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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, while altowing the majority of software
development and lunar data anafvsis o be dose al Waikoa, Future lunar data arnalvais
requires near real-time normal point § armation. The operation’s crew will hand carry lunar
dsts on & removable 76 megabyte disk cariridge to the Walkoa dala processing ceater 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 morning
after the dats is aquired,

Copcurrently, plans were developed and hardware purchased to expand the real-time
gperaling compulsr hackplane from 18 to 22 hite increase the virtual memory io 125
megabytes and increase ihe dala storage capacity io 52 megabyles. These changes wifl
significantly speedup real-time execution and sireamline operational procedures,

I1. Optical Improvements

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

""""""""""""""""" miltiphier ke The new secieve package sllows png operalor o perform a task in seversl

minutes which previously ook two operators nearly 30 minuies.

The MLT has 160 individual wirning mirrors which direct incoming light o a comimon
freus. Thess urning mirrors were refastened after the epofy. previously used to hold the
mirrors in place, deteriorated. The deterioration of the epoxy caysed the mirrors o 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 & result of applying the new epoxy. A compiete MLT
alignment is nov required every £ menths rather than every 2 weeks.

A 1angstrom bandpass filter was purchased and successfully tested in the lunar receiver.
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 light 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 lengths, Asis
afisp the case with unigue pptical components, substantial faprication lime is required.
After nearly two years since placing the order for the compensator, it is expecied to 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 partof the the MCP package, new Tennelec discriminaiors
_ will replace the currently used Ortec 934 discriminators. The new detectors are likeiy 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 aptics.
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 mulfi-
channel event timer, making real-time calibration possible. In both the sateliite and lunar
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 lunar 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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ABSTRACT

Since the last Workshop of this type, which had been held in EngTéno'
SOme two years ago, a number of changes have been made with respect to

bath Tunar and LAGEOS, have been totally assumed by the stand-alone, dedi-
cated 76 cm (30%) based system now known as the McDonald Laser Ranging
Station, MLRS. Since the MLRS system has been the subject of many reports
in the past, this paper will only summarize the up-grades and improvements .
which have been made to that system over the past two years. These impro- :
vements include, but are not limited to, a n@wﬂhigh;gnergy,”short~pglse~~~““““““§
HHQQQDtSEHNd:!AGJaser~eapab3e~ﬁf“raﬁ§fﬁg”ﬁéfh”to the moon and to LAGECS, a Cd
second Data General NOVA-based computer and Winchesterwtype hard-disk :
system providing for improved observing capabilities as well as for data ¢
pPre-processing and analysis, the installation of 21-bit encoders and a :
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 Departiment 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 contract to Goddard Space Flight Center. The MLRS s 2
1 purpose instaiiation 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 ais0
srovided by several personnel associated with the Department of Astronomy on carmpus at the
University of Texas in Austin, Since the MLRES system and its operations have heen the subject
of 50 any reports in the past, this paper witl only cummarize the up-grades and improvements
which have beea 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-ait telescope were removed and
seed with 21-bit encoders. Omly minimal software changes were required 1o take foll
advantage of the increased angular resoiuiion and the expected poinfing and tracking
imnprovement was recognized immediately.. The full extent of MLES pointing and tracking
capabilities has still 5ot heen fully realized however hecause of suspected bearing problems
{especially for the telescope yoke). Workon this sub-project Continues.

vt

eyl
5:’;}1
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A single, short-pulse, dual-power 1aser was supplied to us by N ASA/Goddard to replace
the original two-laser Systomm of the MLRS. With the help of Grant Moule, from the Australian
{aser ranging station at Orroral, this new lager went from shipping crate to operational status at
ihe MLRS within nine calendar days. The advantages of the new laser system over the old are
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 (~20
seconds). A mote convenient physical arrangement allows for easier maintenance. And, of
mourse. (e ability to Tange the moon with 2 200, 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 system
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 cansed by a potential time-dependent “hearm-walk’
problem across the face of the tube.

in order to esiablish the capability of performing sirnultanecus data acquisition and daia
reduction at the MLRS, some sdditional funding provided o us fy the 11, 8, Naval Observator
Slowed ws to purchase and install an entire second Data Cieneral Nova compuier sysiein
s MLRS operating environment. Tn addition to a new CPU, there were two 160 M-Byie
nehester disk systems (with asscciated dual-controllers), an sdditional 9-track magnetic tape
deck, and vanous comrmunications peripherals purchased. Asan additional benefit of this new
compuier system 18 the fact that two data streams can be cimultaneously processed {when ¢
ohserving 18 being performed) and we can temporarily share equipment C vetain fuli
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” terminal emulation in anticipation of the eventual "death” of owr
3 and yenerable Tekironix 4023 graphics corminals.  Finally, an’ Appie Macintosh 159
surchased for documentation preparation the making of schematic
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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
condifioning 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. Its
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 MRS
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 desi gned, 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 accommodate 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 so,
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 cptimum, ferTa 'se nNo
disriminator availlable 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 circult. 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.Z. 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,
thus the first pulse higher than this level is causing generation
af the electrical output pulse. Taking intfo sccount the pulise
duration <30psec, the fixed threshold discriminator techniague is
no drawback for the application.

The jitter of the device was tested and the circuit optimised
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 trigge.

‘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{me{»-}..rh.m.m.m.w

On fig.5 there is a plot of consequent streak records.The excellent
owelap of the pulses/trains may he seen. Using a streak camera,
the jitter ranging 10-40picosecond was measured. The actual value
of the fjitter 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 Jjitter
(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
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mode locked laser oscillator incorrectly adjusted, transmi tting
-multiple pulses. The laser output was monitored simultaneocusly
on the streak camera., The background is of order higher. Thus,
the pair of the START 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
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Central Institute for Physics of the Earth
Telegrafenberg A 17, Postdam 1500 - G.D.7, -
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ABSTRACT

' ?hE'accuracy'df'a'muitipuTse laser radar has been studied with
indoor experiments and computer simulation. For the experiments a
mode~Tocked Nd-YAG Tlaser 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 iimited applications as yet

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

discussed in 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—~1ocked Na-YAG 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 emigsion of omne alectron 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 interval 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 polarization of +the lazer, Brewster plates are
introduced into +he optical resonator.

1o

Yime reso lution Teats

Starting point for the analysis of the measurements ig the
frequency distribution (histogram) of the time—of-flight
values, This distribution is caloulated usually from 1000
meaaurements. A typisal eXample is shown in Fig .2, To deter-
mine the resolution ol the system, the part of the distrie
bution “orresponding to ane ray path ia neceseary oanly. As an
example the left~hand part of Fig.2 is plotted in Fig.3 with
higher resclution of the abscissa. The rulse structure of the

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

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

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

ast-square fit of a sum of Guussian funetiones. Teo
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 (voltege divider,'illuminateﬁ'area),

Some contributions are algo glven by the amplitude fluc-
tuations. This effect depends on the discriminatos rerfop-
mance. Some resulis of resolution tests for different puv
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 Mo diaphragm .. .. tmm-ddaphragy
KCA C 310344 47105 540 370
FEU 79 4665 530 530
FEU 136 2053 £00 L70

*) Overall Jitter including start, i.e. no deconvolution
applied. Start photodiode type SP 109 directly connected
to the counter (HP 5370 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 reso lution was obtained with this
tube as yet, but with selected samples of other electrostatio
PHT even better results might be attained, To determine +he
contribution of the start-time helse, some experiments wera
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 improved

to 150-200 ps using the fast SP 109 photodiode (VEB Werk Fuey

umber of {ree parameters, the separation and width

e




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 3410344 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 gseparated by the bin widtl of
250 ps. The maximum 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 %éiﬁé”ﬁéf”ﬁﬁ?@“thanwhalﬁwaupulsamﬁapaggﬁiqgm
(this quantity called "ynigueness”) 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/n4 + 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 gystem, 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 erosg—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 )% rave to be determined also. The resuliting
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 laser
signal like reduced pulse numbers), computer simulations were
arried out assuming the photodetection process to he de-
¢ribed by Poisson statistics and the timing jitter to have
a Gaussian distribution. The simulator is = Peeudo random
number 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 average
numver of photoelectrons {(8) of the rulse according to:

P(C) = 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, When
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 ars
gercrated and stored into the memory. In this praocess, the
average return rate for the calibration is set %o bhe 50% andg
far the other channsl 25%. - o :

To estimate now the performance parameters of ths system
in dependence on the amount of fleasurements, zxample resli-
zations are selected from simulated measurements and then
Lraated by the cross—correlation method in the same way as
18 done with the real measurements,

The selection of the individual values from the menory is

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

Zatilions are used to estimate the performance parameters, i.e.

the uniqueness and chamRMSmeyre?mof~a“cross#ﬂﬁr?éiafi5ﬁmfé¥”m”m“mww

"o compare the experimental values with the Simulations, ‘
the average shape of the time 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, = 4.5% ns.
G0 the relative resolution is C = & /4t = 0.0848.

Using these parameters the results marked in I"ig. 5 and 6 by
"*'" are generated, They agree reasonably well with the experi-—
rental points, especially for the uniqueness (Fig.%)., 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 ng4 / ng, if the above intro—
ed parameter (1/n4 + 1/ng Y% 15 kept constant. This is
i e range ng/ng = 1...10.
+ the conditions used in our experiments, the following
nclusions can be drawn:
~ the performance of the system can be reasonably well deter—
mined by the deseribed 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 representaticn 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
nore detailed. Seme of the results are graphlcally represen- 5
teod ip Fig,7 and 8. In these figures, both the uniqueness %
parameter ( broken lines, 1 at the vertical scale corresponds g
5 100%) and the ratio of the RNMS error of the cross—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 lsser 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 ol the ‘iimijz"zé”éji’é%éffimf"é'"f’f"ié”‘p"ﬁ?."s@"Sép"aratﬂi'&ﬂwevﬁ--'--»---».n.n,,.V.n.“.n.n.,ﬁ
the laser pulse J used. The time resolution is visualized

by the probability distributions of the time intervals, 1i.e.

the shapes of the histograms for very large amounts of mea-

urements.

La can be seen from Fig.?, the timing regolution has a very

-
A

[

.

amall influence on the unigueness (resp. ambiguity) but some
ef fect on the relative M8 error. 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 systemn, the parameter ¢ can be ad-
justed by the geparation of the laser pulses which is
possible by choosing the laser resonator length.

5

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 Lo equ.(1). The parameter U is chosen to be U = 0
7

the dependence of the system performance on the parameter U



pected, the parametsr [ has almost no ef'fect on the errer,
but strong influence on the ambiguity. Fig.8 may be uged to
determine the amount of data to reach = given unigueness
level. A uniqueness of 90% in connection with U = 2 4a
reached for Ny = n, =50, For U = 1 oniy 20 measurements are
needed in toth channels o reach 90% uniqueness. There ars

for a fixed resolution {C= 0.1 ) is shown in Fig.8. Ag sy
i

some methods to minimize the parameter U inciuding ilaser
design, the combined use of aonlinear optical effectas and
well matehed start detectors., With generally available teah-
mlogy, U = 1.,.5 should be a realistic value ,

Conclusian

[ -

ob gy by
o O
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fe results of +this study we conclude that the mode-

ar remains to be an attractive variant.

, the ambiguity, can be reascnably overcoms

2 suificient data Guantity. The minimum data amount feor

noprobability of correct assignment can he gained from
baper. As a guide to good performance , one should restrict

number of pulses Per group to a mirimum and ad just the

38 sgparation to roughly 10 times the timing jitteyr.

ecial advantage of the rigorous use of single photoeleo-—
“ELection is the low level of systematic grrors. This

Pessibility to attain normal point errors near 1 om

by using conventional electrostatic pnetomultiplier

train laser rad
aln limitation
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MICROCHANNEL /DYNOBE PHOTOMULTIPLIERS COMPARISON EXPERIMENT
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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 respanse

of the HMCP PMT Varian and dynode PIT RCA 8852 were measured. ‘“nﬁmmmmn“”MMwé
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MICROCHANNEL /DYNODE PHOTOMULTIPLIER COMPARISON EXPERIMENT
1.Prochdzka, K.Hamal, J.Caignebet

apnalysing the 2G or 10 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/,./72/ and others), the discrepances between
them arnd between the experience from the figld was existing. That
iz why this maeur ement /compar ison experiment was carried out.
The experimental set up is on fig. 1. The single pulse from
na YAG, freguency doubled laser, FWHA of 90psec is illuminating
the fast vaguum photodiode and Jafter an appropriate at tenuation/
+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 T©O 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 /30d4E
was used for NCFP ghotsmulti@lier at low signals. The JTranzient
digitizer Taktronix, randwidth 400MHZ, min. lomv/div, §12x512
pixels array is 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 JTranziet,
phorodiode and PMT jitters. The pranzient and photodiode jitter
contributions were calibrated /3/ and found to be 23psec. The

[
.
&
5
i
[
£
&
b

P —

AR

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

wged for all the measurement S.

The examples of the records are on the figures 3 to ¢ 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 phetomultipliey transit 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,&blu31,1972
2/ Jajeﬁegaaﬁ?Sateilite iaser ranging,current status and future
prospects, IEEE,Geoscience nad remote sansing,Vol.GEw23,§a,4
3/ I.Prochazka, ricosecond laser ranging using photodiode
in this proceedings
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DETECTORS FOR IIT.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 almost doeg not depend on the type
of the discriminator used ( see 144,73/ %teble 1 ). The top
tine sounters reach the accurasy 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 detsctor ) the influence of cables is below

10 ps. It 18 pogsible make electronic circuits with jitter
helow 20 pa, Thus, the transformation of light pulsge into
the elschrhac ong DY s photodetector is the main effect that
determinates the +tragngit time acCcuradcy. '

The case of a photodetector for a start impulse is rela~
tively simple. It is possible to use an intensive 1light pulse
so that no amplification 1s necessary. The absorption process
i4 fast encugh and 1% impiies that the time properties depend
m@ﬁmp&§$ive“eiﬁmﬁniﬁ‘QM?QQ§5?9§2“?§?&Eiti$ 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 photoeleciron or gsome vphotoelectron detection
Tevel implies the need of @ 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 1i%./3/,/4/). Therefore, the phot o~
multiplisr limitse +he regultant 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
response of best photomultipliers € approximately 5 ng )

and with their jitter ({ gee 1it./3/,/4/ ) shows the probable
Jitter of microchannel photomultipliers being of about 30 ps.

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 photodiod,

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

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

- A

b

Plg. 1 Schematic illustration of an avalanche photodiog
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 ocutlet,
the holes penetrate through”absarpﬁibn'région to the g
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, as 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

106%' '
-1 InGalAs?
50% "
S e s T SR S S RN . :
100 500 260 GG TO0 T T300 I

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

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

Total photodiod guantum 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 sbsorption layer ought to be of 10 um



Sor 532 mmo ) oand 5 oum Y0r 064 om nocnre of germs

aiom, 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 ig
absorbed Tendomly on any place of the absorption layer. Due
to the different speed of light ( approximately 108 m@smT )
and electron { approximately 10° g™ ), the delay between
& photon coming into the photodicd and the electrical pulse
leaving out the photodiocd changes according to the place of
photon absorption. The Jitter implying from thisg affect reg—
ches approximately 50 ps ( 10 um layer ) and 25 ps { 5 um
layer ) for germanium, 100 ps ( 20 um layer ) and 500 pg
( 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 cass of

photomultipliers, but it decreases ag the gein increases,

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

g:rn = . KQ'P2'——_ML2_ . e : :
ER 6~ 2 - 2.e.Id ).MQ.?.KB + K4

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

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

It is reasonsblie to describe the noize properties of g



photodetector 0T 1gser ranging instruments by the frequency
of neise pulses instead by its noise power. According ks
data from 1i%./6/ - the dark current 18 nA and a gein 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 dark current 10~12 A and the gain 250
{ at the tempersture 22° g } - +the frequency is equal to
2500 Hz., 1t 18 possible to compute, according to date from
Lit./8/ - dark current 3.107'0 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
for stop impulse detection of 2, hermonic of the NAd:YAG laser
fay TIT, generation laser ranging“instruments,

-Gﬁiy-siliceﬁ,avalanahemphotcdiads 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
rnGaAEP avalanche photodiods-seem to.be. most perspective
photodetsctors ( see 141%./7/ peges 413-414 ). A detection of
not only 532 nm, but also of 1064 nm wavelength radiation
with high guanium afficiency and & very gmall jitter will be
probably posgible in the case of convenient ratio between
the components. The jitter will be probably so small to make
i+ vressonable to consider their usage in a two-colour laser
spetruments { instead of agtreak camera ). 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 9068787

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¥“50Ub1&dHNdEYAG~1aseF~aﬁdﬂﬁ“ﬁ%CGSEC@ﬁﬁMFéSG?UfTEﬁ“”””“””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, LAGEDS.
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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 1t
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 c¢ircuit 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 detegtors,
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. 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 c¢f 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 detecttion 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 %, If the diode is operated at high count
rates (greater than 5 kilohertz for d.c. 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 varied
Substantially again, probably due to lack of eharging time.

Rise time mneasurements on the Geiger diocde 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
of two., ThHe fastest rise attained was 1.0 nanosecond. This

may be limited by the impedance Qf thQWQjQQe_pagkggigg}‘a_yghyguuu

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 jitter

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 fronm 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. 1In 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 sesslons were c¢conducted using a single RCA C3090ZE
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 squared 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 B 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 were
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};me{;a;ﬂs,

O N S T

PN A

CONCLUSION

Measurements were conducted with silicon avalanche
photodiodes used in a ccoled 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 = =609
RCA C3090218 VBrk = 165 v, TRise = 3 ns
bark count = 16 Hz @ v + 20 V
Brg
Dark ecount = 1p0p Hz & vy + ho vy
Brk
RCA C30948F Vppr = 192 v, Tﬁise = 1.7 ns
Dark ecount = 50 Hz
RCA C30954E Vo = 150 v, TRise = 3 ns
Park eount = 70°Hz @ vy, + 20 y
RCA C309s5E No Gelger mode
NDL 1202 ) VBrk = 135 v, ?Rise = | ns
Dark Count = 2 KAz g v + 15y
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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TERRESTRIAL RANGING WITH OM PHOTCDIODE, ¥D = ¢
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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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~ ABSTRACT

The report explains some not widely known properties of c.f. discri-
minators used in nuclear techniques when using in laser ranging, as for
instance mean value of timing point walk with signal energy, and the pos-
- sibility of jumps in resylts 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 aﬁergy,mand.tha.possibility of jumps in re-

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

1. GENERALITIES
Almost all so called “constant fraction? digcriminators
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 1S examined for zero - Crosse

_ing. After that subtraction, one obtains the signal

We) = ¢« f () - FCx - 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, ECkG 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 1is preserved in case of con-
stant deterministic shape of them. This situation is illus=~
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, gy

N s Y



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

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

- deterministic shape of single PE (photoelectron) resggnsa

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 cu§5e, 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 ~ crosge
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

when_laser,leaamiama"Gaussian~pulsar“FO?“SUﬁhMQigﬁéijmiﬁ““””m“““””“

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 frace
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.

AT S T

4. STANDARD DEVIATION

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

g/t = g, M2 N2 (3)

where o is the mean square of the normalised to unity PMT
“"'ga“ft:ﬁ',"-'N'-"iﬁmt-hewmﬁafl.,P»Emﬂié,mb,@ftk“,T__"‘,'f,.f_l_,a,;:f_ of width of the pulse,
or & parameter of Gaussian pulse. e
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 trapezoidal)
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:



------------------- T timey

2 2
gy = {Tf oxp [ - Ftty A2+ exp -5 ]
1
2 In 2
Z 4+ 1 w 1 ? ¢
“”B"P["m{ﬁ“(“ﬁ)*( 7 )}j}

-

2 2 2

Z 4+ 1 B A

z \2z+1 P 2 P g }> C )

2 5 2
whare: w's= T Td - delay time at Fig. 1, z ﬁ(@’/@};)
G «6¢ 1/2
) F o= <811n 2 ) - O/
. - V.‘_‘. In -r - in -r

27w 8-z . G O - 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 egstimation

[e1]-

Ed

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 convg-
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

C. Probability of jumps decreases when increasing the filw.
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 [57 .

E. Standard deviation reaches the minimum For much higher
delay values than the value which is needed to obtain cone
stant fraction work for the deterministic signal.
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ABSTRACT

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

configuration for rigovedss calibration is described, High speed tech-
niques that lend themselves to full automation are evaluated in the

context of a fully operational system.
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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 interveal measured.

Contimuity is defined as the degree %o which 11nearity“anﬁ~st&bilitywaxe VVVVVVVVVVVVVVVVVVVVVVVVVV
maintained as the time interval pbetween 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 "nown' delay. Even 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

-

« 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 stabiliity
only. If the cabls temperature is controlied 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 owbsined up to about 17 ns of deiny,
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 ecan bhe used for 0.5 pz stability tests
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 crystal oscillators which have sub-picosecond
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 outpuat frequencies, this technique can give
1 ps linearity and accuracy, and sub-picosecond continuity checks.

S Phase Locked Leop Method

An alternative oscillator phase technigue utilises s single high 8tability
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),

P
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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 environmental 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 line 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 aceuracy can be obtained for differential delays. : .

R AR AR KA RN

For a two-way (folded path) calibrotion 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
v~tf&ﬁsmitter"andwreaeivarwuagddﬁo generatgﬂand detect the light pulse which

transits the delay so accurately formed. Using a 30 ps FWHM diode Yaser
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 mccurate 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 a
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 arising from 8 very limited development program
for TIUs for the Katmap lLaser 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 estimate
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 ensemble techniques are very effective in

improving the resolution and linearity of TIU systems. Ensemble

techniques do not yield absolute accuracy, but do facilitste 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 TIUs
can be readily identified. The technique lends itself very well for totsal
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 are:

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 whatsocever).

The timing system philosophy for the NLRS uses a large ensemble to reduce
random error and give momentum to the system (the ensemble characterigtics
change more slowly than those of its elements). These ensembles can then
be monitored very infrequently using a primary {rigorous) test such ss
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 second 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 gignificantly if more than one delay 1is
used.

The utility of this technigue, which is used before every tracking
operation, has been horne oubt by occasional 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 pe 'accepted' 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§paratusv”ﬂﬁomeyﬁr,whhﬁw§X§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 & 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 contimiity 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 sampled at 50 Hz, delay changes of
20 fs can be sempled, Figure 1 ghows & typicel result from g
contimuum test of this kKind, showing indlvidual delay mesguremsnts,
Btrong structure at the picosecond level is evident, but the résults
show very good performance overali.

The accuracy calibration used is the ODI technique, applied
infrequently because of its need for operator intervention,

Finally, system stability checks are carried out veriodically. &
typical stability plot for the RLES timing system 1z shown in Pigure
2+ Eaeh point plotted is a normsl point of L0O ensemble estimstes 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] basie. 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 many hundreds of estimetes are made, delay
changes of less than 1 ps can be accurately determined by TIU efsamblesa

REFERENCES !

1. Greene, B.A., "Calibration of Sub-Millimetre Frecisgion Satellite
Laser Ranging Systems", proc, Sixth Internationsl Workshop on Leser o E
Ranging Instrumentation, t¢ be published. £

2, Sinclair, 4., Royal Greenwich Observatory, UK, Private Comminiestion.
3. Steggerda, . University of Maryland, USA, Private Communication.

b, Owens, J.C., "Optical refractive index of air dependence on pressurea
temperature and composition”, Appl. Opt., Vol €, Ko 51, 1967,




6% .79

a.87 1 -
i
£5.58

65 .68

&%

&5 .34

(mm)

a2 b

Figure 1
TIMING CONTINUUM TEST

g o

£ . Heating it T T
- ; R
LN ¥ AT .

bl B s :'.’.,‘_f:“? T

a- T

x.._.;..........._‘.

=

Z.b% TE

Figure 2

1 A & &
........
................

ooooo

10 20

Time {minutes)

i d(ps)
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ABSTRACT o
o Ihe,stringent'egﬁch“t%mé”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 approached the sub centimeter level, ney time and fre-
quency technologies have been sought.

at the Naval Research Laboratory for nASA was the forerunner of many com-
mercial efforte which have led to unitizgd construction and‘fj{mware

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



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 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.

Wwith the improvement of laser equipment and the demand for more accurate

ranging, the need for sub-microsecond timing has  become 4 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 &
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 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 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 wag approximately one half that of the NRL receiver and it wag
more sultable for moblie_lnstallations- More recently ' a third recelver

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 cprs. .

receiver or the 1dent1ca1 Trlmble 5000A and a cesium portable cleock at
several timing installations, Portable clock time was compared to USND
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 1listsg current deployments of FTS 8400 ¢Ps timing receivers in

the GLTN.

B R |



GLTN GPS DATA COLLECTION

GPS time position measurements are 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

gsatellite

vehicle mumber are recorded for each measurement. The

measurement data are transmitted to the NASA Communications Centex in the

daily Laser Operations Report {LORY. Also transmitted In the LOR 1is

information concerning station time steps, frequency changes, power

outages, equipment problems, etec.

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

Q

calculates long term cesium frequency drift
predicts the date the station tolerances exceed 1 microsecond

evaluates the validity of data and data analysis methods

The System includes several computer programs 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 analysie program is operator inactive and produces g
printed data output, The data output consists of the source listing data
from the data files used irn the analysis, a least-squares caleularion 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 conducrted
in 1983 to determine the accuracy of GPS time transfer recelvers for the
GLIN {Reference 4). The experiment was conducted between the Bureay
International de 1'Heure (BIH), Paris, France, the Institute Fur

Angewandte Geodasie (IFAG), Wettzel, Germany and the GLTN data reduction

Tesnter At Columbia), Maryland. The 1local 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 GLTN (Figure 4).

R A



TIME INTERVAL MEASUREMENT ERRORS

The GLTIN utilizes Hewlett Packard 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) reduce 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 GLTH 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 zerva technigue, the instrument is shle +o

correct the fregquency offset and aging of the internsl BVA esecillater. 1f
the frequency of thé atomic standard is altered (due to loss of lock, loss
of zignal or fallure) the unit will continue to apply corrections to the
intermal BVA oscillator. These corrections are cslculated from data
sccumulated while the stomic standard is stable. These corrections ars
automatic and do not dizsturb 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 williseconds te 100 szconds) of the low neise
disciplined fregquency standard is represented in Figure 5. The internal
BVA  oscillator has a short term 'staﬁility g (I.m.ﬂ.z.téx36. seﬁamﬁs}
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 stations 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 deVeloyed 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 Laboratory (NRL) for NASA, was tested at
'“fiéla”éiﬁééj“éﬁd”“ﬁﬁé“ﬁ§éd”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 USNO
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 recelvers 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 ig
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 GLTIN. 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 VAY
8600 computer. The analysis program is operator inactive and produces a
printed data output. The data output consists 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 technigue described in Reference 3, orbital
and spacecraft clock systematic errors cam be minimized T

A common view/near common view GPS 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 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 overall sccuracy ' to be consistently better. than 100
Lnanoseconds.  Recent improvements ir the

view accuracies approsa




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 plcosecond 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 UTIC via
the GPS are being developed.

Austron, Inc. and the GLTN are developing a low noise‘”ﬁiééiﬁiiﬁéawmulu -

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~{50ﬂmiiliseeends-tﬂ~100w5930nd5) of the low noise

disciplined frequency standard is represented in Figure 5. The internal
BVA oscillator has a short term stability o (1= 0.2 to 30 seconds)
=5 x 10717 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
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