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|. Introduction

In GBT nenp 110, Sebasti an von Hoerner gives a good outline of how one
can successfully nodel the repeatable pointing errors of the G een Bank
Tel escope (GBT). | will discussinthis neno a fewissues that he brings up.
Von Hoerner, for exanple, suggests that soneone reviewhis work on refrac-
tion. M conclusions about refraction have i mportant inplications for the
quality of conponents we will need to purchase for the GBT weat her station.
I will briefly reviewny experiences with using the fitting techni que that
von Hoer ner strongly suggests and, anong ot her things, contrast it with the
techni que put forward by J. Condon in GBT nmeno 75.

1. Refraction

Von Hoerner's description of pointing applies nostly to the "tradi-
tional™ pointing nodul e descri bed by Fi sher, Hogg, and Mackni k in GBT nmeno
103. However, the corrections for atnospheric refracti on described by von
Hoerner are not part of the pointing system described in neno 103 but
apparently nust occur at a higher level in the control software.

R M Smart (1977) presents the nost general formula I have found for
cal cul ating refraction:
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where E,. and E,, are, respectively, the observed (apparent) and true
(airless) elevations. nyis the index of refraction at the surface of the
Earth, n the index of refraction at distancer fromthe center of the earth,
and a the radius of the Earth. Note that AE is al ways positive except it
should be zero at E=90 . To use Equation (1) requires know edge of how n
changes wi t h hei ght (which requi res know ng how, for exanpl e, the baronetric
pressure and tenperature change with height).

Joe Brandt suggested | | ook at a routine he obtained fromStarlink that
supposedl y cal cul ated AE extrenel y accurately. The routi ne apparently sol ves
Equation (1) using a nulti-layer nodel of the atnobsphere. The comrents t hat
came with the code are insufficient for me to understand t he assunpti ons of
the nodel and to estimate the accuracy of theresults. Conparingtheresults

of the Starlink code to the nodels | describe below, | found that the
Starlink code, at radi o wavel engths, has a significantly different weather
dependence. | cannot reconmmend the Starlink code until someone under st ands

the cause of the discrepancy, which could amount to, under sonme not-too-
unusual circunmstances, a 10" difference in AE.

Si nce one usual |l y cannot obtain weather information as a function of
hei ght, one nmust turn to sinple nodels. All the nodels | have found assune
that Equation (1) can be adequately sinplified to either:
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The nodel s assune that AE can be descri bed by ny, whi ch depends upon weat her
condi tions and t he wavel ength of the observati ons. The functions, f and g,
depend solely upon either E,s or E,, and not upon weather conditions or
wavel ength. The constant, C, in the equations is either predicted by theory
or derived froma | east-squares fit of nmeasurenments to the above equati ons.
Model s differ in how they calculate ny, and the form of the functions.

For the rest of this report, the reader shoul d be aware of the expected
appr oxi mate values of C, ny, f and g. The functions f and g can be approxi -
mated to a very | ow accuracy by cot(E). At E=5, the |lowest E the GBT can
obtain, f~g-~10. Typically, (n,-1) is 3104 If AE is in units of arc
seconds, Cis about 2:10%". Thus, C(ny, 1) ~60" and, at E-5 , AE~600". Weat her
conditions can alter (ny,-1) and AE by as nuch as £15%

The possible failings of the nodel are obvious. Although nost of
refraction occurs at heights Il ess than 1 km one shoul dn't expect the | ocal
value of ny to represent the value of n along the line of sight. One
shoul dn't expect to have under all weat her conditions at all frequencies the
sane E dependence of refraction. However, since we can only neasure the
| ocal weat her conditions, these nodel s are all we have to hel p us approxi mate
refraction.

I suggest that the GBT software nakes use of the equations in the
follow ngway (or its equivalent): Wen an observer enters a source position
intothe GBT control systemin, for exanple, the J2000 coordi nate system t he
control conputer should convert the position into an azinuth, A, and E;,.
Then, it shoul d use Equation (3) to derive E,, which it should send to the
poi nti ng nodul es described in GBT nmeno 103. Since tel escopes do not point
wher e t hey are commanded, the poi nting systemshoul d neasure t he actual A and
E.,s and pass t he val ues back to the control system The control systemshoul d
t hen derive E,, fromEquation (2), convert E,, and the measured Ainto J2000
coordi nates, and store the 'measured' positionwith the data. | think that
it isnmoreinportant tostorewth the data ' nmeasured' positions rather than
' commanded' positions.

I will nowdescribe what | believe are the best f and g functions | have
found inthe literature. Later, | will give the best nodels for deriving ng
from|local weather conditions. | will then describe the accuracy we can
expect fromthe nodels and how the desired accuracy affects what kind of
weat her station conmponents we buy.

Il.a Functional Form of Refraction

Since f and g in Equations (2) and (3) are i ndependent of wavel ength,
we are free to consider functions derived at any frequency (e.g., from
optical refraction curves). The functions | have found in the literature
either were derived fromsinplistic, theoretical nodels of the atnobsphere
[see, e.qg., 837 of Smart (1977)] or were based on guessing a function that
best matched t he neasured E dependence of refraction. | wll exclude the
theoretical nodels since they are not accurate enough for the GBT at E
typically less than 15 .



Alternatively, one can forego the use of functions and instead rely on
tabl es (or graphs) of neasured refraction [see, e.g., Figs. 4-13A and B of
Hobbs (1974) or 855 of Allen (1973)]. \Wether or not one uses a table of
values or a function fitted to a table depends upon the accuracy of the
function. Since functions are easier to program | will continue di scussing
t hem

Von Hoerner (GBT nmenp 110) warns that the function we should pick for
the GBT shoul d not diverge at E=0 . This need not be the case for the GBT.
I nstead, we need functions that are accurate and well behaved bet ween E=5
(the m ni nrumval ue obtai nabl e by the GBT) and E=89 [when AE becones snall
enough (~1") so that it can be ignored]. Sebastian is correct, however, if
one is considering a tel escope that can reach the horizon.

Sorme nodel s nmake an additi onal assunption. At noderate values of E
Eops=Eirue Which i nplies f(Eys) =g(Ei;,).- Sonme nodel s, therefore, assune that g
and f have the sane functional form Near the horizon, the assunption
significantly breaks down. At E=15 , for example, g(E,.) and f(E,s) already
differ by 1" and by E=5 they differ by 15". Wth these nodels, one either
ignores the error or uses guessing or iteration techniques to derive one
function fromthe other.

Von Hoerner (1976 and GBT nenp 110) suggests:

0.973cos (E )
true

g(E__ ) = — (4),
sin(E ) +0.00175cot(E, + 2.5°%)

true

whi ch NRAO currently uses at the 140-ft and 12-m The equati on does not
diverge at E,,.=0 and is zero at E,,.=90 . Sebastian derived Equation (4)
fromAllen' s (1973) refractiontable and his functionlookstonelikeit has
an accuracy of 1" between E=5 and 90 but that errors growfast at E<5 . He
does not provide a function f but suggests that, for the 140-ft at noderate
E, one can assune that f has the sanme functional form as g. Al t hough
Sebastian's assunptions are correct for the 140-ft (wthits | arge beanm) and
for the 12-m (which cannot observe at E<15 ), if we want to correct for
refraction to sonething like 1" at E<15 wth the GBT, then we probably
should find a suitable f(E,) that fits refraction tables.

Meeus (1991) suggests the foll ow ng:

£(E, ) =R -0.06sin(14.7R + 13) (5),
wher e
R—cot(E + 7.31 )
obs 4.4+E (6)
obs

He says that Equation (5) is accurate to 0.9" for all values of E. Meeus
al so suggests a g function that has a nuch | arger inaccuracy of 4". | have
added a correctiontermto Meeus's g function that reduces the i naccuracy to
| ess than 1" at E>5 .

g(E_ ) =5-0.125in(14.85 + 8.0) (7),
wher e
10.3
S =1.02cotlE +
( true 5.11+E > (8)
true
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Note that f and g are not zero at E,;,,;=90 . W may want to either ignore the
di screpancy, turn off refraction corrections at E>89 , or, better yet, use
i nstead the sufficiently accurate approxi mati on f(E)=g(E)=cot(E) for E>89 .
For E>6 , Equation (7) and (4) are equally accurate but, for E<6 , Meeus's
and ny formul ae are nore accurate.

My recomrendation is that we use Equations (5) and (7) for f and g. |
al so suggest that we continue to | ook for other refracti on nodel s that m ght
be better behaved or nore accurate than the ones | have presented.
Alternatively, and as a |l ong-range research effort, we m ght want to neasure
refractioninreal tinme using an optical tel escope ainmed at a bright star at
approximtely the same A and E the (BT is pointing, and then infer the
correction we should apply at radio frequencies and at the E the GBT is
obser vi ng.

Il.b Index of Refraction

The | ocal val ue of the index of refraction, n; used in the nodels of
Equati ons (2) and (3) contains the conpl ete weat her and frequency dependen-
cies of refraction. Alnpost all the nmethods I have found for cal cul ating ng
can be reduced to:

B P, B P B, P B, P
(n -1)10° = Y c + v + v (9)
° 273.15+T,  273.15+T,  273.15+T.  (273.15+T )7

where Tc.is the | ocal tenperature in Celsius, P;. and P, are the parti al
pressures due to CO, and water, and Py, is the partial pressure due to
everything but CO, and water. The total baronetric pressure, P, equals
ParytPutP.. I will use mmHg for the units of pressure. The wavel ength
dependence of nyis contained in the wavel ength dependence of the B coeffi -
cients.

The nodel s differ in the val ues they assignto the coefficients. Table
1 gives the values of the coefficients for the nodels | think are npst
appropri ate.

Table 1: Coefficients for determning ny, frompartial pressures.

B, B, B; B, Ref er ences
o105 Froonme and Essen
103. 49 177. 4 86. 26 4.958+10 (1969)
104 Ce Ce 5.2¢10° Allen (1973)
103.5+0.1 | 172.4+0.2 | 96%12 (5.00+0.04) +10° Crane (1976)

o105 Li ebe and Hopponen
103. 56 C 95.5 4.995-10 (1977)

Si nce P.=0.0003P (Allen 1973; Crane 1976) we can ignore the B, term
Since P=Py,+P+P.~Py4,+P,, Equation (9) can be sinplified to:



(n -1)10° = B P N (B,7B)) P, B, P,
0

+ - (10).
273.15+T_ 273.15+T, (273.15+T&

We cannot drop the B;-B; termw thout addi ng about an arc second error at
E-5 .

To achieve arefractioncorrectionthat is better than 1" at E=5 , where
Cf (E) ~2-10%", we need an accuracy of at least 5107 in (ne-1). | will now
revi ew each of these nodels to see howwell they can be applied to the GBT.

Froome and Essen (1969) say that (ng-1) values derived fromtheir
coefficients are good to 5107 between -20 C and 60 C and for P,<100 nmHg at
frequencies | ess than 40 GHz. Rieger (1990), in review ng the accuracy of
Froome and Essen' s coefficients, says that the accuracy i s better than about
1:10-7 under typical weather conditions but notes that errors growto 10-10°’
under extreme conditions. Rieger al so mentions a systematic error of 3.510°7
i ntroduced by, anong ot her things, Froome and Essen usi ng Tc+273 i nst ead of
Tc+273.15 in the denominators in the equations.

We can dismiss Allen's (1973) coefficients because of their suggestive
i naccuracy. If Crane's (1976) estinated errors are correct, his nodel under
aver age condi ti ons gi ves a systematic error of 510°7in(n,-1). Craneinplies
that his nodel is npbst accurate below 30 GHz and that errors growto 15107
at 100 GHz due to anonual ous dispersion. Li ebe and Hopponen's (1977)
coefficients are applicable to frequenci es between 40 and 140 GHz; but the
accuracy of their work is not apparent fromtheir paper.

In addition to the nodel presented above, Froone and Essen (1969)
provi de an equation that is stated to have an error for (ny,-1) of 1-10°7 for
frequenci es under 30 GHz and tenperatures between -20 C and 60 C

0.37884 (P-P)
(n -1)10° = W 11+(1.049-0.0157T )10 ¢ (P-P)
0 1+0.003661T, ¢ w

(11)
86.24P
+ 7“’( 1+ﬂ) (1+2.4-10‘5P)
273+T 273+T v
c c
In deriving Equation (11), | have assuned P.=0 and corrected a significant

t ypographi cal error in their original equation.

Al t hough Equation (10), with coefficients from Froonme and Essen,
probabl y woul d be adequat e, | suggest we use t he nore accurate Equation (11)
for the GBT. This will keep the systematic pointing errors fromrefraction
down to about 1" at all values of E. | don't know anyt hi ng about refractom
eters but, in principle, we probably could use one at radi o frequencies to
measure directly ny and, thereby, elimnate the need to resort to the above
approxi mati ons. We could investigate if a tipping radi ometer would better
measure P, than any of the devices | have nentioned.

I1.e GBT Wat her Station




The GBT weat her station will have many uses. The control systemneeds
weat her information for calculating refraction. Either the control or data

analysis software will need the information to correct for atnospheric
att enuati on. The | aser ranging system has to calculate the index of
refraction of light. Traditionally, weather information is stored with

astronom cal data. Tel escope operators use the | ocal weather conditions to
deci de whet her the conditions are bad enough t hat observati ons shoul d st op.

After tal ki ngwi th Dave Par ker and ot hers, | have come to t he concl usi on
that the need for accurate refraction correcti ons determ nes the accuracy of
sone of the weat her station conmponents we need to buy. Anyone who believes
his or her requirenents on the weather station are nore stringent than for
refraction should inform Dave Seaman.

To correct for refraction, the weather station nust provide accurate
values for P, T, and P,, P and T are neasured directly with baronmeters and
thernonmeters. P, is usually inferred fromdevices that neasure either dew
point (D in C), hygronmeters (which measure relative humdity, H in
percent), and psychroneters (whi ch use wet and dry bul b t enperatures, T, and
Tary=Te, in Q).

If the GBT weat her station neasures dew point, by definition:

PW - Psat(D) (12) '
where P, i s the saturation water vapor pressure over water or ice. |If the

GBT station neasures relative humdity:

p__(T) 13
p =p (T) H _( _ H ) sat c ( )
w sat® < 100 100 P
(Crane 1977). If the GBT station uses a psychromneter:
p =P (T ) -0.000883P(T -T ) (14)

(Rueger 1990).

Riueger (1990) suggests the foll owi ng equations for P, (in nrHg) which
he states has an accuracy better than 0.05 mmHg for standard weat her
condi tions:

- 17.502t
pvateér(4+y = 4,.5841-[1.0007 + 4.61+10 6Pyexp-________J
sat 240.97 +t
(15).
, . 22.452¢t
P°®(t) = 4.5836:[1.0003 + 5.57-10 °P]-exp| —————
sat 272.55+¢

Here Pis the total baronmetric pressure (in mHg) and t depends upon which
device we use and is either D, T, or T,.

To determ ne the necessary accuracy of the various weather station
conmponents, one nust differentiate either Equation (2) or (3) with respect
to P, T,, and, dependi ng upon t he device, either D, H or T,;. | have assuned
that the errors in neasuring these quantities are not correl ated. Equations
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) and (3) becone very conplicated once all the substitutions are done
.0., Eg. (15) into either Egs. (12), (13), or (14); into Eg. (11); into Eq.
)]. Tomnimze any possibility of error, | used an HP28S cal cul ator, with
s ability to do synbolic math, to make not only all the substitutions but
al so to take the necessary partial derivatives. |If | use standard weat her
conditions for Geen Bank [ P=700 mmHg, T.=10 C and P,=6 mmHg, correspondi ng
to D=2.6 C, H=60% and T,;=6.9 C], then the randomrmns pointing error (o,
i ntroduced by i naccuraci es i n neasuri ng weat her condi tions (op, or, andeither
O Ow OF Opwet) 1S approxi mately:

(2
[e
(2
it

cAE:f(EobS)[(o.075<5P)2+(0.5<5D)2+(0.25<5TC)QJ1/2 (Dew-pointdevice)
o =f(E_) (o.o75cP)2+(0.117<5H)2+(0.23<5Tc)2}1’2 (Hygrometer) (16)
c,,=f(E_ )[(0.0720,)%+(1.43c, )%+ (1.020 ) 2}1’2 (Psychrometer)

Tabl e 2 gives the rnms accuracy of the vari ous weat her conponents t hat
will give the GBT 1" rns poi nting accuracy at either E=15 or 5 . | assuned
in deriving Table 2 that each conponent contributes ~1"/Vv3. |f we buy one
conmponent that is nore accurate than that specifiedinthe table, then other
conponent s need not be as accurate. For exanple, the VLBA weat her station
has a nore accurate baroneter (o,=0.5 nmHg), a |l ess accurat e dew poi nt devi ce
(0p=0.5 C), and an sufficiently accurate thernoneter (o;.=0.5 C), conparedto
the values in Tabl e 2. Using Equation (16), the accuracy of the VLBA stati on
is ~1" at E=15 and ~2.7" at E=5 .

Table 2. Suggested Accuracy of Weather Station Conponents.

Devi ce
Dew Poi nt Hygr onet er Psychr onet er
Op +2 mrHg +2 mrHg +2 mHg
Ore +0.6 C +0.6 C +0.15 C
E=15 b +0.3 C
O +1. 4%
Oruet +0.10 C
Op +0. 8 mHg +0. 8 mHg +0. 8 mrHg
Ore +0.25 C +0.25 C +0.06 C
=5 b +0.1 C
On +0. 5%
Oruet +0.04 C

At hi gh frequenci es, where the smal | beamof the tel escope warrants good
poi nting, at nospheric absorptionusuallywon't allowyouto observe at E<15 .
Warmer and wetter weather conditions than the ones | adopted for Equation
(16) and Tabl e 2 usual | y put stronger requirenents onthe weather i nstrunments
but, at high frequencies, one usually shouldn't observe under these



conditions. Therefore, we could adopt the | ess stringent E=15 specifica-
tions of Table 2 and ensure ~1" pointing accuracy at E>15 with |larger errors
at smaller E. But, if possible, we should try to obtain conponents that
satisfy or approach the E=5 specifications.

I11. Oher Details Concerning the Traditional Pointing Mdel

For the rest of this report, | will concentrate on how one can take
poi nti ng neasurenents and derive coefficients that can go into the tradi-
ti onal pointing nodule of GBT nmeno 103. In GBT nmeno 105, Carl Heiles and

| described a suggested user interface to the pointing system W were
stressing how observers can measure and update pointing during their
observations and did not gointo detail howstaff will use the systemto find
poi nting coefficients. I will not unnecessarily reiterate either the
contents of meno 105 or the recommendati ons of von Hoerner in meno 110.
Instead, | will add details and suggestions to the recomendati ons of these
reports. The foll ow ng sections will give suggestions on pointing observa-
tions, data reduction, pointing nodels, and fitting techniques.

I11.a Cbservations for Deriving Pointing Coefficients

Probably some of the first observati ons made by the GBT will be used to
establish the pointing coefficients of the traditional nodel. Si nce
observers, accordingto GBT nenp 103, nust rely on accurate coefficients when
the | aser-rangi ng and aut o-col | i mat or systens cannot functi on, observations
dedi cated to establ i shing accurate pointingcoefficientsw |l needto be made
routinely to keep coefficients up to date.

It is nmy experience that the poi nti ng neasurenents made by astrononers
as part of their observing are seldom useful for establishing pointing
coefficients. Their observations are nost often made under non-i deal weat her
conditions, with varying or atypical equipnment setups, or not properly
distributed on the sky. Furthernore, astrononmers want to measure pointing
of fsetsthat will make their experi nent successful and shoul d not worry about
ot her astrononers' needs.

Staf f menbers, on the ot her hand, have to provi de a poi nti ng systemt hat
is useful to the majority of users. Staff nust do their job well so that
astrononers need to worry | ess about pointing. They should plan to meke
observations when the equipnment and weather wll guarantee the best
determ nati on of coefficients. They should plan their observations to give
t he best sky coverage for finding good values for coefficients. Staff wll
need to repeat pointing neasurenents whenever certain conponents of the
tel escope are significantly altered (e.g., after encoder nodifications or
resetting of the subreflector).

Qobvi ously, we probably will need different coefficients for prinme and
Gregorian focus. To test the above suggested nodel for refraction, we my
want to repeat observations at a few frequenci es and a wi de range of val ues
for P, T, and P, If we start with the pointing nodel suggested by von
Hoerner (Egs. 10 and 11 of GBT nemp 110), which has nine coefficients, we
shoul d anti ci pat e needi ng sonet hi ng | i ke 100 poi nti ng observati ons for a good
determ nation of the coefficients.

| additionally suggest we have a programthat takes a list of bright

sources and schedules the tel escope to concentrate observations at the
"cardinal' angles that Sebastian suggests. |In practice, | have found t hat
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concentrati ng observationsinthiswayis extrenelyinportant i nestablishing
an accurate set of coefficients.

I11.b Data Reduction

To find coefficientstothe pointing nodel, the control systemnust pass
to the data analysis software all necessary information. This includes
values for P, T, and either P, D, T, or H.

Sebasti an's nodel and nost ot hers require know ng the A and E of where
t he source shoul d have been [ (A e Eirue) @2 %9 and t he encoder readi ngs where
the source was measured to be [(Acnc, Eenc) ™. [O, equivalently,
(Airuer Eirue) @2 %9 and the di f ference bet ween (A ues Eirue) €2 °9 and (Acnc, Eenc) ™21 €,
Not e t hat astrononers typically do not require (Aec, Eenc) ™' but i nst ead are
nostly concerned about the difference between (A e Eire)®¥% and

(Atrue1 Etrue) neasured' ]

All assunptions that the data anal ysis software nmkes in deriving
(Airuer Errue) @29 and (Agnes Eenc) ™2 e nust be well under 1" for the GBT. The
data analysis software, when it reduces the pointing observations, wll
ei ther need to be gi ven t hese val ues by the control software, infer themfrom
ot her informati on supplied by the control system or derivethemitself. The
anal ysi s software shoul d al so supply the fitting programsone neasure of how
good t he poi nti ng observati on was. For exanmple, if the pointing observation
consi sts of slewing the tel escope through a source, the analysis software
mght fit a Gaussian to the data and pass tothe fitting programnot only the
fitted value of (Aunc, Eenc) ™*U®® but al so the Chi square of the fit (or its
equi val ent) .

I11.c Pointing Mdel

In the GBT nenp series, there have been two suggested poi nti ng nodel s.
In memo 75, Jim Condon suggests not using a physical nodel and instead
suggests using an enpirical nmodel consisting of spherical harnonics. Von
Hoerner, in nmeno 110, suggests a physi cal nodel. 1 cannot recomrend Condon' s
poi nti ng nodel for philosophical and practical reasons.

A poi nti ng nodel made up of enpirical terns hides the physical tel escope
and its pointing characteristics. Unlike physical nodels, enpirical nodels
don't teach us about the structure and may not warn us of possi bl e structural
or equi pnment problens. Wth a physical nodel, if two pointing runs produce
different coefficients for the same term since we know why the termis in
t he equati on, we probably coul d understand what changed on the tel escope to
produce the different coefficient. Wth an enpirical nodel, however, a
change in a coefficient would be nore difficult to trace back to its cause
and the significance of a change in coefficient mght be overl ooked.

| agree with Sebastian that we should start wth a physical nodel and
add enpirical terns to it only if necessary. Enpirical ternms are a |ast
resort, not afirst try. They are prom nent flags indicating that our job
is not over, that staff doesn't understand the structure well enough, and
that nore work i s needed. If, over the years, we want better and better
poi nting, we should constantly try to turn enpirical terns into ones that
have a physical basis. The history of the pointing for the 140-ft, for
exanpl e, shows that pointinginprovesinthelongrun not by addi ng enpiri cal
terms but by replacing themw th the correct physical terns.



Inpractice, anodel based on spherical harnonicsis far inferior tothe
current physical nodel used at the 140-ft tel escope. I tried fitting
spherical harmonics with 30 terns to 140-ft data and coul d not reduce the rns
residuals of the fit to what our current 11-term physical nodel produces.
In addition, | tried adding a few spherical harnonic terns to the physical
nmodel but the rnms was margi nally reduced, exactly as one woul d expect from
addi ng nonsignificant ternms to a nodel that already fits the data. The 140-
ft may not be a true test of whether spherical harnmonics will work for the
GBT but ny results suggest that we shoul d exercise some caution in using
har noni cs.

I11.d Fitting Techni ques

| agreewith the fitting techni que proposed by von Hoerner in GBT nmeno
110. We successfully use the sanme technique for the 140-ft (with the
exception that we use equal weights for all neasurenents since the control
system cannot provide us with proper val ues for weights). The only thing I
woul d i ke to add to Sebastian's descriptionis a list of requirenents for
the user interfacetothefitting software. The requirements cone fromyears
of using difficult software for fitting pointing coefficients and havingto
devel op software to stream i ne ny work.

e The fitting software should allow staff to try quickly and
pai nl essly various nodels on the sane pointing data set. This
i ncl udes addi ng newterns, renoving terns, or using a conpletely
di fferent nodel. The nore easily staff can play with the pointing
nmodel , the easier it will be for staff to figure out how to
i nprove the nodel .

® Assunmi ng we use a physical nodel, and if, for exanple, an encoder
isreplaced, thefitting programshould allowthe user to specify
val ues for all coefficients except the fewthat have to do with
the encoder. The algorithm should fit for only these few
coefficients and hold constant all others at their given val ue.
Thus, the programshoul d all owthe user to easily specify val ues
for coefficients that are to be held constant and to designate
that the rest are to be fitted.

e The fitting program should provide full statistical output:
covariance nmatri x, standard devi ations of thefitted coefficients,
Chi square of the fit, etc.

® The programshoul d warn of data points that shoul d be t hrown away
because ei t her they are of bad enough quality or they are t oo nany
standard deviations fromthe fitted pointing curve.

® The program shoul d pl ot where on the sky pointing measurenents

were made. It shoul d plot residuals for slices or sections of the
sky (e.g., Eresiduals as a function of A for 20 <E<25 ).

| V. Recommendati ons

To correct for refraction, | reconmend we use Equations (2) and (3),
withthef and g functi ons descri bed by Equati ons (5) and (7). Equation (11)
wi || probably be the best met hod we can use to neasure the | ocal val ue of the
i ndex of refraction. Wth these suggestions, systematic errors should be
about 1" or less at all values of E>5 .
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Tabl e 2 gives ny reconmendations for the accuracy we will need for
weat her station conponents i f we want 1" pointing accuracy at either E=5 or
15 . One can use Equation (16) to derive the expected pointing error for
aver age weat her conditi ons at any E for conponents that have any rns error.

Section Il gives details on how | think we can best use the tradi-
tional nodel to provide good pointing. | give recommendati ons on how we
shoul d take the data and what the control software should provide the data
analysis and fitting prograns.

I suggest we shoul d not use the enpirical nodel described by Condon in
GBT nmeno 75 but instead start with the physical nodel of von Hoerner in GBT
menmo 110. | give in 8l11.d reconmendati ons for the user interface to the
fitting software that von Hoerner reconmends.

Acknowl edgenents: | appreciatethe help of Phil Jewell, Joe Brandt, and Dave
Par ker in finding sone of the nore significant references | usedin preparing
thisreport. | thank Sebasti an von Hoerner for the enlightening but all-too-

few conversati ons we have had on pointing.
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