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Abstract

To date, CSO optics have beendesignedwith the assumptionthat
simple geometrical optics provides a \close enough" approximation
for predicting how the gaussianbeamsfrom the side cab receivers will
propagate through the system. Experienceand calculation show that
the assumptionsof geometrical optics are not adequate. For example,
scansacrossplanets show that only about 54% of the 230GHz power
on the sky is coupling into the main beam, and that the primary is
over illuminated. Direct measuremets of the beam spot size at the
secondarygive an edgetaper of about -5.2 dB, whereasabout -10 to
-14 dB wasthe designgoal. In fact, asthis memoshows, the obsened
behavior of the 230GHz beam is predictable using simple gaussian
optics, and treating the optical elemers asthin lenses.To aid in the
analysis, some FORTRAN programs have been dewveloped to model
the CSO optical system. The programs are described in this memo.



1 Intro duction

This memoassumeghat the curved mirrors in the CSO optical systemcan
be modelled by thin lensesand that the beamsbeing propagated by the
side cab receivers have a gaussianelectric eld prole. The theory of the
propagation of gaussianbeamsthrough lens-like mediais quite mature[l, 2]
and will not be repeated here. The application of gaussianoptics to quasi-
optical millimeter wave systemsis also quite well establishedand the papers
of Goldsmith are often usedasa standard reference[} for designersof quasi-
optical systems.

Described here are two FORTRAN programswhich model the CSO op-
tical system. The rst program, CSO_.OPTICS1.FOR takesasit inputs the
desired edgetaper on the secondary and operating wavelength of the re-
ceiver. The output of the programis the resulting requiredF/ of the receiwer
and the required distance of the receiwer focus from the fth mirror. The
program starts with the fundamertal assumptionthat image of the receiwer
focusformed at the virtual focusbehind the secondarymirror is constrained
to form exactly at the placewherethe primary focusis supposedto form. As
will be shawn, this constraint has signi cant implications on the prediction
asto wherethe image of the beamwaist forms in the ele\ation torque tube.
The question of wherethe torque tube beamwaist forms is signi cant from
the standpoint of determining how badly the beamwill be truncated by op-
tics in the torque tube suc asthe singleside band Tter which wasrecerly

installed.

INote that Eqg. 13bin reference[3] is incorrect.



The secondprogram takes as its input the operating wavelength of the
receiver and the F/. It then propagatesthe beamthrough the ertire optical
systemand then predicts what the beamfull width at half maximum power
(FWHM) will be onthe sky. To model the beamsizeon the sky, the assumed
gaussianbeamwas forcedthrough the nite aperture of the primary and the
resulting di®raction pattern in the far eld was calculated using numerical
integration. The integration was done successigly and used with a root

‘nding subroutineto nd the FWHM beam power points.

2 Using CSO OPTICS1.F OR

The CSO optical systemwas modelled as seriesof thin lenses,seeFigure 1.
Appendix A is asourcecodelisting of CSO.OPTICS1.FOR andits assaiated
subroutines. As con gured in this memo, CSO.OPTICS1.FOR is setup to
predict the requiredreceiver F/ for a rangeof possiblesecondaryedgetapers,
ET, and a range of possible fth mirror focal lengths: ETmin - ET -
ETmax, with the ET's in dB's. The range of modelled fth mirror focal
lengths, F fth, is from 13 inchesto 20 inches. ALAMBD A, is the operating
wavelength of receiver in millimeters. All of the program calculations are
donein millimeters. Fsecis the e®ectie focal length of the secondarymirror
and, Fcassis the e®ectie focal length of the third mirror. The valuesof the
focal lengths for thesetwo mirrors, and other CSO optical parameters,were
derivedfrom a CSOoptics diagramproducedby W. Scall, dated 10-18-1996,
and repeatedin Figure 2.

The output of the program is written as a table of data to the e



CSO.OPTICS1.0UT, seeTablel. The left data columnof CSO.OPTICS1.0OUT
showsthe input value of the secondaryedgetaper, ET. The rightmost output
column, Fno, shaws the resulting receiver F/ at the 1/e**2 power points.

The other data columnsshowv the results of the someof the intermedi-
ate calculations and they can be interpreted with the aid of Figure 1. For
example,the secondcolumn, Wolsec,s the sizeof the gaussianbeamwaist
formed behind the secondarymirror. ( Wolsecis a virtual waist, of course.
SeeFigl.) The units of Wolsecetc, are in millimeters.

Signi cant in CSO.OPTICS1.0UT is the column Z2caswhich is the dis-
tance of the beamwaist in the elewation torque tube from the third mirror.
If this quantity is negative, then we can expect that there is no beam waist
formed in the torque tube. Rather, the beam waist in the torque tube is
virtual and it forms to the right of the third mirror (from the perspective
someonestandingin the cortrol room). In casewe are concernedabout beam
truncation in the singleside band Tter, or edgetaper on the forth and fth
mirrors, the actual position of wherethe torque beamwaist formsis relevart.
For example,in the caseof a 13" fth mirror and a 14 dB edgetaper, Z2casis
predictedto be-740.25mm (F/ receiver = 2.67). Thusthe distancefrom this
virtual waist to the exit aperture of the single sideband Tter is about 1900
mm. Wo2cassis the virtual beamwaist radius, 27.93mm. Using gaussian
optics, the size of the beam waist radius at the exit aperture of the single
side band Tter is predicted to be about 40mm. The clear aperture radius
of the single side band Tter is only about 41 mm (diameter = 3.2"). Thus,
we can predict beamtruncation occurring at about the -9.1 db level. Beam

truncation of this magnitude, and at this position in optical train is quite



undesirableand it will no doubt cortribute to spectrum baselineproblems

and generallydegradethe performanceof the telesco optics and coupling.

3 Using CSO OPTICS2.F OR

The program CSO.OPTICS.2.FOR (see Appendix B) takes as inputs the
receiver F/ and the wavelength. It then computesthe resulting secondary
edgetaper and the resulting FWHM of the beamon the sky. The program
displays some other interesting intermediate results sud as the predicted
secondaryfocus error, \foc err", seeTable Il for a list of the output Te
CSO.OPTIC2.0UT. \foc err" is in units of millimeters and a negative value
impliesthat the imageof the receiwer focusis forming closerto the secondary
than the nominal position of the primary focus. (The nominal position of
the primary focus 9.2 inchesbehind the secondary)

JacobKooi reported from direct measuremets on the 230 GHz rx beam
that the F/ of the receiveris4.1. Thus, CSO.OPTICS2.FOR wasrun for that
F/. The output isin CSO.OPTICS2.0UT, Tablell. Column 1 of the output,
\Dis", is the distance of the receiwer focus from the third mirror: units are
inches. Column 9, \FWHM" is the predicted size of the beam on the sky.
According to JacobKooi's direct measuremets, \Dis", actually 13.4" which
correspnds to row 3 of the program data output. Thus accordingto this
program, the resulting predicted edgetaper on the secondaryis -5.12dB, the
focus error is -.11mm, and main beam FWHM is predicted to be 28.84arc
seconds.The valuesarein reasonableagreemenwith the obsenedsecondary

edgetaper of -5.2 dB (Kooi, 11Jan97),and main beam FWHM of 26.8 arc



secondgChamberlin, 11Jan97).

A secondtabulation in Table 2 shows the result of CSO.OPTICS2.FOR
with the condition that the fth mirror focal length is changedto 18 inches.
In this casewe can seethe presen receiwer, F/ = 4.1, could get quite a good
match to the sky if the focusof it wasplaced19.6inchesfrom the fth mirror:
from Table Il, given\Dis" = 19.6inches;secondaryedgetaper (ET) = -11
db, secondaryfocus error o®set(foc err) = 0.00; and the beam FWHM =
30.09.

Various possibleprimary illumination patterns are tabulated in Table 3.
In the caseof uniform illumination of the primary aperature[4], we would
expect the FWHM of the beamto be 26.1". The obsened beamFWHM was
26.8" CSO.OPTICS2.FOR, which assumeda gaussianbeampro le incidert
on the primary, predicted 28.8". The designgoal of a 14 dB edgetaper would
have given a 31.0" FWHM. The 31.0" FWHM has beenassumedby most
CSO obsenersto be accurate. This incorrect assumptionleadsto about a
30% overestimate of the telescop coupling exciency. Therefore,the source
brightnesstemperaturesof extendedobjectswould have beenunderestimated
by the sameamourt.

According to the results presened in Table 3, the primary illumination
pattern is probably near to uniform. CSO.OPTICS2.FOR, which predicted
aslightly greatervalue for the FWHM than obsened, assumeda gaussianil-
lumination pattern on the primary. This assumptionneglectsthe substartial
beamtruncation occurring at the secondary:-5.2dB edgetaper. This beam
truncation must be causingexcessie di®raction and thus spreadingout the

illumination pattern on the primary.



4 Discussion

JacobKooi's March 1997memo,\CSO SidecabOptics, Problemsand Solu-
tions", preserts his detailed measuremets of the beam from all of the side
cabreceiwers. Jacobdiscussedwo of the particular problemsassaiated with
correcting the 230GHzreceiwer optics: a F/ 2.7 beamwould provide a good
match with the existing 13inch mirror, but it would be truncated by the LO
beam splitter; and although a longer focal fth mirror (F fth = 16 inches,
with receiver F/ = 3.3in Kooi's memo) could give quite a good match to the
receiver, there is no room to conveniertly accommalate it.

Howewer, the calculationsin Kooi's March 1997 which are usedto pre-
dict the correctreceiver F/ start with the assumptionthat the image of the
receiwer focus should be constrainedto coincide with the casegrainfocus.
This constrairt is not quite the correct one for achieving the best telescog
focus. If the telescop is actually brought into its best focus, then this as-
sumption leadsto an erroneousprediction of where the beam waist would
form in the elewation torque tube. The more realistic constraint, usedin
CSO.OPTICS1.FOR, which is that imageof the receiwer focuscoincideswith
the telescope primary focus,leadsthe conclusionthat a F/ 2.7230GHzbeam

will be truncated by the singlesideband Iter at about the -9.1dB level.

5 Conclusion

CSO.OPTICS1.FOR starts with the constraint that image of the receiwer
focusforms at the primary focus. Given a desiredsecondaryedgetaper, ET,

the program predictsthe correspnding receiver F/. The intermediateresults
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of the program can be usedfor predicting the size of the beam anywherein
the optics train. In the caseof a F/ = 2.7 230 GHz receiwer used with a
13inch fth mirror, signi cant beamtruncation at the position of the single
sideband Tter in the torque tube is predicted whenthe telescop is brought
into its best focus.

CSO.OPTICS2.FOR starts with assumptionthe receiwer F/ is givenand
propagatesthrough beamall way through the CSO optical systemand onto
the sky. Useful predictions from the program include the edgetaper on the
secondaryET, the secondarymirror z-focus o®set\fo c err”, and the actual
telesco beamFWHM onthe sky. With alittle moree®ort, CSO.OPTICS2.FOR
could be adaptedto predict the main beamezciency and the cold spill over

exciency.



Table 1: CSO_OPTICS1.0UT

LAMBDA: 1.300000

ET Wolsec Z2sec

**fifth mirror focal len
4.0 0.23 7074.84
6.0 0.28 7072.66
8.0 0.32 7069.61
10.0 0.36 7065.71
12.0 0.39 7060.93
14.0 0.42 7055.31
16.0 0.45 7048.80
**fifth mirror focal len
4.0 0.23 7074.84
6.0 0.28 7072.66
8.0 0.32 7069.61
10.0 0.36 7065.71
12.0 0.39 7060.93
14.0 0.42 7055.31
16.0 0.45 7048.80
**fifth mirror focal len
4.0 0.23 7074.84
6.0 0.28 7072.66
8.0 0.32 7069.61
10.0 0.36 7065.71
12.0 0.39 7060.93
14.0 0.42 7055.31
16.0 0.45 7048.80
**fifth mirror focal len
4.0 0.23 7074.84
6.0 0.28 7072.66
8.0 0.32 7069.61
10.0 0.36 7065.71
12.0 0.39 7060.93
14.0 0.42 7055.31
16.0 0.45 7048.80

Wolcas

6.83
8.37
9.66
10.80
11.83
12.77
13.64

6.83
8.37
9.66
10.80
11.83
12.77
13.64

6.83
8.37
9.66
10.80
11.83
12.77
13.64

6.83
8.37
9.66
10.80
11.83
12.77
13.64

Z2cas
13
-498.76
-644.78
-695.96
-719.61
-732.50
-740.25
-745.30

15 i

-498.76
-644.78
-695.96
-719.61
-732.50
-740.25
-745.30

17 i

-498.76
-644.78
-695.96
-719.61
-732.50
-740.25
-745.30

19

-498.76
-644.78
-695.96
-719.61
-732.50
-740.25
-745.30

in

Wo2cas

52.20
42.64
36.93
33.04
30.16
27.93
26.12

52.20
42.64
36.93
33.04
30.16
27.93
26.12

52.20
42.64
36.93
33.04
30.16
27.93
26.12

52.20
42.64
36.93
33.04
30.16
27.93
26.12

Z2fif

336.98
342.34
346.66
349.82
352.09
353.72
354.91

389.94
397.12
402.95
407.24
410.34
412.56
414.20

443.19
452.43
460.02
465.64
469.72
472.67
474.84

496.69
508.28
517.88
525.05
530.27
534.06
536.86

WO2fif

2.32
2.49
2.49
2.42
2.33
2.24
2.14

2.69
2.88
2.89
2.82
2.72
2.61
2.50

3.06
3.29
3.31
3.23
3.11
2.99
2.87

3.43
3.70
3.72
3.64
3.52
3.38
3.24

Fno

2.78
2.98
2.98
2.90
2.79
2.67
2.56

3.22
3.46
3.47
3.39
3.26
3.13
2.99

3.67
3.95
3.97
3.88
3.74
3.59
3.44

412
4.45
4.48
4.38
4.23
4.06
3.90



Table 2: CSO_OPTICS2.0UT

RXF/ = 4.100000
LAMBDA 1.300000
F FIFTH = 13.00000

Dis z1fif wo2cass
13.0 330.20 40.27
13.2 1022.74 39.61
13.4 1593.03 37.82
13.6 1981.55 35.32
13.8 2196.88 32.52
14.0 2281.67 29.74
14.2 2281.63 27.15
14.4 2232.18 24.81
14.6 2157.00 22.75
14.8 2070.57 20.93
15.0 1981.30 19.34

RXF/ = 4,100000
LAMBDA 1.300000
F FIFTH = 18.00000

Dis z1ifif wo2cass
18.0 457.20 55.76
18.2 1784.91 54.85
18.4 2878.25 52.37
18.6 3623.10 48.90
18.8 4035.92 45.02
19.0 4198.49 41.18
19.2 4198.39 37.59
19.4 4103.61 34.36
19.6 3959.46 31.50
19.8 3793.77 28.98
20.0 3622.63 26.78

z2cas
2927.35
2234.81
1664.52
1276.00
1060.67
975.88
975.92
1025.37
1100.55
1186.98
1276.25

z2cas
2800.35
1472.64
379.30
-365.55
-778.37
-940.94
-940.84
-846.06
-701.91
-536.22
-365.08

Zlcas

-768.50
-767.25
-760.84
-746.83
-723.37
-691.09
-654.35
-619.96
-593.42
-576.48
-567.87

Zlcas

-824.50
-833.73
-843.22
-852.56
-860.95
-867.03
-868.54
-861.99
-842.72
-805.87
-749.33

10

Wolcas
6.38
6.99
7.63
8.25
8.78
9.11
9.16
8.91
8.44
7.83
7.19

Wolcas
5.76
6.20
6.71
7.28
7.93
8.68
9.50

10.40
11.32
12.17
12.82

ET
3.57
4.29
5.12
6.01
6.85
7.44
7.61
7.28
6.57
5.70
481

ET
2.87
3.32
3.87
4.54
5.39
6.43
7.71
9.24
11.00
12.84
14.48

foc err
-0.10
-0.10
-0.11
-0.12
-0.15
-0.18
-0.22
-0.26
-0.30
-0.32
-0.33

foc err
-0.04
-0.03
-0.02
0.00
0.01
0.01
0.02
0.01
0.00
-0.04
-0.10

FWHM
28.51
28.60
28.84
29.25
29.83
30.63
31.69
33.01
34.57
36.34
38.33

FWHM
27.50
27.57
27.68
27.88
28.16
28.50
28.94
29.46
30.09
30.83
31.72



Table 3: Primary illumination patterns versus FWHM

CONDITION FWHM SOURCE
Uniform Primary Illumination 26.1" Krauss, p. 856 [4]
Observed, 11Jan97 26.8" Deconvolved scan on Saturn

Predicted for current optics 28.8" CSO_OPTICS2.FORX F/=4.1
( -5.1 dB edge)

Gaussian illumination, 10dB ET 29.3" CSO_OPTICS2.FORX F/=2.90

Parabolic Illumination Pattern  29.7" Kraus, P. 856 [4]
(10 dB edge taper on primary)

Gaussian illumination, 14dB ET 31.0" CSO_OPTICS2.FORX F/=2.67

References

[1] H. Kogelnik. On the propagation of gaussianbeamsof light through lenslike media
including those with a lossand gain variation. Appl. Opt., 4:1562,1965.

[2] A. Yariv. Optical Electronics. Holt, Rinehart and Winston, New York, 1985.

[3] P. F. Goldsmith. Quasi-Optical Techniquesat Mil limeter and Submillimeter
Wavelengths page 278. Academic Press, 1982.

[4] J. D. Kraus. Antennas McGraw-Hill, New York, NY, 1988.

A CSO OPTICS1.F OR

program CSO\ _opticsl

Language: PCL (punched card language (VAX Fortran))
Programmer: RAChamberlin, 20-Mar-97
Location: CSO,Hilo, HI

purpose: Given desired edge taper on secondary, ET,
program starts at prime focus of CSOtelescope and

OO0 0000 O0
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O o000

uses gaussian optics to propagate the beamback to the
rx. The program predicts the F/ of the rx (to the 1/e**2 pwr
points) which will give the desired match.

REALNA

...EDGE TAPERONSECONDARY...
ETmin= 4
ETmax= 16

...FIFTH MIRRORANGES...
FfifthMIN = 13
FfifthMAX = 20

ALAMBDA 1.3

Fsec = -241.66 'mm
Fcass = -34.0 * 254
Ffith = 13.0 * 254

OPEN(10, FILE='CSO\_OPTICS1.0UT', STATUS='NEW')
WRITE(6,%) 'LAMBDA= ', ALAMBDA

WRITE(6, 1010)

WRITE(10,%) 'LAMBDA= ', ALAMBDA

WRITE(10, 1010)

...DO A LOOPOF FIFTH MIRRORFOCALLENGTHS...
DOIFfifth = FfifthMIN,  FfithMAX, 2

TYPE*, "**fifth mirror focal len ="' IFfifth, "in'
WRITE(10,*) "*fifth mirror focal len =", IFfifth, "in'
Ffifth = float(IFfifth)*25.4

...NEST A LOOPONET's...

DOET = ETmin, ETmax, 2

....SPOT SIZE ONSECONDARY....

Wsec= 290.7 * sqgrt( 2/((ET/10.0) * LOG( 10.0 )) )
~radius of secondary

.WAIST AT PRIMEFOCUSOSITION...

Zlsec = 233.68 | 9.200"

Wolsec= WO(Wsec,Z1lsec, ALAMBDA)
Rilsec = R(Wolsec, Z1lsec, ALAMBDA)

12



O o0

O o0

O o000

o o0

..find  distance to cass focus waist...
(....Zz1  .LT. zero since it's a virtual focus...)
Z2sec = C7(Fsec, Wolsec, -Z1sec, ALAMBDA)
..find  cass focus waist size...
Wolcass= C8(Fsec, Wolsec, -Z1sec, ALAMBDA)
...find  distance from cass focus to third mirror...
Zlcass = 244.783*25.4 - Z2sec
Adistance from secondary to third mirror

...find distance from 3rd mirror to real focus in
(may be virtual focus in the case 230 rx)
Z2cass = C7(Fcass, Wolcass, Z1lcass, ALAMBDA)
Lfind  waist  size...
Wo2cass= C8(Fcass, Wolcass, Z1lcass, ALAMBDA)
..find  distance to fifth  mirror...
Z1fifth = (94.25+34.0)*25.4 - Z2cass
...find distance to rx...
Z2fith = C7(Ffifth, Wo2cass, Z1fifth, = ALAMBDA)
...find rx waist size...
Wo2fifth = C8(Ffifth, = Wo2cass, Z1fifth, = ALAMBDA)
...calculate numerical aperature & F/ of rx...
NA = ALAMBDA/(3.142*Wo2fifth)
Fno=10 / (2 * TAN(NA) )
write(6,1000) ET, Wolsec, z2sec, Wolcass, Z2cass,
$ Wo2cass, Z2fifth,  wo2fifth, Fno
write(10,1000) ET, Wolsec, z2sec, Wolcass, Z2cass,
$ Wo2cass, Z2fifth,  wo2fifth, Fno
ENDDO
ENDDO

1000 FORMAT( ', F4.1, ' ', 9(F8.2, ' " )

1010 FORMAT( ', T3,'ET',T8,'Wolsec',T17,'Z2sec/,
$ T35, 'Z2cas', T44, 'Wo2cas', T53, 'Z2fif,
$ 'WO2fif', T71, ' Fno)
END

13

torque tube...

T26, 'Wolcas',
T62,



109,9,0,9.9.9.9.9.9.9.9.9.9,:0,:0,0,0,0,:9.0.0.9.9.9.9.9.9.9.0:0,9.0,9.0.9.0.0.9.9.9.9.9,:0:0,0,0,0,.0,. 0000, 1508885800 0 0 08

REALFUNCTIONC8(F, Wol, Z1, ALAMBDA)

z0 = 3.142 * Wo1**2/ ALAMBDA

C8= Wol* sqrt( 1.0/( ((Z1/F)-1 )2 + (zO/F)*2 ) )

RETURN
END

(09,.9,0,9.9.9.9.9.9.9.9.9.9,:9.0,0,0,0,.9.9.9.9.9.9.9.9,.9.9.9.0,9.0:9.0.9.0.0.90.9.9.9.9.90.0.0,.0.0.0.0 000, :50:8:8:8:5:8:0:0 0 0 08

REALFUNCTIONC7(F, Wo1l, Z1, ALAMBDA)

z0 = 3.142 * Wo1**2/ ALAMBDA

C7T=F+ Z1 - PI( (ZUF)-1 ™2 + O0/F*2 )

RETURN
END

109,9,0,9.9.9.9.9.9.9.9.9.9,:0,:0,0,0,0,.9.0.9.9.9.9.9.9.9.9.9:0,0:0.9.0.9.0.0.9.9.9.9.9,:0:0.0,0,.0, 00000, 15288885800 0 0 08

Cc
c
c

REALFUNCTIONR(WO, Z, ALAMBDA)
Computesradius of constant phase surface distance Z from
waist radius WO.

z0 = 3.142 * WO0**2/ ALAMBDA
R=2Z* ( 1+ (z0/2)*2)

RETURN
END

109,9,0,9.9.9.9.9.9.9.9.9.9,:0,:0,0,0,9.9.0.9.9.9.9.9.9.9.9,0:0,0,:0,.9.0.9.9.0.9.9.9.9.9:0,:0,0,0,0, 0.0 000, ;52888800 0 0 08

o000

OO0

REALFUNCTIONvO(W,Z,lambda)

Given spot size, W, and distance to waist, Z, finds beam
waist radius, wO.

IMPLICIT NONE
...OPTICS STUFF...
REALW, Z, LAMBDA

REALCW, CZ, CLAMBDA
COMMON/OPTICSY, CZ, CLAMBDA

14



C ..ROOT FINDERSTUFF...
INTEGERDIV, NROOTS
REALROOTS(10),A, B, EPSLN
A=.001
B=10.0
DIV =1
EPSLN=.0001

CWw= W
Cz=12z
CLAMBDA LAMBDA

CALLROOT(A,B,DIV,EPSLN,NROOTS,ROOTS)

WO0= ROOTS(1)

RETURN

END
CXXXXXXXXXXKXXKXXKXXKXXKXKXXKKEXKXEXKXKXKXKKXKKEXKXXKXKXKXKXXKKXKXXKXXX

REAL*16 FUNCTIONFUNC(WO)

IMPLICIT NONE

REALWO, W, Z, LAMBDAZ0

COMMON/OPTICS/, Z, LAMBDA

Z0 = 3.142 * WO**2/LAMBDA

FUNC= W- WO* SQRT(L + (Z/Z0)**2 )

RETURN

END

(02,0,0,0,9,:0.9,0.9,.0,0.0,0.9,0.9.0,0.0,0.0,0.0,0.9,.0,0.0.0.0,0.0,0.0,0.0.0,0.0,0.9,.0.0.0.0.0,0.0,0.9,0.0.0.9,0,0.0,0.9.0.0.0.4

(@]

SUBROUTINEOOT(A0,BO, DIV, EPSLN,NROOTSROOTS)

LANGUAGE: VAX-11 FORTRAN
PROGRAMMBEERAChamberlin
DATE: 3 JULY 87

This subroutine tests for roots on the interval and sub-intervals
specified by the user. If it finds a root it uses the bhisection
method to locate it with the specified precision EPSLN.

INPUT VARIABLES:

A0 = lower bound of interval

BO = upper bound of interval

DIV = number of sub-intervals to test

EPSLN = meshof interval in which to find root

O0000000O0O0O00O00000
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OUTPUVARIABLES:

NROOTS= number of roots found on interval
ROOTS = array containing roots found

FUNCTIONSUBROUTINESEFERENCED:
FUNC(x) = user supplied function for which to find roots

SUBROUTINHSEFERENCEDNONE

O0O000000O000O0OO0

IMPLICIT NONE

EXTERNAEUNC

REALROOTS(10),A0, BO, A, B, C, EPSLN,INT, X(200)
INTEGER, DIV, NROOTS

REAL*16 FUNC
C
INT = (BO - AO)DIV
NROOTS =0
C
DOI=0, DIV
X(1+1) = A0 + INT*l
ENDDO
C
I =1
C
110 CONTINUE
A = X())
C=X(I +1)
IF ( FUNC(A)*FUNC(C)GT. 0.0) GOTQ20
C

150 IF( (C-A) .LT. EPSLN)GOTQ30
B=A+ (C- A2

C
IF ( FUNC(A)*FUNC(B)GT. 0.0) GOTQ40
C=8B
GOTAS50

C

140 CONTINUE

A=B
GOTAS50

C

130 CONTINUE
NROOTS NROOTS 1
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C

ROOTS(NROOTS)A + (C-A)/2

120 CONTINUE
I =1 +1

IF (| .LT. DIV) GOTA10
RETURN
END

17



B CSO _OPTICS2.F OR

OO0 0O0ONOO0 00O

(@]

program cso_optics2

Language: PCL (punched card language (VAX Fortran))
Programmer: RAChamberlin, 20-Mar-97
Location: CSO,Hilo, HI

PURPOSEGiven operating wavelength, ALAMBDAand receiver
F/, FNO, program propagates CSOreceiver beamfrom side cab
to the sky. The output file shows the predicted secondary
edge taper and the predicted FWHMf the beamon the sky.

FNOis defined the beam1/e**2 power points (-8.7dB). The results  of
range of possible receiver to fifth  mirror distances are calculated.

REALNA

...Range of possible distances of the rx focus from the fifth
(inches)

Z2FIFMIN = 13.0

Z2FIFMAX= 15.0

...Ix  specifics...
ALAMBDA 1.3
FNO= 4.1

...mirror  specifics...
Fsec = -241.66 'mm
Fcass = -34.0 * 254
Ffith = 13.0 * 254
Fprime = 162.333*25.4

WRITE(6,%) ' RXF/ ="' FNO
WRITE(6,%) 'LAMBDA= ', ALAMBDA
WRITE(6,%) 'F FIFTH =', FFIFTH/25.4
WRITE(6, 1010)

OPEN(10,FILE='CSO_OPTICS2.0UT',STATUS="NEW
WRITE(10,%) ' RXF/ ="', FNO

WRITE(10,*) 'LAMBDA= ', ALAMBDA

WRITE(10,¥) 'F FIFTH =", FFIFTH/25.4

WRITE(10, 1010)

18
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C

o

...COMPUTENUMERICARPERATURBF RX...
NA= 1/(2*FNO)

...COMPUTEWAISTIN RX...
WoRx= alambda/(3.142*NA)

...COMPUTEFORDIFFERENDISTANCESO FIFTH MIRROR...

DOIZ2= Z2FIFMIN*10, Z2FIFMAX*10, 2
Z2FIFTH = FLOAT(122)/10.0*25.4
Z1fith = C7(Ffifth, WoRX,zZ2fifth, = ALAMBDA)

..find  torque tube waist size...
Wo2cass= C8(Ffifth, WoRX,z2fifth, =~ ALAMBDA)

..find distance to third mirror...
Z2cass = (94.25+34.0)*25.4 - Zlfifth

..find  position of cass virtual focus...

..find  distance to fifth  mirror...

Zlcass = C7(Fcass, Wo2cass, Z2cass, ALAMBDA)
Wolcass= C8(Fcass, Wo2cass, Z2cass, ALAMBDA)

...distance  to secondary...
Z2sec = 244.783*25.4 - Zlcass

...Spot  size on secondary...

ZoCass = 3.142*WolCass**2/alambda

Wsec= Wolcass*sqrt(l + (Z2sec/ZoCass)**2 )
...edge taper..

pr = exp( -2* (290.7/Wsec)**2 )

ET = -10*log10( pr)

...secondary virtual focus...
Zlsec = C7(Fsec, Wolcass, Z2sec, ALAMBDA)

...diff between correct sec focus & this one...
err = -9.200*25.4 - Zlsec

..waist at prime focus...
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wolsec = C8(Fsec, Wolcass, Z2sec, ALAMBDA)

¢ ..prime focus distance...
Zprime = err + (253.983 - 91.650)*25.4

c ...effective primary waist...
wolprime = C8(Fprime, Wolsec, Zprime, ALAMBDA)

c ..distance of effective primary waist from primary center...
Z2prime = C7(Fprime, Wolsec, Zprime, ALAMBDA)

¢ ..numerical aperature of primary...
primeNA = alambda/(3.142*wolprime)

c ..(for untruncated beam) FWHNMarc seconds)...
UNTRUNFWHNrimeNA*1.177 * (180.0/3.142)*3600

C ..CALCULATEtruncated beamFWHMarcseconds)...
TRUNFWHMFWHM(WO1PRIME,Z2prime,alambda)

write(6,1000), Z2FIFTH/25.4, Zz1fifth,  wo2cass, z2cass,

$ zlcass, wolcass, ET, err, trunFWHM
write(10,1000), Z2FIFTH/25.4, Z1fifth, wo2cass, z2cass,
$ zlcass, wolcass, ET, err, trunFWHM
ENDDO
1000 FORMAT( ', F4.1, ' ' 9(F8.2, ' ") )
1010 FORMAT{( ', T3,'Dis',T8,'Z1fif',T17,'wo2cass', T26, 'z2cas',
$ T35, 'Zlcas', T44, 'Wolcas', T53, 'ET, T62,
$ foc err, T71, ' FWHN
END

109,9,0,9.9.9.9.9.9.9.9.9.9,0,0,0,0,9.9.0.9.9.9.9.9.9,:9.9:9:0,0,.0,9.0.9.9.0.9.9.9,.9.9,:0,:0,0,0,0,. 0.0 0.0.0,: ;0200884850 0 O 08
REALFUNCTIONC8(F, Wo1l, Z1, ALAMBDA)

z0 = 3.142 * Wol**2/ ALAMBDA

C8 = Wol* sqrt( 1.0/( ((ZL/F)-1 )2 + (zO/F)*2 ) )

RETURN

END
109,9,0,9,9.9.9.9.9.9.9.9.9,0,:0,0,0,0,.9.0.9.9.9.9.9.9.9.9.9:0,9:0.9.0.9.0.0.90.9.9.9.9.0.0,0,0,.0,.0. 0000, 15208885800 0 O 08

REALFUNCTIONC7(F, Wo1l, Z1, ALAMBDA)
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z0 = 3.142 * Wol**2/ ALAMBDA

C7T=F+ (Z1 - PI( (ZUF)-1 )*2 + @OF*2 )

RETURN
END

CCCcCceeeecececcecececececececcececececcececceccececcecceccceccececceccececcecccccecccccceccccccce Ccccc

c

OO0 0000000000000 006O0

FUNCTIONWHM(SPOTSIZE,ALAMBDA)

Calculates FWHMf CSObeamfor a given waist (SPOTSIZE).
Z is the distance of the waist from the primary.

SPOTSIZE,and Z are used to propagate the beamback to the

plane of the primary aperature. The electric  field pattern

for each position in the plane of the primary aperature is computed.
Huygens principle  (each location at each point the aperture is
considered a separate radiator and the electric fields from all

the separate radiators are summed)is used to compute (by

numerical integration over the aperature) the electric field

(and power) of the beamfor a given angle away

from the z axis of the primary (computed in the far field).

The results of the computation are used with a root finding
routine to locate the FWHNdower angle of the beam. The
final FWHNs expressed in seconds of arc.

INTEGERDIV
REALROOTS(10)
COMMON/ROOTFUNGIST, WAVELENGTH,Z2

...ARC SECONBANGHEORROOTFINDER...
A=5
B=3

0

DIV = 6
EPSLN= .0125

WAIST= SPOTSIZE

WAVELENGFH ALAMBDA
22 =17
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CALLFWHMROOT(B, DIV,EPSLN,NROOTS,ROOTS)

FWHM 2*ROOTS(1)

RETURN

END
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCABTWMECCCCCCCCCCCCC
C

FUNCTIONROOTFUNC(X)

COMMON/ROOTFUNGIST, WAVELENGTH

WO=WAIST

ALAMBDA WAVELENGTH

ROOTFUNE.5 - BEAMPWR(X,ALAMBDA,WO)
RETURN
END
CCCCCCCCCrcrcreeeeceecceeecceeeccececececececccececcecececececccececececececcececececececcecceccecce
C
SUBROUTINEWHMROOT(ABQ, DIV, EPSLN,NROOTSROOTS)

LANGUAGE: VAX-11 FORTRAN
PROGRAMMBEERAChamberlin
DATE: 3 JULY 87

This subroutine tests for roots on the interval and sub-intervals
specified by the user. If it finds a root it uses the bisection
method to locate it with the specified precision EPSLN.

INPUT VARIABLES:
AO = lower bound of interval
BO = upper bound of interval
DIV = number of sub-intervals to test

EPSLN = meshof interval in which to find root
OUTPUVARIABLES:

NROOTS= number of roots found on interval
ROOTS = array containing roots found

FUNCTIONUBROUTINBESEFERENCED:

ROOTFUNC(¢ user supplied function for which to find roots

O00000000O0000000000O00O0O00O00O00000

SUBROUTINEHSEFERENCEDNONE
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IMPLICIT NONE

EXTERNAROOTFUNC

REALROOTS(10),A0, BO, A, B, C, EPSLN,INT, X(200)
INTEGER, DIV, NROOTS

REALROOTFUNC
C
INT = (BO - AO)DIV
NROOTS =0
C
DOI=0, DIV
X(1+1) = A0 + INT*I
ENDDO
C
I =1
C
110 CONTINUE
A = X(l)
C=X( +1)
IF ( ROOTFUNC(A)*ROOTFUNGET) 0.0) GOTQA20
C

150 IF( (C-A) .LT. EPSLN)GOTQ30
B=A+ (C- A2

C
IF ( ROOTFUNC(A)*ROOTFUNGEH). 0.0) GOTQA40
C=8B
GOTAS50

C

140 CONTINUE

A=B
GOTAS50

C

130 CONTINUE
NROOTS NROOTS 1
ROOTS(NROOTS)A + (C-A)/2

C
120 CONTINUE
Il =1 +1
C
IF ( I .LT. DIV) GOTA10
RETURN
END

CCCCCCCCCCCCCCrrrreeeeeeeeeeeececeeeeeeceeeceecececccaummrccececcecececececcec
Cc
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FUNCTIONBEAMPWR(ANGLE,ALAMBDA,W0)

C DOUBLENTEGRAITO SOLVB-ORBEAMPWRAT GIVENANGULAR

C DIRECTION,ANGLHarc sec), GIVENSPOTSIZE ONPRIMARY WO, ETC.

C SEENUMERICARECIPIESP129 FORMETHODF DOUBLENTEGRATION
COMMON/INTEGRAND/PE, AK, ANG,Woo

C

COMPLEN, SB, ST
EXTERNAH

C ..CSO Primary RADIUS(MM)..
R = 10400.0/2.0

P1=3.14159

C ..WAVENUMBER..
AK = 2*PI/ALAMBDA
Woo= Wo

C .. ANGLE IN RADIANS..
ANG= ANGLE/3600.0* (P1/180.0)

C ...CALCULATETOPINTEGRAL
ITYPE= 1

CALL QSIMP_PHI(H,0,2*P1,ST)
C ..CALCULATEBOTTONNTEGRAL
ITYPE= 2

CALLQSIMP_PHI(H,0,2*PI,SB)

BEAMPWRREAL(ST* CONJGST) / ( SB* CONJGSB) ) )

RETURN

END
CCCCCCCCCCCTrrrreeeececceeececeecececececececececccecececceccecececcecececcecececcececcececceccecec
Cc

COMPLERUNCTIONH(PHIPHI)
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COMPLER, SS

EXTERNAG

COMMON/XYZ/PHR

PHI = PHIPHI
C ..CSO Primary RADIUS(MM)..

RADIUS= 10400.0/2.0

CALLQSIMP_R(G,1,RADIUS,SS)

H=SS

RETURN

END
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCe
C

COMPLERUNCTIONG(RR)

COMPLERWHMFUNC

EXTERNAEWHMFUNC

COMMON/XYEHI, R

R = RR

G = fwhmFUNC(PHIR)

RETURN

END
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCe
C

COMPLERUNCTIONWhmFUNC(PHI,R)

COMPLEEQ4, ARG1,ARG2,ARG3

COMMON/INTEGRAND/PE, AK, ANG, Wo
COMMON/ROOTFUNREIST, WAVELENGTH,Z2

Z0 = 3.142*WAIST**2/WAVELENGTH
W = WAIST*SQRT(¥ (Z2/20)*2 )
RCURVE Z2*( 1 + (Z0/Z2)*2 )

ARGO= -AK*Z2
ARG1= CMPLX(0.0,ARGO)

ARGO= -3.142*R**2/(WAVELENGTH*RCURVE)
ARG2= CMPLX(0.0,ARGO)

ARGO= ATAN(Z2/20)
ARG3= CMPLX(0.0,ARGO)

C ..PHASE ANDAMPLITUDEV.R.T. PLANEAPERTURE....

C ..SEE EQ4, GOLDSMITH...
EQ4= WAIST/W EXP(-R*2/WAIST**2) * CEXP(ARG1) *
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$ CEXP(ARG2 *
$ CEXP(ARG}

IF (ITYPE .EQ. 1) THEN
fwhmFUNG EQ4*R*COS(AK*R*COS(PHI)*SIN(ANG))
ELSE
fwhmFUNG EQ4*R
ENDIF

RETURN
END

CCCcCccceeeececceecececcececcececececcececececcececceccececceccececceccececcccccceccccccccccccce

SUBROUTINgsimp_PHI(func,a,b,s)
COMPLERUNC, S, OS,OST,ST

INTEGERIMAX

REALa,b,EPS

EXTERNAfLNC
PARAMETHEPS=1.e-4, JMAX=40)

CU  USEStrapzd
INTEGER

ost=CMPLX(-10000000,0)
0s= CMPLX(-10000000,0)
do 11 j=1,JMAX
call trapzd_PHlI(func,a,b,st,j)
s=(4.*st-ost)/3.
if (Cabs(s-0s).lt.EPS*Cabs(0s)) return
0S=S
ost=st
11 continue
pause 'too manysteps in gsimp'
END
C (C) Copr. 1986-92 Numerical Recipes Software i#.

SUBROUTINtEapzd_PHI(func,a,b,s,n)
INTEGER
COMPLERUNC,S, SUM
REALa,b
EXTERNAfuNC
INTEGER,]
REALdel,tnm,x

26

Cccccce



if (n.eg.1l) then
$=0.5*(b-a)*(func(a)+func(b))
else
it=2**(n-2)
tnm=it
del=(b-a)tnm
x=a+0.5*del
sum=0.
do 11 j=1,it
sum=sum-+func(x)
x=x+del
11 continue
$=0.5*(s+(b-a)*sum/tnm)
endif
return
END
C (C) Copr. 1986-92 Numerical Recipes Software i#.

SUBROUTINgSIimp_R(func,a,b,s)
INTEGERIMAX
COMPLERUNC,ST,S,0ST,0S

REALa,b,EPS

EXTERNAfLNC

PARAMETHEPS=1.e-4, JMAX=40)
CuU USEStrapzd

INTEGER

ost=CMPLX(-1000000000, 0)
os= CMPLX(-1000000000,0)
do 11 j=1,JMAX
call trapzd_R(func,a,b,st,j)
s=(4.*st-ost)/3.
if (Cabs(s-0s).It.EPS*Cabs(0s)) return
0S=S
ost=st
11 continue
pause 'to0 manysteps in gsimp'
END
C (C) Copr. 1986-92 Numerical Recipes Software i#.

SUBROUTINtEapzd_R(func,a,b,s,n)
COMPLERUNC
COMPLER, SUM
INTEGER
REALa,b
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EXTERNAfunc
INTEGER,j
REALdel,thm,x
if (n.eq.l) then
$=0.5*(b-a)*(func(a)+func(b))
else
it=2**(n-2)
tnm=it
del=(b-a)/thnm
x=a+0.5*del
sum=CMPLXQ, 0)
do 11 j=1,it
sum=sum-+func(x)
x=x+del
11 continue
$=0.5*(s+(b-a)*sum/tnm)
endif
return
END
C (C) Copr. 1986-92 Numerical Recipes Software i#.
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Figure 1: Thin lensrepresemation of the CSO-sidecaloptical system.
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Figure 2: Literal represemation of the CSO-sidecaloptical system.
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