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ABSTRACT

This paper describes the messurements and subsequent data andysis of the Sgnd beam of the recaiver system of the

Submillimeter Array (SMA). To measure the receiver beam patterns, a 2-axis planar scanning stageis mounted onto the top of
the recaiver assambly. Scanning in aplane orthogond to the optica path, the near-fidd measuring system maps out bath the

amplitude and phase at frequencies of 242 and 265 GHz. By andyzing the measured patterns we can inspect the alignment of
the individual receiver, and the optical assembly common to al frequency bands. The dataalso alows usto determine how the
recaiver beam matches to the beam waveguide that feeds the primary and secondary mirrors of the telescope. We shdl

describe the beam measurement set- up rdated techniques. The messured beam patterns of two different recaivers, covering

frequency bands of 176-256 and 250350 GHz, respectively, will be presented, aswell asthe anaysis of thesedata. We believe
that thisisthefirg time such rigorous full vectorid radio dignment techniques have been goplied to millimeter or

ab-millimeter receiving system of radio agtronomy.
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1. INTRODUCTION

The Submillimeter Array (SMA), currently under congtruction by the Smithsonian Asrophysica Observatory (SAO)
and the Indtitute of Astronomy and Astrophysics of Academia Sinicain Taiwan, will function asafully automated radio
interferometer of @ght 6-m antennas. Fixed-tuned receivers incorporating superconductor-insulator- superconductor (SIS)
mixers are being developed to cover the mgior submillimeter amaspheric windows from 176 GHz to 900 GHz.

The design and development of the receiver system, induding the SIS mixers*234° and the beam waveguide optics®
systemn, have been reported previoudy. The firdt prototype SMA receiver system equipped with two SIS receiving modules
has been built in the Receiver Lab of the SAO. It coverstwo frequency channels of 176-256 GHz and 250-350 GHz. As part of
the recaver system integration effort, the beam patterns of the receiver a each frequency channd are measured in-situ after
the receiver is completdly assembled. The messured patterns are compared to the designed patterns to determine whether the
recaiver feeds the beam waveguide of the telescope as designed.

Ancther mativation of this neer-fidd messurement exerdiseis to examine the dignment of the receiver optics
Millimeter and sub-millimeter wave ength systems ofteninvalve quasi-optica componentssuch as wire grids, didectric
lenses and beam:-splitters. In the case of acryogenic receiver, an opticdly opague vacuum window s utilized to block off
thermal radiation. It becomes impractical to carry out an optical dignment procedure in such areceiver system. This problem
can be solved by examining the beam prdfile of receiver a an gppropriate postion in the sgnd peth. Misdignment of
individud quas-optical components eventually resultsin adistorted beam pattern. With further numericd andys's onecan
obtain information on how to correct the problem in acomplex receiver system.

Further author information —
MTC (correspondence): mchen@biaa.sinica.edu.tw



Incoming Signal
_\W ~— Transmitter Plane
L& _| ’
LO Lens #1 [T ™q
Turning | i s )
Mirror #1 ™ - I
=T _\_\_\-‘_‘—\—‘_\_\_\_\_\\ T .
et v [ CUTne
Y N Grid
. LOLens
#2
1IN
| Diplexing
Mesh
Turning -~ y
Mirror #2 | |
1683
_ Electronics
/_4K Cold Head Rox
20K Stape
el I, ) [ ) 10 I
1_'! I-'_ —'—l I T
957 ] i l!! !II:|
— \- Turho Pump
i1l
Daikin | P
Refrigerator ]

FIGURE 1: Signal path schematic of the SMA receiver sysem. Dimensionsarein mm.

The measured beam profiles are processed numericaly by anear-fidd transform based on a vector Kirchhoff integrd
formalism’. By analyzingthe transformed field pattern at different locations, we are able to inspect the mechanical alignment
of the receiver system. This gpproach providesa meansto improve the dignment. The development of thisnew radio
dignment technique is described.

This paper is organized as follows: It first showsthe physical layout of the receiver system to show the signal path in the
recaver. It isfollowed by adiscussion on the beam messurement assembly. The dignment accuracy of the setup is next
discussad. Then, the messured results are presented, dong with the discussion on the receiver performance and its optics
dignment.

2. THE RECEIVER SYSTEM

A schematic of the SMA receiver system is shown in Fig. 1. In thisfigure we indicate the signal path and the key optical
components, aswell asthe cryostat that contains the SIS receiver module and the | anplifier chain. The incomingsgnd
beam entersthe receiver from atop opening and is separated into 2 orthogonaly polarized beams by a 45- degree wire grid.
The grid is made of 20 um tungsten wires wound a 60 um pitch. It isintegrated into a rotating holder that can be horizontally



rotated to sdlect different receiver channels The beam reflected off the grid is used to couple to the lower frequency mixers
(176-256 GHz and 250-350 GHZ) while the transmitted beam is designated as the high frequency comporent. The optics for
the higher frequency mixersisbeing designed.
The lower frequency signa beam then enters an optical sub-assembly for each receiver module. This assembly contains
two turning mirrors for the incoming Sgnd, a Teflon lensfor focusing locd oscillator sgndl, and afine mesh for sgnd and
LO injection. The LO chain islocated in the upper part of the optics assembly, and is not shown in the schematic. After
reflecting off the diplexing mesh, signal beam entersthe cryostat through avacuum window on the top of the receiver module.
The materid used for the window isa0.5mm thick Teflon sheet. Insde the dewar, Sgnd isre-focusad by a Teflon lens
mounted at the 80K plates of themodule. Thislens aso functions as an infra-red shield to block off thermal radiation. Through
acorrugated feed horn, the focused beam iscoupled to an SIS mixer insgde amixer block. The mixer block with feed hom is
mounted on the 4 K gage of the module. A detail schematic of the moduleis shown in FHg. 2. Werefer to Ref. 6 for addtall
configuration on the SMA opticsdesign.
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FIGURE 2. Insart schematics of the 216 GHz channd receiver.
Dimensionsarein millimeter.

Therecaver moduleis desgned asaplug-ininsert on top of the cryodat. In terms of temperature, it is composed of
three main parts, separated by sand-offs made of glass-fiber tubes. The room temperature part isacircular plug made of
aluminum, with its center bored out for signal entrance. The 80K stage is mainly alens holder, and it makes contact with the 80
K radiation shield viaaring of BeCu spring fingers. The 4K stageis connected to the cold head through flexible pure Cu straps.
Onthe4K gage are the SIS mixer block, followed by anisolator, and aHEMT amplifier (made by NRAO). The HEMT
operates at 5 GHz with a2 GHz bandwidth. The IF is further amplified a the 20 K cooling stage of the cryostat before exiting
the dewar.

3. SCANNER SETUP

To map out the recaiver beam pettern, we set up an XY trandation stage on top of the recaiver system The XY planeis



<&t to be perpendiculer to the signd path. A high-frequency transmitter mounted on the trandation Sageisused asasignd

source. A block diagram of the messurement setup is presented in Fig.3. The signd is generated by afrequency multiplier,

which is pumped by a phased-locked Gunn oscillator. The probe of the transmitter is a WR-3 open waveguide with its front

wadl chamfered to reduce the cross-sectiond area. The totd radiated power isin the order of micro-Watts. The master

reference signal for the entire system isthe 10 MHz internd referenceof asignd synthesizer. The output of the synthesizer at
around 15 GHz is used to lock the Gunn oscillators of the L O chain and the transmitter. The receiver |F output at around 5 GHz
isdownconverted to 80 MHz and measured againgt areference signd by avector voltmeter.
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FIGURE 3. Block diagram of the beam measurement sgtup.

In order to test two different receiver inserts with the same setup, the tranamitter is tuned to operate at 242GHz for the
176-256 GHz (216) band, and 265 GHz for the 250-350 GHz (300) band. A dynamic range of more than 50 dB, and
instantaneous phase fluctuation less than 5 degree are achieved with the current setup. The scan areaistypicaly of 120 mm X
120 mm. The scanning time is mainly limited by the speed of the stepper motor. In atypical scan with scanning point 1.5 mm
gpart on asquare mesh, totd scan timeisaround 100 minutes. No probe correction has been applied to the meesured data
because the beams are essentialy peraxid.

Special precautions have been taken to ensure that the scan plane is normal to the optical axis of the receiver assembly.
We have messured thet the scan planeis pardld to the top plate of the receiver assambly to within 50 um over adistance of
150 mm. Long-term phase drift caused by ambient temperature fluctutions can dso introduce attificid pointing error in our
measurement. To reduce such effects, we adopt amodified raster scanning pattern. A simpleillustration of the patternis shown
in Fig. 4. At the center of each row scan, the probe moves to the center of the scan plane to register a set of data. After a scan,
each row is corrected with the center registration. The corrected phase fluctuation isfairly low, estimated to be about 3 degrees
RMS a 240 GHz, which isabout 10 um, over adistance of 150 mm. This error istaken as an additiond dignment error.
Combined with the positioning error of the probe, we have atotal misalignment budget of 60 um over 150 mm, equivalent to
amaximum misaignment of 1.4 arc minutes
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FIGURE 4. lllugtration of the probe’s movement. At the
center of each row scan, the probe moves back to the
center of the scan plane to register power and phase drifts.

4. RESULTSAND DISCUSSION

Initid sysem dignment is performed opticaly with lasers Once the opticd dignment is done, different scans are
carried out for each insart under test. Shown in Fig. 5 are themeasured beam patterns for the 216 GHz and 300 GHz inserts
measured at 242 GHz and 265 GHz, respectively. The data shows that center of the beam at the scan plane is not at the optical
axis of the receiver assembly. By fitting the pattern to a quadratic function, we can find the center of the contours of the
messured beam. Table 1 shows thefitting result.

TABLE 1. Contour center from quadratic fitting
216 GHz 300GHz
Power (6, 8) 1,-4)
Phase (-3,-3 (2,0

We have compared the measured beam pattern to the theoreticd designed fidd. A complex overlgp summetionis
performed by taking the complex multiplication of the fields at each scan point and sum over the entire scan plane. Each field
isfird normdized with itstota power in the entire scan plane. The result is an indication thet how well the measured beam
matchesto its design. The overlap summation yiel ds magnitudes of 0.93 for the 242GHz beam, and 0.95 for the 265 GHz It is
evident that the 216 GHz insert hasa severe alignment problem, while the 300 GHz one seems to be reasonably aligned for the
first time. Thorough examination on each component is currently under way. On the other hand, we are alsopursuing a method
to ingpect the effect on the insert structure due to cooling down.

Asanadeto pinpaint the dignment problem, we are devloping anovd techniquethet is an extenson from our fidd
modeling method. In this method, we place ascatterer at aknown position along the signal path. Scatterer, suchasacross-wire,
isarranged such thet it can define the designated beam centter. The resultant beam pattern is then measured, and teken asan
initial fidld for aneer-field tranformation Leing a Kirchhoff integra”,

kR~

rry_1.e7é 1ol r. Lo
E(r) =5 Qggk AR [8 E(1,)]ds )

where k is the propagation constant, & is the unit normal vector of the plane defined by |"0 and IEQ = F - I[0 . Using the above
formalism, we have devel oped a computer code to calculate the electric field on atarget plane of interest (scatter plane) from
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FIGURE 5. M easured beam patternsof the M SA receiver syssem. The 216 GHz band ismeasured at 242 GHz,
and the 300 GHz band at 265 GHz. The power contoursareevery 5dB descending from the center, whilethe

phasesare50 degrees. The X- and Y-axesarein millimeters.

aninitid plane with known fidd distribution (messured pettern) . This goproach dlows usto re-congtruct the signd beam a
the scatterer. By comparing the transformed beam with and without the scatterer, we directly inspect if the receiver structure or
the optical components are digned between the scatterer and the scanner.

Prdiminary scans utilizing this technique have been carried out for the 216 GHz Insert. Figure 7 shows the differentia
power pattern from the measurements. The scatterer is a cross-wire with wire thickness of 1.2 mm. The scatter plane is about
370 mm from the scanner, aposition between the turning grid and the upper turning mirror. From the pattern we can dearly
seethe center of the cross, which isabout 1 mm off the center. The deviation may be accumulated from the measurement error,
especidly from placement of the scatter. However, the obvious condusion is that the rotating grid should not be the problem
thet causes the misdignment of the ingert.

The advantage of thistechniqueisto provide an in situ way to ingpect individua component in acomplex,
radio-waveength recaving system. With careful design, one can perform aprecise sysem dignment on those
radio-trangparent, but optica - opague components. It provides a “zooming” effect smilar to optica meens. There are some
limitations To have an effective zooming effect, the Sze of the Scatterer, the scan areg, and scan resolution, and the distance
between the scatter the scanner have to be decided carefully. This part of the work is il underway. A more complete result



will be reported in the future.

FIGURE 6. Differential power contours of a scattering pattern induce by a crosswirein the
signal path.

5. SUMMARY

The SMA recever sysem is asate-of-the-art equipment aming at exploring the Universein the sub-millimeter
wavelength for the next century astronomy. From its design, construction, testing, and finally to the current status, it has span
many years of team effort from many taented researchers and enginears. In this paper, we have focused on report the
recelver 's working status to the moment. The beam patterns for the lower two designated frequency band have been measured
and andyzed. From the measurement, we have showed that further dignment need to be done. It hasdso shownthat it is
necessary to perform detailed beam measurements to inspect systemn dignment for the SMA receiver optics, which involves
mirrors, quas-optica devices, and cryogenics components.

We have aso demonstrated anovel alignment technique suitable for the SMA receiver system, and system adike. For the
case where optical mean is not feasible, this techniquesis useful for aligning RF components in a complex system often seen
in abeam waveguide tdescopes. More work in underway to explore this method for more usefulness
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