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Abstract. WI' pn-'spnl. a simplt:', but p()werful me(,hod t.o 
(,('st. for Ute !lr<,'scnCl-' of ::;cat.(,ered light. in t.elpsfOlll'S. Seal·, 
t.<'rcd light call seriously hall1pf'r any a!.t.empl t.o achieve 
a proper lIal. fielding of CCO da(,a. The met.hod consist.s 
of making a pinhole canlPI'a (caml'l"a ohscul'a) by placing 
a plnlJole Iltask in front. of t.1l<' (:('D window. Exposing 
I.Jw ('CI) in lhis confignraJion gives an image of t.hp light. 
sonr("f-'S in t.he upt.ical pat.h. ['est.s madl' at. 1.lw Nordic Op
hod Te/psco!)(' hFlVI' led (,0 a rcduc1 ion of lat'gp scalp flat. 
hdd vdrialions due t.tl sca!.t."l'l',1 light frolll a tot.al or~ !)(I<. 

10 Iwluw J(X by improving 1.IIP lelescope baffles. 

Kp.y words: in"I.I'\IIlII'nts: lI1iscI,J]aneous (."Ipscopcs 

1. Introdlldion 

An essenlial ingredicnt in most applical ions of cllarp/' cou
plPd dt'vicps (:( :])'s) is flat. fielding, which corlwt.s for t.he 
.spat.ially varying sensit.ivit.y anoss 1.he ('CO surfacl'. The 
way (,0 oht.ain a 'corrcc1' f1a(, fipld is still a Hl<l.t.t.pr of dc
I>a.te, even t.hough i(, is rarel.y discussed in t.lw lit.prat.ure. 
For a fp\Ii pxalllp!es of t I\l' a.ppro(\.cllPs adopted by difff'l'ent. 
aut.hors 1.1](' I"l'adpr is refpl"f'ed (,0 the papers hy Stetson S/ 
J-iarris (HJ88), Penny .\. (~riffjt.hs (19~lJ) and [\.uhn ct at 
(199 I). 

Mos(, oft.en the flat fit'ld is obtained by pxposing 011 an 
t'vpnly illuminat.ed S("1"l't:'n in t.hp dome, or t.he t.wilight. sky 
This approach is lIsllally "deCIll<\·(·t:' for oht.aining t1H' pix!'1 
t.o pixel variat.ions with Sll fficient precision. However, I.h is 
lllay not \)(' the caSt' for t.J1<" large scale' variat.ions of UtI" 
fla(, fidd as we will show later. 

flat. fidd prohlel1ls may IJP a part of tllP explana.tion 
of the fact. Ihat ( :c:o photollle(,ry has only in a few eas"s 
obtained an accuracy cOluparablp t.o I.hat. obtained hy pho
todecl.ric photonwt.ry. It. is w~'11 known thai very high 
precision may he o\)l.ailwd ill differential t.illJl:' snips pho
t.onwl.ry lISillg CCO's. 1l0wt'H'r in tllPs(' applicat.ions I.he 
st.ars under st.udy arc IwarJy aJwi-\.ys pla.ced very l1<'ar t.h,_, 

Scnd ojJjJl'int /"('qllt'818 /.0: F. C:ruudil.hl; fgji<j)obs.aa.u.clk 

samp positions Oil t.he CCO (T\.jpldsf'll and Frands!'ll. 1992; 
Gilliland ct al. 199:3), and no at.t.empt. t.o transform t.o a 
standard sysl.pm is made. 

Often it. is possiblt, t.o obtain Cjuotients of dome or sky 
rIat. fielcl.s IV hich art:' st.ahle at. the 1ex I('wl. But. Ihis is not. 
nccessarily (,llP prpcision of t.lw flat fields. Tobin (Iml:!) 
finds th<lt. a.ltllOugh quot.ient.s of dOlllc and sky fiat fidds 
reproduce 1.0 )wHer t.han 1%, the results from doing pho
t.omet.ry of a close dou hIe star dppend on it.s positioll in 
t.lw ceo frame, and t.he int.l'nsit.y ratio varies by up 1.0 

4%. The sourep of this error is identified by Tobin t.o he 
scatt.ered light. reaching the CCD. Garnavieh et al. (199-1) 
has also report.pd a problem in t.heir photometry of NGC 
G791 caused by scat.t.Pl'ed light. 

The quality of t.he obtaillPd flat fielding of science im
ages is somet.imps judgpd by t.Jw flat.ness of the sky back
ground. If scaHered light is prpsI'nt., it. may bp dangerous 
t.o assump t.hat. a flat sky background also indicates a 'per
fect' flat. fielding. See Andersen fi al. (Hl95). 

The (llot.i vat-ion behind t he present paper comf'S from 
flat: field problems cncount.erl'd wit.h data obt.ainpd at t.Jlf' 
:2 .!)G III Nordic Optical Telescope (NOT) on La Palma dur
ing several observing runs. Thf' NOT is an all.-az mounted 
t.elescopf' and (,hus it. has a fipld de-rotaJor to count.er t.he 
('ffeet.s of t.hp rotating Earth. This causes the oripntation of 
t.he CCD campra t.o change relat.ive to t.1L(' telescope during 
tracking. If sources other than t.he secondary mirror COll
t.ribut.e to the light spen at t.he posit.ion of the CCO they 
ca.n cause t.he flat. field exposures to dppend on rot.ator 
position. 

This was one of the prohlpll1s experienced hy sevt'ral 
o\)srrvers at NOT. Flat. fields (dome and twillight sky flat 
fields) oht.ained at different rot.at.or posit.ions showed quite 
large differpnces. Quot.ient.s of donw flat firlds obtained at 
rotat.or positions of, say, 90° and 180° showed t.otal vari
<I.tions (primarily as a gradient.) of t.ypically 5% in hroad 
baud filtrrs. A variation of this magnitude ohviously rpp
resents a serious probl(')1) if calibrated photomet.ry is to 
Ill' dOllP. A variation of a similar siile WRS also seen in 
quot.ients hctwePIl sky and dome flat.s. As we shall show 
below this \'ariation is c:ausf'd by sc:at.l.ered light. in tht: 
optical SySt<'lll. 
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Fig. 1. The opl.ical SYSI.Clll of NOT hefore a.lId after the ba.fAe IllodifiCiltion. a The telescope halTles hefore insUdlal.ion of the 
extra hitffles. The regions lahdled correspond to: J) the sc'condary mirror, J) the in,;icle of the secondary mirror haffle, :3) the 
IIppc·r end of I.he prima.ry mirror baffle, 4) the lower end of the primary mirror baffle and::;) a metal collar located in the 
Cil.sscgra.in hole. The collar is IIsed for support.ing the primary minor batRe. b Sallie as a, hilI. with t.he baffle lllOclifica.t.ion 
installed 

fIprc> we describe a simplc' me'thoel t.o identify ;;illll'U'S 
of sca(,t.c'red light. that. may 1)(-' pre;;ellt. ill 1.11<' I!pl ical patll 
of a t.c>I(-'sCOI)(' (eljlla(.orially or alt.-ail. 1110Ullt.,'d). VVc' nls<> 
dc'scril)(' acbolls t.aken at NOT t.o reuuce th,' sca(..l('red 
light., and 1.,11<' COllseque!lCes for t.he l)J'f'cision of I.Iw fl,lt 
fidels ol.>(,;~illed. 

2. Tlw pinhole (:anWl'a 

Tlw simplest. (,pst. for idc'Jltifying scatt.ered light is to re
move Ute C'(:D cailiera. and placc·' the nakf'd eye at its 
posit ion. \'\ie did t.his test. at NOT, and it clearly revealed 
refJectiolis fro II I til<' insidc' of (.11<' primary mirror haltle. 
Bu!. hOlI' could wc' c1et.erlllinf' if t.hey had a significant COIl
t ril.>lI!ion to t he flat. fif'ld problems we had enCOllnl,f'reel? 

By placing a pic'cf' of cardboard wit.h a pinholf' in it. 
IJI front. of the' CCD, we made a 'cct.llwra o!>scura' which 
would show (.he inside of t.hl' telescope as spe'll from the 

(:CD. Obl'lining ('< 'n image·s inllli,; ('()I1figuration ctllOlVl'd 
liS to give' ct quantil 'ItiW' estilllaj" of the sources of scat.
t.ered ligltl. 

VVe he['(' discuss pinhole images obt.ainpd in Septl"rnber 
199:3 at NOT, just prior t.o and just. afkr <'\. modification 
of thl" main mirror haffle. 

Tlw imagps were obt.ctined wit,h exact.ly the same con
figurat.ion as thp one used when doing dome f1at.s, ex
cepl, that, a pinhole lllask \iI/as put. in front. of the CCD. 
The CCD camera usl"d a :2U48 x 2U48 pix('l Loral chip, 
mounteel in t.Ilt-' Casse'grain focus. An on-chip binning fac
t.or of 4 was us d. The total field of view of the pinhole 
camera was ~ :2:2 deg. 

The ba.tHe modification consists of a tube with I'Ings 
(annu Ii) insert.ed, wh ich is mOllnt.c<.1 in t.he ex ist.i ng pri
mary mirror bafHc'. TIlt-' widths of t.he rings arc such 
that an ullvignptt.ecl field of 2:3 arclllin is available at (.Jw 
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Fig. 2 .. fhe pillllOle iIII ages oht.ainecl bdoH' alld a.fter the haJHe IIlOdihcat.ion. Both a.re logarith mically scaled. a Refore mod
ificat.ioll. The nllmhers shown corn'sponcl to light from the arpa" la.helled ill Fig. lao b NotE' the dramatic improvement after 
the baJAe Illodificatioll. Ea.ch of the illlagf:s is a combination of two illla.ges talen at two rota.t.or a.ngles, il.lld the horizontal line 
below th" 'f'(,olldary Illirror i" cau""d hy a.ll area with a Illlllllwr of had colllillns 

( :assf'grain [OClLS. Figll rP J SllUWS t Ii<.' tdescope haffles he
forf' (left) and aJI,pr (right) tilt' modificat.ion. 

Com parpcl to nsing a. nOl'll1al phot,ographic camera the 
advantages of t.his appwa.ch are that the kst. is simplf' 
t,o do, and t.IIP images aI''' standard CCD images thus al
lowing easy analysis: fnrt.hermore they are obtained with 
almost. t.he same configurat.ion as the one uSf'd whpn (,lIP 

sci,"nu' ol>jecCs Me oh,wrvp(!. A pinhole camera also has 
t he advantage of an pasily changeabll-' field of view and 
that ohjects are imaged in foclls indpppndent of thpir dis
t,anet'. 

;.). Dts/.tjll andll.Sf oft/If ,all/(7'/.1 

Th" c1ianwtl:r of t.lH' pinhok should IH' a few tenths of a 
III III , in urder 1..0 oht.ain a proplT spatial resolutioLl. 'I'llP 
opaque plale IIllIst, lw (1.'; Chin as possihk compar('ll to tllP 
lliamd.,'r or' till" pinholp. Ot.h("rwise vignet.tiug at Inrg(' an
.e;l,'s to th .. axis of symmd.ry will occur. The pinllok plak 
should 1)(-' IllaceLi at a djstancI~ fronl Llw C:CD cOHf'spond
irlg to I 1.0:2 CCD dia.lllcLrrs, to get an appropriate field 
of \ il'w. (:arl' should Iw takrn to seal any other passages 
[or light. thaJl the pinhole. 

Prt'paration of the imagE'S for analysis consist.s of bias 
anel background subt.raction. TIlt' hackground originates 
from light hypassing Lht" pinhol,,, P.g., dUl' t() eOllstrudioJl 
flaws in thE' filter housing. A COllstan\.. backgronnd l.. \el 
llIay Iw estimat.ed from all asslIlllPd dmk an'a in th" illiage, 
or a background exposurp may be Illaclf' with t.he piuhole 
covprecl . 

3.� Results aud discussiou 

In Fig, 2 wp show t.he oht.ained pinhole images, Figure 
2a shows a pinhole image before the baffle was modified, 
It is obvious that a large fraction of tllP light in t.he im
age comes from regions ol1t.sid(~ the spcondary mirror. Tile 
numlwrs in Fig. 2a correspond to reflections from t,he fol
lowing rf')~ions (also marked in Fig. 1a): 

I.� The secondary mirror 
2.� The inside of the secondary mirror bat-AI' 
:3.� The upper end of the primary mirror ham('. The dark 

area hctwern th is region and region <I is CiHlSPc! hy t.I)(' 
widening of thf' prinmry bame; see also Fig, I 

4. TllP lown elld of t.he prirllary mirror bal-fir 
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AfterBefore 

Fig. 3. Surface plot. or the pillhole illliLp;e". It is obvious from this plot, how Ihe light distribution was strongly asvllllnetric 
before t,he bame modification. Note that t.he sCiLle in this plot. is linear. The "pikes arc Me caused by light from bulbs in the 
donle pa,,,,,iug through holes in the colla.r ill the Ca""egrain bole. The peak level ill this plot has beeu cut t.o 2500 ADO for 
display pll[pO"eS, it. i" 20000 ADU ill the images 

5.� !I. mf't.al 'collar' locat.ed in til<' Cassf'grain hoIf'. The 
dark areilS Cll'e caused hy holes drilled in t.hf' collar. 

FigurC' :3 shows a surface plot. of til(' pi n hole imagf'. This 
makes it f'asy t.o seC' t.he vny asymlllet.ric dist.rihut.ion of 
light. outside t.hf' secondary mirror. It. is this asymlllf'try 
which callses t.he obs('t'vC'd flat fif'ld to df'IWnd on t.lw po
sit.ion of t.he inst.ru ment rotator. 

Figlll'f' 2h shows t,ltC' rC'sult.ing pinhole ima.gf' aftpr Illod
ificat.ion of t.lw bafflf'; nol,e t.he large reduct.ion ill light 
out.sidf' t.hf' sf'condary mirror. This is also clearly spen in 
t.he surfacC' plot. in Fig. :{; apart, from reducing t.JH' t.ot.al 
a.mount, of scat,[,erf'd light., t.he baffle has led t.o a more 
uniform dist.ribut.ion of t.hf' rf'maining scat.t.ered light.. 

A quant.it.at.ive (Ost.illwtp of the improvement can be 
fOllnd in Fig. 4. Radially averageu profiles arC' shown in 
Fig. 4a, and the accullildated light. as a funct.ion of radius 
in Fig. 4b. Prom thC' figure it. is evid('nt. t.hat a 2-folu reduc
Lion in (.]1(' amou nt. of scat.Lered light, ltas been ach iC'ved. It 
is a.lso evident thaL a furthcr l'edllct.ion in sca(.(,erecl light 
can Iw achieved by improving t.he haffling close t.o th(~ sec
ondary mirror. This sholJid reducf' it. helow ~ ;>% of Lhe 
amonnt of light, 'conLairll'd' in t.he image of t.he secondary 
mirror. A small amollilt. 01' light. is st.ill refiec(.cd off' the 
'collar' in t.hc Cassegraill hole. Due 1.0 t.he large angle t.o 
the optical axis, t.his will Wl'y likf'ly introduce uneven il
luminat.ion 01' t.he eeD. Recent.ly t.hf' haffle modification 
has hf'C'n f'xtcllded to include the collar. 

'WE' can also f'st,imat.f' t.llP improvelllellt. of 'standard' 
donw- and sky Hats. By creating quotient.s of dOllle and 
sky flat fields obt.ained at various rot.ator angl('s t.he qualit.y 
01' t.ile flat fields can be evalllatpd (but t.his ll1f'thoc1 cannot 
detect. a const.ant. or circula.r sYlllmet.ric compOllent of t.he 
scaLt.ered light). Beforc installation of t.he improwd baffle 
W(-' found a typical variat.ion of L% per arc minut.f'. After 
inst,allat.ion this figure improvf'd t.o slightly less t.hiln 0.2% 
pC'r arc minut.e. TI1P tota.l fwld of the canwra is 3~7 x 3~7. 

4.� Conclusion 

Wc have prf'sented a simplf' nlet.ilod t.o t.est. for t.he pres
ence of scat.t.ered light in tf'le.·copf's. By placing a pinhole 
rnask in front of a CCD, a canwJ'a ohscuJ'i'l is creat.ed. Im
ages obtained in this configurat.ion show !lIe inside of thf' 
telf'seope and any source of light in the field of view, ot.her 
t.han t.he secondary mirror. The tf'St. can hI' doue ina few 
hours at. any t.elescope. 

POl' telescopes wit.hout a field de-rotat.or, or in8t.rll
nwnt rotator, it. may be especially valuablp since flat. fields 
are always collected wit.lt t.ile CeD in t.he same posit.ion 
relativf' 1,0 j,hf' t.('lf'scope, and t.llllS it. ma.y hide an asym
rnet.ric compolwnt. 01' scattered light.. However with the 
pinhole camera such a compon<'llt would show up easily. 

At t.he Nordic Opt.ica.1 Tel scope t.he amount of scat
tered light. reaching thf' een was rf'duced by a factor of 2 
by improving th(:' cxist.ing primary mirrol' hi'lfflf'.Moreover 
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Fig. 4. ThE' distribution of Iigllt. ill t.hc pinhole images before and af(.cr t.he modification. a The radia.lly averaged pronle for 
till' two pin hule ima.ges. Note that. (.he y-axis sr-aling is logarit.h mic. '.I'll(' nulU bel's corresponds t.o the areas labelled in Fig. 1a. 
h TIl(' intensity SlIlllJtJccl from the secondary mirror to radius T. The plot has becn normalized hy set.ting t.he tot.al amount o[ 
light [wnl t.Il(" secondary minor ('qual 1.01. ]1. is evident. from thefi/2;ure that aftn t.he biLfflf' modification rno.st of tlw sca.tt,·red 
li/2;ht comes from the rC/2;iOll closp to the secondary 111 iITor 

I.his cawwd l.IlP rPlllai ning sca.t.Cpred light. [.0 be sYll1Jl1Pt.ric. 
This has virt.ually eliminat.ed the dependence on inst.ru
ment. rot.ator posit.ion of both dome ane! sky flat. fields. 

Acl,:nowfcdljflllcnl'" During t.his work of idf·nt.ifying t.he sca.t.
('f'J'<'d li/2;ht at NOT we have enjoyed discussions wit.h l:ljarne 
Thomsen, .lens Hjort.h, Hans Ejeldsen, and Michael Ander
sen. ANS I.banks the NOT .·taff for help in producing the baf
fle modification. FG a.cknowledges fi nancial support from t.he 
Danish Board for Ast.ronomical Research. 
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