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0.85, or the calibration uncertainty below 1ps. We have used the same method in the
currently developed time interval digitizer tT-1810B based on the TAC-ADC interpola-
tion principale.

We also had to solve the problem of the calibration repetition rate strategy since
this influences the measurement error caused by the time drift of TDC's characteristics
between successive calibrations and determines the effective duration of the ready-state
of the instrument. It has been accomplished by steady evaluation of drift of each TDC's
conversion factor K and selection of the calibration rate so as to keep the changes §k be-
tween the subsequently identified values of K below a fixed value § kmax. It means that
the messurement uncertainty contribution resulted from driff of the TDC’ conversion
factors is kept below an assumed worst-case value. Thanks to the adaptive process a
high calibration rate is needed only after power-on, or in the presence of very nonstable
thermal conditions. Since the optimal calibration rate is being set by the control com-
puter, the user is no longer forced to guess and find some {probably poor) solutions by
manual setting.

To take full benefit of that higt precision calibration procedure also the remaining
error sources, i.e. both the systematic error {time interval offset} and the linearity er-
ror should be compensated, For this purpose we have used an asynchronous pulser,
which generates the burst of Poissonian pulses fed to the START and STOP inputs
simultaneously. In that way a number of mesnsurements of the true zero time inter-
val can be performed and then the statistical estimate of the mean systematic error of
the instrument can be calculated and saved to correct the following range measurements.

5. Software

The present implementation of the software provides following functions :
- failure detection,
- communication checking,
- self-test of operating papameters (long- and short-term error estimation},
- operating mode control,
- automatic calibration,
- acquisition of measurement data,
- calculation of measurement results,
- linearity error correction,
- statistical processing,
- graphics presentation of measurement results,
- file management.

The software has been written in the Turbo Pascal 4.0 programming language. Only
few time-critical procedures for hardware control during the calibration and messure.
The current version supports the HGC/EGA/VGA adapters and the IBM PC XT/AT
1/O channel configuration . We presently utilize the Super VGA card and the NEC
Multisyne I monitor to achieve clear multiwindow displays and sharp graphics.
According to the general trend observed in development of the PC software we have
employed the menu-driven user interface, which is easy to use without any user’s expe-
rience in computer programming (Fig. 1).

Calibration procedure/® may be performed in three ways, as synchronous, asyn-
chronous or involving both modes. At least one complete synchronous/asynchronous
calibration is required before the measurement session.

-immediately after each event,



-after each n-th event,
-after each n seconds,
-adaptive mode.

The first mode offers the best measurement accuracy but the dead time of the in-
strument may then be extensively long. The shortest dead time, while keeping & low
measurement uncertainty, can be achieved with the use of the adaptive calibration mode.

The “Measurement modes” window in the main menu has heen designed as an all-
purpose control panel for setting the measurement, display, and data acquisition modes.
We can choose between four main measurement modes : Start- Stop mode with a dedi-
cated Start input or without such a distinction, and two measurement modes using the
Commeon input for measurements of pulse width or time interval between two successive
pulses on this input. Each of these modes can be used with an external synchronization.

Using the measurement control panel we can also define current values of the range
gate and window. In addition, three display modes of results are available : Time Inter-
val, Cable, and Range. Some user-defined calculation routines meay also be incorporated,
e.g. for tropospheric correction. The measurement results can be expressed in selectable
length or time units.

There are four statistical functions available for processing the measurement samples :
the mean, minimel and maximal value as well as the standard deviation. The automatic
calculation of the efficiency (i.e; the radio of the total start pulse number to be received
stop pulse number) is also provided.

The described software was tested during many laboratory experiments using the T-
1800 TID as well as the currently developed T-1810 model. Figure 2 shows an example
of the measurement histogram obtained when the delay of few metres of the coaxial
cable RG-58C/U was measured.
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COUNTS PER CHANNEL

EXAMPLE OF HISTOGRAM AUGUST 20, 1989

MEAN = 31,763 ps
] STD DEV = 12 ps

10 ps PER CHANNEL

1 1|.—|l ]
-3.0E+2 , 0.0 3.0E+2

FIG.2 EXAMPLE OF HISTOGRAM FOR A SAMPLE OF 1000 MEASUREMENTS
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SCME RESULTS FOR FEW- AND MULTI-
PHOTOELECTRON RECEIVED SIGNAL PROCESSING
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ABSTRACT. Some author’s results are given for the infliuence of signal
processing on the accuracy of satellite laser radar for such procese
sing methods as constant and proportional threshold of current and
charge crossing discrimination, ORTEC & TENNELEC constant fraction and
short circuited delay line shaping and zerc crossing discrimination,
Theoretical and similations results are glven for the dependence of er-

ror on the processing methods and parameters and photoelectrons number
in the received signal.

1. INTRODUCTION. In the case of pulse laser satellite rangefinder, the
received signal at the photomultiplier PMT (or other photodetector)
sutput can be modeled as the unhomogeneous filltered stochastic Poisson
point process. Single realisation of that process is of the form

X
(%) “%351 fopr (v - &4 - %)) (1

where: K - Polssonlan number of photoelectrons (PE) realised, By» Xyv
g& - random variables: PMT gain, moments of time of PE generation at
the photocathode, and delay in PMT, respectively; fSEﬁ(t) - determinis-

tic shape of single PE (photoelectron} response of PMT.

For the processes of that type the formulas for expectation, covariance
and variance were given in [1], [5] and [7].

n .
E[g(t)]s S(V)E[ESER(t - v)“]dv L {2)
Cov[;"(tl')n, f—(t‘j)]” s;(\.f)IEZ[ﬁSER(t1 - v)-f-SER(tJ - v)]dv {3)
‘ n

.

var f£(t) -:/s(v)EEi:gER {t ~ v)]czv (“)

m

where: E[.] - expectation of [...J, _i_'SER(t) = g fSER(t) where g -
stochastic PMT gain, and, in case of sbsence of additive noise and sa-
tellite retroreflector ccherent interference, s(t) it is the convolu
tion of the laser pulse shape and photomultiplier delay probability
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density (pdf) curve., Integration iimits are chosen in the manner to
contain all non-zero values of respective products.

In the case of such delay estimation methods as fixed threshold or
threshold proportional to maximum value of photomiltiplier current or
charge, or Gedcke - Mc Donald "constant fraction® discriminator, or
short - circuited delay line shaping and zZero-crossing discriminator[}],
‘the variance of the value of the process at the decision point, it is &
the (finite or infinitez linear combination of variances and covarian-
ces following (3) and (4). Then, that variance is proportional to N,
mean photoelectron number in the signal s(t) (due to existence of s{v)
in (3) and (4)). The variance is also proportional to of , mean square
of normalised to wmity photodetector gain, due to existence of

Eftepn] or E[fgm(a) « £ ()] in (3) ana (4).

The decision in the discrimination process 1s undertaked in dependence
on the value of some stochastic precess D, which is, for all above -
mentioned methods, of the type of linear combination of the values of
the process of the type (1), eventually shifted in time by strictly de-
finite values. Taking, instead the amplitude of the process (1), its
expectation, one can compute the derivative of the expectation of the
process D, named D,. Computer simulations show, that for sufficiently
high N, it is possible to linearize the transition from the variance of
the amplitude of the process D, to the decision time variance, using
the square of the derivative D4 in the vicinity of decision time point.

That derivative is proportional ta N and indepedendent on o&, and we
obtain for the normalised standard deviation of the error, for all prac-
tical shapes of pulses of interest (s(t) and fSER(t))'

Ga/r = g4 oM/ w112 (5)

where T it is the half of width of the "equivalent" laser pulse (convo-
lution of laser pulse and PMT delay probabllity density function),
The g4 coefficient is dependent on processing method, shape of the sig-

nal, and parameters of processing such as fraction, linear filtration
(relation of ESER width to the width of equivalent laser pulse), and

delay, Simulations show, that 84 is almost independent on N, when in-

tegration takes place, as in half area, and center of gravity methods,
or sufficient filtration exists. For other cases there is some depen-
dence ‘on N in the small N region, especially for small or no filtration.
The validity of (5) is preserved when the relation ty )§>tN holds,

where tR - smallest rise or fall time of the laser pulse, tN w mean tie

me distance between photeoelectrons within laser pulse.

Author published the curves and formulas for g4 Vs parameters for
gaussian laser pulse and constant fraction of cur}ent and charge, fixed
threshold of current, and center of gravity in (4. Simulation results
for 84 and mean value of results change vs photoelectron number are glm

ven in [2],[3], and [&]. Further results are given here,
2. CONSTANT FRACTION OF CURRENT {VOLTAGE AT 5052). For the filtered Caim,
'se, any shape of the pulses of interest, and constant fraction of PMT

current (voltage at 50352) crossing methods, using approximation descri-
bed above, author obtained the formula for random error as follows:
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G5 - %‘{51(%) s fZpp(te) + 22 s (x,) x farn(ts) +

- P‘-Zi:m Topr (ty = T) fgpg (t5 -2) df}‘ f

-2
. {a% [51 (tg) ® £, (tfﬂ} | (8)
where s, = shape of the equivalent laser pulse (convolution of the
laser pulse and PMT delay p.d.f.), normalised as follows:

/;1 {(t) dt = 1. Also fSER {t) dt = 1.

-~ -0
tf - moment of time of reaching the fraction of its top value of the
convolution of equivalent laser pulse and fSER

f - fraction value

t, - moment of time of reaching the top value of the convelution of
equivalent laser pulse and fSER

® -~ convolution operator

The formula (8) is more complicated than Hyman formula {9) given below,

becaugse in the case of interest there are two processes of type (1),

signal and threshold, and they are partially dependent (dependency is

higher when higher is the filtration value, fSER width). In that case

there is the need additionally to use (3) to obtain the variance of
amplitude of the process D, which in that case is the difference of
the signal and the adaptive threshold at the crossing point.

3. CONSTANT THRESHOLD OF PMT CURRENT CROSSING DISCRIMINATION. The fore
mila and curves for gq of {5) for Gaussian laser and fSER pulses versus

paraneters was given in [L; and will be not repeated here, For the ote
her than gaussian pulses oI interest shapes, there exists the Hyman
formula [14_]

g2 . & 54 (%) % fEpp (%)

a =W 2
{.g% [31 () % fopp (tp)]}

where s, as above, .
t_ - moment of time when the convolution of equivalent laser
pulse and fng crosses the threshold.

Author obtained many curves using (8) and {(9) vs parameters for light
pulse shapes characteristic for seintillation counters, using clipped
Gaussian delay pdf and fSER' The amount of results ias too big to show

them here, The results show, that smaller error can be obtained not
always in the constant fraction method, It is dependent on parameters,
such as the amount of c¢lipping, and relations of widths of light, de-
lay pdf, and fsER'pulses.

(9)

For the filtered case, and gaussian laser pulse, the mean value
changes with signal energy can be obtained from the formilas given in
Table 2 obtalned by author for the cases of fixed threshold and con-
stant fraction crossing method for current and charge, In scme cases
that results are limited to some energy region.
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4. CONSTANT CHARGE THRESHOLD CROSSING DISCRIMINATION OF PMT OUTPUT. The
formulas and curves for &4 coefficient in {5) for that case, obtained

vy asuthor when using (2) + (&) for the case of no filtration before in-
tegration of PMT current, are given in Table 1 and at Fig. 1 for 7 dif-
ferent shapes of "equivalent®" laser pulse. These results are valid for
no filtration case.

For the liltered case, and any pulses of interest shapes, there exists
old (1957) Gatti - Hyman formula [15], [14] :

p
5y (8,) x gffsm (t) dt)?
D

- % ?_ "
{51 (t)) ¥ fgp (tp)},

where 845 tp as above,
5. CONSTANT FRACTION OF TOP VALUE OF THE CHARGE CROSSING DISCRIMINATION
OF PMT OUTPUT. This method can be implemented using integration of
PMT output (for instance using appropriate transversal filter) and con-
stant fraction diserimination, In the case of fraction value 0,5 this
method is called half - area or median., Some results obtained by author
for mean value of results change with energy for half - area discrimi-
nation {Gaussian laser pulse) are given inggzj,EBJ, and [47, The for-
milas and curves of g, coefficient in (5) versus parameters for the
case of no filtration before integration are given in Table 1 and Fig.
1. Some results for filtered case are given in [&]

6. ORTEC, TENNELEC AND SIMILAR GEDCKE - Mc DONALD TYPE "CONSTANT

FRACTION® DISCRIMINATORS. For the gaussian pulses of interest, aut-
hor obtained and published in previous VI-th Workshop Proceedings[Sj,
many results for that case. These results will be not repeated here,
For the case of other than gaussian pulse of interest shapes, author
obtained the formila for random error as follows:

2 ol 2 2
Bp = T {1(te) % galt) « 12 sy (g » 1) % Lo (8, + T,) +
=0

- 2J51 (T) fggp (tg =) fggp (£, + Ty =7 ‘37} :

oo
. {-{% [Sj(tc} ¥ Igpr(te) = £ osq (T, + Ty) % Lgpplty + Td)]}-z (15)

where t_ -~ moment of time, for which, for the first time when
increasing time %, one obtains

51(tc) 'y fSER(tc) =1 s, (tc + Td) ® fope (tc + Tg)

£ - "fraction" (Not the real fraction, but only the coefficient in the
equation realised within that scheme

£ Yheey = W - Ty)
Ty - delay time of delay line at Fig. 1 of [3], others as ahove,



Lp(t) - PMT output current,
{15) is more complicated than (8), because the delay T4 of delay line
of the discriminator is free parameter here.

7. SHORT - CIRCUITED DELAY LINE SHAPING AND ZERO CROSSING DISCRIMINATOR
{SCDL). According the author’s knowledge, for laser ranging that
method was used for long time at the Potsdam station only. Block scheme

of that discriminater is given at Fig. 2. The random errorfor any
pulses of interest can be obtained from author's form:las (15} of this
report and {(4) of 3 for the #fraction® f value egual 1, and T4 equals

double delay time of the line at Fig. 2, when there ere no jumps de-
scribed also in 3 . But Jjumps are possible for the laser signal of
small contrast only. The formulas &, 9, 14, 15 are obtained using the
approximation described at the Page 2.

B, CONCLUSION, This report completes the series of author’s reports
about the error from stochasiic discrete generation, delay and gain of
photoelectrons in few - and multi « photoelectron case (see Proceedings
of 4-th, 5-th and 6-th Laser Workshops). When gathered together, they
give the totality with some completness. Most of ideas and results gi-
ven here are original.
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An Analysis of Range Calibration Values from the UK SLR System, 1985.1989

G .M. Appleby and W.E Matthews
Royal Greenwich Observatory
Herstmonceux Castle

Hailsham

East Sussex BN27 1RP

England

Abstract. We give an account of observed variations in the range calibration values that are used to
refer raw satellite ranges to the reference point of the UK SLR System at Herstmonceux. These variations
are mostly attributable to system changes or to changes in the background-noise rates encountered during
satellite and calibration ranging. We describe how most of the effects of these variations are accounted for
in the reduction of the observations. The short-term stability of the calibration value is also demonstrated.

1. Introduction. The UK SLR system began regular operations during 1983 October. Since then it has
become one of the most productive 3rd-generation systems in the world, regularly obtaining ranges from
more than 50 passes of LAGEQOS per month, with a current single-shot precision of 3.5cm RMS. In conumon
with many similar systems in the network, raw satellite ranges are converted to distances refered to the
system’s invariant point by measuring the system delay. or calibration value, using local-target ranging.
The precise distance of the local target from the system’s invariant point, incremented by the calculated
atmospheric delay along the light-path, is subtracted from the mean of the observed ranges to the target
to yleld a system calibration value. For the UK system. the principal calibration target is a im square
reflective plain board, mounted on a disused telescope dorne, at a distance of 596.342m from the telescope.
In this paper we investigate variations in the observed system delay. We discuss the discovery and remeval
of a background-related variation in the delay. We identify system changes that have altered the delay, and
investigate its short-term stability. noting that for any SLR system the behaviour of this calibration value

has a direct impact upon svstematic errors inherent in deduced satellite ranges.

2. The Calibration Values. A full description of the use and software-calibration of the 4-stop Marvland
Event Timer in both local-target and satellite ranging modes has been given by Sinclair (1983). Observational
policy is to obtain a set of about 300 range measurements to the local target before and after every satellite
pass, using the same laser energy for all measurements. The mean value of these measurements is treated as
the current best-estimate of the system calibration. To ensure that laser returns are at the single-photon level
during calibration ranging, the receiver aperture-stop is set to its minimum diameter, maximum laser-beam
divergence is selected and neutral-density filters are inserted into the transmit laser path to attenuate the
beam. The effect on the calibration of these filters is about 3mm, which to date has not been taken into
account in the subsequent reduction of the observations, which is described in Appleby and Sinclair (1985).
From 1985 April, all system calibration values obtained from local-target ranging sessions have been stored
in machine-readable form. These data are the raw materials for the present investigation.

3. Impact of System Changes on Calibration Values. During the period of time considered in
this investigation, several modifications to the timer-detector sytems have been caried out. The principal
modifications are given in the Table. Since any such changes potentially modify the electronic delay of the
systemn, their effects should be apparent in our data set. Shown in Figure 1{a) are individual values of the
systermn calibration from 1985 April 24 to 1988 July 2. Some scatter is evident in the values, but for the
first 920 days of the period the values are seen to be fairly constant. with an average of about 16.42n1,
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The discontinuity at MJID 47102 | 1987 November 3. marked (¢}, 15 caused by the replacement of the RCA
8850 photomultiplier tube by a spare device of the same type. as noted in the Table. On MJD 47346, 1988
Jaly 4, this RCA PMT was again replaced, by a Hamamatsu type 1549 PMT. The characteristics of this
12-stage tube show a reduced time response, of 1.3 ns compared to 2.5ns for the RCA tubes, and a reduction

in transit time-spread. Following this change, further improvements were made to the detector sytem over
a period of a few months, as detailed in the Table. The result of these improvements was a reduction in
the single-shot scatter from 5.5 to 3.6cm RMS. However, these changes did affect the calibration values by
up to 3 meters after each significant modification, and it is not practicable to plot their true values on a
single graph. Instead we give in Figure 1{b) the values plotted as differences from a series of piecewise mean
values. In Figures 1(a) and 1(b) labeled arrows refer to specific events listed in the Table. It is apparent
that there are sytem changes that had no detectable effect on the calibration values, and conversely there are
apparent changes in the data set which do not have a listed cause. It should be emphasised that the changes
in the calibration values particularly evident in Figure 1{b} did not adversely affect the satellite range data
obtained during that period, since the policy of obtaining pre- and post-pass calibration measurements was
followed at all times.

4, Effect of Background Noise on Calibration Values., Late in 1984 it was discovered {Standen,
private communication) that the svstem delay appeared to vary with the amount of background noise being
detected by the photomultiplier; the delay was less by the equivalent of 1-2 cm in davlight compared to that
at night. The cause of this change is not fully understood, but is probably related to the geometry of the
PMT.

To guantify the situation. the software controlling the calibration ranging operation was modified to obtain
the background rate by sampling noise pulses from the PMT which fall within a specified time-window. The
results, obtained during normal operations (and hence all at the single-photon level) from the first 3 months
of 1985, were averaged over intervals of 0.05MHz. and are shown in Figure 2. The standard errors of each of
the mean values were also calculated, and are displayed as error bars in the figure. There is a clear decrease
in the system calibration value with increasing background rate, amounting to over 2em at a rate of 2MHz.
A parabola fitted to the results has equation

Firy=(16.424 — 0.014r — 0.0018r%)m,

where 1 is the background rate in MHz, and this applies for the RCA PMTs.

Following the installation in 1988 Julv of the Hamamatsu photomultiplier tube, a new calibration curve
was required immediately: we could not wait for several months to accumulate data over a wide range
of conditions during normal operations. Hence a series of experiments was carried out to determine the
detector’s characteristies under changing background noise conditions. A series of dayvtime local target
ranging runs was carried out during a period of less than 1 hour. In order to vary the background noise
rate, the field-of-view iris was altered in steps from its smallest diameter of 1° (normally used for calibratior
ranging) to its maxirmum value of 4" In this way a large range of noise rates from 0.2 to 4.2MHz was obtained.
The system-delay values derived from this experiment are plotted in Figure 3} against the corresponding
background rates and iris settings (on a linear scale from zero te 100). A parabola (labeled {a)) has been
fitted to these results. This experiment also showed thaf the laser return rate from the target increased from
approximately 15% with the smallest diameter iris, to nearly 80% with the iris fully open. Polsson statistics
suggest that at a return rate of 15%. most of those returns will be at the single photon level, which is also

the situation during most satellite passes. However. the higher rates obtaining for much of the experiment



deduced system delay. Thus the experiment was repeated at night when the changes to the iris diameter
had no effect on the near-zero background rates. The deduced system delays are plotted as triangles also on
Figure 3, where a clear linear relationship with iris setting {equivalent to signal strength) is apparent. The
fitted straight line is labeled (b} in the figure. We now remove from the data of curve (a) the signal-strength
dependent part of the observed function by evaluating the linear function (h) at each iris setting of the
corrupted data. The result is curve (¢} in the Figure, which has been fitted to each corrected data point
formed as described. The fitted function is

F(r)= (11.402 — 0.016r + 0.0022r%)m.

4.1 Removal of Background Effect from Satellite Ranges. Since background rates of up to 2MHz are
common during daytime satellite ranging, it is imperative that ranges are corrected for the eflect. During
satellite ranging, the software counts all noise points falling within the range gate, and hence computes a pass-
averaged background rate, P MHz. The correction to be applied to the calibration value will depend on the
difference between this rate and the observed rate during the pre- and post-pass calibration measurements.
If for a given calibration value the background rate is ¢ MHz, then the correction is F'(P) — F(C). The
appropriate correction is added to the pre- and post-pass calibration values. before the mean of the two
calibration values is subtracted from each observed satellite range. All observations obtained by the system
since 1985 January have been corrected in this way. Typical daytime corrections are of the order of 1 or
2cm. A refinement to the system which will shortly be introduced is the measurement of background rates
over short intervals of time during passes. and the use of those data to correct calibration values, rather
than using the pass-averaged rate as at present. Data prior to 1985 have not been corrected, and so daytime
ranges will be long by 1-2 ¢m. and night-time ranges will be correct.

5. Variation in Corrected Calibration Values. To investigate further the long-term stability of the
system calibration value, we took the data shown in Figure 1{a} and reduced each result to a background
rate of zero, using the method described in section 4. The short-term excursions of the data points were
excluded from subsequent analysis. The data obtained since 1988 July, shown in Figure 1(b), were treated
similarly, but since so many system changes were carried out whilst these data were being accumulated, a
useful data set could not be formed for long-term study. The corrected data from Figure 1(a) were averaged
at intervals of 10 days, the overall mean value was removed, and the results were plotted against time as
shown in Figure 4,

The plot suggests that the system calibration varies with a near-annual periodicity. with semi-amplitude
about 2cm. Such a variation suggests a meteorological origin. For horizontal ranging. temperature is the
most critical parameter in calenlating the atmospheric delay to be removed from the measured targer range:
however, an error of 1°C in the measurement of temperature along the light path will lead to an error of
only 1.2rmm in the computed 2-way delay to our local target (Sinclair 1982}, Air-temperature measurements
are made using an aspirated psychrometer situated in the dome. It is unlikely that the temperature along
the 800m light-path to the target will be different by more than 1 or 2 degrees from that in the immediate
vicinity of the telescope. Futher, a plot of the calibration values averaged with respect to air temperature
shows no correlated variations.

It is thought unlikely that the variation could be due to a real change in the telescope-target distance: the
target is securely fixed to a fairly rigid building. Short-period wind-induced variations are possible. but could
not explain a sustained increase or decrease in target distance,

The most likely explanation is a slow variation in the system’s electronic delay caused by small changes of
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conditions in the laser and electronics room. or by ageing of for example the chemical dve used in the laser.
There s some suggestion in the averaged data that the abrupt changes correspond to the times at which
the bi-annual laser maintenance work is carried cut, Such a real change of system calibration will of course
be correctly removed from sateliite ranges. However, if the observed variations of calibration are indeed due
to changes in target distance, calibration values'in error By up to + 2¢m will have been removed from raw

satellite ranges.

A further 2 targets have been available for the last 12 months, and the results of routine measurements to
all 3 targets should resolve this uncertainty, There are not as yet enough data from the 2 new targets to
give any reliable information on this long-term behaviour, but the comparisons that have beea possible show
agreement at the few mm level.

6. Sheort-Term Stability of Calibration Values. It is very important that the system calibration
does not vary during a pass. Significant changes of the type discused in earlier sections are unlikely as no
system parameters are altered during any given pass, but in the absence of in-pass calibration, a series of
calibration measurements made over a time-span comparable to a Lageos pass can indicate the probable
behaviour during a pass. A series of standard 3-minute ranging sessions was made continuously for 110
minutes beginning at 1200hrs on 1989 November 17, The data were processed as before, and reduced to zero
background rate from the observed low average value of about 0.13MHz. The same experiment was carried
out in dark conditions beginning at 1$30hrs on the same day. Both series of deduced calibration values are
shown in Figure 5 plotted against time in minutes from the start of each observing session. Circles represent
the daytime results, and triangles the night-time ones. The results appear random, with no apparent trends.
The mean of the daytime values is 11.045m. and that of the night-time is 11.046m. The RMS of a single
calibration value about the mean is 0.3¢m for each data set. This level of agreement is considered excellent,

and demonstrates the stability of the system on timescales comparable to satellite passes.

7. Conclusion. We have seen that small changes to the systemn configuration produce significant changes
in system delay. We are satisfied that our policy of obtaining pre- and post-pass calibration values minimises
the possibility of such changes introducing systematic errors into satellite range measurements. We have
demonstrated the existance of a ‘background-rate’ effect in the system delay, of magnitude up to 2cm under
normal ranging conditions. This effect has largely been removed from all data produced by the system
since the beginning of 1985. A planned system upgrade to incorporate a micro-channel-plate detector should
remove in the near-future this potential source of svstematic error. However, we find that to an accuracy of a
few mm, the current system calibration value may be regarded as constant over intervals of time comparable

to a Lageos pass, and probably for much longer.
8. References

Sinclair,A.T. 1982. The Effect of Atmospheric Refraction on Laser Ranging Data. N.A.O. Technical Note
58 Royal Greenwich Observatory, UK.

Sinclair,A.T. 1983, Programming and Calibration of the Event Timer for the SLR System at Herstmonceux.
SLR Technical Note 4, Royal Greenwich Observatory, UK.

Appleby,G.M. and Sinclair,A.T. 19853, Data Processing and Preliminary Analysis Software for the UK SLR
Facility. SLR Technical Note §, Royal Greenwich Observatory, UK.



Figure 1(a}.

Systens ealibration valwes 1985 April 24 to 1888 July 2. i H . -
16.5 B Lo . -
. i i
B . Hr s N .
s . Th H
- - . 0 '
= L. < e, r .
— - e . ~¢ nooke LA
IR, T AT Y . '
= Lo 1 1agnt . . N .. ) R
5 - :‘Vi‘ﬁ l.% "&Es !i. T 'qi?‘“."l . ,‘}' i :g‘t
= 164 — 124 Tt L LR . :";I, A AR Y
e . Lo L . :
:: - . * . G .
f— H . i »
183 — .
L
|
i '
- .
! .
I .
16.2 L . N E—— -
46200 46400 $G6EG0 G800 7000 47260
Dale {\ID:
2() H 3 H 7 A H H H H B I T | B !
i |
E Figure i(b)
g"“ : System calibration changes 1988 July 3 Lo 1888 November 20,

-
i

4, :"Tiii; +
- I
Al ;
oo :
i -~
n -
¢ s -
: k -
47300 47500 47600 47700 47800
Date (MDD
Tavle of System Changes
Calib.
Ref Date Modification change
(cm}
& 1986 Oct 30 Changes to start channs) for locai-tergst ranging 2
b I9B6 Ocl i3 Changes Lo PHY #ignel cakie comnectlona. H
€ L9847 Mov 3 Changed originai; RCA PMY for aspare Lube E]
4 1965 May 3 Replacen Urilginal RCA PHY 7
® 1988 Msy 21 Cable changes in discriminator moduies &
f 1980 Jul i€ Chengod PHT Lo Homamatau btype 1949 487
1 1988 Jul |5 Changed discriminstor to Tannalec TC4%4 367
- § 1984 Ju)l 21 Changed snode vaitege on BMY 5%
R 1988 Aug 10 Replaced L/E ¢lacriminator tn start channal 314
i L9BE Auy 4 Chanyed supde voilage on PHT .9
N 1988 Nov 30 #eposilioned start photodiode 1n lasar - 288
L 1969 Jan 21 Resel atary diodve discriminator ihreshceld 2
IUL989 JhA 257 Rekal alarl dicds drseriminatlor thresneld 2
& 1989 Apr 18 Roplaced faulty PHY supply. Changed ancode volls e
A 1989 Apr 21 Changed PHT *ignel cebie: incressa in leugih 251
w1989 Jun 2 Replaced PHT sdpply. kKepel anode volis -3
P I98% Jun 4 Kesel SLATL diode discriminstor Lhresholad . 2
9 1989 Jul 18 Réplaced damaged dichroie ' 2
1989 Jul 24 PMT suffered small jsser burn [+
* 1989 Aug 7 MHoved PHT io avoid burn @

367



1642 —T 170 .. | ; .
= _ [N j
g ;— 4 : 2 B
=164 — . ; —
2 - ) T -

5
[
o
|
|

Figure 2. Variation of calibration value with background neise rate. {RCA
- PMTs). Data from first 3 months of 1985, averaged over intervals of 6.05 MHz. "
16.36 —
- —
1
0 5 : 15 2 23 3
PMT Rale [AMEz]
Iris
O 25 50 75 100
— 7 i T I T | '
- Figure 3. . !
1142 — —
Results of experinents to determine background-rate dependency of calibration |
- values for Hamamatsu PMT. Curve (c) is the corrected calibration curve {sce -
text).

Calipration (M)

R

1134 - L | Lo
O o i 1o 2 2.5 3 5.0 -4

PMT Rate (MHzy
308



.:_..:.m.r;_

Figure 4.

D L0

:_

Time-averaged corrected calibration values,

-

HH ::

HERE AT ST R
ivi

et

1+1

ben g
e

,w:W.w._..m._.._lm..w.:z.:L_ LLLELLE L_ EREURE ,_ L :@Ea_ fi .—:t,:wa,_:r hc.:w_

o)

(WD) NOLE

o - O — %)

! I

NAATIVD AULLDMRINON

o

JRURIASH

O AV
HiTHY
IV
SR
HINYE
LG
LUACGH

LLDG -

EAtalely

LI
LUAVH
LRV
LUNYE
LA
LUNVE
M3
DitAON
THELOO
Gl s
DY
e
OuUNs
THEAVH

iV

ORIV

HURVT

LA

CHAON
SHEDO
Sihlns
STV
SOl
GUNNE
A

AN

!

:::

}

— A

4 "?

-

R

-y

g

4

06

4620@

-

L3

_—
O

1108 —

[T} HOITR I ey pivoaosioy

[—]
O evn
™
A B ol
—
(o]
!
L]
L}
&
“to
=
o
=
= -
" o0
=
il
2
=
v —
3 )]
v @
= a2
o e}
= [
R fon o
ey Yol
wr W T
[ ]
g @ o
o —
oA L
w A b
[
@
=g
8-
o2 o
Z 3 -
L o
B
k= S
-
°F
}H el
=8
-3
o
b
i}
m..m o
. o o~
W A
v 1%
S
nobow ]
o 2=
i w13
| I N -
o st
(Sl st
ey
ot






CORRECTION OF LASER TRACKING DATA FOR VERTICAL AND HORIZONTAL
REFRACTION.

A. Banni, E. Proverbio, V. Quesada

Astronomical QObservatory, Cagliari, Italy

ABSTRACT

To compute the SLR data the Saastominien-Marini-Murray’s
model for the correction due to the atmospheric refraction is
usual.

In previous works we have verified the reliability of this
model in the Tyrrhenian and Mediterranean area.

The refraction has been calculated by means of radiosonde
balloons carrving out observations for more than one year and
twice a day without stopping. The differences, between these data
and those expected by Marini-Murray’s model, are more than ten cm
for 90° elevation.

At the moment we are building a model of the atmospheric
refraction available for the Sardinian area. These model is based
on atmospheric parameters measured every 100 meters of altitude
till 16000 m by means of radiosonde balloons and for low

elevations it considers the horizontal refraction.
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In last years there was an improvement in the study of
atmospheric refraction index in order to contribute to evaluate
refractivity effects on laser ranging observations.

Today to compute laser tracking data the
Saastomoinen-Marini~Murray’s formula for correction due to the
atmosphere refraction effects is usual.

In previous works we have verified the reliability of this
model in the Mediterranean area (Banni et al.,,1987), and we tried
to determine refraction correction terms for laser ranging on the
basis of radiosonde data {(Banni et al.,1988).

The aim of our effort is to elaborate a local tridimensional
atmosphere model using gradients, both vertical and horizontal, of
pressure, temperature, humidity and so of refractivity for 6943 A,
the ruby laser wavelength.

Punctual atmospheric refractivity has been calculated by
means of the parameters carried out both at noon and midnight with
radiosonde balloons during 1988.

The refraction index was calculated using following formulae:

phase refraction index n,

p-ev_  14(p-ev)%(0.817-0.0133t)%10 _°

720,775 1+0.003661¢

{n_-1)=f{})s

(3159+0.2963)410 °

- =6
1+ 0.003661t s eva{1+427.1 "+ ev)

+

{Edlen, 1968)

n -1)e10%= 56 £ - . 8X
(ng=1)+10"= 7844.5 + & -1238 =« ;

{(Motrunic, 1979)

N =(287.604+1.6288/1 2 +0.0136/1.% )» (p/1013.25)=
¢ (273.15/T)-11,2683 ¢+ ev /T

(Gardner, 1976}
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group refraction index ng

1?3.3@/12‘

173.3-1/1°
(Motruni¢, 1979)

(n ~1}= (n~1)

f

Ng380.343 « f(A) ¢+ p/T-11.27 & ew/T
{Gardner, 1979)

In this paper we used the Gardner formulae, but we plan to
verify the reliability of several formulae by means of ground
targets laser ranging.

The differences between refractivity observed data and those
calculated using Marini-Murray’s atmospheric model, show values on
the order of a few cm for 90 degrees elevations in SLR measurement
corrections,

In fact in the Tyrrhenian-Mediterranean area the troposphere
is very different from spherical symmetry model.

Figures 1, 2, 3 show the mean vertical gradients versus
altitude. In these figures we observe both pressure and
refractivity gradients are negative with an exponential trend.
Temperature gradient is negative with an almost constant trend.

Figures 4, 3, 6 show the mean horizontal gradients versus
altitude. In these figures there is a clear evidence that within
one Kilometre absolute gradients are often less than those of
instrumental resolution {1+#107-1),

Figures 7,8 show differences determined at 12h and 24h
respectively between SLR measurement corrections calculated by
means of atmospheric observed data and using Marini-Murray model.

Results obtained seems to confirm reliability of our model
but it needs to analyze long data series to verify this procedure

from a quantitative point of view.
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¥ig. 7,8, Differences between corrections calculated by means of

observed data and by means of Saastamoinen-Marini-Murray’'s model.
Each diagram is referred to days 1, 3, 4, 5, 6, 7 March 1988,

Ground atmospheric parameters:

Fig.1 day 5 1 4 6 3 2
line {from the top) 1 2 3 4 5 6
Pressure (mmBar) 993.0 1007.6 1006.6 1001.1 1010.2 1016.0
Temperature (OC) 13.3 7.0 12.4 9.8 12.0 8.9

Relative Humidity (%) 56.0 93.0 56.0 85.0 £6.0 2.2

Fig.2 day 1 3 5 4 2 6
line (from the top) 1 2 3 4 5 6
Pressure {mmBar} 1008.1 1002.0 ©98.5 1014.5 1005.2 1006.7
Temperature {°C) 64 100 10.8 10.6 11.0 110
Relative Humidity (%) 93.0 55.0 93.0 55.0 98.0 70.0
Elevation h 20 30 40 50 60 70 80
Mean at 12}' 0.29 0.27 0.26 0.26 0.26 0.26 0.26
Mean at 24 0.30 0.29 0.28 0.27 0.27 0.27 0.27

Last table shows mean differences, for a spring week, from Saastamoinen-
Marini~-Murray’s mode! exceed 26 cm at noon and 27 cm at midnight, they

are too large as regards to required precisions,
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