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Abstract—The front-end optical design for band 9 (600 to In this paper we then analyze measured and simulated data
720GHz) of the Atacama Large Millimeter Array (ALMA) is  of the final optical coupling system to be mounted in to the
now completed. A frequency independent design approach is yanq 9 cryostat, but at the room temperature. In section I
used to couple radiation to the two orthogonal polarized mixed t b" fd ioti f th tical i t
detectors from the large 12m ALMA Cassegrain telescope. As We.presen a. riet description of the optica COPP Ing SYS em
it is a heterodyne receiver, two local oscillator beam paths are Project. The interested reader could have more information on
integrated into the front-end optical system. Due to the large this topic by reading [3]. Sections Il and IV will describe
number of interferometer elements (64 antenna units) to be built, respectively the measurement setup used to scan intensity and
installed and maintained in the remote site of the Atacama Desert, phase of the near field at the focal plane (FP) location and the

reliability of the optical system should be ensured. A modular . . .
and compact optical design is also important. In addition a electromagnetic software model implemented in GRASP8

cheaper fabrication process is considered, at these more tolerant Meéasured data at two different frequenciest(and668G H z)
higher frequencies, by milling the mirror surfaces near the are then compared and analyzed with related software pre-
surface roughness limit. In this paper we verify the optical dictions at the same frequencies and location in section V.
design and estimate system efficiency by means of expenmentalln this section a Gaussian Beam Mode Analysis (GBMA) is
measurement and software simulation comparisons. Precision -

planar scans of near field beam patterns (amplitude and phase) also carried out for the Co-Polar (Co-P) Compone!’lts. Due to
have been measured. Experimental beam measurements werethe excellent agrement between measured (experimental) and
taken at the output of the mirror coupling system (telescope software (theoretical) data is it then possible to make some
focal plane location) for both polarization paths and for both  system performance predictions using the simulation tool. An
local oscillator beam guides. At the same measurement Iocations,examme is reported in section VI dealing with the Local

software simulations of a highly accurate geometrical model of . .
the mirror coupling system were predicted using the commercial Oscillator (LO) power budget requirements. Further work and

package GRASP&. These comparisons at some fundamental conclusions are finally considered at the end of this paper.
locations along the beam paths, allow the assessment of the
quasi-optical beam coupling system design. The local oscillator Il. OPTICAL COUPLING SYSTEM

power budget analysis is c_arried out from (esults obtained using The telescope has to be coupled to the mixer corrugated
GRASP8©.. In the concluspn we summarize the current status . . L
and describe future analysis plans. horn with an |Ilgm|nat|on edge tqper d)QdB at the seco.ndary.
reflector. A series of two ellipsoidal mirrors were designed in
|. INTRODUCTION order to refocus the horn field distribution twice and achieving
The work presented in this paper is a continuation of thhe desired edge taper. Since there are two orthogonal linear
optical design and later verification of the optical couplingolarized signals detected from the sky, the coupling system
mirror system for the ALMA band system. This activity has is in fact exactly duplicated for both of the two polarization
started with the evaluation of a basic prototype of a two mirr@hannels. This is also the case of the LO signal injection
coupling system [1], resembling the real optical design. In thiystem. The procedure used to design all the optics for this
initial work most of the attention was aimed at the evaluatioroupling system is based on geometrical optics techniques.
of the mirror surface milling technique adopted. In fact, iThe choice of the bending angles for the mirrors coupling the
order to minimize costs and improve system modularity, l#orn to the telescope is not only dictated by the requirements
a minimum surface roughness accuracy7pfn RMS was of compactness inside the cryostat, but in a way that minimize
choose and obtained with conventional CNC machines. Bye beam distortion at the output of the system [3].
means of experimental measurements and later on also withfigure 1 we can see how the sky signal and LO signal
software electromagnetic analysis [2], it was proven that theasee coupled to the mixer horn from the telescope FP and
mechanical project choices were satisfactory operation of baiheé LO feed respectively for both polarizations. The chief
9. In phase one of the analysis the conceptual design way path fromAM3 (common to both configurations) to the
verified completely. Tight distance tolerances40f.m were antenna subreflector is following an off-axis trajectory since
chosen to insure the optimum optical component alignmeibthas an inclination 0f0.94° respect the telescope axis.
without the need for optical alignment with a laser beanThis is due to the fact that the bar@l cryostat window
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TABLE |
MEASUREMENT SETUP FEATURES

Xscan
|

. 94"
\

M4’4_\‘</ Electrical properties
Gunn diode freq. [GHZ] 100 — 120
125° ’ Multiplication chain, x2-x3 [GHZz] 600 — 720

M5 p )
m < Output power [uW] 60
Dynamic range [dB] 50 — 60

G | Detector Super Lattice Electronic Device
rid [ . .
‘ Amplitude stability [%/hr] +2
Phase stability [°/hr] +20
%gn Scanner ranges and resolution
§7 X,Y,Z travel ranges [mm] 100
St 5
</ Horn a& 6 ep accuracy [um)]

M6 Q % Alignment accuracy
Lo Lo X and Y offset [mm] +0.1
oe 1ip Z offset [mm)] +0.2
. . . X and Y rotations °] < 0.05
Fig. 1. Sketch of the optical coupling system for ALMA ba#ad 7 rotation ] <01

Zscan Yscan

is located off-axis in FP to accommodate the other ALMA
channels. Thel P polarization beam path is a copy of thecorrect rotation displacements. The precise alignment of the
mirror system at the right side of the grid and rotated byeasurement system with the accuracies described in table |
125° clockwise respect the incident point at the grid. Thi difficult and the detailed information on the procedures used
grid than works in reflection for th&P polarization (linearly are not given in this paper.
polarized on the plane of th&/3 M4 ellipsoidal axis) and in
transmission for thé@P polarization (orthogonally polarized IV. SOFTWARE MODEL
respectl P). A beam splitter is located betweeW4 (M4') Theoretical modelling and analysis were carried out by
and the mixer horn aperture with an inclination 4f° such using different complementary techniques, from basic geomet-
as the linear polarized electric field is perpendicular to thécal optical ray tracing, GBMA and vector field analysis with
plane of incidence. Another series of ellipsoidal mirra¥$5 the commercial package GRASP8Ray tracing performed
(M5") and M6 (M6), are used to quasi-optically couple thdoy means of ABCD law gives the essential information of a
LO signal source located at t90 K stage in the cryostat. The quasioptical system. From the optical design distances between
LO antenna is a diagonal horn. This kind of feed presentsoljects in the system and single optical elements character-
optimum Gaussian beam coupling % that allows, with a istics, such as focal length of the mirrors, slant lendih
proper beam guide, efficient power coupling with the mixeand aperture diameter of the corrugated horn, it is possible
horn. to describe how the fundamental Gaussian beam behaves
along the optical path. For instance, radiusand radius of
curvatureR of the beam are traceable at each location between
The measurement setup is a planar near-field antenna nagatical elements. The waist of the beam is than determined
surement based on radio heterodyne detection method usirag @ach refocusing location depending on the frequeficy
vector network analyzer. Phase and intensity measures are thkis technique treats the optical system as a paraxial system,
possible within the accuracies described in table I. Scan awithout considering any diffraction effect due to truncations
optical mirror block alignment and parallelism are achieveaccurring at reflecting surfaces. Despite this limitations this
by means of a theodolite in conjunction with well referencechethod is a highly effective first order design and analysis
point locations on the mirror block. In this way is then postool. A more sophisticated software model can be implemented
sible to establish a planarity (parallelism) relation within thasing GRASP8&. This is basically a software making use of
scan stages and the mirror block. Autocollimation processehlysical Optics (PO) approximations for the electromagnetic
reflecting the theodolite laser beam, ensure parallelism. A $ield computation. This technique allows to have vector in-
of cross-references drawn with know position on the mirrdormation of the electromagnetic field in any location in the
block to respect thel/3 chief ray incident point, help to system under analysis. Its results are base on the full based
locate the source horn (held on the scan stages) in front of tiseen’s Maxwell equation solution considering the induced
incident point. By centering the scan to a set of 2 referencarrents such as the electromagnetic field acts locally on the
crosses aligned along thE or Y axis on the mirror block surface like a plane wave.The limits of applicability of this
and reading the scan position, it is possible to fix the mirrassumptions require scatters being large and smooth having a
block rotation around th& axis, setting itsZ tilt in order to surface radius of curvature in terms of wavelength bigger than

Ill. M EASUREMENT SETUP
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Co-Polar, OP @ 606GHz, E-Plane Co-Polar, OP @ 606GHz, E-Plane
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Fig. 2. Experimental and software data comparison of(tRepolarization signal a606G H z. Intensity and phase at E- and H- plane. Measured plane at
145mm from the chief ray incident point ofi/3.

6. This is our case since all the mirrors were designed takiaghieved by applying mode matching techniques developed
into account a minimum clearance of at least as stated in initially in [5] and expanded in [6]. The horn is regarded as
section Il. From experimental measurement comparisons andarge number of waveguide sections in succession, which
previous analysis using this software [4] it turned out that P@atch the profile of the horn. Waveguide modes are tracked
gives accurate results for the system being analyzed. Usthgough the horn and power conserved. This technique has
one of the features of GRASP8mirror rims can be modelled the advantage of describing Co-P and Xs-P at the aperture
on the basis of actual mirror production drawings. Therefomane of a corrugated horn from the detailed mechanical
the evaluation of the electromagnetic field will produce higbirawings. Thus, we obtained a complete field description at
fidelity beam pattern, describing mirror edge diffraction. Grideach particular frequency of interest for the mixer horn. With
and apertures in GRASP8can also be analyzed allowing thethis input field distribution the results from GRASP8&ake
evaluation of polarization and truncations effects respectiveblso into account how the Xs-P level evolve along the optical
Using GBMA a more detailed picture of the beam quality giath. As an example of accuracy of this model, coupling
the FP location can be obtained. the Co-P component resulting from the procedure previously
Particular attention has been paid to the description of tdescribed, with a fundamental Gaussian at the horn apérture
input field at the mixer horn aperture location. It has beeat the frequency of668GHz, a Gaussian power coupling
seen that a simple Gaussian beam model of the horn electiefficient 0f97.72% was obtained. This value is very close
field distribution with a proper waist, does not predict eithego the model of a truncated Bessel functidl®%) given in

the sidelobes and the main-beam distortions along the optifél
path. A better way to improve the input field is to assume
the field at the corrugated horn aperture plane as a truncated
Bessel function with a spherical phase front [7]. Despite this The aim of this section is to analyze beam electrical field
choice improved the quality of the simulated beams, theféstributions of the)P and1P beams at the FP from data ob-

is still no information on the Cross-Polar (Xs-P) componerﬁ@i”ed by real measurement and also software electromagnetic
at the horn aperture, since only the Co-Polar (Co-P) field ggnulations. The measurement plane, both in the experiment
described b_y the truncated B_ess_el function. A further Irm:)rovectVirtual waist of 1.05mm inside the horn calculated at the frequency of
representation of the electric field at the horn aperture waggm ..

V. EXPERIMENTAL AND SOFTWARE DATA ANALYSIS
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OP and 1P Co-Polar 45° measurement, X Cut OP and 1P Co-Polar @ 606GHz, 45° measurement, Y Cut
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Fig. 3. Experimentalt5° measurement comparison.

set-up and in the software model, is a plane normal to tltlee field distribution with a fundamental Gaussian beam of
telescope axis with the center of the co-ordinate system locatetknown parameters. We carry out an overlap integral at the
145mm in front of the chief ray intersection point a3 (see desired plane and vary the parameters of the Gaussian beam
figure 1). In this frame the beams are coming parallel to tls® as to maximize power coupling with the experimental or
Y — Z plane and with a slope df.94°. By having the same simulated field of interest. By maximizing the power coupling
measurement plane definition and relying on the measuremtrd equivalent Gaussian that best matches the field is obtained.

alignment accuracy, we can visually compare experimental and 9
software set of data obtained at the scan location. K Js E}Gds )
A. E-Plane and H-Plane Field cuts comparisons \/fs E} Ends [ G*Gds

In figure 2 and 4 we show the direct comparison betwe

experimental and simulated electromagnetic field at the casured fieldE. and a fundamental Gaussian be

. . . m ECal
af‘d H-plane respectively for th@P. and_lP configuration. In general a fundamental Gaussian beam is described by a
Figure 4 refer to a measurement involving the beam Passiddict wq located in a certain point in the space. Additional

through an aperture emulating the cryostat window and it will. )

- . g ? . I ff |
be explained in the end of this section. These pictures re er aceme(r;t'lo sets adong th&dams @OfffSEtH y%ffset’
to the frequency ofi06GH z, but other measurements wherg?//set) and tilts inz andy (0, andd, ), give further degrees

. of freedom in order to define a beam in the space that best
falso tgken at the higher frequency MSG.H?' From these fit ... Considering the Gaussian distribution with a spherical
intensity and phase comparisons there is in general a 909d. - front
agrement with both phase and intensity distributions with hig%
accuracy even at off-axis points from the main beam. This 2 \%° (2% +y?)

1 I 1 G(%?J,Z;WR) = _ -exp - 5 .
means that the measured beam is not diffracted by mechanical 2

quation (1) gives the amount of power coupled between the

w

struts surrounding it. The five times the beam radius clearance (a2 +9?)
design rule is respected along the whole optical path. - exXp (—.777/\R> :
A particular measurement was carried out with the scanning
source rotated at5° to respect the two signal polarizations -exp(jo) - exp (_jsz) 2)
coming out fromA/3. In figure 3(a) and 3(b) the X and Y A

scan cuts are plotted on top of each other for a measurememiiere beam radius), radius of curvature? and phase shift

at the frequency 0606G H z. These plots show the two beamsy, depend onz [7], it is possible to include displacement
coming at the FP at the same location, indicating that th@d tilts of the plane wave phase front term (i.e. the beam
behavior of the two polarization signals is correct. At highetirection) by using the following projections

frequencies such behavior should be even smaller due to less ,

diffraction effects. T = TOffser + w080y )

y/ = YOffset + y cos ey (4)

!/

B. Fundamental Gaussian beam mode analysis ) )
2 = 20ffset + xsinby + ysinb, (5)

A more qualitative analysis of the output beams could
be made by means of GBMA. From the data distributiordsing this projection we can move the fundamental Gaussian
we can see how much the real beam is close to a fumad also varying the waisty, to maximize power coupling
damental Gaussian (fitting procedure), but also how muéh). If displacements, tilts and waist are left free to vary and
of the power of the real beam couples with the nominale apply the maximization of<, we obtain a set of these
fundamental Gaussian beam at the FP location. First we garameters describing which is the fundamental Gaussian
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TABLE 1| TABLE V
FUNDAMENTAL GBMA AT 606G H z DEFOCUSING AT THEFP, fmm]
. [GH?] Experimental| Software
_ Experimental Software ! oP 1P oP 1P
= 606G Hz Expected
/ opP 1p opP 1p P 606 1471 17 [16] 03
Gaussucity, [%] | 98.15| 98.31 | 98.19 | 97.99 ~ 98 668 14| -03 | 11| 01
wo, [mm] | 3.00 | 2.95 | 2.98 | 2.98 2.96
TOf fsets [mm] | 0.06 | 0.26 | 0.00 | -0.10 0.00
YO i fsets [mm] | 2.58 | 2.85 | 245 | 2.45 2.47
0., [°] | 0.06 | -0.04 | 0.00 | 0.14 0.00 _ _ .
Oy, [°] | 1.00 | 0.88 | 0.99 | 0.99 0.94 As a first attempt to investigate the effects of the cryostat
window we carried out a measurement with a circular aperture
TABLE Il at the cryostat window location. The aperture diameter was
FUNDAMENTAL GBMA AT 668G H 2 20mm and centered 50mm from M3 chief ray intersection

point. In figure 4 is shown the comparison between experimen-
tal measurement and software result for i@ polarization,
obtained introducing such kind of aperture in the GRASP8

f =668GHz Experimental Software

_ 0P 1P 0P 1p | Fxpected model. Despite the simplified experiment, it is clear that
Gaussucity, 7] | 98.56 | 98.66 | 98.16 | 97.97 | ~98 | the window aperture in itself does not introduce noticeable
wo, [mm] | 2.82 | 2.74 | 2.70 | 2.70 2.67 ; : :

- [mm] | 0.10 | 0.28 | 0.00 | -0.09 | 0.00 diffraction effects on the main beam.

YO f fsets [mm] | 2.58 | 2.86 | 2.44 | 2.44 2.46

Ox, [°] | 0.06 | 0.02 | 000 | 0.13 0.00 VI. LO POWER BUDGET
0y, [°] | 1.02 | 094 | 0.98 | 0.98 0.94

One of the features of GRASPSis the ability to give the
power spill-over efficiency at each of the scatters through the
signal path. The Co-P linear polarized electric field at the

. O diagonal horn aperture plane using equation (7.52) of
procedure are shown for the two measured and simulated g P P g ed ( )

. . X . Propagating this field from the diagonal horn aperture
set at606 and668G H z. If instead we consider what the 'dealthroughp}wi ]\?5 and the Beam Splittgr (BS) we gbtain

ti% total path spill-over and the field distribution of the LO
efficiency betweert’,, andG. By setting the offsets in such a P P

. . . signal at the mixer horn aperture. The BS is a thin slab of
way they describe the nominal fundamental Gaussian bearrw%‘ar (13um, n = 1.73). The power reflection coefficient was

the FP_for a certain frequency, we (_)btain coupling eﬁidend%ﬁlculated at the frequencies 660, 660, 720GHz (average
Z%oévg n tellblg V. -Lhe \r/]alues ?f waist ";.‘t th(|a_|FP comi fron|1 ﬂbef 6%), considering that the LO signal is perpendicular to
analysis atthe chosen frequencies. However if we leayg, plane of incidence. Thus after spill-over and reflection at

only ﬁO{ f Setthfrede ;0 vary, wel fount(:] atv?lue Ob  fset th?\;ﬁ:' the BS, the LO signal reaches the mixer horn aperture with a
us w at ;S the Ie oci_usmgfa;r? ng the ele?cog)e axf:,f) GI certain aperture efficiency. Finally, with an average LO power
respect 1o the focation ot the nominal iuhdamental Laussigh v q diagonal horn aperture d@buWW, we show in table

at the FP waist position. In table V we list the defocousing Iivhat is the level of LO power arriving at the mixer horn
r

the meas_ured and S|mulated. bea_ms at the_FP. Such IeveI%Fs) ture. These power levels are sufficiently high to pump the
defocuosing are not be worrying since as pointed out in [3], lixer, since its minimum power level requirement is about

means of repositioning the secondary mirror of the Cassegral_g/lw. Furthermore, slight misalignments of the LO optics
system, it is possible to bring the efficiency back to Optim%lould be also tolerat;ad

beam that best fit#,,. In table Il and Il the results of this

levels.
TABLE VI
C. CryOStat window effects TOTAL LO POWER REACHING THE MIXER HORN WITH40uW INPUT
One of the big concerns in coupling the feed beam with the POWER [pWV]
telescope is in fact its passage through the cryostat window.
This window usually has to be as small as possible to avoid FIGH-] | 0P | 1P
scattering of ambient temperature radiation into the receiver. 600 184 | 1.84
660 221221
720 2.61 | 2.61
TABLE IV

COUPLING WITH THE NOMINAL GAUSSIAN AT THE FP, [%]

VIl. FURTHER WORK AND CONCLUSION

1, [GHZ) nominal wg, Experimental Software
[mm] op__1p | 0P 1P In this paper we analyzed the optical coupling system for
606 2.96 97.84 | 95.90 | 98.14 | 97.65 h bando f d . | and simulated d
668 267 97.73 | 95.46 | 98.11 | 97.64 the ALMA band9 front-end. Experimental and simulated data

agree very well. The field distribution (both intensity and
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Co-Polar at cryostat window, 1P @ 606GHz, E-Plane Co-Polar at cryostat window, 1P @ 606GHz, E-Plane
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Fig. 4. Experimental and software data comparison ofitRepolarization signal ab06G H z after passing through the Cryostat window. Intensity and phase
at E- and H- plane. Measured planelatmm from the chief ray incident point of/3.

phase) have been calculated and compared for the two gevelopment.
larization configurations. From visual comparison it is evident

that the measured beams does not suffer from mechanical strut
diffraction effects, since the beam shapes resemble the sirfili-A. Baryshev, M. Carter, W. Jellema, R. Hespesign and evaluation of

. . ALMA band 9 quasi-optical systemroc. of the5t" Int. Conf. on Space
lated ones. A fundamental Gaussian beam mode analysis WasOptics, 30 March - 2 April 2004, Toulouse, France. Ed.: B. Warmbein.

carried out, indicating that the beams are behaving as expected gSA sp-554, Noordwijk, NetherlandsL ESA Publication Division, ISBN
maintaining a good level of power coupling efficiency with the = 92-9092-865-4, p. 365-371.

. . . . A. Baryshev, M. Carter, M. Candotti, N. A. Trappe, J. A. Murphy,
nominal fundamental Gaussian at the FP. A Sllght defOCUSIH&] Verification of the optical design for band 9 of the ALMA receiver

effect was illustrated, but within the range of tolerance which Proceedings of th@9t" Int. Conf. on Infrared and Millimeter Waves
can be corrected by movement of the Secondary a|0ng the and 12t Int. Conf. on THz Electronics, Univ. of Karlsruhe, Karlsruhe

. . Germany), Sep. 27 - Oct. 1, 2004.
telescope axis. The LO beam guide was analyzed to deduce[gjme(A. Baryshev, W. Wild,ALMA band 9 optical layoutALMA Memo 394,

level of LO signal power effectively reaching the mixer horn " september 2001.
aperture. The overall analysis shows that the optical coupIng}; M. Candotti, G. Cabhill, T. Finn, W. Jellema, J. Lavelle, J. A. Murphy, C.

. - - . e O’Sullivan, N. A. Trappe Quasi-Optical Verification of the Focal Plane
system is working properly respecting the design specification Optics of the Heterodyne Instrument for the Far-Infrared (HJRyoc. of

in order to be coupled with the Cassegrain antenna. It was the SPIE Astronomical Telescopes and Instrumentation Symposium, 21 -
not shown here, but it has been seen that Withand 1P 25 June 2004, Glasgow, Scotland (UK).

. : . ) _D. Olver,P. J. B. Clarricoats, A. A. Kishk and L. Shafj
signals are reaching the secondary with the required edge tapbry, > Shie: & B Claricoas, & A Kishicand L. ShafMicrowave

of 12dB, as well as a cross-polar level at the FP less thgs) J. A. Murphy, R. Colgan, C. O'Sullivan, B. Maffei, P. AdRadiation
20dB. The telescope coupling efficiency evaluation and further patterns OL m!J'ti'mczjded %Offlllgated VI‘OW‘SS for far-IR Space gpp“caﬂo“s

. . . Infrared Physics and Technology, Vol. 43, p. 515 - 528, 1.
ar_1a|y5|s of the beams coming out from_ the cryostat wind P. F. Goldsmith,Quasioptical Systems: Gaussian beam quasioptical
will be part of the next phase of work in assessment of the propagation and applicationdEEE Press, New York, 1997.

ALMA band 9 optical front-end.
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