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IN PASS CALIBRATION DURING LASER RANGING OPERATION

P. Kloeckler, I. Bauersima

Astronomisches Institut
Sidlerstrasse 5 CH 3012 Bern

Telephone 31 65 85 91
Telex 32320

ABSTRACT

In order to avoid atmospheric refraction problems encountered
with external targets, an internal calibration path was included
in the Zimmerwald LRS. Light is picked up in front of the transmit-
ting telescope, attenuated by diffuse reflection via two spheres
plus a variable density filter, and fiber coupled to the receiver
photomultiplier. The same discriminator/time digitizer - channel
is used both for ranging and calibration. Selection of one calibra-
tion shot in n rangings is by range gate setting only. Pulse strength
is also recorded. Thus a comprehensive record of internal range bias
and its temporal variation is kept, and residual discriminator time

walk can be corrected for.
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The convenience of in-pass, or feedback, calibration has been

noted before (Silverberg, 1982). In fact, there is no compelling
reason for external calibraticns at all, save for residual range
bias tests with terrestrial surveving methods. '

In contrast to the TLRS method, we strictly wanted to use the same
path and vernier time unit (TDC) hoth for calibration and ranging.
Since the load on cur minicomputer is heavy, we could not expect

to read out the TDC during the time-of-flight to lower satellites.
Thus, every n-th shot has to be sacrified for calibration. This'is
no great loss because the return probability is not much modified
by this in the few photoelectron mode. The selection of ranging/ca-
libration is then by range gate only. Pulse charge is also recorded,.

2. PRESENT STATUS

5

Light ig piched up in front of the traansmitting telescope, atitany-
ated by diffuse reflection via two spheres plus a variable density
filter, and coupled intoc the receiving optics via light fibre. A
chopper-wheel in front of the optics gates out atmospheric back-
scatter. This serves to reducing unnecessary loading of the photo-
multiplier as well as permitting pulse strenght recording with a
gate time not compatible with spurious returns shortly after the
calibration pulse ™} (Fig. 1).

Two light paths can be realized for calibration:

a) via light fibre and b} wvia diffuse reflection onto the primary
mirror (used for calibration of the light fibre delay).

The ranging electronics comprise the photomultiplier, amplifier,

TDC and ADC and discriminator. A couple of coaxial relays permits
switching to electronic calibration. There, a pulse generator - si=-
mulating the photomultiplier pulse ~ and a delay-line {0-64 ns)

plus a variable attenuator permit isclation of discriminator and

TDC parameters. Another pulse generator is controlled by the station
frequency standard and supplies one start pulse and a 1 MHz pulse
train for the stop~channel, if triggered by the computer. By range-
gating, a TDC test can be performed for longer delays. Although
systematics and jitter from the time standard are no longer measured
{the same standard is fed to test generator and TDC), an upper limit
of the timing jitter of the two TDC verniers (nonlinearity which
maps into jitter) still can be Judged with this method.

With this setup, the main receiver parameters could be investigated;
in fact, with the picosecond laser as optical excitation source a2
nearly optimal test facility is available in situ. The only facility
lacking for pulge anazlyvsis and detectidn strategy optimization is a
fast pulse digitizer; here we have to be content with a TERTRONIX
7834 model oscillioscope plus 7ALS vertical amps‘s with a combined

*}) The chopper has not been used up to this date in order to have
minimum receiver complexity.
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band width/rize time of 400 MHz/.9 ns.

In addition, an external target in a distance of 1.4 km is now
and then used for testing beam divergence, telescope pointing and
for veryiying the calibration constant.

3. INVESTIGATIONS

Delay Calibration of Light Fibre

The fibre has a length of 211. cm. A first estimate with a speed
of light of 18 cm/ns yields a delay of 11.7 ns, Comparing the geo-
metries of the calibration paths (light fibre/direct) we arrive at
the empirical formula

At = At ~At +9.16 ns (1)
Ly CALLF CALDIR

on two different occasions, this formula yielded the value

= +
AtLF 11.92 £ 0.01 ns (la)

Reduction of Time of Flight to Geodetical Zero

For ranging, the empirical formula derived from geometry for
the correction time-of flight is:

2R/c = AtSAT—[AtCALLF—AtLF+l.8O ns] (2)
and with {la)
2R/c = AtSAT_[htCALLFHlO'lz ns| | (3)

Calibration Constant vs. Time

The constants which have been applied to the gquick look data for
the period of May, 15 through August, 31, are tabulated in table
C. Three groups of data can be distinguished: 75.1 * .3 / 75.6 &
4 / F6.3 x .3, which are due to the selection of various delays
in the constant fractilon discriminator. These values are subject
to final adjustments.

The procedure of establishing this constant for each pass was the
following: In-pass calibration was performed after every 6th range.
In post-processing, these values were visually screened. Calibra-
tions from low slevations have been removed because of parasitic
pulses from the dome. Then the mean was calculated and inserted
for each range (Fig. 5). The reason for this procedure - which
does not allow for temporal variations during the pass -~ was the
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lack of pulse charge wvecordings for this period because of the
missing light chopper. This fact means that in-pass calibration
was prone to siight systematic errors if the operator did not
carefully watch and adjust the variable attenuator. This, because
the constant fraction discriminator®s dynamic range - with the
given amplifier - was not better than 1:10. Improvement are under
way, but for the period reported, there would be the only alter-
native to correct visibly biased values with off-line calibrations
of the same date.

Residual Time Walk of the Discriminator

A heavy time-slewing was found for pulse amplitudes below 100 mV
(threshold at 30 mV). Appropriate amplifier gain and a threshold
of 100 mV were then selected (Fig. 2). Residual time walk was
still detectable (Fig. 3, 4) but was found to be sufficiently small
for LAGEOS tracking, where seldom returns occured with more than

n = 8 photoelectrons (Fig. 6). Problems arise with STARLETTE with
n > 60; and with in-pass calibration runs if the beam attenuation
iz not closely controlled.

The modelling of the residual time walk is not easily done because
of the lack of understanding it's cause. For this reason, leading

edge discrimination still appears attractive because of it's bell-
shaped response.

4. CONCLUSIONS

In-pass calibration has already proven to be a valuable asset to
zimmerwald LRS. Once the deficiencies of the present setup will be
overcome, all calibration points will be corrected for the re-
sidual time walk., Then a comprehensive record of the stations
internal range bias will be accumulated without the effort of
cumbersome pre- and post-pass calibrations to an external target
board.

REFERENCES

Silverberg, E.C., 1982 "The Feedback Calibration of the TLRS
Ranging System"
in Proc, of the 4th International Work-
shop held at the University of Texas In
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REAL TIME FILTERING OF LASER RANGING OBSERVATIONS
AT THE ZIMMERWALD SATELLITE OBSERVATORY
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Sidlerstrasse 5 CH -~ 3012 Berne Switzerland

Telephone 31 65 85 91
Telex 32320

ABSTRACT

Since May 1984 a third generation Nd:YAG Laser system is fully ope-
rational at the Zimmerwald Satellite Observatory. In order to maximize
the number of successful observations a real time data handling based on
the Kalman-Filter technique was developed and implemented into the PDP
11/40 computer system of the observatory. Although many simplifications
had to be accepted due to the Timitations of our small computer system,
the algorithm is capable of predicting the signal-travelling times for
the next 20 to 40 seconds counted from the last successful observation
with a precision typically better than 10 Nanoseconds (ns). These predic-
tions are used to define in real time the range gate (time interval du-
ring which the signal detection is active). At present time the width of
the range gate may be reduced from originally 2000 to 4000 ns to 200 to
400 ns after the first few returns of a pass, even if the quality of the
predicted orbit is rather poor. So far the filter was used only for night
time observations. It proved to (a) increase the number of successful mea-
surements and to (b) produce in real time a relatively clean set of measu-
rements for post-processing. These advantages will be even more pronounced
for day time observations.
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L. INTRODUCTORY REMARKS

The data filter now in use in our observatory is essentially .
the real vime filter presented in {Beutler, 1983}. Since May

1984 this algorithm has been tested with real observations.

48 only minor changes of the 1983 filter version proved to be
necessary, we restrict ourselves to a brief summary of the
theoreticzl background and we put the emphasis on the perfor-

mance of the fiiter in practice. The reader interested in

mathematical details is referred to {Beutler, 1983}.

7. STATEMENT OF THE PROBLEM

During the pess of a satellite over the observatory we are
measuring the travel times of Laser pulses from the ohservatory
to the satellite back to the observatory. Certainly we detect
more returning light pulses if we have a good a priori estima-
tion of the light travel times at the epoch of the cbservation,
because we are then in a position to reduce the range gate to

a few hundred nanoseconds, which in turn reduces the number of
spurious pulses. These light travelling times are functions of
the geocentric position of the obsexvatory and of the orbit of
the satelilite. If we had perfect station coordinates and per-
fect orbit predictions, the problem of setting the range gate
would be very simple. Before the pass we would produce a table
of theoretical light travelling times, and during the pass the
range gate could be set according to this table. Unfortunately
matters are not as simple as that., Certainly the position of
our observatory is known with sufficient precision for this
purpose. The same however is not true for the predicted satel-
lite orbits. Therefore - if we want to have good estimates for
the light travelling times in real time - we have to update the
crhic during che pass of the sateliite in real time. This, of
course, is & fypical Xelman Filter problem. It is even a somewhat

simpler problem, because the underlying system equations are

‘ordinary and not siochastic differential equations, the well

known eguations of motion of the satellite. But even then the



solution of this problem is out of scope for a small computer

system. It was shown however in (Beutler, 1983} that the -
problem can be reduced to a manageable size (a) by using the

perturbation equations instead of the original equations of

motion and (b) by astimating only one osculating element, the »

perigee passing time T, in veal time. With these simplifications

0
the well known matrices of the Kalman Filter theory reduce to
scalars. Moreover the celestial mechanics part of the problem,
computation of the predicted orbit and its derivatives with

respect to the element T,,are computed off line before the

0
satellite pass.

3, OUTLINE OF THE ALGORITHM

The Zimmerwald Filter may be divided into two parts

{a) Initialization phase with n_ < 14 observations

I

{(b) one filter-step for each subsequent observation

Initialization 1s a delicate problem in many applications.

Here we have the additional problem of a relatively high
percentage of parasitical pulses. The normal filter setup
{assumption of a large a priori variance for the unknown ele-
ment TO} would therefore erroneously interpret many parasitical
pulses as real, which would lead to a filter divergence from
the wvery baginning, '

Therefore we proceed as follows:

(1) We establish a series of nI % 14 measurements

with maximum repetition rate {( 5 Hz ).

{2) We compute n. independent estimates for the im-

I
provement of TO
= ™ — (1)
ATG,k (ﬁuk h(tk))/ C{tk),k l,2,..,nI {la) 1
Where At; ls the observed signal travel time,

h{tk) 1s the predicted travel time

E

C(t,) is the partial derivative of h(tk)

with respect to TO
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(3} We form the differences

d,. = |AT

ik -~ ATO L,k=lL,2,....:n

el r

AN f ] < N A ! - & {l)
{4y T Qik M.Gifibfﬁiji for at least n
different dik’ the initialization process

is said to be successful. Otherwise the

the whole process has to be repeated from

point (1).

oy and n* are program parameters. it present time we use
the values

g = 50 ns for lLageos

i 150 as for Starlette
{2}

n* = 2
The formulae to compute h{t) and C{t) in eqn. {(la) are rather
complicated. Therefore a table of these gquantities is computed
off line before the satellite pass. During the pass h(tk),C(tk)
are established by interpolation in this table. As the degree
of the interpolating polynomial is only 3, the computation of

h(tk} and C(tk) is not time consumptive.

If the initialization was successful, the subsequent filter steps

have to be initialized as £follows:

i is the index of the first successful observation

0
AT 2= AT,
Lo
Q = 1/C(t, )2
0 (3)
E := 0
j =1

The complete algorithm may then be represented by scheme (4).
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Some remarks concerning scheme (4)

- The prediction of the light travel times At in the above
scheme dlffers in two points from the pure Kalman-formu-
lation :

{a) the guadratic term ™ D{tj}'AT2 " is taken into account,
where the coefflcient D(tj) is computed in the same way

as the guantities h(tj), C(tj) in egn., (la).

{b) A very simple empirical correction term E was introduced
to prevent the filter from the well known effect of
diverging. A full dicussion of this term may be found

in {Beutler, 1983, section 5.4.2},

~ g iz an input parameter of the program, At present time

15 ns for Lageos

50 ns for Starlette

4, ResuLTs

Figures 4,1, 4.2 and 4.3 are included to illustrate the filter
performance. The three figures refer to the same pass of the
satellite Lageos (1384, September 1, 19h56m - 20h29m U.T.).

FPigure 4.1 shows the predicted*$inus the observed light travel
times for all measurements recorded (good and faulty). The effect
of narrowing the range gate after the initial phase is clearly
visible, Clearly the probability to detect the real écho is in-
creased by a factor 5 {inltially the range gate width was 2000 ns,

after the initialization it could be reduced to 400 ns}.

Figure 4.2 shows the residuals of all measurements accepted
by the real time filter. The plot was produced by the off line
a

The residuals therefore refer to an a posteriori optimized

LE Sar

™
o

ening program {no such plots are produced in real time).

orbit. A similar Figure would result however, if we would dis-
.play the differences "light travel times predicted by Kalman-

*} predicted without a filter, using only the predicted ephemeris
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Filter minus observed travel times" for the observations
accepted by the Filter algorithm (4). Figure 4.2 also shows
that our real time filter produces a relatively clean data
set in real time. That there still are some blupders left
follows by coﬁparing Figures 4.2 and.4.3 (Figure 4.3 shows
the residuals of the measurements finally accepted by the

automatic screening program) .

So far the real time filter was used for 80 passes (44 of
Lageos, 31 of Starlette and 5 of Beacon -~ C). Usually = as
e.g. in the example given by Figures 4 - the real time filter
accepts more measurements than the off-line data screening.
The opposite may happen, if the operator looses the satellite
Guring the pass and a re-initialization is invoked. Therefore
we measure the filter performance by the percentage of wrong

real-time decisions "hit yes or no'.

Table 4.1
Satellite Number of Passes Percentage of wrong decisions
Lageos 44 5.7 &
Starlette 31 8.7 ¢
Beacon-¢ 5 3.9 %

5. ConcLUSIONS

A very efficient real time data data handling system was deve-
loped and tested in the Zimmerwald Satellite observatory.
The main difficulty was the reduction of the problem to a
manageable size. The first practical experiences are very

encouraging.
REFERENCE

Beutler, G. ., 1983 "Digitale Filter und Schitzprozesse" ,
Mitteilung Nr. 11 der Satellitenbecbachtungsstation Zimmer-

wald, bDruckereil der Universitdt Bern.
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STATEMENT OF PROBLEM

- PERFECT A PRIORI KNOWLEDGE OF LIGHT TRAVELLING TIMES
Ati,i=L,2,a.. ALLOW
~ REDUCTION OF RANGE GATE WIDTH, WHICH

- IMCREASES THE NUMBER OF SUCCESSFUL OBSERVATIONS

- ONLY SOURCE OF INCERTAINTY IN KNOWLEDGE OF at. 18
THE ORBIT OF THE SATELLITE. THERZFORE WE SHOULD

IMPROVE THE ORBIT IN REAL TIME USING THE KALMAN-FILTER-

THEORY .

- MaIn CONTRIBUTION OF THE ZIMMERWALD FILTER IS THE REDUCTION

OF THIS PROBLEM TO A MANAGEABLE SIZE FOR SMALL COMPUTERS
BY
- USE OF PERTURBATION EQUATIONS INSTEAD OF NEWTONIAN

FauaTions oF MoTioN
- REDUCTION OF THE NUMBER OF UNKNOWNS FROM ORIGINALLY b
70 1 ( PERIGEE~PASSING-TIME T, )
- CONSEQUENCE OF THESE SIMPLIFICATIONS : ALL MATRICES IN
KaLMAN-THEORY ARE REDUCED TO SCALARS, WHICH SPEEDS UP
ON LINE COMPUTATIONS ESSENTIALLY,

-~ INITIALIZATION : A SPECIAL PROCEDURE RELATED TO THE
MAJORITY — VOTING IN DOPPLLER ORSERVATIONS WAS DEVELOPED:

Tug Frret 10 - 14 opseRrvATIONS ARE USED TO PRODUCE 10 - 14
INDEPENDENT ESTIMATES OF T, IF ~ WITHIN THE EXPECTED VARIAN-
CES OF THE MEASUREMENTS ~ 3 OR MORE COINCIDENCES ARE FOUND,
THE INITIALIZATION PROCESS IS SAID TO BE SUCCESSFUL,
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'INTERKOSMOS LASER RADAR, VERSION MODE LOCKED TRAIN

K. Hamal, H. Jelinkova, A. Novotny, I. Prochazka
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Czech Technical University

Brehova 7, 115 19 Prague 1 Czechoslovakia

Telephone (2) 84 8840
Telex 121254

ABSTRACT

To obtain the system internal noise level below 10 cm at the
INTERKOSMOS laser radar in Helwan, the picosecond laser was imple-
mented. The Nd YAG oscillator/amplifier/SHG laser generates a mode
locked train at 0.53 um, most of the energy is contained in three
pulses, the individual pulse duration is 70 psec. During the 1983
Merit Campaing, within 4 months, 100 low satellite passes and 31
Lageos passes have been ranged. When the made locked substructure
has been resolved for the received signal (about 50 % of passes),
the RMS was 6-8 cm.
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INTERKOSMOS LASER RADAR,VERSION MODE LOCKED TRAIN

The LNIERKOSMOS 2.generation laser radar /1/ located at
Helwan has been operating since December 1980. Satellite ran-
ging data having RMS 20 cm, obtained during the preliminary
MERIT campaign /September 1981/, using 5 ns ruby laser, showed
acceptable consistency with other data /3,4/.

To cbtain the RMS below 10 cm level we adopted a picose-
cond mode locked train laser /2/. Assuming the space available
for the transmitter /two axe mount, moving transmitter/, we
have chosen the mode locked train NA:YAG oscillator/amplifier/
SHG laser system /5/. The oscillator is passively mode locked~-
the individual pulse length is 70 psec, the round trip time is
2nsec, most of the energy is concentrated in two or three pulses
of the Lrain,

The station has been upgraded to expleoit the mode locked
train /6/, the software package for the ranging data processing
has been developed /7/.

The system block scheme is on Fig.1l., the main parameters
are summarized on the table 1.

To improve the mount positioning accuracy, the aiming
errors model was implemented. The transmitted beam divergence
is adjustable by means of a transmitting optics /from 0.2 to
3 mrad/. The receiver PMT is cooled to decrease its single PE
dark count rate. The Start dezector /8/ was adopted to proceed
the train of transmitted pulses. Two wideband preamplifiers
and the constant fraction discriminator were implemented into
the Stop channel to guarantee a low jitter on sigle PE level.
The epoch timing counter resolution is 1 us. As the epoch re-
ference, the Loran-C signal is used, the computerised compari-
son procedure of the station time base to the Loran signal was
put into operation. The signal propagation delayes were calib~
rated by the flying Cs clock. The computer hardware/software
control package was modified to accept the ranging reprates up
to 5 pps, the on line graphics capability was implemented.

The indoor calibration experiment /9/ showed the ranging
electronics interval noise 6 cm /RMS/.

During the 1983 MERIT campaign 100 low satellites and 30
Lageos passes have been ranged within four months. When the
mode locked substructure has been resolved in the received sig-
nal /50% of passes/, the RMS 6-8 was achieved. The system sta-
bility /10/ /pre-post pass calibration difference/ is typicaly
2.5 cm. The average data rate is /1/ Lageos return every /30/
seconds.
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" TECHNICAL PARAMETERS OF THE INTERKOSMOS LASER RADAR IN HELWAN
VERSION MODE LOCKED TRAIN

MOUNT

TRANSMITTER

RECEIVER

RANGING
ELECTRONICS

" EPOCH TIMING

COMPUTER

SOFTWARE

CONFIGURATION
TRACKING RATE
POINTING ACCURACY

LASER TYPE

OPERATIONAL

ENERGY

PULSE LENGTH

ENVELOPE FWHM

REPRATE

OUTPUT BEAM DIVERGENCE

CPTICS
BANDPASS FILTER
PHOTOMULTIPLIER

DISCRIMINATOR START
DISCRIMINATOR STOP
FLYING TIME COUNTER
TIME GATE

RESOLUTION
FREQUENCY STANDARD
EPOCH REFERENCE

CPU

MEMORY CAPACITY
STORAGE MEDIUM

I/0 FACILITIES

PREDICTION

CALIBRATICN/TRACKING
DATA PROCESSING

AZIMUTH/ELEVATION
ZERO TO ONE DEG/SEC
30 ARCSEC

Nd:¥YAG + SHG

MODE LOCKED TRAIN

15 mJ/TRAIN

70 PSEC

4 NSEC /2-3 PULSES/
2.5 PPS

ADJUSTABLE 0.2-2. mrad

REFRACTOR, 0.4 METER
I nm
RCA 31034A,GATED,COQLED

SPECIAL

CONSTANT FRACTION
100 PSEC RESOLUTION
100 NSEC RESOLUTION

1 MICROSECOND
Cs BEAM FREQUENCY STD
LORAN C,FLYING CLOCK

FLOATING POINT
64 KBYTES
5 MBYTE DISC

- PAPER TAPE,PRINT

GRAPHICS CAPABILITY
HP CASSETTES, HP~IB

0.2 ARCMIN ACCURACY
ON SITE IMPROVEMENT
COMPUTER CONTROLLED
NOISE REJECTION

ML TRAIN DATA ANALYSIS

Table 1.
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START DISCRIMINATOR FOR MODE LOCKED TRAIN LASER RADAR

M. Cech

INTERKOSMOS

Faculty of Nuclear Science and Physical Engineering
Czech Technical University

Brehova 7, 115 19 Prague 1 Czechoslovakia

Telephone (2) 84 8840
Telex 121254

ABSTRACT

A problem of start detector is very topical in laser radar sation
working with a train of pulses generating by mode locked Nd:YAG laser.
This article deals with new developed start detector used in INTERKOSMOS

Taser radar station in Helwan, Egypt. A time resolution of the detector
is better 150 ps.
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STARYT DISCRIMINATOR FOR MUDL LOCKED PRAIN LASEK RADAR

The start pulse for tne time interval counter is agenarated by
detecting a small part of laser beam in a start detector.

The described start detector consists of three part (fia. 1) .In
the first nart, a silicon rplanar PIN photodiode HP4207 as deorection
element is used. The photadicie 1s connected to -15%0V pias to optain
very fast response.

The second part is a discriminator. Tne discriminator consists of
tunnel diade (TD)Y. The 1D is connected as monostable multivibrator. The
threshold of discrimination is set up by the level of the multivibrator.
The third part 1s amplilier, the ocutvut voltaue {rom IO discriminator
is 100-200 mv. The gain of the amplifier 1s approximately 2. The first
stace is amnolifier with comion emitor {trans. Tl) and seccond transistor
1s connected as current amplifier. ''ne rise time is 4 ns and voltaae
output 1s 4V. 'The risc tine 15 sultalble for our apoplication (uniform pulse}.

The detector works as fi1xed tnresncld discriminator. This fact
1$ not 1mportant secause of rise time 200 ps and change of amplitude
is 30% only. The tneoretical error of the detector is 100ps only.

We nave train of pulses - f13.2, (aoprox. 2-3 pulses)., A problem
is in defining tne triagering pulse. The detector sends uniform triager
Ppulse, when the first laser pulse reacnes tnreshold of discriminator.
1f we take as reference point the maximum pulse in train, it can be
trigoered from different pulses in respect to this point. The time of
trigeering is different but this time differes at resonator round trip
time. (1.8 ns in our case}.

Both stability and accuracy of the start detector were measured.
The folloving measurina confiaguration was used: a laser pulse was divided
into two parts. One part was detacted bv photodiode and entered to
vertical amplifier of tne fextronics 7912AD oscilloscope. Second part
of light pulse was processesd oy start detector. Jutput pulse from start
detector externally triawros tne oscillosamae,

Fig.2, shows the overlan of threo pulses. Aporoxlmately 100 pieturcs
were taken. Theso pictures were processed by conputer. Two different
parameters wer. stuldied. '

The filrst paramet: 1o tee distance of relerence volnt {(the¢ centoey
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of maximum peak) from triagger puise. we can sec on tne fia.3. tnat
detector generates triaager pulse from toce same pceak in traln in ¥5%
cases, from second one L5% only. listance petwaen sulses there iz l.Bnzs.

Second parameter is a tine resdlution. Pli.4. was cotoin by Seoaratlno
one pulse from fia.3. Tne time reaclution of this detector is better
then 1530ps.

Conclusion

The start detector descrioved in this article 15 very oleple . e
reference point ootained by tue etector nas tne time rosplution beteer
150ps. A one resonator round trip tine (1.3ns) offscl of the rafor enco
point is observed in 15% cases. Fne detector is used by investigation
of mode locked lasers as trigaerinT element of oscillascopas., streak
cameras, etc.

Litcrature:

1/ t.Jelinkova, in this procead inas
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Fig.1.: Cixcuit disgrsm of the start detectlor
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MODE LOCKED TRAIN LASER TRANSMITTER

J. Jeiinkova

INTERKOSMOS

Faculty of Nuclear Science and Physical Engineering
Czech Technical University

Brehova 7, 115 19 Prague 1, Czechoslovakia

Telephone {2) 84 8840
Telex 121254

ABSTRACT

The passively mode locked frequency doubled Nd:YAG oscillator/amplifier/
SHG Taser radar transmitter is dercribed. [t is generating a train of 2-3 pul-
ses, the pulse duration is 77 psec, output energy in green is 20 mJ, the re-
prate 1-2.5 Hz, The stability of the output pulses was monitored and statisti-
cally treated using a computer. To analyse the laser beam structure, an on line
diagnostic chain, giving a three dimensional graphic display of the output pat-
tern, was implemented.



MODE LOCKED TRAIN LASER TRANSMITTER

1.0 INTRODUCTION

Considering satellite ranging, the length of the transmit-
ted laser pulse is one of the main parameters, determining the
accuracy of the measurements. To increase this accuracy, in the
course of years, the pulse width of the transmitted light was
shortened. Since 1973, when the Interkosmos laser radars have
started to work, a total number of 30 laser transmitters have
been put into the laboratory and field operation. Among the
transmitters, there was a ruby Q-switched using either rotating
mirroxr or Pockels cell generating the pulses from 13-25 nsec
FWHM, PTM Q-switched (cavity dumped) ruby system having 6 nsec
pulse width and constant gain pulse forming configuration varying
in pulse width from 2-6 nsec /1/. In 1982 mode-locked Nd:YAG
laser transmitter generating a train of pulses has been instal-
led at the observatory Helwan in Egypt.

2.0 SYSTEM OF LASER TRANSMITTER

The laser system consists of TEMoo oscillator plus a single
pass amplifier, followed by a frequency doubler. The specifica-
tions result from the demands of the accuracy in ranging and
from the necessity of the system movability /2/. The technical
parameters of this system are shown in Tab.l and a schematic
drawing in Fig.1l.

Tab.l. TECHNICAL DATA OF THE LASER TRANSMITTER

Wavelength 530 nm OQutput divergence ©.2 mrad

Pulse duration 77 psec (Adjustable) MIN

No.of pulses 2-3/train Dimensions length 120 cm

Output energy 20 md/train diameter 23 cm

Reprate i-2.5 Hz Power supply /5/ 500 W
(Average power)

2.1 Laser Oscillator

The deterministic build up of passive mode locking in giant
pulse lasers can be achieved by careful control of lasing modes
between the first and the second threshold /3/. Stahkle stationary
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pulse train soluticns were found for passively mode locked sys-—
tems with easily saturable active medium. The autors /4/ used
tihhe intraresonator telescope to improve the output pulse repro-
duocibility of Nd:YAG system. In ourx system, the number of modes
was reduced by the gain excess and by increasing the intermode
freguency spacing via shortening the optical resonator length.
The configuration of the mode logked NA:YAG oscillator, we
employed, is shown in Fig.1l. As the active medium, a 80 mm long,
6 mm in diameter, NA:YAG crystal is used, one end is cut at
angle 8%% and second one is perpendicular to the axes. The crys—
tal and the flashlamp are placed in the elliptical silver coated
cavity. The optical rescnator is formed by the high reflectivi-
ty (R=9%9%) dielectric mirror and the perpendicular surface of
the NdA:YAG crystal (R=8%). Mode locking is accomplished using
a saturable dye ML51 solved in dichlorethane /6/, innitial
transmission T = 35%, thickness of the cell 1s 5 mm. The cell is
at the Brewster angle near the 99% mirror. Using a 5 mm satu-
rable dye cell the pulse duration was lengthened. Single mode
operation is performed by the aperture {(diam.l mm) placed between
YAG cyvstal and the saturable dve. The length of the resonator
corresponds to 2 nsec round trip time. The shape and the repro-
ducibility of the oscillator pulses are remembered in the secx
tion 3.

2.2 BAmplifier, Doubler and Detection

In the amplifier, & 120 mwm long, & mm in diameter, Nd:YAG
crystal is used, both ends are cut at 2¢ and antireflection
coated. The crystal is placed in the elliptical silver cocated
cavity and it is pumped by one linear Xe flashlamp. Both crys-
tals, oscillator and amplifier one, and the flashlamps also
are placed in a water cooled glass tubes. To isolate the oscil-
lator from the amplifier, the saturable dye cell containing
ML 51 disolved in dichlorethane is used. To extend 1 mm oscil-
lator spot, the telescope 1:3 is placed between the oscillator
and the amplifier head. For purpcse of the laser radar, the ge-
neration of the second harmonic is needed. The KDP crystal,
type II, is used behind the amplifier. The output pulse is mo-
nitored by a high speed photodiode. A sample of the output beam
is sent to the start detector /7/. The output telescope chan-
geg divergence of the beam. A He~Ne laser is incorporated into
the system for easy alignment of the oscillator/amplifier chain
and the pointing services. The whole optical system is protected
by a removable tight dust cover.

3.0 LASER PERFORMANCE

The experimental seiup for measuring of the output pulse
reproducibility and the beam structure is in Fig.3.
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3.1 Pulse Shape

The typical pulse shape is shown in Fig.2. The train has
2~-3 pulses, the pulse separation is 2 nsec and the individual
pulse width is 77 psec.

3.2 Pulse Enexgy and Divergence

The oscillator pulse enerqgy is about 7 mJ/train in infra-
red. After the amplification, 80 mJ output beam is entering to
SHG crystal, the conversion efficiency is 25%, the output ener-
gy per train at 0.53 am is 20 mJd.

The divergence of the system is 2 mrad. The ocutput Galli-
leo adjustable telescope allowes to achieve the output beam
divergence up to 0.2 mrad, minimum.

3.3 The Output Pulse Reproducibility and Beam Structure

The shot-to-shot reproducibility and the stability of the
output pulses are of the primary importance in satellite ran-
ging. The irregularity of the pulse may impair the timing accu-~
racy. Therefore, the detailed tests of the laser transmitter
stability and pulse reproducibility were carried in the indoor
experiment. The experimental setup is in Fig.3. The first part
is for measuring the stability of the pulse width of the indi-
vidual pulses and the signal to noise ratio, the second part
is for pulse train stability test and third one for beam struc-
ture measurement.

The laser pulse was detected by PIN photodiode and Tektro-
nix Tranzient Digitizer 7912AD. The bandwidth of the system was
500 MHz, effective resolution 20 psec. The measured raw data
were transmitted via HP 85 to the master HP 21 MX~E computer,
processed and stored on the magnetic disc. The laser was ope-
rating at 2.5 Hz and 100 from the 100 000 shots conseguence
were put to the memory and processed. The corresponding soft-
ware package consists of the programs for data collection and
storing, noise elimination, pulse characteristics determina-
tion, statistics and graphics /9,10/. The results are in Fig.4.

A part of the laser output pulse is sent to Hammamatsu
streak camera system. For data recording and processing, HP 85
calculator was interfaced to the Hammamatsu system (Fig.2).

The mean value of the individual pulse width from the 100 mea-
surements is 77 psec, RMS is 10 psec.

The far field structure was studied in the focal plane of
the positive lens. As the detector, the Fairchild CCD camera
was used. The camera signal was digitized and stored in the
Digital Image Memory Quantex with the resolution 256x256 cells
256 intensity levels each. The data from the memory were trans-
mitted via HP-IB to the HP 2] MX-E computer and stored on the
disc. The extensive software package /10/ for TV image pro-
cessing is available in the "nearly on-line®™ mode. The beam
profile etc. waszs available within seconds after the laser shot



on the monitor in the lab. The Fouriler two dimensional trans-
form of the far field structure was available within minutes.

the foval length of the positive lens used for far field
image was 2.5 m. In ¥Fig.5, there is the plot of the 3D pro-
iection of the far field beam structure of the oscillator
(1.06 aum} {a) and the contours {b). The far field beam struc-
ture of the transmitter (osc/ampl/doubler) chain is in Fig.6.
The output beam divergence is 2 mrad.

4.0 CONCLUSION

The system has been operating in Helwan observatory (Egy
through the summexr 1983 and 1984. The target and satellite ra
ging shows RMS belliow 10 cm /1li/.
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Fig. 1.

Fig.2.

Block diagram of the optical lay-out of the Nd:YAG laser
transmiteer

M End mirror SHG  KDP Frequency doubler
D1 Dye cell PDH Monitor detector

A Aperture PD2 Start detector

0SC  Oscillator head F Neutral density filters
b2 Dye cell T2 Queput telescope

T1 Telescope M1 Adjustable mirror

AMP Amplifier head M2,M3 Removable mirrors

The transmitted pulse
Streak camera trace /5 nsec/screen/
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Fig.3. The experimental setup for measuring of the output pulse

reproducibility and beawm structure

MLOA - Mode locked osc/ampl system, SHG - Freguency

doubler, PD1,PD2 - photodiode, TV CAM ~ SIT TV camera

Hamamatsu C1000-12, DEL - Delay unit, TA - Temporal
analvzer Hamamatsy CI023, MOR - TV wmonitor, COM -

Computer HP 85, F - Neutral density filter, A —~ Aperture,

0SC -~ Oscilloscope Tektronix 7834, TRAN ~ Tranzient

Digitizer TR 79124, COMPUTER - HP 21 ME-E, DISC - 50 Mbyte
disc, TV - TV monitor, GRAPH - Graphic display, L ~ Positive
lens /f 2.5 m/,-CCD - CCD TV camera Fairchild, DIG -

Digital Image Memory Quantex, TD — Temporal disperser

Hamamatsu C979
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PRESENT STATUS OF THE CERGA LLR OPERATION

€. Veillet

CERGA

Avenue Nicolas Copernic
06130 Grasse France

Telephone (93) 36 58 49
Telex 470865

ABSTRACT

The CERGA LLR station is now currently operating with a standard
range accuracy smaller than 20 c¢m. The normal points are sent monthly
to four scientific teams in France and USA, and are available for the
interested people on request to the author.
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PRESENT STATUS OF THE CERGA LLR DPFERATION

The Figure 1 summarizes the main characteristics of the
CERGA LLR ogperation. The station itself is located in Grasse
{sauth of France} at an elevation of roughly 1380 meters. )
1.5-m reflector is ussd both for the emission and the recep—
tion. The ruby laser has & 3.3 ns pulse and can shoot the Moon
every six seconds with @ 3 J energy.

The first returns from the Moon have been observed in
dune 1981, but the first good normal points have been obtained
in April 1982, after the sclution of some prablems with the
events timer. Bince then,the station has been given normal
points { mainly on the Spoilo XV reflector) as regularly as
possible. The Figure 2 presents an histogram of the number of
normal points obtained =ach month on Apolla XV. The main cause
of a lack of results for some montis (like February 1984) is
the weather linked sometime to a low elevation of the Moan
seen from CERGA. In July and August, where the weather 1is
generally good aoan the French riviera, the nights are very
aften wet and foggy and the number of results is not as good
as it could be expected in such a period.

The Figure 3 shows the distributiaon of the CERGA normal
points with the age of the Monn. At the present time it is
possible to obtain data on a reflecteor illuminated or not, but
only during the night or at least after the sunset or betore
the sunrise. This limitation is not really dus to the noise
higher during the day than during the night. It is mainly due
to the impossibility of pointing the reference craters with
the daylight. It should be passible to receive echoes around
the full asoon. However a lack of resulits is apparent on  the
histogram at this phase. These nights have been ruled out from
the cocbservation schedule far a long time : the number of
aobservers was not sufficient to cover 28 nights per lunar
month. Low moon and bad westher prevented from getting data
these last months around the full moon ...

The present laser used at CERGH is an old gne. His pulse
length prevents to obhtain a very good accuracy. A request for
maney for a new laser and the related squipmnent will be pre—
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sented once more to the french estronomical commuanity in next
October. During the waiting of such a change, two improvemsnts
are on hand. '

The first one concerns the calibration. Made actually on
an external target located on o mountain B ke far fFrom the
reflector, it will be obtained as soon as possible on an
internal way during the noreal laser firings. Thus it will be
possible to monitor bobth the calibration and the pulse length
during the cbservations. The uncertainty on these parameters
e the mein error source of the CERGA data.

The second improvemant concerns the pointing optics
{mainly the TV cameral) which contrast i1s too low to permit To
paint reference craters by daviight. The study of a new system
will be aade. if its implementation is easy, 1t would s
possible to obtain very sooan data in guite all the configura-—
tions {(night or day on Earth and Moon).

After a rearganization of the LLR team in last November,
mpme  modifications heve been sade concerning the predictions
and the analvysis of the data. & prediction softtware has been
installed on the main computer of the station. Every observer
is thus able to prepare the predictions for the next nights
using the last estimates of the BEarith rotation parameters. The
pragramm works with an extract of the JPL ephemeris (DE 121
and LLE 13) and gives direct residuals generally lower than 23
ns, giving wvery rapidly to the observer an insurance on the
reality of the schoes.

The normal points.are calculated by the LLR team on  the
CNES computer. It permits quick exchanges inside the station
staff and a rapid solution of eventual problems. They are
distributed to the interested people as soon as passible atter
the observations. After some problems of implementation, the
software i1s now working guite well.d Dr 0. Calame receives
directly the data in a file on the CNES computer. JPL and
Austin University receive them through HMark 11I. Everybody
else can get the CERGA normal poznts on request to the authos
and use them for his scientific work. |

A great many people are contributing to the laser station
at CERGA beside the author ¢ J.F. HMengin, J.E. Chabaudie, C.
Dumoulin, D. Feraudy, J.0. Langlois and J.M. Torre in the LLE
team itselt. In addition, we wish to thank same other CERGA
maEmber s  wiho work for onge o Lwo nignbtes each month and sereit
Lthus to cover more than 28 nights per lunar month.
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ABSTRACT

The available means of enhancing laser ranging system performance
by means of spectral filters are reviewed, Multi-layer dielectric,
Fabry -Perot, and Dispersive filters are described, with emphasis on
the operational deficiencies and benefits of each Filter type. Some
projections for the future in spectral filtering for fully optimised
system performance are given.
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SPECTRAL FILTERS FOR LASER RANGING

1. Introduction

The need for enhancement of signal-to-noise ratio (SNR) in laser ranging
systems by means of spectral filtering is continually increasing. For SLR
systems the most severe requirements arise for mobile systems which have
generally smaller lasers and less well defined coordinates than fixed
stations. The combination of poor a priori station coordinates and
prediction uncertainties mean that temporal and spatial filtering of the
signal is limited, and only spectral filtering can be intensified to
enhance SNR.

For LLR systems, it is uswal to operate temporal, spatial, and spectral
filtering at the design limits of the system, since signal levels are
extremely low and noise can be very high (e.g. full moon or daylight
ranging).

For laser ranging systems there are two principal parameters which
characterise the system performance, signal and SNR. The goal is
generally to maximise both, and various measures are taken to accomplish
this in terms of varying or modifying system parameters. For example,
doubling the laser power doubles signal and SNR, whilst doubling telescope
aperture increases signal fourfold whilst not affecting SNR at all.

One of the most cost-effective ways in which most ranging systems can be
upgraded is by improving the performance of the spectral filter. Halving
the passband of the system spectral filter will double SNR. Doubling the
filter throughput efficiency in the passband will double signal. Thus,
for example, if an operational system could replace a 1.2A filter of 20%
efficiency with a 0.6A filter with 40% efficiency, this would result in a
doubling of signal and SNR - the same affect as doubling the laser power,
at possibly far less expense.

Considerable emphasis on filter design and selection is also required in
the design of minimal, portable, or eye-safe SLR systems.

This paper reviews the filter technology that is available to todays
system designers, with the emphasis on operational characteristics. Three
hasic filter types are reviewed:

L.
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{a} Multi-Layer Dielectric Filters (MLDI)
{b} TFabery Perot Filters (FPF)

(¢} Dispersion Filters {DF)

Z. HMulti Layer bielectric Filters (MLDF}

}'.
£k

¢4

The principles of operation of MLD filzers are well documented in the
literature, and widely known. The term MLDK is usually used in the
context of laser ranging systems to refer to a composite device consisting
of an all-dielectric filter, an induced transmission filter, and a
broadband (glass) blecking filter.

The particularly useful features of MLDFs are:

1. Compactness

2. Ruggedness

3. Basy to cemperature control or tewmperature tune
4. Relatively insensitive to incidence angle

5. Single passbhand only

These features represent why the MLDF is the basic and universal filter
for laser ranging systems. It is only in the area of filter efficiency,
or transmission, where high performance requirements are difficult to meet
with MLDFs. Typical transmission efficiencies for fully blocked filters
range from 00% at 10A bandwidth to 20% at 1A. Other filter types become
superior in transmission for filter bandwidths below about 3A.

For filter bandwidths in excess of 34, efficiencies of 50% (and higher)
can be obtained for MLDFs. This value of throughput, together with the
advantages listed above, make them the natural first choice for most laser
ranging systems.

3. Fabery Perot Filters

MLDFs evolved several decades ago from classical Fabery perot filters
(FPF}. The family similarities remain in that both use interferometric
principles to enhance or retard transmission. FP¥s, however, use two
mirrors separated by a distance which is very large compared to the
wavelength of light, and for some applications this original configuration
can be uitilised o betier elfscy than the MLDF.

in particular, high transmission efficiencies coupled with very narrov
bandwidths may be realised. For example, & blocked FPF with 0.5A
bandwidth may have 40-60% transmission at line centre - approximately
double that realisable with an egquivalent bandwidth MLDF. At first sight
this looks extremely attractive, but there are many factors welghing
against the operational application ol FPFs.
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The principal difficulties with FPFs arise in the following areas:
{al Free Spectral Range (FSR)} and blocking

(b) Bandwidth control

{c} Angular sensitivity

(d) Vibration sensitivity

(e} Temperature sensitivity

(f) TField-of-view (FOV)} problems

(g) Alignment/Servo is highly specified

The Free Spectral Rdnge (FSR) is the distance from one peak of
transmission to another in the 'comb' response of the FPF. It is given by

FSR = Ar%/2d
where A = centre (design) wavelength
d = plate separation

The finesse (F) of the filter is made up of a number of terms, but in
practice is usually given by

1
¥ T R2 /(1-R)

18

where R = reflectivity of FP mirrors

Bandwidth (BW) is given by

BW = FSR/F
If (typically) » = 532 nm
d = 0.1 mm
F = 28
then FSR = 144
BY = 0.5A

This represents a typical FPF design.

Now the overall efficiency of the FPF itself may be as high as 5% if the
device is very precisely manufactured and aligned. However, because the
passband recurs at a frequency given by the FSR, a blocking filter must be
used to eliminate all but the desired passband. The blocking filter
passband must be less than the FSR to avoid passing more than one
passband, In the above example, a 10A MLD filter would be used, yielding
an overall efficiency of around 50%.
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FPI's are extremely sensitive to angle detuning, because the
interferometric operation depends upon the path length travelled between
wirrers to be an integral number of half wavelengths., It is simple to
establish the angle sensitivity as

. (césa - 1)
or
8 = cos= (A /(Ao + 8A))
for A = 5320 4
ar = 0.1 A
then 6 = 1264 arc sec.

1f the filter is working at a X00 demagnitfication from the receiving
telescope, then the centre wavelength of the filter will move 0.1A over a
21 arc second field of wview. More significantly, the filter must be held
stable to 21 arc minutes (1264 secs) in its holder if the centre frequency
i$ not to move by more than 0.lA.

It is important to note also that spatial filtering wmust complement the
FPF, since the filter only ‘works' at normal incidence, and the passband
simply moves (spectrally) with angle of incidence. That is, the system
FOV is dictated by the FPF design.

Temperature effects can be the limiting {actor in FPF implementation.
Even INVAR stabilised mounts can ‘walk' a filter line centre by up to 3A
per °C. For a 0.5A filter, 0.5°C temperature control is totally
unsatisfactory.

A recent development has been the active control, using PZT or similar
drive, of the parallelism and spacing of the FP mirrors. Using a CW laser
injected off-axis and directed to a detector, the FP tilt and spacing can
be servo controlled for optimum performance. The off-axis alignment laser
can be at any wavelength, but is often at 6328A as little power is
required. A dither technique is used to lock the FPF to line centre of
this laser, and the on-axis passband tuned to the desired wavelength by
tuning the incidence angle of the alignment laser. This technique has
been very successful in overcoming mount creep, temperature drift, and
even some vibration-induced detuning of the ¥PF in tests at the Orroral
Observatory. However, the hardware is complex and sensitive, and major
efficiency improvements over MLDFs must be demonstratved before the major
task of integrating FPFs should be undertaken.

The Orroral Observatory is extending its examination of FPF
characteristics to determine the realisable pealk transmission efficiency,
the long term stability, and the (light) noise immunity of FPF servo
systems.
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4. Dispersive Filters

Both refraction and diffraction can be used as the dispersive mechanism
for dispersive filters. Refractive-Dispersive Filters (RDFs) and
Diffractive-Dispersive Filters (DDFs) are both common in a wide range of
optical applications. It is only recently [1] that either has been used
for laser ranging.

The principal of operation of these devices is extremely simple. The
spectral dispersion of the incident radiation allows spatial isolation of
narrow wavebands of interest by means of spatial filterine {pinholes,
slits).

The significant features of DFs in general can be sunmarised as:
(a} temperature stable

(b) vibration/mechanical noise sensitive

{c) complex design and optical fabrication

{d} relatively high efficiencies possible

(e} widely and easily tuneable

(f) efficiency not bandwidth dependent

(g} bandwidth alsc tuneable

(h) bandwidth and field of view not independently
ad justable

(i) precision alignment necessary

Apart from these general characteristics, ecach type of MW has specific
advantages and disadvantages. DDFs have an unfortunate characteristic
which causes temporal dispersion of the processed optical signal.
Precision correction for this effect, duc to the non-normal incidence of
the input beam on the grating, is extremely difficult., Thus an additional
ranging error is introduced. Further, the dispersive mechanism is not
more efficient than 50-060%. tinally the coupling of bandwidth and FOV by
the exit slit (spatial filter) results in impractically small FOV for very
narrow bandwidths. A typical DDF [1] will give 3.54 per 60 arc sec FOV.
Thus a 0.54 exit slit would give a maximum FOV of 9 arc seconds.
Increasing the FOV is not possible without expanding the BW also, despite
the fact that this is desrimental to system performance. The example
given will give a BW of 2A for a FOV of 35 arc seconds and an efficiency
of 50%, a performance level around which an excellent SLR may be built.

RDF characteristics do not include temporal dispersion of the signal, and
efficiencies near 90% are feasible. The major limitation with RDF
application is the practical limit to the size of dispersive prisms which
cat be constructed. This limits the degree of dispersion attainable, and
filters for (typival) ranging configurations may be limited to 3A (min) by
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this. However, it is unlikely that an GDF of less than 3A would be of
general use, since the FOV for smaller bandwidths becomes unreasonably
small.

. VFuture Developments

further development is likely to see incremental! Luprovements in MLDY
efficiency at all bandwidths.

The use of FPF technology should move sradually into the operational
sector from the research environment.

A most promising long term development is the combination of FPF and DDF
to ferm 0,54 filters with 75% throughput in the centre of the passband.
This proposed design would use the BDIY in its optimum role - as a high
efficiency wide band filter. Thus the DDF would not limit the system IOV,
If a DDF was used as (say) a 10A block for a 0.5A FPF with 14A free
spectral range, an efficiency of 90% is possible, with a werking FOV of an
arc minute. This FOV can then be controlled independentiy of the spectral
filtering process using a conventional lens/pinhole combination., This is
not really necessary, since in the DDF/FPF combination, the DDF can be
used as the spatial filter as its transmission efficiency will not vary as
its FOV and bandwidth are¢ tuned. Clearly a FOV corresponding to a DDF
bandwidth greater than 14A cannot be selected, since the DDF is then not
effectively blocking the ¥PF. Similarly, a IFOV corresponding to a DDF
bandwidth of less than 0.54 canneot be sclected without reducing the
etfective bandwidth of the DDF/FPI combination. This lower limit of
filter bandwidth is most likely to be fixed by the power spectrum of the
laser., For a 100 ps laser, a filter of around 0.06A is needed to transmit
the power spectrum. If a 0.0A FWHM fiiter iy used, a large proportion of
the signal from a 100 ps laser will be transmitted at an efficiency below
the peak transmission of the filrter.

For the example given above, if a FPF efficiency of B5Y% can be achicved
routinely, then the spectral filter will operate at 757 efficiency for
0.5A bandwidth over a wide range of FOV. This is four times better than
MLDF performance, and almost 1.5 times as good {efficient) as a MLDF
blocked FPF.

Large systems, and particularly LLR systems will gain 300% to 50%
improvements in data production over current capabilities at 0.54.
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ABSTRACT

The well established advantages of epoch timing are reviewed in
the Tight of recent and iminent developments in laser ranging hardware.
The capability of asymetric Stop~Start time interval measurement tech-
niques to meet the emerging demands for timing system precision, accu-
racy, and event rates is questioned. The ability of systems using epoch
timing to adapt to the new technology and meet the highest performance
specifications is emphasised.
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EPOUH. TIMING FOR LASER RANGING

. Introduction

The advantages ol epoch timing for laser ranging have been known for some
time. Some of the earliest timing equipment specifically designed for
laser ranging used epoch timing principles (e.g. the 'Maryland' event
timer).

The principal advantages of epoch timing have been:
I. Measurement symmetry for START and STOP.

2. Capability to accommodate many shots in flight with a single
instrumeat (i.e. multiple~stop capability}).

3. Precise epochs are produced as well as range measurements.

Recent developments have highlighted these advantages as well as throwing
light on some previously undetected advantages.

2. Epoch Timing Principles

A epoch timing system measures range by determining the epoch of the
transmission and reception of the Jaser pulse, and obtaining the
difference by subtraction.

An epoch timing system can be constructed from commercial electronics
modules, since all that is required is a scaler/counter and a time
interval unit (TIU). If the scaler and TIU are properly chosen, the epoch
precision is the precision of the TIU. The specification for these 2
components are that the maximum count of the TIU must be greater than the
period (1/f) at which the scaler is clocked. The scaler is simply latched
by the event, which alse starts the TIU, which is stopped by the same
clock pulse which clocks {(increments) the scaler. For example, the
original (1974) Orroral LLR timing system consisted of a 10 MHz scaler,
which, when latched, gave 100 ns precision epoch. The event which latched
the scaler also started the ins precision TIU, which was stopped by a 100
KHz pulse train, giving a maximum count of [0 microseconds.

The epoch 1s given by

K Lo {e-t)

where L epoch latched in scaler
¢~ maximum count ot TiY
t TIU measurement
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In practice the epoch E is formed in a minicomputer which first truncates
L to eliminate least significant digits which would overlap (c-t}. If the
STOP pulse train going to the TIU is pot in phase with the latch clock
pulse to better than the precision of the TTU, then additional adjustments
need to be made to B,

The cpoch £ will be absolutely accurate enly to the extent that the
frequency standard which supplies the latch clock/TIU stop is abselutely
accurate. If the clock rate is known, then the epoch accuracy can be
upgraded in post-processing. The range measurements derived from these
epochs will have a precision approximately equal to 1.4 times the epoch
precision plus the frequency standard’'s error over the measurement
interval.

The major difficulties in epoch timing systems are:
1. Overlapping of START and STOP events in TIU.
2. Perfect recombination of E and (c-t} to give precise epoch.

The overlapping of START and STOP cvents in the TIU will generally cause
errors. Some systems employ two TTUs with one TIU having its STOP channel
input frequency 180 degrees out of phase with the other, so that overlap
can be avoided. This of course introduces more calibration complexity,
but has been successful. An alternative is to make the TIV input pulses
very short, and the maximum count very long, and accept overlaps. For
example if the pulses were 4 ns wide and the max count 1000 ns, only 0.4%
of measurements would be affected. Lengthening the max count also makes
combining the TIU and scaler readings simpler, as more overlapping digits
occur for longer counts, and the software algorithm for combining the two
numbers into a single epoch is simpler.

3. Recent Developments

Laser ranging systems now routinely operate with a single-shot precision
of 5 cm. Soon 2 cm single-shot precisions will be routine, bhased on new
laser, receiver, and timing system technology. The precisions required by
the new laser ranging systems may demand the adoption of epoch timing
techniques.

An acceptable standard for ranging timing systems for the next 5 years is
likely to be 30 ps (RMS) accuracy in range over 100 ms ranges, and 50 ps
over lunar ranges. It is now relatively easy to acquire or even construct
a TIU with 20-30 ps precision. However very few available designs will
maintain this precision over more than a few microseconds. One exception,
the HP5370 series TIU, limits the rate at which the laser can be fired to
5 Hz once the max count exceeds 50 ms. .

Thus the newer technology in TIlUs may be applicable only as the vernicer,
or as an add-on, to an existing measurement system. Since epoch timing
scalers can easily run up to 100 MHz, giving a TTU max count requirement
of 10 ns, minimal demands are placed on the TIU in this regard by epoch
timing. That is, epoch timing systems are ideally suited to take
advantage of high precision, short count TIUs,

i
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An additional problem for conventional systems using direct time interval
measurements to measure range arises from temperature drift of TilUs. It
has recently been discovered that the HPS370B shows a measurement bias of
10 ps per degree Celsius.  Other TIUs show similar biases. The error,
which is systematic, does not depend on the length of count, and thus is
removed entirely if the TIU is used as the vernler for an cpoch timing
system, since the error will cccur in both epochs, and cancel out in the
formulation of a time interval by subtraction.

The development of solid-state pumping for Nd:YAG lasers raises the
possibility of significant improvements in laser efficiency, and may lead
to higher repetition rate capabilities well beyond the present 10 Hz. At
200 Hz repetition rates, even the lower satellites will require multiple
shots in flight. If recent developments in detector technology lead to 1
micron ranging systems, even higher rates could be required. Only epoch
timing techniques can meet these event rate specifications. (The data
acquisition and control specification is not considered here.)

Finally, new streak cameras are now available which allow 2-D scanning of
the electron beam. If such a streak tube was to be integrated with a 2-D
CCD array of large dimensions, then it is conceivable that it could be
used as a picosecond precision vernier for an epoch timing system. If the
2-D scanning algorithm is correctly specified, it is possible to use a
large proportion of the addressable space on the CCD to give an
unambiguous, picosecond precision epoch readout over long periods (up to
10 ns, i.e. 10 ns maximum count}. It seems unlikely that this ultra-high
precision development will integrate naturally with timing systems other
than epoch timing systems.
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