaymbe~mperatedﬂwi%hsut-

& stuandard at o frequency very close to 200 Mhz..

The fime generator consists of a 24 hit synchronous.
counter snd two & 2 preéscalers adjusted so that the rising
edges of all bits are synchronous. 4 27th bit carry is
»rovided to prevent dmblguity problems if events occur near
the 1/4 second point, The 26 bits and 27th bit cerry are
supplied to latches 1 and 2, The 24 bit synchronous counter
number is compared with a 2 bit number supplied by the
microprocessor to form a range gate to enable the Ivent
Timer. The output of the compuarator is filtered by a
glitch supressor to form both a reset bulse for the 4

S ol the phase disconnect circuits. The microprocessor. o
_____ __”supplies,anninnibitmpulﬁe~to:thaxmiitch;supﬁassaﬁg$¢m§$§¥eﬁégTgwywWMWTﬁ

‘~m&a1$€“r&nge,E&tﬁ,guiSéstmﬁilé:thé,ﬁgmbéﬁsfarefbeing~
o .

i
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The phase disconnect circuit is enabled by the
trailing edge of the range gate Pulse, Phase disconnect
circui%()jf;enableﬁ by either the same range gate pulse
if the verniers are to be enabled simultaneously, or,

Phase disconnect circuit may be enabled when circuitCD
has received an event to allow operaticn in the serial mode,

The outputs from the 4 and R registers are displayed
vwith LED readouts and zre stored in two 4O vit storage
registers, The 7~-8Q mlcroprocessor receives program
interrupts when new data is avoilable, when the range
gate goes off, and when the 1/L second Pulses are generated
from the time generator. The microprocessor reads in the
datu one byte at a time and cen tell how mach data 15
available by reuding datd status fiags, Decsuse the 4 and
B registors act as storage registers along with the tfwo
4O bit storage registers of the interface, it is possible
to store four epochs, two from each vernier before the data

acquisition of duta for very close targets.

The micro computer has 62K of ROM and 2K of RAM.
The system operates the IELW bus and RS=c32 type monitors.,
Programs have been developed in FORTH lenguzge to calculate
epoch and time of day and various tests for the Lvent Timer.

The Zvent Timer in conjunction with the 7-80 can give

range deta to the mainframemsystemﬁcgmpute@~atma~r&te~0fm~”“”-

172 ranges per seécond or every 5.8 milliseconds, However,
the Ivent Timer cun operate by itsclf every Y microseconds
or &t « rate exceeding 100,000 ranges per second for gach
vernier,

Through the kindness of Messieurs Dachel and Ingold
of the Bendix Corporation, the allen vVariance and the
harmonic content of the 200 iz standerd were measured,
Jeil Ingold's report is shown in figure &,
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Part 3 Jitter Measurements and a jew Phase isconnect circuit
—v-—-v——w-mwv«-—f—-—-w—--—r—m-——m T e it mam - - T e T e g gy
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Consider again the basic block dlagram of figure 1,
If an event is generated nrecisely every 1/4 second ans
this event is synchronized to the 200 Mz standard, then
the & counter and B luteh Will repeat the came numbers
every 1/L second, This in fact does heppen, the same
eroch being calculated for 10 to 20 minutes at a time with

no Gitter,

inls test mode is not however the way the Tvent Timer
iz to be used, In operation the range gate operates 10 te
100 times 2 second in varying patterns according to the
loser firing and the expected return fime. . more valid
test would rewvloce the /4 second nerioca pulse with s pulse
from on ordinery free runuing pulse generotor running at 30
FPSes  In this mode an event isg geénerated that is synchronized
to the 200 1¥z stonderd bub comes et & random time In the 1754
sécond interval, In this mode the & counter value shouls
e constant zand the 3 lateh value should constantly change,
The Zvent Timer of 6 months 80 however had a jitter of
up to & counts on the A counter when the renge gate vas
moved randomly vet the A count Was very stable 1if the ronge
gate was opened ut precise intervals s generateq by the
time generator, Mewsurenent of the interpolator assembly
0o the Hewletit Pockerd 5370 universsl counter revesled
the zanme nroblem, which is uncerstondable since the zvent
iy

1er verniers are directly related to HﬁpgkiﬂtGrQQlatgggl

It appears that on improvement can be made in the gystenm
Jitter il F,, the 199% pus vsclllator, is stopped ang
restirted in & controlled. nonper, A the originel fiweq
deliy phase disconnect Circuit, a 10 n,s, pulse synchronizes i
to the event to bhe measured, stons and restorts - ;
Lefore this gynchronization process, the svent is”in no
87 synchronized to Fys_ &0 so the oscilletor is stopred
1y point dn dits cycle ws shown in figure 5, ‘Uhen the
llator is restarted, the initisl conditions vury
nolng on what nort of the cycde the oscillator was

€d. The changing initiel conditions cause a vhese
----- r.in Fz-rei&iive'tg'3?@;¢Yﬁﬁﬁfﬁhichﬁthen“is_me -

) a S&rgﬁeﬁljitﬁers
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A different way to stop Fq would be to allow the
oscilliator %o complete its current cycle and always stop
at the same minimum voltage, Then, alter the transcients
have subsided, restart the oscillator synchronized to the

eventy  THls varidble delay phase disconnect fechnique has
the same conditions at turnoff but a variable delay time for
the transcients to subside., The fixed delay phase disconnect
technique has differing energies stored in the cgclillator
at turn off but a fixed delay time for the transcients

to subszide. The variable delay seems to result in less
rhase noise. Purther improvements can ve made by increasing
the delay before restart,

Jitter measurement have been made on five H,P, restartable
oscillators in the Event Timer., The test event was a 100 MHz
scuare wave gynchronized to the 200 MHz standsard, The range
gate was opened randomly on the next 20 N.8. Window by a
free running pulser running @t about 30 n.p.s., The range
gate opening is synchronized by the 50HHz least significant
bit of the time generator to prevent slicing of the
event pulse, 100 sample runs were made for all values of
the vernier and the RM3 jitter was calculated, The results
are shown in figures 6,7, and 8.

Use of this variable delay phase disconnect circult has
resulted in a reduction of Jitter frcom perhaps 35 p.s. RMS
to the order of 15 n,s, WMS at this time, Purther improvements
-m&y'be~possib1e;”‘ﬁh119"this‘redquiOn‘méy 101t be important
in Loageos tracking where there is an abundance of data to
smooth out the jitter, this should be a decided advantage
in Lunar reénging where every data point is sreciocus,

agaln, using the above described test of measuring a
1OO_MHZ sguare wave at random times, 4 tegt was made over a
Period of one hour of the stability of the system, buring
the test, the delay line was not changed, the temperature was
held constant at 22.5.

Lioconstant at 22,5 ;;Sgé_anﬁ.iOeavmeasufements'were:madé‘and o

averaged every twg minutes, The meun value of each 1000
Medsurements is nilotited in flgure ¢

R 3

Furclrer teésts, Waich hive not been cone 45 yet, would
asure tie linesrity of the vernler, In this linearity

y the standsrd used to generate the test signal would
be alloved to slowly dpift wity respect to the standard of
svent Timer, If measurcenents vere made ot precisely
Knovn times, the rate of drift couid be measgured and a
projected ideal vernier could be formulated, The deviation
from thiz ideal vernier vould measure the linearity error,
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™nally, 1 ©ave peen asked whether & 10 p.s. resoclution
wyent Timer could be made using the H.P. restartable
oscilliator, It is not practical to use the §,P, chip in
its present form pecause the transmission line gzcillator
connot be stabily tuned to the required 169,610136. . MZ
T this mode of operation there would be 513 of the 200 HMHZ.
vecles for 512 of the offset frecuency giving & regoiution
f 9.76 PeSe

1£, as is shown in figure 10, an entirely new restarteble
1lator were to be nade, I believe thet 1t is possible
design An yent Timer based of the standard frecusncy

00 ¥z, Using 512 as'thé'offset‘frEQQeﬁcy'dividep e
d of 256, the restartable oscillater frecusncy
%99,2202729 MHz with & veriod of 2504.8828L5 DeSee
olution of the Event Timer ig 4.88 plcoseconds.
vefully, the RS jitter could be less than D PeSes

e b O oor O
0o e QW

e

[y
5
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STABLE SATURABLE DYE FOR 1.06 PM

K. Hamal, H. Jelinkova

Czech Technical University

Faculty of Nuclear Science and Physical Eng,
Brehova 7, 115 19 Prague 1 - Czechoslovakia -

Telephone 848840
TWX 121254 FJFI ¢

ABSTRACT

 Most of théuséédﬁﬁugéneféiicn Satellite and Lunar ranging

stations and practically ail of the 3. generation ones exploit pico-
second pulses to ensure the required accuracy. To synchronize the
modes and to Qswitch the resonator, either an active or passive
modulator or combination of them, may be used. To apply a passive
modelocker/Qswitch, some characteristics of the saturable modulator
(bleacher) are required.




¥srel Hamal, Helena Jel inkova

most of the second generation catrellite and Lunar ranging
stations and practically ail of the j.generation ones exploit
sicosecond pulses to ensure the required accuracy.lo synchronize
the modes and to Qswitch the resonator,either ap active or passive
modulator OF combinat ion of them,may be used.To apply 8 passive
madelocker/(switch, sane characteristics of the saturable modulator
{bleacher) are regquired:
- campatability‘with the Nd transition and host (YAG,YAP,
Nd glass,etc) {wavéiéﬁéth,'ébébfptién‘Cfossmﬁecti@a?”.
1ifetime, saturation intensity)
- ghort/long term stability
~ acceptable solvent L
- to range Satellites/Moon,the desirable pulse duration
ig 30~100 psecC (3.generation) and 30 psec or less for
_.4.generation /1/.

We have worked to develop saturable dye having performances

clogsed the mentionned ones above.The parameters of the resulting
saturable dye MLS1 /2/ are summarized in the table l.Some other
dyes are mentioned for comparison.

The photostability has been estimated from the following
experiment: the sample of the dye was illuminated by the v high

:'1?3%éééﬁfé'f'xéhk:‘:rﬁ-ﬁ3‘-fl‘afsh"ffl'amp—:XBOEE}uQ;.f.Bfs,,,The exposure time of the

photodec@mposition was measured and the slope was compared for ¢

different dyes (Fig.1l.}).

To inwvestigate ﬁodeibék/éswitéh”ﬁrcperties,mwewhave-used.

dif ferent laser configuration:

(1) /4/ The YAG rod wag cut at 1 deg near the back mirror, the
perpendicular sur face on the opposite side acted as the output
mirror. & 5 mm cell, containning 2 c¢¢< of no flowing dye, was
placed at the Brewster angle between the back mirror and the YAG
-gryﬁtglhnThﬁuogti¢ﬁl,1ength of the resonator was 30 cm. The single

mode operat fon. was accomplished by an. i tis 1 mm in diameter. The
_output energy was 3 md

R IR S VST AR Ay ST IS TLES TR

rain of two or three pulses; the

,,,,,,,,,,,,,,,,,,,,,,,

RS R RR TSR T e e e TR e

interfaced

call v p rocessed usiIng Al T

R TR A Lt



the computer HP 1000. The resulted pulse duration at 0.53 um was
30 psec RMS, the output energy 3mJ,,RMS = 3% (Fig.2A). The
corresponding power density is 3 GW/cm . To examine the output
spatial structure of the beam, the detection chain /5/, consisting
of the CCD Fairchild camera, Quantex singleframe memory and HP
1000 has been used. The beam profile is closed to the Gaussian.
(Fig.3.) The divergence is 1 mrad, clo e to tl%e diffraction limit.
The corresponding brightness is 3.10 W/cm sr.

(2} To prove the saturable dye in the active/passive arrangement,
we put it to Quantel laser system at CERGA {(fall 1983). The
oscillator contains a dye cell and a active modelocker. .The records
of the output pulse train and selected pulses are on’ Fig.4. The
transmission of the bleacher has been set to obtain required 5-7
pulses within FWHM envelope. The reprate was 10 Hz. A similar
experiment was carried out at U. of Maryland /10/ using Kodak
9740 and ML51. Pulse widths were between 20-50 psec, however the
shot to shot energy stability of the cavity dumped single pulse

was poor.

(3) The ML51 was applied in two wavelength experiment /6/. To
obtain picosecond ranging accuracy, the pulse duration should be
minimized. The oscillator consisted of the concave 5m, 100%, back
mirror in contact with 2 mm flowing dye cell. The YAG rod 3 mm
in diameter 2deg/2deg AR coated was pumped in Quantel head. The
front mirror was a guartz plate 0.25 mm thick. The duration was
14 psec at 0.53 ‘um, when deconvoluted. The pumping energy was
varymg up te 2.3 times above the modelock threshold and .no. -change. .

in the pulse duration or stabllzty has been observed,

(4) The saturable dye was used to modelock the YAP laser /77 .
The laser setup was similar to the experiment in (1). The raw
value of the pulse duration was 10 psec, actually egqual to the
temporal resolution of the streak camera.

Generally, we did not observed any damage of any optical

element throughout all experiments and during long term exploitations
in different laser configurations. The saturable dye ML5S1 has
 been used at the INTERKOSMOS §atellite laser. station-in Egypt -
"51nce 1982 /1/., for two wavelength experiment.- /9/, for- the
o 'talmolaqv and: 1;} several other lase zs,wuuwcatwmaél%T t«k»}e» wéyew
asts in the cel'l“for several morths.,
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Greenw ich,1984.
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SPATIAL STRUCTURE OF THE DOUBLED Nd - YAG
LASER TRANSMITTER BEAM

H. Jelinkova, P. Valach

Czech Technical University

Faculty of Nuciear Science and Physical Eng,
Brehova 7, 11519 Prague 1 - Czechoslovakia -

Telephone 845840
THX 121254 FOFI ¢

J. Bel Ping

Cuban Academy of Sciences

Institute for Geophysics and Astronomy-
Santiago de Cuba

The beam spatial structure of the passively mode-locked Nd : YAGQ
oscillator/amplifier/SHG Taser radar transmitter has been examined.

To analyze the laser beam Structure, an on Tine diagnostic chain,
giving a three-dimensiona] graphic display, the contours and the two

dimensional Fourier transformation of the output pattern was implemented
at the Interkosmos indoor calibration facilities.

The beam was studied in every point of the laser transmitter and the
IR Gaussian beam structyre Cbﬁngeg”dqgwtgitheﬁpgtsidevoscjIlatgp,gptica}_
celements were eliminated From the system. The SH beam profile was inves-
tigated from the point of view of temperature dependent efficiency and
the pointing stability. The difference between the spatial shape of pulse
IR and SH was found and the changes between them were tried to be compen-

sated by the help .of the tandem schemeof two SHG crystals.




STPATIAL S?Eﬁﬁ?@?ﬁﬁ"@?"T—HE-"BGUBL-EB,‘,\Id;Yé.G LASER TRANSMITTER BEAM

% Jelinkova, P.Valach, J.del Pino

IRTRODUCTION

A Nd:YAG laser (YAG, YAP, ete,) allows to generate picosecond
pulses for laser ranging. However, up to now, a lLack of detectors
ip the near IR requires the radiated frequency to ne multiplied
into the second resp.third harmonics. Tec apply 2 second harmonic
generator (SBEG) into the laser transmitter scheme, the homoge neous .
Gaussian IR cutput beam is required. Every change of the laser
system configurations (regonator readjustement.. asctive or passive
clepents temperature dependence, pumping inhomogenaity, eto. ]
cavses significant changes of the Gaussian beam structure. Applying
the ney rechnology giving the fast accurate response, We have got
the possibility to optimize the laser systen performance.
tongequently, the spatial structure of the transmitter autput BH
nean has been investigated.

o yPERIMENTAL ARRANGEMENT

he lager system configuration /1,2,3/, we employed, consists

o€ passively mode-locked NA:YAG oscillator, isolation saturable
dye cell, expanding telescope, single pass amplifier and KDP
dmbling corystal (Fig.l.}). According to /4/ the image in the focal
---*g’;ﬁ;&ﬁgﬁﬁ::a—;;we:&rl»-»ngz;;rec,t;ad,,};eﬁ,&c;qirrz}c:'i;;e:_s with the beam far field

pattern (in Fraunhoffer region). Therefore, in the Taboratory.

the beam farfield was chbserved in the focus of the 2.5 m thin
lens by the help of the CCD array (Fairchild 320 x 489 cells}.
whe CCD output signal was digitized using Quantex image mewory
j2%6 x 256 cells, 8§ bits, 100 MHz) and stored on line on the
magnetic disc of the host computer (Fig.Z2.).

I% BEAM

so understand the beam distortion through the laser transmitter

the beam was examined at differant points (Pig.l,Pig.3) (benind

Saugsian, with argiveTgeTse
increment to the distortion was ‘made by the isolat
5 shick Erewster angled dye celi (Fig.3B). The ’iizs?xgvement was

,,,,,,,,,,, m{}i&tim ‘ :‘:_;&:I‘fi' 4B}, the. e xg}andl ng telesccope
' The osciliator output’ HEam struct sre was

SO LR




obtaired by tilting the dye oell to L -degree. Resultant divergences
in every measured points are summarized in .Tab.l.

SH BEAM

in general case, the index of refraction of the negative
nonlinear crystal, which is mostly used in SHG, depends on the
incidence angle @, the temperature T and the basic radiation
wavelength A . Every change of these parameters causes the indeyx
matching condition modification,

In cur experiment, the temperature éep6ﬁﬁﬁﬁﬁe of th@ SHG was
investigated in detail. ‘
1} The temperature of the EH crystal was varied from the 16°2C
to 37°C and the index matching angle was found for everv examined
t&mperature From Fig.4 1t can be seen that there is no variation
in the efficiency within the experimental limit and therefore in
the measured temperature interval the optimal thermal region for
dominating SH cutput does not exist.

temperature dependence of the efficiency and the spatial structure
was investigated. For the KDP crystal type IT the temperature
dependence is expressed by /5/: :
2o woog
T = G4bA  , Bne _ _2no )
4 L a1 aT

where A is the wavelength of the incident wave, L is the crystal
iength, T is the temperature. For the Kﬂ? erystal {tilQKBG mm}

'ln whlch the effzciency is more than 1/2 of maximum value}. Tnlg

calculated value coincides with the experimental measured data

plotted on Fig.5 from which follows AT gyp = €.2°C. The independent

experimental determination was done by the integration &f the CCD

cutput spatial structure.

From the measuring of the temperature dependence of the far
field SH beam spatial structure (Fig.6) follows that inside the
temperature range 24°C-32°C, the SH beam has mostly clean profile
and due to the diffraction aperture effect, the contour has a

clittle elliptical form. Within ﬁﬁE”fahgé'lﬁﬁﬁ'ZzﬁC' Ehe %&aﬁ.

profile was deformed and in the temperature range 36°C~532%C, the |
oo omost significant feature observed was the appearasce of -4 dousle | ...~
m3sae@ altarnatzng regularly thh tha homﬁgeﬁeﬁﬁs elllptzcai_

ORe . ' B



ey PigeE e B 18 Seen.that the far field beam structure of

.......................

the SH beam has the elliptical form. This distortion of the spatial =

structure in one divection follows from rhe fact that due to the
double refraction of the nonlinear crystals, the extracrdinary
ray deviates in +he anisotropy ©OF walk off anglé. The beam of the
cu radiation is therefore deviated from the original (IR peam)
direction and from +his fact the aperture effect follows which
decreases the efficiency of the S5HG and changes the shape of the
pulse (Fig.7.B). We try to use the tandem scheme /1/ fer the
compensation of this deviation. The resulted spatial beam structure
is on Fig.7.C.

The laser transmitter system was designed to have an optimum
Far field beam spatial structure what implies a agood farfield and

a higher efficiency of the SB radiation beam, The measurement of

the temperature dependence of the SH crystal showed the strong
dependence of the efficiency, of the spatial structure and of the

. péiﬁtihg,aécvracyuGnmtemperatuze,Changﬁﬁﬁumhww“w“uuuw,
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Tab.1. Laser System Divergence
¥

A} Isolation cell - Breuster ingle

Measwred point X [nrad] | ¥ [nred)
A i b.v |
R 1.7 1.1
C 0.8 B.b
b 8.7 8.6

B) Isolation cell - 1 deg angle

Heasured point | X [nrad] - ¢ {nrad]
A S A
B L1 8.9
c 06 | 0
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Plock diagram of the optical lay-out of the NALYAG laser transmitter.

Dye cell

Telescope

Amplifier head

KOP IT Frequency doubler

DIGITAL IMAGE

QUANTEX

1 LASER MLOA

256 % 256 PIXELS
256 LEVELS.

=

.—-am..—w-..m.—.a_mma-—-—ﬂ-

LASER LAB

wmwmm—uﬂmmﬂ—mm,—n—-

I

t ar

field.

bean spatial

“
E
W
I
i
=
w
iy
=
o
o
[
&
[

. B e



8= 1 arad

8,= 8.9 mrad

R G e Ten i

8,=17nad 08,=1.1nmrad

c

- EXPA

TR T ron

g3,

NDTHE TELESCORE

| '"E}iﬁ:"g*gm"&df """ B,=8.6nrad o




T e T e R e e R !

&4

Fig.4.

“+ 4+

+ -+

' Temperature [C]
. Temperature €1

+ ¥

+4

1 )

o
-

o e

= ¥T

0
18]
18.0
120
8.
g..
4.0
2.
)
106 .

2

{9ATIRT®I)

; m w M. Louwayot
} Aouayoyj)e 5HS | | ﬂﬂwu oudTIYIH

ze 3%.;

4




8

OROENTAY G (5 )
B EHTAT O XL

CELruTIuTes

3T U R
T IEa

&8

:
Ko

U

- 1

LA ML v

e
=
&1
=

S E o Ehee
Foplved

i
§
S AEnerdend

t

o

Fig.6. Teémperatire de




A Byl "
AT PP B e o T R 5
. A oty ol 85 B Bt 3T KX 2

T e
=

o e e Ly
- QRN = ) PR §

oo gE AT R LN}

Uaperture effect 'comg;ensa'tidﬁ*-'-'-mmm :

5
i




SOME SPECIAL REQUIREMENTS
TO LASERS FOR SATELLITE LASER RANGING

L Jiyu

Wuhan Technical University of
Surveying and Mapping

23 Lo~yu Road, Wuhan

The Peopie's Republic of China

ABSTRACT
When designing or improving an SLR system it will be necessary to
take into consideration that which laser should be selected. This paper
has given an outline of some special requirements to select a suitable

raser.

At present solid-state lasers are used to measure the distances not
only between a ground station and the satellite specially equiped with
retroreflectors far off several thousand kilometers, but alse between a
ground station and-the moon set by five retroreflectors arrays far off
about 380 thousand kilometers. Laser pulses generated by a solid-state.

faser are not modulated with any way, but used directly to measure the
distances. In this case, what requirements are proposed for lasers ? This
paper will try to discuss them.




iome Special Reguirements to lasers for Satelliite Laser Ranging

Liu Jivu
Wuhan Technical University of
Surveying and Mapping
23 Lo-vu Road, Wuhan

The People’'s Republic of China

Abstract

when designing or improving an SLR system it will be necessary to
take into consideration that which laser should be selected. This
paper has given an outline of some special rvequirements to select

a suitable laser.

At present solid-state lasers are used to measure the distances
not only between a ground station and the satellite specially
equiped with retroreflectors far off several thousand kilometers,
but also between a ground station and the moon set by five retro-
reflector arrays far off about 380 thousand kilometers. Laser
pulses generated by a solid-state laser ave not modulated with

any way, but used directly to measure the distances. in this case,

R A

AR S N

T R S N

what requirements are proposed for Lasers? This paper will try to

discuss them.

It is known that the received photons per pulse for SLR systems,

N are given as follows:

3
- I A
16EAASAthrT€ ¥




Where

B = transmitted energy per pulse, in icule;

A = laser wavelength, in meter;

ﬁg = effective area of Satellite-borne retroreflectors, in sz;

ér = effective area of the received objective of a received
telescope, in cmz;

T, = ‘transmitter optical transmission;

f? = .receiver optical transmission;

T = one-way atmospheric transmission which is a function of
zenith distance, site altitude, locality, visibility and
wavelength;

i = reflect1v1ty of the satellzte bﬂrne retroreflectors
gcnerall} ? = G 8

h = $lanck's constant, h = 6.625 x 10" %/ erg second;

C = light velocity, in meters/second;

5€ = full angular divergence of a transmitted laser beam, in arc;

55 = reflected laser beam divergense by the satellite-borne
rétroreflectors, in arc:

D = distance between the ground station and the laser satellite,

171 Cm.

It is seen from the above equation that the parameters, EAE, are
dealt with the lasers. How their magnitudes are selected is a pro-

blem which laser is designed to satisfy some requirements for an

SLR Systen. Tberbfore At is.very useful to- discuss thelr selectians.__”
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Table 1 {Continuous)

,,,,,,,,,,,,,,,,,,,,, transmitted  Repetition -Detectop

CEGumtTy wavelength  pulsewidth sower rate type
e
Spain E94 nm 27 nsec 0.7 4 E ppm ACA 310344
Switzerla. 694 fnm 17 nsec 1.5 J G.25 Hz RCA 72858
United Varian
Kingdem 232 nm 150 ps 30 MJ 10 Hz VPM 1529
USA (Texas)B894.3 nnm 3 nsec 0.4 4 20 ppm HCA 3102344
" " 532 nm 100 ps 0.4 U4 10 Hz RCA 8832
" B 532 nm 100 ps 35 MW 10 Hz Varian 1525
” (Hawaii)694 nm 5 nsec 750 my 1 pps 56 Typ
" (Colo- | o o e
rado) &394 v 5 nsec 750 mJ 1 pps 56 Typ
" {CA) 694 nm 3 nsec 750 mJ 1 pps 56 Tvp
K (GSFC) 532 nm varied varied 1 pps 58 Typ
" w 832 am 5-7 nsec 250 my 1 pps 55 Tvp
N i 532 nm 0.2-0.4 nsec 250 my i pps 56 Tvp
Amperex
o (CA) 832 nm.. . .57 nSECT RS0 MY e g rys
Amperex
: (GSFC)532 nm 0.2-0.4 nsec 250 my 1 pos 56 Typ
* "Maui) 532 nnm 500 ps 0-8 J 3. Hz Amperex
XP2233
USSR 694.3 nm 20 nsec 50 MW 0.7 #Hz FEU-78
" 694.3 nm 25 nsec 1 J 0.33 Hz FEU-84




On the basis of the materials pu ublished by the Fourth Enternatlonal

wWorkshop on Laser Ranging Ins mentation held at the University of
Texas in Austin, lzxas USA, October 12-16, 1981 the essential spé~
cifications of the lasets ,?ayﬁﬁiug in worldwide SLR systems are
shown in the Tabée 1. The use. laser wavelengths are of three types

curresponding with three laser medium

of ruby, Nd:YAG and Nd:YAP crystal. fhe longer laser wavelength

used is to the benefit of detections with the view of the transmis-

sion traveled in the atmospheric layer (see Table 2). Under the con-

dition of the smallest Jeﬁlbﬁ dlstance rhere is not greater diffe-

renice hetween

Table 2: Atmospharic Lre snsmission at difierent wavelengths and

senith distances, from Mastrocingue

. r(aJS‘W'““M”"”éiéﬁaim””' Ry
780 0.79 0.63 0.50
532 G.867 G.45 0.30
380 0.44 0.2 0.09

atmospheric transmission at different wavelengths. However, the
smaller the elevation is, the greater tho transmission dszez nce
gets. For example, the atmospheric trans smission of 6943 A laser
will be 50 % higher than that of c37 A laser obtained with a se-
cond harmonic generator {SHGY when the slevation is egual to 200,
Tt is known that the SHG haives the wavelength of 1064 nancmeters
the V151b1e

_Legzea of the ﬁ@€€tr§m$”:
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SHG, such as 1064 nm laser falling within an atmospheric window.
When omiting the SHG for which maximum conversion efficiency is up
to 30 percent (energy) the latter is equivalent to increase the
transmitted energy of about 70 percent. On the other hand, it will
be seen from equation (1) that the received photons varies as the
laser wavelengths. Under the condition of the same parameters the
number of the received photons is increased with an increased wave-
length. 1t will be possible to execute normal SLR with the smaller
transmitted energy produced by a simplified laser.

1f there is any significant drift for the laser wavelengths this
will produce three had effects. First is a transmission decrease for
a telescope. It is known that the coatiggs_gfmali_thical_camponents
are sampétihlé”with”a'éérféiﬁ'dpéréﬁian wavelength. The greater

the drift of the laser wavelength is, the smaller the transmission
for a transmitted 135eyhp?gﬁug?ﬁﬁxuﬁeﬂendwisﬂanmattenuatien~éncrease'

~for a narrowband filter. In order to heighten the signal-to-noise

50 percent. Third is a reduction of the conversion effiCiency from

Qathoae.i$m??m9@?ib1$_With_a_certain-wave%ength,~ﬂue't0 the drifted

Tt will be seen from Table | that in 44 lasers used by worldwide

ratio a narrowband filter is used in a receiver based on PMT. Due to
& Very narrow FWHM, such as that of 1 + 0.2 A, the attenuation of
the narrowband filter for the returned laser will be greatly in-
Creased when there is any greater drift (see Fig.). Pog example,
when the drift of laser wavelengths is equal to *+ 0.5 A the trans-
mission gotten through the narr wbanﬁhfilt@rqwiil~beséecrease&*tﬁ-~-

& light pulse to an electronic one, The peakconversion for a photo-

wavelength the conversion efficiency can not he impinged in the
peak region. It will be seen from these that the stability of the
laser wavelength is very important to insure the optimal operation
for SLR systems. The Spectral line stability should be better than
a few subangstroms.

SLR. systems the minimal-transmitted-energy 1e-10"
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the maximum 35 nanoseconds. It was pointed ocut that the more narrow
the laser pulsewidth, the smaller the pulsewidth error fLiu, 19851].
In practice the relationship was also found with constraining the
iaser pulsewidth. For example, the pulsewidth was constrained from
25 nsec to 6 nsec by means of a pulse chopper in an SAQ SLR systenm
so that the ranging accuracies increased to at least 50 percent
[Tapley, et al, 1982]. From the following equation it can be
demonstrated:

k.t

M = — P P (2)

W r?i?
Where
Mw = pulsewidth error;
”xpm.ﬁumfﬁﬂmuoiuaulasaxdguls@;mﬂ”.m“m”“UWUWHMMH.MUNUWMWAMHWHWH,.””
N, = number of received photoelectrons;
k? = coefficient depending on different detection.

However, to use the pulse chopper for a narrow laser pulsewidth is

a temporary improvement means. Due to its reject for a sizable frac-

_tion.of the laser energy it is not efficient. An essential and effi-

cient means is to employ the new laser which can not only generate
laser pulses as short as 30 psec, but also operate in a pure funda-
mental TEM,, mode. The latter can produce. the smallest beam diver-
gence, the highest power density, and, hence, the highest brightness.
Furthermore, the radial intensity profile is uniform and uniphase

[ Koechner, 1976]. The experiment by GSFC demonstrated that the re-
quirements can be satisfied essentially when using modelocked NdA:YAG

lasers. Their repeatability and rangemap measurements have shown

~less. than 2.CHl péak-to- peak Varlatlcn in 108 point mean. The repea-

-tablilty and rangemap measurements for PTM Q-switched and Q- swxfcheaf

nm@&ﬁwéﬁﬁgﬁaﬁ T Zagweéaka

CTESETE WETE” ef”ﬁ@?@“tﬁﬁﬁ“ﬁ Em'p&zkwtmaﬁﬁakwvarxatrmnwtﬁwiﬁgv@ﬂiﬁ
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Nd:YAG (or YAPY lasers should be substituted for

The latter has alsoc other problem leading to a

Its source and magnitude have been discussed in
another paper [Liu, 1985]. For at least decreasing the wavefront
s do not empioy also the Q-switched lasers, but the

has been said above, we know that it is suitable for

be able to genevrate the following pulses

€s, S0 383 to insure the aptlmal
cperzticn for SLR systems. If there should be any device which
can effectively detect infraved lasers it would be very benefi-

cial to use longer 1aser wavelength fer SLR;

- stable wavelength laser puls

.- higher repetition laser pulses, so as to acquire more ranging

data in one satellite pass; but due to limitations of thermal
transients which disturb the fine balance within the optical
tor and high peak power nonlinear effects which can lead
te the irreversible breakdown of materials subnanosecond laser

pulses are limited to about 20 pps repetition rate [Hyde and White-
head, 1922];

resonz

- short sharp laser pulses so oas to improve the accuracy for mea-

surements to the time interval hetween a transmitted and returned
daser pulsSel

-~ powerful peak laser pulses. so as to be able to measure the dis-
tances not only to the satelliite-borne retroreflectors, but also
to the moon-borne retroreflector array;

o= purer fundamentals laser mal%e'i ae as to Qﬁtazn At nﬁi?hﬁmTAﬁa

 u21phage 1nueq51ty pre 11& for ;T@L se SLR.
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ANALYSIS AND PERFORMANCE OF A PASSIVE
POLARTZATION TELESCOPE COUPLING SWITCH
FOR LUNAR LASER RANGING

S.R. Bowman, J.R. Rayner, (.0. Alley
Department of Physics and Astronomy
College Park, MD 20747

Telephone (301) 454 3405

ABSTRACT
A paé§f§é'bb?éé§£a£%éh éﬁéféguié an &%ﬁréctéve way to couple a lYaser
transmitter and receiver to a telescope because it is se simple. However,
few laser ranging stations have implemented such a switch because of concern
about depolarization of the beam by the target. Here we show that the amount

of depolarization is less than one might expect by considering the case of
the Apollo Tunar reflectors.




ANALYSIS AND PERFORMANCE OF A PASSIVE
POLARIZATION TELESCOPE COUPLING SWITCH
FOR LUNAR LASER RANGING

&, ®. Bowman, J. R. Rayner, C, O. Alley
Department of Physics and Astronomy
College Park, MD 20742

Telephone (301) US4H~3H05

ABSTRACT
4 passive polarization switeh is an attractive way to
couple a laser transmitter and recelver to a telescope because
it is so simple. However, few laser ranging statlons have
implemented such a switch because of concern about
depolarization of the beam DY the target. Here we show that
the amount of depolarization ig less than one might expect by

" donsidering the ¢ase of the Apollo lunar reflectorse

IHNTRODUCTION

In order to separate the transmitted from the returned
beams, some sort of switch is required. Most laser ranging
syastems incorporate a rotating mirrored ahopper wheel for the
switeh. While this approach is conceptually simple it can lead
to some practical problems. The wheel must spin stably while
staying in phase with a high repetition rate laser. The
1imited extinction ratio between the two paths requires some

For the Goddard/Maryland Lunar Ranging System, a passive
polarization switch was chosen. It has the advantage of being
very simple to implement, consisting of only a thin film
Brewater angle polarizer and a Zérc order quarter wave plate. -
Tt has the disadvantage of losing some return light due to
depolarization, but this is more than compensated for by its
reduction of the noise by a factor of two, This section
examines the efficiency of such a switch for lunar ranging.

DEPOLARIZATION FROM APCLLO REFLECTORS
4fter the second harmonic generator a half wave plate is

_used to rotate the linear polarization to the vertical, Flgure

R

i

1.0 The "$¥ polarization is reflected off a thin film polarizer

" and passes through a.zero order quarter wave plate inte the

¢ Theigere order plate is needed bo . prevent ... .

T Semperture variation from afrecting the potarizatiom state.i oo
) . ;

cto.nolarizaticn. will bhecome "PM




Delfine a wcoodinate Bystem on the optical table as shown in

Flgure 2. Transmission of the wgw pelarization through the A/4

plate gives a polarization state

1 sied
2 t1sd
Multiple reflecticons off ths telescope mirrors will change the
polarization state, However megasurments of thls effect show it
to be small. 4 helium neon ilasar with an arbitrarily oriented
linear polarization was transmitted through the telescope. The
attenuation of the transmitted beam by a erossed linear
polarizer was measured at many telescope positions. The
linearly polarized intensity was found to he pregserved to

%

i ) . (1)

Withiln 5%, Since this change 18 s@ali and is reversed upon
returning through the telescope, it is ignored here, It cannot
be ignored, though, that bthe polarization axis will rotate as
the telesceope tracks in azimuth, This effect combined Wwith the
changing crientation of the moon as it passes overhead will be
accounted for by a retation transformzstion of the goarner cube
ArTray.,

PASSIVE POLARIZATON SWITCH

Relative
Velocity
N - }?
....... . \‘m_) R %pgst,gxig,
] H "- X
Corner E-%é EJK CHLEDFE i?y
Cabe - .
ﬁg i
Thin Film
N Polarizer
s Eg
-
20y S "B Pol.
&/ Recelver
Ug Bal,
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What happens to the polarization of 2 bean when reflected
srom & total internal reflection ierﬁev cube was first studied
by E.R. Peck, R.F. Chang et al,  extended the analysis to
include far field diffraction of linear polarization from a
corner cube. In a similar calculation, the Fraunhofer
diffraction pattern for normally incident, circulariy peolarized
light from a corner cube can be determined. Then the
sPficiency of the passive polarization switoh can be evaluated
once the veloelty aberration effect is accounted for.

Upon reflection from a iunar corner, the incident bheam is
proken up into six wedge shaped Dbeams. 1In general, each of
these beams will have_a different polarization. These alx
polarization states,V , can be ealeulated from the eguation.

L1 13 n
(Ex’ Ey) = E * gﬂn (2)

The authoras mentioned above have caleculated the polarization

matrix C! consistent with the cocordinates choosen here for the

sase of one back corner edge parallel to the "y" axis.

! . or 1o+ S A7 372
¢ = £ L/ T72 mgy v Eogy Y3 N gy
- - s ¥
< E 1l ey 2 nog, i gy
s =g 1+ 4/ 172 * - v 372
c £ 1 v EHGZ ﬁgy Jg/zﬁgx (3)
g“ ngli-;/““E/ngozf'C{% -“vf‘Bf’E‘ﬂmX
¢*=E 1/ 2 mg, gy
& . V) Lt 372
o gmEl gt Lgy TR
In terms Of the totalinternalreflectiongdeffieients rs
r\
P
-.-..E-—- Fad z ~ i 3E
Eom e (rg cr )0 3(rg v r)f o2 (ng mrpd8d
s . 2
o= ”T‘g (I”S + r‘p) {L;}

[P

g & =i i?%— (rg * rp)*(rg - rp).

¥or an arbitrary azimuthal orientation of the corner, the
matrix Cri must be rotated about the "z" axls, it is easy to
zee tha%xoniy the "x" and "z" Paulil matrix components are
_ affesnted by a rotation of angle 8. To transform gn to

and RS S SRR

an azimuthally rovated ﬁﬁtaimiﬁt@ﬁﬁal~weﬁ}@&%ieﬂfeo@ne&hegbaw ,,,,,,,,,,,,,,,,,,,, L
larization switch,

vectors, Y1 , for the six normally reflected veams

Iw ovd@r-bﬁ-evalua%e-tﬁeﬁeffici&ney.of_thauﬁﬁmn _ _
y?  that are transmitted and rejected

l&?%%hﬁ%&
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t§ i + i P
gg} ';2[; s i} {Gf
ia thg transmitted polarization state. The components of
the ¥ 'z in the gp and U directions are
Yg = ynv gp = & + ¢ {Tfor odd n)
= = =5 {(for even n)
and (7}
n n iz2e
YS = y * ys = én 5] .

where the complex numbers 8, are given in Table {(1}. ,

The normalized reflected electric field from the nth
subaperture of the Jth corner cube in the array can now be
written as

n - n n L. LE . . 3 : ’
Ay = [ovpte )y T ¥gleyr Ul exptiny) . (8)

J p

The phase A, is the overall optical delay for the Jth corner,
For even slight varlations in the physical dimensions or

temperatures of the corners, the optical delay wiil ¥ary-over- - -

ong wavelength, For this reason the following analvsis assume
ég te be random,
Records of the construction of the lunar corner reflector

backages show that all the corners in the arrays were carefully

srisnted alike. Therefore, the subscript on aj carn bes
dropped.

After propagating back from the moon, the bsam from ¢ach

of the corner cubes will be spread by diffraction, For the Jtn

corner the field component in the U? direction at a point @
will be

TABLE %

¢} 6n

1 VY372 = 1/2
z +i

3 #3372 =~ 172
T T

3




B i . a 2%
ajiﬁg 8} = T expiiﬁj} fﬂgd&fo Ygi@se) €

Here {p,4) are polar coordinates on the corner aperture and

»ikgsin3005(¢w$)d¢ 38

(9)

{w,u) are the angles locating the point 4 relative to the %

center of the diffraction pattern, Dividing by the area
corner, wa normalizes the amplitude for a = 0. Rewriti
4 integral in terms of the six subapertures glves

a g+{2n+3)n/6

3 g+l{z2n+1)in/6

With the definition of x = kasing and the use of the Bessel

geries expanslions

iycos8 = £
o & = {y) + Z,EEt{ﬂi)..Jg(y)cos(EBB
= {x (g + 2m + 113 (

i ] i s
g (¥ICy = 28X, & [TV Zm F2Y( + em) Joeamel

the amplitude component becomes

g e o
Pla, 8) = g3 exp(iag) I, 00 9 p

(~1)* sin (17/6) §

1

2

8 w
faw e Uing) g

@ {2m+g+1)}
-3
mE0 T3maa)(2m+L+23 Jomager (XD

-
Hf ERs Nosermers will osuperimpese. - In the approximation
s large, the transmitted intensity will be
1Prg, 8y = § aPr2 = nluP|2.

Likewlise, the rejected intensity will be

§ Pia Pra

us = Njiu .

L E uBle . npul]

The pelarization switch efficiency can now be written as

1%(a, &)

e(a, @) = | WPlz 7 0] uPjre | W®]2]

‘whers the 3&b$@?ip§ j is now sqger“luouﬁa

o 1 . & ¢ _
ul {@,e) = e exp{i&j} n§% Yé@} fegép i expl~ikpsinacos(¢~y¢)] d¢

%)

of the g
ng the

- {10)

(113

N

cos {e{w(n+1)/3 + 0 ~ v]1 §

(123

the laser pulse duratlion is long encugh, the fields from all

that W

(13)

(14

(153

- Feor s@ali ¥, oEhe Iy term dominates the expressiaﬁ for uf .

anu the e 'ﬂiency approacheé unity. Reallstically though, the.

1; was

i pentered onl the ﬁeeaiver..
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FIGURE 2

efficiency for several intermediate velocity aberration
angles. It is clear from these curves that the depolarization
ig a weak functioen of the ecorner array orientation, e~¢y. HMore
importantly though, the passive switch efficiency 1is better
than 90% for all cases,

From the example calculation for lunar targets one would

_&xagcz.thﬁwﬁe?miarizatiﬁnf1638é$“€éTiﬁé?éééé*fGr'ether“té&éééé

a8 the velocity aberration lnereases, although thse exact
calculation depends on the details of the targets structure,
This means that the highest losses would be sxpected Ffor the

lowsst satellites since they have the highest relative

velocity. In practice, the passive polarization switech has
been Ffound to work very well for LACGEDOS, BE~(C, and (GEOS=a,

CONCLUSIONS A
Fassive polarization switches are a simple, efficiant way
of coupling the laser and reciever to a laser ranging
telescope. For lunar ranging operavions, depolarization losses
of less than 10% can be expected., Additional advantage is

gﬁi?ﬁ@”iﬁ_ﬁﬁiﬁe_??§¥@3§¢ﬁm53_$ﬁ@_filﬁaﬁiﬁgnﬁfmﬁha unwanted
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AN ACCURATE TEST OF THE AZIMUTH AXIS OF A 1.2M
ALT-AZ TELESCOPE MOUNT FOR THE LUNAR LASER
RANGING AND THE ANALYSIS OF THE RESULTS

H. Feng, Y. Xiong, V. Zhang, J. Wang
Yunnan CObservatory
Academia Sinica
P.0 Box %10
Kunming - China -
 Telephone 729 46
Telex 64040 YUORS.FN

ABSTRACT

- The wobble of the azimuth axis of a 1.2m Alt-Az te?éscépé mount for

the Lunar Laser Ranging is measured by means of an accurate method. The
systemalic error is separated out and the random wobble is found to be
about OY08. The relation between the systematic error and the structure
of the mount is also given in this article.




1. Intreduction

Because of the long distance between the Earth and the
Moon,the lunar lager ranging works approximately to the thre-
shold of detection for the current laser ranging technology.
In addition,the aim actively pursued by 211 the lunar laser
ranging stations teday is to make the lunar laser ranging
by means of the absclute pointing of a telescope so as to
increase in the number of days for the ranging. But the
necegsary condition is that the tTelescope should have highly
accurate pointing. However.the pointing is based on the
stability of the axis system. 1t is known +hat because of the
error in the level adjustment or mechanical faults of the
mount even the effects of the environments,the azimuth axis
s¥ the mount can not coirncide with the direction of the plumb
1ine of the station. The deviation consisis of the systematic

error and random wobble. Qur aim is 1to séek for an accurate
testing method ,analyse the measured data,extract the gystema-
tiec error from them and make an exactly guantitative estimate
of the random wobble. It is hopeful to make compensation for
the systematic errTor extracted when a computer is used 10
correct the telescope pointing. Moreover.some very interesting
details related to the structure of the telescope mount are
2lss found as the systematic error ig analysed.

w
"
i
=
5
&
3
&
&
4
&
:( i
¥

e Memsuring Method T L
The most direct method for determining the deviation of :
the azimuth axis from the local plumb line is that the shift !

of a fine bubble,which is vut at the top of the azimuth axis,
is obgerved when the mount® turns around the axis. Uur measu-
ring method still follows this principle,but the measurement
accuracy ig greatly improved.
fhe Talcott level used on the 7eiss transit instrument
is adopted and one of the graduations 1is measured to be 1.17
s aeeses iat about.20°0).0he level bubble is fixed on an adjus-
table support which is instaﬁiéé'atmthe'%é@"5f”%hé“&2imﬁth*ﬂruun:u.a”m:u
axis, Two small measuring telescopes,each with a micrometer,
_ are used to determine the position of sither end of the
bubble,respectively. As two measuring telescopes may te
pointed to The targe%s”withiﬁ'a'Shart“rang@"aﬁé-Oﬁeugraduatian
of the bubble may be equivalent to 130 divisions on the
micrometer. And it is easy to estimate the readout of 1/5%
division on the micrometer. In this way the readout resolution
may be up to 1/500 arcsec., OF course, the actual meagsurement
accuracy can not be 890 high,which 1is Timited by the factors
auch as the sighting accuracy, the manufacture precision of
the bubble,the sffects of the environment and S0 On.
~o - When the asnrement is carried out the bubble is firstly
Cpwteincoibe directlc : iotg the alfitudse axis. As the
Cpiount is turned at Alha 'fééimi_jféﬁiégthé*pogiﬁioﬁRJHJﬁwﬁbﬁ.”
: “”5ﬁ§§:aj;%¥gshabh&ewargwde%ezminata@m v, the micro-
ely and the mean ofth oL :
E;:g; .
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and repeat the steps of the measuring method mentioned above,

We have made the measurement of 46 circles in all (with
36 measuring peints and 37 readouts per circle), The measured
data of the last 20 circles are used for the quantitative
calculation and analyvsis. When the measurements of haif of
the 20 circles are made, the bubble is parallel with the
altitude axis,and for the other half is pervendicular te the
altitude axis,

III, The Results and their Analvses

When the measuresd resulis are shown graphically, it is
not difficult to find that the systematic error is evidently
included in the results and there appears good repeatability
between the circles (Fig.1). :
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Using a trigonometric volynominal to fit the data, we can

obtain the corresponding harmonic components. The first harmo-
nic mainly originates fror the level adjustment error of +he
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As for the second and fourth harmonics, they all crlglnate
from the deviation of the azimuth axis caused by the coupling

of the drive roll with the rubbing disc(Fig.3). The drive

roll iz located at one side of the mount and. its influence
upon the azimath axis may be regarded as the Qupevimnoszt;ﬁn
of both of the rigid and flexible compositions. The rigid
composition influences the first harmonic and the flexible
one produces the second and fourth harmonics. This analysis
has been proved by the experlments, When the coupling of the
driving rvoll with the rubbing disc is released, the second
and fourth harmonics would nearly disappear and the first

e
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18 very small. The reasen why there exists the linear term

is that the measured value at *point at the beginning of the
Leasurement may not be in accordance with that at the end of
the measurement after running a cirele, But if the measure -
ment ismrepaaﬁedly.mada.atm%he~9fpminﬁ'in“a short pericd,

the measured values tally well with each other, Cnly in a
rather long time interval when the measurement at the same
point is made, the level bubble can shift in the same direc-
tion. It is considersd that the reason why this phenomenon
apbears is that a substitude is uvsed as the support of +he
bubble, of which the structure at either end is extremely
unaymmetric, Even if there is neo temperature gradient in the
surrounding environment, the bubble will shift in the same .

direction owing to the. time=depandent variation-in the tempe

CUTaturs within the dome. Therefore, it i reasonable to intro-
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Finally,the fallowling formula is adopted vo TiT BHETT
measured 4ata.
v - a, 008 x + DbSIE x + 23008 2% 4 b, SIN 2% +
4+ ag CO5 %x + by 8TN 3% + 24008 4x 4+ heSIN 4x +
£ B, 0S5 2% + b SIN 12x + kx + C (1)

hWe dats of every cirole (the 37 meagured values are
regsed by fi }, the twelve coefficients awaiting determi-
ati in the above equation can he calculated DY the least
square method. Trom the residua AYiL = ¥Yi=¥ and equationi?
the root-mean-square of the fitting erTol Ef may be obial-
ned, of which the mean i1z about 0OVO8.

Me =/Zays® /(37 - 12 ) (2)

The R.M.S5. of the fiﬁtiﬁg”CQﬁtaiﬁﬁ +he random wobble of

the axis and the measuring e?réf,“?ﬁe'q&anﬁitativa estimation
should be made for oul measuring method. 1+ is found in the

process of the apalysis of the measured data that the random
wobble of the axis does not happen in some small districis.

Sn i thig case the relation between the ghift S of the

hubble and the rotation angle® can he determined accurately-
(Fig.4), The data 81,51 can Dbe fitted by a guadratic curve

¢ - 5 8% 408+ c , wnich represents the motion model without
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?Qfawﬁigeé;shﬂwsmi%ﬁ“measnreiwxesul%s@wTh@~repeatabiliﬁy”cf """""
two measurements is very good and the root-mean-square error
of the measurement is 07015, Therefore, the values obtained
from formula(2) primarily are the random wobble of the axis,

The data of 20 circles are listed in Table 1 and Table 2

where Al represents the ampiitude of the ith harmonic.

¥

IV, Coneclusions

(1) It can be seen from the data listed in Tablet and
Table? that the r.m.s. errors calculated from the measured
data of every circle are guite approximate to one another,
The standard deviation iz used to express their dispersion,
of which the value ig about ciot,being equivalent to the
measuring error. It is shown that the tested result for the
wobble of the azimuth azis is reliable,

(2) The systematic error model measured in a direction
is different fr@m”that‘iﬁ”thé”éiréeti@ﬁ’p@rpen&iﬁular to the
former one. It is shown that g rigid model can not be used to
describe the wobble of the axig, Hereafter,the correction for
the telescope peinting must be made separately according to
the results measured in the fwo directions, . e

(3} The first harmonic is affected by the influence of
the environment on the concrete pler, but the other harmonics
mainly have relation to the structure of the mount,and there-
fore they are all relatively stable. From now cn, the first.. . .

'h&f@@ﬂi@“wizi“hé”&é%éf@iﬁéé”éj”fhe monitor of the relation

between the first harmonic and the environments or by the
observation of stars, Then the effect of the wobble of the
azimuth axis on the telescope will be limited within the
range approximate to that of the wobble of the azimuth axis
stated in this paper., This is undoubtedly advantageous to the
realization of the lunar laser ranging by means of the abso~
lute pointing,
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U goas2 | ooa7a | 0.218 | 0.087 0,226

10,681 0.232 0,237 0.071 | 0.211

% 0,664 0.154 0.273 0,101 10,221

4 | 0,921 0,229 0,265 a.427 | 0.261 10,081

5 0,869 0.194 0,276 0,102 | 0.23%8

6 0.740 0.207 0.247 0.108 | 0,233

7 10,705 0.175 0,232 0,089 | 0,212
8 0.74% | 0,176 0,209 0.084 | 0,206 10,080 -

0,665 0.171 0,221 0,105 | ©.257

10 10,730 0.192. | 0.246 | 0,106 10.238

mean | 0.715 0.190 0.242 0,098 | 0,230

Gy | 0.124 | 0.024 0,022 0,015 10,018

Tahled The bubble is pa

Unit: arc second

rallel with the s1titude axis.

Ay Ao A 4 Ay Aqz
> 014 | 0.478 | 0.20%3 } 0,086 0.159
5 046 | 0,470 | 0,209 {0,080 0,167
T S o6 ouass | nL2e8 100095 0,140
2,235 | 0,462 | 0.259 | 0.137 0,146
5,335 | 0,481 | 0.222 | 0.124 0,150
5 333 | 0,463 | 0.212 | ©.118 0.1%1
7 | 2.265 0,402 | 0,245 | ©.123 0.14%
& | 2.15 0.466 | 0,233 1 0,111 0,147
9 2.190 0.499 0.243 | 0,122 0.176 075




DOUBLE PEAK POLARIZED INTERFERENCE FILTERS

M.L. ¥hite

Lure Observatory
Institute for Astronomy
University of Hawaii
Kula, HI 9879¢

Telephone (808) 878-121
Tetex 7238459 - ‘

ABSTRACT

“%'ﬁé@‘tygé'of‘high‘ffahémiSSic&;‘ﬁérde”bandpasg Filter is tested at
the University of Hawaii's Lunar Laser Ranging Cbservatory. In this article,
the Daystar double peak, polarized interference filter is described. The
tilter performance is characterized through the evaluation of several tests.




DOURLE PEAY POLARIZED INTERFERENCE FILTERS

1 Introduction

The Daystar double peak interference filter utilizes 8 solid spacer birefringent etalon.
The stalon is cut 1o & hall wave ihickness and the refractive index of the etalon material is
cuch thai both orihogons! iransmission modes are supported. This results in the
teansmission of beth the vertical and horizental fight componenis at g desired wavelength.
A single peak filter of the samse type would pass only one polarization component resulting
in & 50% joss of trapemission at the desired wavelengih, Finding birefringent material of
acceptable guality and cutting the material 4t perfect haif-wave plate thicknesses are the
major limiting faciors in the construction of double pesk filters Therefore, sources for
these fillers are Himited,

Following are specifications for the filter described in this paper:
Transmission Wavelength: 532 Nanomsters

Bandwidth: 10 Angstrom FWHM +/- 0.2 angstrom
Transmission: 28% per channel (This givesan actual throughput for
our application of 28% -

Blocking: Full shortside to x-ray optical density =60
Long side to 900 nanometers optical density =5.0

Clear Aperivre: 3¢ mm

R

T D e R B e

R

Fitter componenis: Instrument quality, 60-40 scratch dig. Anti- eflection coated )

air/glass interfaces {or minimum of 02 % reffectance, Installed in g temperalure regulated
aven providing +/- 03 angstromon vand control and minimum /- 1.0 angstrom off ~band
search capability. L

11, Test Hesulis

The filter was first tested on the University of Hawail's, Mees Observatory solar
specirograph. The digitized signal from a silicon vidicon tube was used to measure the
transmitted light through the fifter and then without the filter. A graph was then plotted

comparing (he amountel light transmitted at. 532 nencmeters. with no filter in_place with

the smoupt of Haht iransmived ot 332 sanometors with-the filter in place. The filter: = |

' irpnemissian was measured to be. 28% with a FWHM bandpass of 1 angsteom (figure 1), At

R Lie “i’i"wasﬁ@taﬁ‘%@%%ﬁa»f@é{}ﬁ@ﬁﬁég@f os bhad temaeratise satting wag netcorrest. fn
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sty performed alsn indicated that tp schieve optimum transmission the fifter lemperaturs
had to be rajsed : oo

The filter was then placed in the station's satelfite calibrating receive package. The
average return signal off of the calibration target board ¥as measured with a receive
BRETEY monilor throy gh the filter and then without the filter in {ine with the detecior. The
comparisons of thess fwe 5eis of dais revealed that about 75% less ELBrgY was recelved with
the filter in line with the detecior than was received when the filtar was not in line, This
tezl was more subjective than the first and hiad ap error factor of approximately plus op
minus 199

Finally, the Fitter vas tested during aetuaj lunar ranging. The histograms in figures 2
and 3 show the fumber of photo-eleciron events obtained during ssversi runs . It is
difficult o apply » iransmission efficiency number to the results, since one can oaly
compare the data io other ranging data taken on nights wiz%;a»geﬁiﬁg'mﬁéiii&ﬁs}‘ﬁﬁgﬁi be
considerably different, 4 test of this nature jo greatly affected hy seeing condilions and

equipment performance UB 8 given night However, when COMPArisons are made with

funar data taken with a four angstrom filtey with g {ransmission of about 40%, the data rate

is within expectation

Angle of Incident Energy and Effects of Temperature Variance

Pasticular emphiasis vas placed on éééiééiﬁéﬁg the angle of incidence during these tests,
ﬁfﬁgaﬁ & narrow bandpass filler is tilted from the aormal, the pass bang will Broaden whije

Increasing the filter's correct Operating temperatyre wil shift the bandpass towards the
longer vavelengths, Likewise, decreasing ihe filter's norme} roum temperature will shift

lemperaivre depends on Lhe speciral Jocation of the filier and Ialis within 2 rapgeof iS5t

&z};gﬁmmsaf;g,,ﬁsgaﬁa@miﬁgr&é@"Sﬁaﬁﬁgs’:*E’&é“ﬁ&?éié?iéggs’irém filter is installed in 2

emperature regulated oven providing «/- 0% an gstom on band controf with g4 maximum +/-
L0 angstom off bapd search capability

V. omclusions

The filter performed at a level of efficiency consistent with the manufactyrer's
specifications with the gxceplion of the discrepancy aoted with the temperature controller |
Davsiay originaily agreed ip provide a filter with a throughput of 75% The completed filter,
however was measured o have g throughput of 289 This is an exceilent overall
lransmission fora | angsirom bandpass filter and it should be usefu! 1o &ny lunar ranging
Station desiving 1o improve the receiver, signai-to-noise ratie. The problem with the
temperature controller should lead future users of this filter iype o

: erify ogn -baad tuning
7 éevé&iﬁaﬁ._{mﬁz the filter's corract s peraling emperature will lsagd +to-8-significan (3

T




during foll moon that cannot be entirely related 1o increased lunar noise during full moon.
This has led to 308 speculation that the Apollo reflectors lose some efficien]cy 83 they hest
up during masimum lunar illumination. L

fecently, the LURE Observatory achizved its first daylight lunar ranges. As B
consequence normal funar operations will be extended into daylight hours. More testing of
the | angsirom double peak filter will be conducted during daylight bours where &
significant improvement in the signal to noise ratio can be expected.
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EFFECTS OF TELESCOPE DESIGN UN LASER BEAM POINTING ACCURACY

R. Korakitis

Department of Topography

National Technical University of Athens
Heroon Polytechniou 9

GR-157 73 Zografos - Greece -

Telephone (01) 777 3613
Telex 215032 GED GR

ABSTRACT

This work p%éééﬁfé4ééﬁéréf§8§é§H§Soatrtﬁe effects of the optical

design of the telescope on the beam pointing accuracy of the SLR
system at Dionysos Satellite Geodesy Observatory.

A brief description of telescope and mount is given, with emphasis
on components critical to beam alignement. Possible torsional flexyre
of the horizontal axis is examined and is found to be unimportant,

The path of the laser beam through the mount is softwaremode] led
and beam deviations upon exit are computed for different positions of

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

..adjustabiérﬁﬁt%ca1fcamﬁaﬁeﬁﬁsgfﬁt*fhe~3ame-t:me;“1t'zs“gﬁQWE'that“gfeé“”“""'

cession of the beam, due to improper alignément, has pratically no
effect on the optical path length, so no system delay changes are
expected for different orientations of the mount. This prediction is
experimentally confirmed down to the performance limit of the system
{about 2 cm).




& {haracteristics of the mount

- ?3%h;?h§§?$?%§ 4ed ggw‘}aﬁ%@f’%%&ﬂ mount- ATE- %eiagggggégﬁhcﬁs&nin ?i gsia TR

~;§g¢5ﬁgﬁ~~ggsxg%gp~%w%@rssha@é&@eavr@ﬁﬁiﬁti@ﬁeﬁfw§§@§§i~?%foat%§v3ﬁ5~53933§&*" REREE

‘deflection can be made using elemantar

This work raporis some FesutEE of wtudies, conducted et Dicnyeew Sedel- o T v
lite Geodesy Observatery, concerning the machanica! and optical performance
of the mount and felsscope ueed in the Sateliite Laser Ranging system. The :
nurpese of the sludiss is te sstablish the asccuracy limit of the system with i
regard to lzser beam pointing and system delay stability,since ths mount was
originally designed to be used with a igt gemeration Ruby laser; haviag mush
lower precision capabiiities.

In the first part, a brief description of mount and talescope is given,
indicating tomponents eoritical to mechanical and optical adjustments. A
pessible torsional flaxure of the horizental axisg e examined both theoreti-
cally and expsrimentally and is found o be unimpertant.

The second part describes the laser beam path and itz software medal,In
this medel, all sptical components are suitably represented and ray-tracing
results show how sach individuai adjustment affects the alignemant of the
beam and the optical path tength. For all reasonable values of beam davia-
tion, the path length doss not depend on the erientation gf the mount. The
et section of ths work describes the ewperimental verification of this
srediction, through system dalay measurements at various orientations.
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The SLR system at Dionyses usss a conventional altitudes over arimuth
design, with separate transmii and receive spities and a3 ocoude optical

Both rotation axes are realized by pairs of conical retlaer bsarings and
their sxact erientaiien can be adjusted by suitably ipeatad sorews. A preci~
sion level permits alignement of the primary {azimuth) anis within 3 arssec
of the local vertical. Simitarily, the £ild of the secondary {altitudel anis
i adiustable to within 3 arceec of the herizental plarie. In addition to the
rollar bearings, the aftitude axis is supported by preloaded brenze
bushings, in order to minimize flexurs. Rotation angles of the axes are read
by eptical ancoders, which have a resolution of | millidegree and zre
gituated by the respective drive gears. The rotation of the awxss iz acocom-

P e Y e 7
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Bility 1 millidegree (RMS). Therefore, the positioning accuracy of the mount
is limitsd to sbout B aressc. |

s e T

With regard to the distribution of wmasses, one should nots that the

Cienter of @Ity (CMY of “the receiving telescope ties behind the aliitude anis

{whan the telescopa is in the horizontal plane), whereas the (M of the
transmitier liss in front of the axis. Since the corrssponding momants have
spposite direction,the altituds anis i6 rotationaily balanced. However,thase
moments can cause & torsional flexurs of the steei tube that realtres the
axis, The rotation angle of this axis (i.s. the altitude) is datermined at
the transmitting end of the fube, whare the altiiude drive and the encodars
ars situsted,se any torsional flexure will show itself as @ vortical deflec~
tien of the receiving telescope. A& rough estimate of the magnitude of this

» @iﬁﬁ.%iﬁitg%ﬁ%ﬁ??‘ii}g . . o e
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Fig. 2 : Set-up for the torsional flexure experiment
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Fig. 3. Vertical reading differences (theodolite-teliescope)
~us..altitude. AR defined to be zero at v 2 0% . .

The sotid curve shows the effect of the expecied
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ang or B0 PE1. Sines-the predicted valus i the deliveiion ielsl be
pesitiening accuracy of the axis, torsional flaxura ls considersd o
upimpoertant. In sny c¥se, an sxparimental chack was performed as foliows:

A small mirrer was fixed on  the sutside wall of the receiving
tslgspope, perpendicuiar o the optical axis. A pracision theodolite, typs
Keorn DKM34, was placed by the receivar so that its horizontal axis roughly
coincided with the zltitude sxis af the mount (Fig.Z). The theodolits was
seed as an autoss!!imater, projecting ihs image of an illuminated erosshalr
to the mirror. In .this way & dicsckion, approximating the optical.axis, was
realized that remained fixed with regard to the recsivar. he altituds of the
telescope was varied and the sneoder readings wers comparad with the
corresponding readings of the vartical angle of the thecdolite. Two indspan-

dent . saries of such measurements wars faksn snd the mean values of the

diffarsncos are shown in Fig.3, Siohn with the Cerpeched wvaElue ef o the o
R g

deflestion.Ne systematic daviation thal can be attributed to tersienal flex-
urs is avident, The deviation aof the measuraments near the zemith, currently
under furthar investigstion, is probably connactad with ths behavicur of the
anti-backlash torque motore of the altituds driva.

%, The jaser basazy path medsl|

&Fg@ﬁergi cohematic of the lassr beam path is shown in Fig 4. Upon exit
from the lassr unit,ths bsam is twice defiectad through 92° by dichroic mir-

‘rore that separate the SIZnwm Fadiation from the 1R The -leser  beam . sfter. .

gxpansion, is dirscted to the 1st mirror of the coude path that sends i1
upwards, ajeng the vertica: (apimuih) axis of the mounti.

In order to facilitsts the alignement of the beam,an auxiliiary epticsl

setup is under construstien by the vartical axis. Tt mainly congists of an
autooollimater and a fixed mirror, that will realize a permanent reference
dirsctien for the laser bezm.A sample of the laper beam wil} be brought inte
this path by inserting a psiiicle beam-snlitter. At the same time,this satup
will ~permit direct viewing through the transmitting tslssceps,enabling thus
s dirsct check of the pointing of %ths telescope using sbsrevations of stars.

The alignemsnt prosedurs sensists of thres main paris:

. Adiusiment of the last dichroic mirrer, tegathsr with expander, for
pitch, yaw and linear positien, Then,adjustment of the st coude mirror
for piteh, vaw and transverse Linsar position so that the beam axactiy
foliows the azimuth axis of the mount.

b Adjustment of the Znd coude mivror, which actually is a righit-angle
prigm situated at the interssction of the axes,fer piteh,yaw and linsar
gosition so that the bsam follows the altitude axis.

When thess sdijustments are completed, ths lzser beam sheuld not precess
whan ths mount is rotated to different srisntations.At present,that can
be mchieved within 15 arcssc but this figure is enpected to decrezsse
uging the alignement setup described sarlisr.
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c. fthe
. inside - the  tranemitier, im order. to. bring. the exit lassr besm inte .
alignement with the pointing direction of the mount {commen direction
of transmitter and receiver optical axes). In additien, the Final bezm
sxpandar adjusis the full angle divergence of the beam in the range 19

ta 188 arcssc.

tast step involvas the adjusimeni of ihe 3rd couds mirror, located

Referring to Fig.!l, one should note ths internal cslibration path that
s sstablished inside the receiver end of the attituds axis. & very small
drep of clear glue, at the hypotenuse face of the central coude prism,

scattars

come radiation towards the receiver. There, a3 smail prism de~

flschs it towards +the main mirror so that if can bs ascquired by the delec~
tion package.

In order to study guantitatively the effscts of the gaveral adjustments
nasded For the alignement of the beam, the optical path was modeilied in the
computer.This software model analytically trests the defisctions of the beam
at all mirrors and prisms in the path, the position and erientation of which
can be veried in asccordance with the degress of fraedam of the zeiual com-

ponents.

The starting point and initial direction of the lgper beam, as it

loaves the Znd expandar, is taken inte account, as walt 38 the distances

betwesn

the componants, which ware measured using a Chesterman stainiess~

steal tape.

The

in three

computations are performed using matrix representations of vectors
rectangular coordinate systems: the Mgy ¥oslnt sysiom remains finsd

in spacs,with Z, along the azimuth axis of the moeunt {local vertical) and ¥,
towards the local astronemical North.The (Xy,Yj,Z)=Z,} systen s producad by

rotating
is miong

tha previocus ona around £, through the azimuth angle AT the X{Ewis
the altitude axis of the mount. Finally,ths Mp=X1,¥p, 2o} systam is

darived by rotating the previous one arcund X1 through the altitude angle v
the Y7 axis is along the optical axis of the tranemitiing talescope. The
program outpuls the direction of the laser beam upen exit, sxpressing it as
an angular deviation from the Yz axis fowards a sertain direction in the
{(#p,Z2) plane. Figures B and 7 are fypical examplas of the output, showing
diffarent losii of beam deviations for constant azimuth or altitude and for
different adjustments of the components.ln additien,the program computes ths
total path length, from the starting point of the bsam up to a fined plane
‘*éé%é?ﬂé“fﬁé*¢ééf“?ﬁﬁgra§~%hawgygt@mgxwherenﬁnf%%r%fafiaééﬁFw@%#¢~§§A¥ﬁﬁﬁaﬁ§¥;rm.”....'

placed.

At present, the offects of the final beam expander are computed using
the paraxial approximation. Since ths overall alignement precision will

ineraase

Witk the instaltation of the suxilliary eptics,a revissd program 1s

under development that will perform accuratie ray—trasing using the exact
refraction matricas.

It i& worth mentioning that the program alsc handles ths possipility
that ths two rotatien axes of the mount are skew lines. In sueh case, the
beam will rotate around the Yo axis without changing its direction, in the

paraxia! appreximation. In reality, though, the directisn of the beam may ba
wffected and this problam is another motivation for developing the seusct
L krestments R S |

tglesceps dosign as well, provided that ail relevani pesitions and orjenta-
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totzl path length of the laser beam, which is directly related to the
overall system delmy. The computations indicate that the path langth is only
affectsd either by a linear displacement of the central coude prisef or by
thy skewness of the twoe rotation axes. Howaver, for any fixed adjustmant of
components, the path length is invariant for avery orientstion of the
mount, at least for reasonably email beam deviations ({up Zo several
arcminutss! ). The implication is that, once the alignement of the beam is
gven approximately correct, the system delay should not changs with orienta-
tien of the mount.

This prediction wes experimentally %fested by measuring the travel +img
sf the laser pulse from a point behind the last dichreic mirror, whars a
fiber optic link %o the START photoedicds of the sysiem was placed, to =
rotrorsfiester at the transmitter axit and back.The travel time was meagsurad
st ssvaral different values of azimuth snd altitude of the mount and 3 tetal
of 48 individua! measurements were taken in each pesition. The results are
shown in figures 8 and 9 and no variation larger than the resolution of the
messurements (asbout 2 om [21) is evident. In addition, ons should note that
the measurements were taken when the spatial profile of the laser beam was
greatiy disterted by a damaged SHG crystat. Therefere, a second Yest is
scheduled, to he done after the instalismtion of a new SHE cryvetal  and which
will alse include 2 stability check of the internal calibratioen path.

5 ﬁgﬁégggggﬁ“.......”.,HHKH,, e

I% has besn shown that the particular telescope design of the SLR sys-
tem at Dionysos Obsarvatery presents some problems regarding the alignemant
of the bsam in the couds path, which are studied using 3 softwars model of
the mount. The results of the study dictate severa! improvements that can be
mads to incrsase the pointing accuracy of the system,with beneficial effgots
on received energy and return rate. On the other hand,it has been shown,both
theoretically and experimentally, that the mount iz fres from appreciabls
flewure and is quite immune to system delay (i.e. calibration) changes for

cgifferant ordendalienE . e

I would iike te thank Mr. D. Paradissis for hie kind help during the
flawure tost of the telescope.
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