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Abstract The Five-hundred-meter Aperture Spherical radio Teles¢6AST) has passed national accep-
tance and nished one pilot cycle of “Shared-Risk' obsdora. It will start formal operation soon. In this
context, this paper describes testing results of key fureataah parameters for FAST, aiming to provide
basic support for observation and data reduction of FASBm@nti c researchers. The 19-beam receiver
covering 1.05-1.45GHz was utilized for most of these ole@ms. The uctuation in electronic gain of
the system is better than 1% over 3.5 hours, enabling endaghity for observations. Pointing accuracy,
aperture ef ciency and system temperature are three kegnpaters for FAST. The measured standard de-
viation of pointing accuracy i3:9% which satis es the initial design of FAST. When zenith amig less
than26:4 , the aperture ef ciency and system temperature around HzZ1&e 0.63 and less than 24K
for central beam, respectively. The sensitivity and sitgtolf the 19-beam backend are con rmed to satisfy
expectation by spectralitbbservations toward NGC 672 and polarization observatmmard 3C 286. The
performance allows FAST to take sensitive observationgdapus scienti ¢ goals, from studies of pulsars
to galaxy evolution.
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1 INTRODUCTION of Science China Physics, Mechanics & Astronomy (Qian
et al. 2019; Lu et al. 2019a, b; Yu et al. 2019; Wang et al.

The Five-hundred-meter Aperture Spherical radio2019; Zhang et al. 2019).

Telescope (FAST) with a diameter of 500m passed its  Through efforts of the commissioning group, the per-
national acceptance on 2020 January 11. It operates frmance of FAST has been improved signi cantly dur-
frequencies ranging from 70 to 3000 MHz and is the mosing the last two years. One example is the much improved
sensitive single dish telescope in this frequency range.  radio frequency interference (RFI) environment. In this

FAST commissioning began when construction wag®@Per we will review the current instrumental properties
completed on 2016 September 25. The details of FASPased on measurements with the 19 beam receiver that cov-
commissioning have been introduced in Jiang et al. (2019S 1.05 t0 1.45GHz.

A lot of observations, especially pulsar related observa- In Section 2, we present the properties of the 19 beam
tions, were taken during the commissioning phase. A serie®ceiver system including calibration of the noise dipole,
of primary results including the rst detection of a pulsar the spatial distribution of all 19 beams, pointing accuracy
by FAST have been published in the FAST special issuaperture ef ciency and system temperature. In Section 3,
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the performance of the spectral backend, including stabiliing a median value of all 19 beams, we can produce Figure
ty and sensitivity, standing waves and polarization, is pre4 which yields an upper limit on the temperature uctua-
sented. Observation modes and status of RFI are describ&dns in the noise diode. While laboratory measurements

in Section 4. A summary is provided in Section 5. of the noise diode itself yielded temperature uctuations
on the order of 0.1% over several hours, we see that once
2 PROPERTIES OF THE 19 BEAM RECEIVER placed within the full signal path we get an upper limit of

1%, implying that it is likely impossible to obtain accu-
rate ux calibration better than 1%. Considering FAST's
The FAST 19-bearh -band Array contains a temperature pointing accuracy and beam size, the best ux calibration
stabilized noise injection system. The noise is injected befOr @ point source is approximately2%, meaning that the
tween the feed and the low noise ampli ers. The noisghoise diode is certainly operating within our tolerance-lim
source is a single diode whose signal is split into eaclis- This lower limit is estimated by looking at the shape of
beam and polarization. The diode itself is always pow-n€ beamresponse function at 1420 MHz within the point-
ered, but it can be switched in and out of the signal patri,ng uncertainty limits. The effect is weaker at longer wave-
using a solid state switch. This was done in order to imlengths where the pointing uncertainty is smaller compared
prove stability at very high switching speeds. It takes les4C the beam size.

than 1 microsecond for the noise power to stabilize once . o
switched on or off. The noise diode has two adjustablé-2 Beam Properties and Pointing Accuracy

power output modes, but these are currently kept at aPfo measure the properties of FAST's 19-beam receiver

proximately 1.1 and 12.5K. - one method is to directly make mapping observations to-
) In qrder to test the performahce and stability of theWard radio sources on the sky. The raster scan (or raster
noise diode, we conducted a series of hot load measur%banning) observation mode has been realized for FAST,

ments whereby the feed cabin was lowered to the groun\%hich is used to map radio sources and measure the 19-
and a foam absorber was placed directly under the feed $bam properties

that it completely covered all of the beams. We then pe-
riodically measured the temperature of the absorber Witl}.z.l Observations
a thermometer, while the noise diode was continuously
switched on and off (“a winking CAL") with a period of From 2018 November 28 to December 29, mapping obser-
1.00663296s. Figure 1 and Figure 2 display the measuregations have been conducted toward 3C 380, 1902+319,
noise diode temperature$.f) for both the low and high 1859+129, 3C 454.3, 2023+318, etc. In the observation-
power modes with respect to frequency. The diode is tuned, a sky area centered on the target source and covering
so as to minimize the diode temperatures near 1420.4MHz 379RA) 37%Dec) is mapped by a raster scan along
to reduce the impact on the system temperature. the right ascension (RA) or declination (Dec) directions
Figure 3 depicts the uctuations in electronic gain of with the 19-beam receiver. An example of the telescope
the system over several hours. This was done assuminitgack for a raster scan along Dec is given in Figure 5.
that the noise diode temperature is absolutely constant. Tthe scan velocity is 1%nin . The separation between
demonstrates that the electronic gain uctuations withintwo sub-scans is®lwhich satis es Nyquist sampling. A
the FAST 19-beam receiver/backend signal path are typiotal of 100 minutes is needed to acquire such a map.
cally on the order of a few percent over timescales of a fewDbservational data are simultaneously recorded with the
minutes. This implies that science projects for whom ux pulsar mode, the narrow-band spectral-line mode and also
calibration is important should re the noise diode at leastthe wide-band spectral-line mode. The number of channels
every few minutes in order to account for typical electron-is 4096 for the pulsar backend and 65 536 for the spectral-
ic gain uctuations. The larger uctuations in Figure 3 are line backend (wideband mode), corresponding to a fre-
caused by RFI leaking into the signal path during the hotjuency coverage from 1000 1500 MHz, which is some-
load measurements, and instability in the low noise ampliwhat broader than the designed bandwidth of the 19-beam
ers. The electronic gain uctuations of the other beamsreceiver (1050 1450 MHz). The sampling time, i.e., the
are presented in Figure A.1. integration time for raw data, is set to 196.6G8for the
Fluctuations in the electronic gain in Figure 3 arepulsar mode and 1.00663296s for the spectral-line mode.
mostly uncorrelated between the different beams. By takThe intensity for each of the 19 beams is calibrated by the

2.1 Measurement of the Noise Dipole
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Fig. 1 The low power noise diode temperatures of Beam 1, Beam 5 aachBe The three beams plotted here are representative of the
rest. The data for all 19 beams and polarizations are aleitainl are being applied for subsequent calibration.
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Fig.2 The high power noise diode temperatures of Beam 1, Beam 5 aath®. The three beams plotted here are representative of
the rest. The data for all 19 beams and polarizations aréasl@iand are being applied for subsequent calibration.

periodic injection of a high-intensity noise signal{0K, calibrator. The observed intensity (XX or YY, in K) cor-
see Sect. 2.1) with a period of 0.2 s. responding to a frequency can be extracted from the spec-
tra after removing the RFI. Together with the data record-
ing time yielded by the backend, one series of pairs of
ftops; intensity g can be obtained. During the raster scan

A standard pipeline for processing the mapping data of th@bservation, the phase center of the feed is measured by
19-beam receiver is still under development. In the follow-2 réal-time measurement system (see Jiang et al. 2019 for
ing analysis, the mapping data are processed employirfy details), which can be converted to the telescope point-
IDL. The data recorded by the pulsar backend are adop{Dg of the central beam (MO01) in the horizontal coordinate
ed, which have dual linear polarizations (XX and YY) System (Alt, Az). The telescope pointing in the equatori-
and a relatively high time-resolution. We  rst compressal coordinates (RA, Dec in J2000) is then calculated from
the raw data in the time dimension to have an identicafn€ horizontal coordinates Alt and Az after considering the
time-resolution with the periodic injected noise. The ante Pr€Cession, nutation, aberration and also the refraction e
na temperatur@,( ) for each of the polarizations is then fect of the atmosphere. With the time information given

converted from the raw counts by utilizing the noise diode? the measurement system, we can derive another series

2.2.2 Data processing procedure
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Fig.3 The electronic gain uctuations of the system over sevemlrb. They-axis represents the ratio of uctuations with respect
to the mean temperature over time of Beams 14, 16 and 18. Tee beams presented here represent the strongest elecieami
uctuations out of all 19.

rTaQpTTTT T T T

T.q variance (%)

0.95

o

o
L L L L R B B B B
oo oy b b

090L v v v vy L L L

o
N
[6X]
N

Time (hour)

Fig. 4 Stability of the noise diode. An upper limit on the noise dicdability as a function of time measured by monitoring tleglian
value of the electronic gain in all 19 beams during hot loadsneements.

of pairs of f tops; coordinatesy. By cross-matching time (6.5°, 16.%) and ( 17°, 15° are consistent. Then, the
between the two series of ow data, a data-cube with in-background radio sources are tted by two-dimensional
formation on RA, Dec and intensity is derived. Then the(2-D) Gaussian models and removed. A similar procedure
data-cube can be regridded to construct the intensity magdor data processing is made to generate the mapping da-
An example of a total intensity map is exhibited in ta for other beams, and examples of the results are giv-
Figure 5. The continuum background is calculated and reen in Figure 6. The patterns of beam response depicted
moved to display the sidelobes and the weak eld sources Figure 6 are similar to the radiation patterns yielded
more clearly in the plots on logarithmic-scale. We comparéy simulations (Smith et al. 2016). According to the an-
it with the continuum map of the same sky area obtainegular distance of the beam center to that of the central
by the NRAO/VLA Sky Survey (NVSS)at 1.4GHz, beam MO01,dyo:, the other 18 elements of the 19-beam
and found that the detected positions of four weak radigeceiver are distributed in three concentric ring-shaped a
sources near RA- and Dec-offsets o0 +15), ( 8°+8%),  eas (see Fig. 7): (1st-ring) M02-MO7, withyo, ~ 5:8 ar-
cmin; (2nd-ring) M09, M11, M13, M15, M17, M19, with

1 https://www.cv.nrao.edu/nvss/postage.shtml
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Fig.5 Left The telescope track for a raster scan along the Dec direclibe covered sky area is37°  37°. The target source
(3C 454.3) is marked by a red star in the center of the plot. Xheand Y -axes indicate the RA- and Dec-offsets relative to the
equatorial coordinates of 3C 454.3 (RA: 22h53m57.7479s,; B&£6d08m53.561s, in J2000), respectiv&ight distribution map of
total intensity obtained by the central beam (M01) near thgifency of 1420 MHz. The intensity distributions in a lathamic-scale
are indicated by different colors. The contours signifyititensities with levels of 0.25, 0.5, 1.5, 15, 75 and 150 K.
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Fig.6 Upper panelsdistribution maps of total intensity obtained by rastesrsobservations of beams M01, M06, M17, and M18
near the frequency of 1420 MHEower panelssimilar to the upper panels, but for the observation fregyenear 1060 MHz. The
target source is 3C 454.3. The observation date is 2018 Ommeh?. In each map, the intensity distributions in a loganic-scale
are indicated by different colors. Contoutsgck lineg signify the intensities with levels of 3, 15, 75 and 150 KeDh- andY -axes
indicate the RA- and Dec-offsets relative to the equatartairdinates of 3C 454.3. A correction factor cos(Dec) isliadpfor the

X -axis in each of the plots.

dmo1 10:0 arcmin; (3rd-ring) M08, M10, M12, M14, for the central beam, but seem to become more and more
M16, M18, with dyo1 11:6 arcmin. With the increase signi cant with the increase adlyip1 for the outer beams.

of dvoz , the sidelobes become more and more signi can- ) )

t. The morphology of the sidelobes and their angular dis- To _t the malln-.b.eam power pattef(; ) W'th con-
tances to the beam center depend on the observation frl%'_—derat'on of ellipticity and coma, and detgrmlne the cgm-
guency. Other notable features are the noncircular mopined response of the 19-element multi-beam receiver,

phology and coma of the main beam, which are negligiblé(\’e. follow the de nition-of a ‘skew Gaussian' given by
Heiles et al. (2001). Nine parameters for théh beam
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Table 1 Parameters of the beam cent¥rc( Y.) for each of the 19 beams (also see Fig. 7), obtained by tthmgobserved total
intensity maps towards 3C 454.3 observed between 2018 Dmeredid and December 17.

(2018-12-07) (2018-12-08) (2018-12-16) (2018-12-17) n\ekies
Scan Direction (Along RA) (Along Dec) (Along RA) (Along Dec)
Xe Ye Xe¢ Ye Xec Ye Xec Ye X Ye
Beam No. 0 O O O O O O O O O
MO1 0.00 0.00 0.02 0.01 0.06 0.05 0.06 0.02 0.04 0.02
MO02 5.81 0.03 5.81 0.03 5.69 0.05 5.73 0.04 5.76 0.01
MO03 2.89 4.97 2.94 4.93 2.81 5.06 2.83 4.99 2.86 4.98
M04 2.84 4.99 2.81 5.00 2.95 5.03 2.95 5.02 2.89 5.01
MO05 5.75 0.03 5.74 0.01 5.82 0.04 5.80 0.01 5.78 0.02
MO06 2.90 5.00 2.91 5.00 2.92 4.94 2.94 4.97 2.92 4.98
MO7 2.89 5.01 2.85 5.03 2.83 4.90 2.83 4.95 2.85 4.97
M08 11.58 0.01 11.60 0.05 11.49 0.06 11.53 0.07 11.55 0.02
M09 8.67 4.96 8.74 4.93 8.56 5.07 8.64 5.06 8.65 5.01
M10 5.81 9.99 5.89 9.94 5.69 10.10 5.70 10.04 5.78 10.02
M11 0.08 9.99 0.13 9.96 0.09 10.05 0.10 10.06 0.00 10.04
M12 5.69 10.06 5.65 10.10 5.90 10.07 5.90 10.07 5.78 10.07
M13 8.57 5.07 8.60 5.05 8.75 5.05 8.74 5.04 8.67 5.05
M14 — — 11.58 0.05 — — 11.64 0.00 11.61 0.02
M15 8.67 4.93 8.69 5.00 8.67 4.96 8.72 4.99 8.68 4.99
M16 5.81 10.01 5.82 10.05 5.81 10.00 5.85 10.02 5.83 10.02
M17 0.02 10.01 0.02 10.03 0.01 9.95 0.07 9.99 0.03 10.00
M18 5.79 10.04 5.77 10.06 5.74 9.94 5.73 9.96 5.76 10.00
M19 8.67 5.01 8.66 5.07 8.58 4.92 8.60 4.94 8.63 4.98

For the central beam MOX ¢ = ( RA measured RA source ) cos(Dec) andYc = DeCmeasured Decsource are the pointing errors of
FAST in RA and Dec, respectively. For other beaiXg,andY. are taken as the angular offsets relative to the true ceftegaon M01. The
mean values oK ¢ andY, for each of the 19 beams are expressed in the last two colurondeam M14, parameters of the beam center
cannot be tted well from the observation data of 2018 Decenfly and December 16, due to a serious scanning effect.

are the peak intensitfo, beam centeX . andY, the av- tion. In the following, we give a general discussion about
erage beamwidth o, beam ellipticity 1, beam orienta- the combined beam response, the beamwidth and also the
tion peam, COMa coma With orientation .oma and a fac-  pointing errors of FAST, obtained by tting the observed
tor . For the central beam MOX . = ( RAmeasured total intensity (XX+YY) maps.

RAsource)Cos(DeC) anch = Decmeasured DeCsource

are the pointing errors of FAST in RA and Dec, respec-2,2.3 The convolved beam pattern of the 19-beam

tively. For other beams, the tting parameteXs and Y, receiver

are taken as the angular offsets relative to the true cehter o

beam MO1. For each beam, the main-beam power patterfP measure the beam properties, we analyzed the map-
is parameterized in po]ar coordinates () as plng data toward 3C 454.3, which is the strongest source at
21 minf wma ;) 1.4 GHz among the observ8@® 37°targets (1902+319,
°2°ma o 9 ], (1) 1859+129, 3C 454.3, 2023+318, etc) by FAST. Raster s-

cans covering a sky area of 37 37° were conducted
where coma = cos( coma) and = ot four times along RA or Dec directions. The tted parame-

1€0s 2( beam). Here, is the angular distance of ters of the beam center for each of the 19 beams are listed
the position to the true beam centeiis the position angle in Table 1. With the tted beam center, we combine the in-
in equatorial coordinates (RA, Dec in J2000) and de nedtensity distribution maps derived by each of the 19 beams
to be zero along the positive RA-offset axis and increasto yield a composite response of the 19-beam receiver as
es towards positive Dec-offset axis. Following Heiles et alillustrated in Figure 7. The observed layout of the 19-beam
(2001), we also take as a constant parameter 0.75 duringreceiver is consistent with the schematic diagram provided
the t. Together with the term mih coma —2-; g, they by Dunning et al. (2017) and Li et al. (2018). Around the
are used to prevent the coma term from unduly distortingnain beams, the responses of rst sidelobes for the 12 out-
the beam far from the beam center (Heiles et al. 2001)er beams (M08-M19) are also visible in the logarithmic-
The MPFIT packagkis adopted to perform the minimiza- scale plot. Similar results were obtained by analyzing the

2 hitp:ffwww.physics.wisc.edu/ - craigm/idy observation data toward other sources, e.g., 3C 380 and
fitting.html 2023+318.

P(; )= Apexp[
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Fig.7 Combined response of the 19-beam receiver of FAST. Thettatgect is 3C 454.3. The frequency coverage used to infer
the total intensity is from 1050 MHz to 1450 MHz. The integsiistributions in a logarithmic-scale are indicated byfeti&nt colors.
Contours black lineg signify the intensities with levels of 10, 75, 130 and 179KeX - andY -axes indicate the RA- and Dec-offsets
relative to the center of beam M0O1 (see Table 1). The numgerfithe 19 beams (M01-M19) is marked in the plot.

It is necessary to emphasize that the intensity distri- 4.0 ;

butions exhibited in Figure 6 and Figure 7 are the beam I ;m;m
response to the point source 3C 454.3 versus the angular I % M09,11,13,15,17,19 |
offsets. They are the convolution of the beam pattern with = 351§ T MO8, 10,1 2’14’2125%’)5 ]
the brightness distribution on the sky. § SRR 1.020/D 1
2.2.4 Beamwidth 5o iigaec

2. eamwidt T F § % . g
The half-power beamwidth (HPBW) is related to the aver- 25l ]
age beamwidth ¢ by HPBW = 2(In2) 1*2 4. Here, o P

1100 1200 1300 1400

is derived by tting the total intensity distribution maps Frequency (MHz)

with a “skew Gaussian' model as written in Equation (1). i

The HPBW as a function of the observation frequencyFlg'S HPBW versus observation fr.equency for the 19-beam re-
ceiver of FAST. The target source is 3C 454.3. The obsenvatio

for the 19 beams is depicted in Figure 8. In comparisorjate is 2018 December 17. The beamwidths corresponding to

to the central beam, the outer beams tend to have largére frequency range of 116280 MHz cannot be tted well,

beamwidths, with a difference of no more than 0.2 arcmin@S Strong RFI appears during the observation.

The HPBW decreases with the increase of frequency. As

discussed in Jiang et al. (2019), the theoretical HPBW of @ 2 5 pointing errors

telescope with diametdd is HPBW= 1:02=D for a u-

niformly illuminated aperture and HPBW 1:22=D for  As discussed in Jiang et al. (2019), the analysis of point-

a cosine-tapered illuminated aperture. Here, a diameter @fig errors can be used to evaluate the pointing accura-

D = 300m is assumed. As demonstrated in Figure 8, they, improve the pointing of the telescope, and also guide

tted beamwidths of the 19-beam receiver fall within the t- the error analysis of observations. Systematic obsemnstio

wo theoretical curves of HPBW versus frequency, but withhave been made to measure the pointing errors of FAST by

a less steep slope than that of a standall proportion-  raster scan observations. As we only care about the point-

ality. ing errors of the central beam MO01, the mapping area to-
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Table 2 HPBW of the 19-beam receiver of FAST for different obsematirequencies, which are used for the plot displayed in&ig.

Beam No. Frequency (MHz)
1060 1080 1100 1120 1140 1300 1320 1340 1360 1380 1400 14200 144

MO01 344 337P 3310 329 329 3.0° 299 299 289 289 282 28F 287
M02 344 337P 331 33% 33 3.0 300 298 292 289 28¥9 28%9 284
MO03 344 339 330F° 33F 332 3.0 300 299 291 28P° 284 284 28F
MO04 344 339 331° 334 332 309 300 2972 29F 290F 286 286 287
MO05 3.4% 330 329 33° 332 30 299 299 291 287 28F 28F 282
MO06 344 339 3310 334 334 3.0P 3.0 301 30° 299 298 294 299
M07 349 339 3310 33% 334 3.02 299 2989 292 289 288 286 2.8¢
M08 346 342 339 339 334 3.0 30P 299 299 292 290 289 2.8
M09 3.48 3410 338 339 33F 304 300 2972 294 291 289 289 286
M10 352 346 340 339 339 3.0 309 3.0F 3.0 297 299 294 29
M11 349 343 339 33P° 3342 309 302 3.0 297° 2948 29P 291 290
M12 349 344 339 337P 334 3.0P 3.0 3.0F 30F 29P 2989 294 290
M13 348 3410 3348 33% 332 3.0 30 299 299 29P 291° 291 289
M14 35% 348 349 341° 339 31F 3.0P 3.04 3.0 299 299 294 292
M15 3.49 3420 338 330 338 3.0 3.0° 299 294 291 289 28% 286
M16 350 346 341 339 3342 31F 3.02 3.09 3.0 299 297° 29¥9 293P
M17 349 3420 339 334 339 302 3.0F 299 297° 2948 29P 29P 290
M18 359 3500 337° 33% 329 3.09 3.0 30 299 298 298 294 29F
M19 342 3410 33¢ 33% 334 3.0 300 299 299 29FP 29° 290 289

C T 2 T 2 1T2 T T |
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Fig. 10 Pointing errof(  cos )2+(  )2]*2 versus ZA for the
19-beam receiver of FAST.

180°
South

Fig.9 Distributions of the observed pointing calibrators in the

sky coverage of FAST with full gain (ZA 26:4 ). The obser- — 515n4 RA or Dec directions. As demonstrated in Figure 9,
vation period is from 2019 February 16 to March 15. In thigplo

the ZA is from0 to 26.4 as indicated by grey circles, and the the observed pointing calibrators are distributed widaly i
azimuth angle is fron® to 360 . The directions marked in the the sky coverage of FAST with full gain (zenith angle (ZA)
periphery of the plot are geographic north, east, south aaslat . 264 ).

the FAST site.

The observation data are processed in a similar pro-
ward a target source is set to 7°  7°. About 7 minutes cedure as described in Sect. 2.2.2. To t the pointing er-
are needed to acquire such a map with subscan separatimrs in RA and Dec directions, a 2-D Gaussian model is
of 1% The target sources are selected from the catalog afdopted, which is good enough as the central beam does
pointing calibrators published by Condon & Yin (2001), not present signi cant beam ellipticity and coma feature
which contains 3399 strong and compact radio sourcefFigs. 5 and 6). The pointing errdis  cos )2+(  )?]*72
with accurate positions from the NVSS, and uniformly are typically smaller than PBas shown in Figure 10. The
covering the sky north of = 40 (J2000). The dataset root mean square (RMS) of pointing errors is% .@hich
applied in the analysis was observed from 2019 Februarig less than one-tenth of the beamwidth near 1450 MHz
16 to March 15, which include 126 raster scan observationgeamwidthsso/10  2.8710 = 16.85.
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2.3 Aperture Ef ciency and System Temperature noise signal ( 11K) was injected at a synchronized pe-
riod of 2.01326592s. The duration time of cal on and cal

Aperture ef ciency () and system temperaturés(s) are  off was 1.00663296's. During calculation, channel width

two basic parameters of FAST. Both of them are expectegf the data was smoothed to 1 MHz. The aperture ef cien-

to vary as a function of ZA @4 ) and frequency. The 19 ¢y was derived for each observation cycle while the system

beams are divided into four categories according to SeP3zmperature was derived for each sampling time.

ration from the central beam. The four categories are : (1)

Beam 1; (2) Beams 2, 3, 4, 5, 6, and 7; (3) Beams 8, 102 3.1 Aperture ef ciency

12, 14, 16, and 18; (4) Beams 9, 11, 13, 15, 17 and 19.

Though the performance of aperture ef ciency and systenBased on absolute measurement of noise dipole in Section
temperature in each category is expected to be the samel, the observed data were calibrated to antenna tempera-
asymmetry of the receiver platform may lead to deviation{ureTa in K. The antenna temperature of 3C 28§~ 2%

Thus we obtained the measurements toward all 19 beamdas derived by the difference between source ON and

The aperture ef ciency curve was obtained by repeat-SOurCe OFF data for each beam.

ing observations of the calibrator 3C 286 and its off po- ~ 3C 286 is a stable ux calibrator. The frequency de-
sition at different ZAs. The position switch mode that is Pendency of the spectral ux density of 3C 286 could be

introduced in Section 4 was adopted. This mode provide§ted with a polynomial function (Perley & Butler 2017),

quick switch between ON and OFF source positions. Theyg(S) = ag+ ay log( )+ a[log( ¢)]2 + as[log( &)]3;
separation between ON and OFF position was selected to 2)

allow for measuring the aperture ef ciency curve of two \whereS and ¢ are the spectral ux density in Jy and

beams (e.g, Beams 1 and 19) simultaneously, which inthe frequency respectively. We adopted the valuess of

creases measurement ef ciency. 1:248L a; = 0:4507 @, = 0:1798andaz = 0:0357
Observations of Beams 1, 2, 8, and 19 were acquirechat are valid for 3C 286 at frequency range of [0.05—

during 2019 August 7 and 2019 August 24. To make50]GHz (Perley & Butler 2017).

it clear, we take the aperture ef ciency measurement of  Measured gainG@) of FAST is expressed aGy =

Beams 1 and 19 as an example. At rst, the telescop@\ .z=2k, in which A¢ is the effective illumination area.

tracked the calibrator 3C 286 with Beam 1 (source ON fonn observation is calculated by the ratio between anten-

Beam 1, source OFF position for Beam 19) for 90s, ancha temperature and ux densit¢ = T3C 286 =53C 286

then switched to the sky position with offset of 85  The prefect gairGo of FAST isGg = Ageq=2K for single

5:119. At this position, the calibrator 3C 286 was OFF polarization, in whichAgeo andk are geometric illumina-

for Beam 1 but lay in Beam 19. After tracking for 90, tion area and Boltzmann constant respectively. The geo-

the telescope switched back to track 3C 286 with Beam Imetric illumination area with diameter of 300 m leads to

A cycle consisted of one ON and one OFF phase for eacts= 25.6 K Jy * for FAST.

beam. A total of 90 cycles was recorded during the avail-  The aperture ef ciency of FAST is derived by,

able tracking time of 6 hours for 3C 286. Supplementary

measurements of the aperture ef ciency curve for the oth- = G=Gg = Aeff=Ageo =

er 15 beams were taken by tracking 3C 286 during 2019

December 19 and 2019 December 25. During these obser- For the FAST system, is contributed by six main

vations, the total tracking time in a cycle was reduced tfOmponents:

605, including 30s for both source on and source off. A 1 (e ection ef ciency of the main re ector. It is

total of 85 cycles over 3hr was taken for measurement  gegcribed by the Ruze equations = e (“)°, in

of both beams.

ZkTEC 286
Ageosic 286 :

®3)

which" and are RMS of the surface error and ob-

The system temperature curve of 19 beams was ob- servational wavelength, respectively. The RMS of the
tained by continuously tracking a clean sky position  surface error is contributed by controlling accuracy of
( 2000=23'30"0°.0, 2000=25 39°10:6° from rise to set panels, which is 5mm at 21 cm (Jiang et al. 2019).
on 2019 September 14. This results in ¢ of  91%.

In the above measurements, spectral backend with2. y,, the ef ciency when the shielding of the feed cab-
sampling time of 1.00663296s and channel width of in is considered. The diameter of the feed cabin of
7.62939kHz was adopted to record the data. The high 10m leads to , value of 99.9%.
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3.
4,

s, Spillover ef ciency. 1.
t, illumination ef ciency of the feed. It equals 76%
when a 13 dB Gaussian illumination is adopted
(Jiang et al. 2019).
misc » €f ciency of other aspects including the offset 2.
of the feed phase, matching loss of feed.
sloss: the percent of effective surface area compared
to a 300-m diameter paraboloid. The value is 1 when
za islessthan 26.4 When z4 is greater than 26.4
the re ection area decreasesgoss Would decrease and

reach 2/3when zo =40 .

The aperture ef ciency is a synthetical result of the 3.

above effects and is described by the following equation,

P. Jiang et al. The Fundamental Performance of FAST with 19-beam RecaileBand

Noise contribution from receiveile.. For the 19
beam receiver of FAST, it is measured as 7-9K, in-
cluding 4K from low noise ampli er (LAN) (see
section 4.1.1 in Jiang et al. 2019 for details).
Continuum brightness temperature of the Sky .
This includes 2.73K from cosmic microwave back-
ground (CMB) and non-thermal emission from
the Milky Way. The value ofTgy at 1.4GHz

is 3:48K toward position ( 2000=23"30M0°.0,
2000=25 39°10:6°§ (CHIPASS survey; Calabretta
etal. 2014).

Emission from the Earth's atmosphérg,, . This val-
ue should be within a few K.

4. Radiation from the surrounding terraifgca. This

- sf bl s t

(4)

The values of s, b, s, t and misc are almost con-

misc  sloss -

stant. The value of is mainly determined by gjoss. AS
plotted in Figure 11, the value at all frequencies would

contribution originates from the side lobe of FAST.
Unlike other single dish facilities with xed surface
and horn, the illumination area of the horn varies for
different ZAs, leading to different values of.y; .

stay almost constant whena is less than 26.4and de-
creases linearly wherya > 26:4 . This is consistent with
the fact that FAST would lose part of the re ection panels
when zp > 264 . (6)
We tted variation of as a function of z5 at a spe- The variation of system temperaturgs as a function
ci ¢ frequency with two linear equations. The formula is of ZA can be tted with the following formula,
written as folgows, P.)+P oy

System temperature is the synthetical result of the
above components.

Tsys = Trec + Tsky + Tam + Tscat :

)
which is valid for0 za <= 40 . The values ofy,
P1, P2 andn in different frequencies are shown in Table 4.
Hered satis es the equatiod = b+26:4(a c). The tting  Anexample of tting theTsys curve is plotted in Figure 12.
results of parametees bandcfor differentfrequenciesare The results for the other beams are depicted in Figure C.1.
expressed in Table 3. As an example, the tting results of A signi cant feature in theTsys pro le is that theTsys
forBeams 1, 2,8 and 19 are shown in Figure 11. The ttingvalue of most beams reaches its minimum at ZA range of
results of the other 15 beams are depicted in Figure B.1.[10 ,15]. When ZA is smaller than 10 the Tsys value
The gain of FAST could be expressed wsh= G, would increase by a maximum value of 1 K. Though the
in which Gg = 25.6 KJy 1. Flux density (in unit of Jy) central hole of the spherical surface was shielded with met-
of a point source is converted from antenna temperatural mesh during observations, the leakage of ground emis-
by dividing the gain value. The averaged gain values okion ( 300K) from the central hole goes into the main
19 beams within ZA of 26.4are listed in Table 5. Beam beam and contributeBsys increase when ZA is less than
16 has the smallest gain value among 19 beams. The gal® . When ZA becomes larger than 13he Ty value in-
ratio of Beam 16 compared to Beam 1 reachi@8 0:02 creases by 5-7 K, which arises from emission of a nearby
at 1400 and 1450 MHz. mountain through the sidelobe.

| —

Teys =Poarctan( 1+ za"

_ a zath; 0 ZA 26:4 (5)
C za +d; 264 < 24 40 :

2.3.2 System temperature 2.3.3 Discussion

Observation of sky position (o=23"30"0%.0, The observations lie inza range of [4.9,40] deg for the
2000=25 39°10:6°Y allows us to measure system curve. The tting results are expected to be valid for
temperature from ZA of 40to nearlyO . The data were  za range of [0,40] degree for the following reason. When
calibrated to antenna temperature in K with noise curve.za < 4:9 , there is no loss of panel coverage. In this case,
For a single dish telescopelatband,Tsys consists of four should stay almost constant as demonstrated by the t-

main sources (Campbell 2002): ting curves.
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Table 3 Details of Fitting Parameters of Aperture Ef ciency for 49 Beams
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Beam Paras

Freq (MHz)

1050

1100

1150

1200

1250

1300

1350

1400

1450

M01
MO1
MO1

al/le-4
b/le-1
c/le-2

3.31 223 254 185 0.34 1.83 503 2.03 494 2.02
6.19 0.04 6.32 0.03 6.43 0.03

-1.58

0.02 -1.61

0.03

-1.37

0.04

6.22 0.03 6.22 0.03

-1.40

0.04 -1.42

0.03

9.83 1.85 850 1.93
6.08 0.03 6.12 0.03

-1.38

0.03

-1.40

0.02

7.87
6.14
-1.34

1.95
0.03
0.02

10.64
5.98
-1.26

1.90
0.03
0.02

MO02
M02
M02

alle-4
b/le-1
clle-2

9.46
5.97
-1.54

3.53 6.28
0.06 5.97
0.03 -1.62

3.09
0.05
0.03

9.01
5.99
-1.46

3.14
0.05
0.03

12.13
5.81
-1.44

3.12 10.98
0.05 5.81
0.02 -1.42

3.06
0.05
0.02

11.31
5.65
-1.29

2.16
0.04
0.02

8.71
5.75
-1.32

2.09
0.03
0.02

8.78
5.75
-1.33

2.06
0.03
0.02

13.07
5.62
-1.21

1.98
0.03
0.02

MO03
MO03
MO03

al/le-4
b/le-1
c/le-2

1.79
6.41
-1.70

421 4.39
0.07 6.24
0.03 -1.80

3.55
0.06
0.03

2.41
6.42
—-1.56

4.46
0.07
0.03

5.95
6.21
-1.63

4.69 6.90
0.07 6.17
0.02 -1.59

3.21
0.05
0.02

7.41
6.07
-1.56

2.60
0.04
0.02

9.99
5.91
-1.53

2.63
0.04
0.02

7.66
5.99
-1.47

2.60
0.04
0.02

10.30
5.86
-1.35

2.72
0.04
0.03

MO04
M04
MO04

alle-4
b/le-1
c/le-2

3.57
6.24
-1.80

4.76 1.87
0.08 6.15
0.03 -1.82

4.08
0.07
0.03

3.82
6.25
-1.65

3.93
0.06
0.02

3.90
6.05
-1.57

4.60 8.46
0.08 5.98
0.06 -1.58

4.65
0.08
0.02

4.29
5.92
-1.42

3.22
0.05
0.02

2.75
5.89
-1.45

3.28
0.05
0.02

1.85
5.89
-1.36

3.26
0.05
0.02

5.10
5.75
-1.24

3.20
0.05
0.02

MO05
MO05
MO05

al/le-4
b/le-1
clle-2

-3.97
6.45
-1.82

2.87 —4.25
0.05 6.48
0.03 -1.86

2.72
0.04
0.03

—4.44
6.68
-1.72

2.72
0.04
0.03

—7.54
6.42
-1.56

3.48 —4.09
0.06 6.39
0.03 -1.60

4.19
0.07
0.03

-5.41
6.26
-1.53

2.35
0.04
0.02

-3.33
6.10
-1.45

2.26
0.04
0.03

-4.51
6.17
-1.44

2.42
0.04
0.03

-4.58
6.11
-1.30

2.53
0.04
0.03

MO06
MO06
MO06

al/le-4
b/le-1
c/le-2

1.69
6.16
-1.74

2.84 0.74
0.04 6.22
0.03 -1.80

2.59
0.04
0.03

-0.00
6.33
-1.60

4.17
0.07
0.03

1.06
6.01
—-1.50

5.18 0.97
0.08 6.04
0.04 -1.44

3.49
0.06
0.03

0.33
5.92
-1.33

1.82
0.03
0.02

3.11
5.83
-1.38

1.80
0.03
0.02

-0.03
5.89
-1.35

1.76
0.03
0.02

1.37
5.75
-1.22

1.76
0.03
0.02

MO7
MO7
MO07

alle-4
b/le-1
c/le-2

1.71
6.10
-1.68

2.43 0.08
0.04 6.04
0.02 -1.64

2.18
0.04
0.02

0.77
6.18
-1.52

241
0.04
0.02

2.03
5.90
-1.39

3.25 224
0.05 6.02
0.02 -1.43

3.64
0.06
0.02

3.46
5.86
-1.32

1.82
0.03
0.02

5.46
5.77
-1.34

1.60
0.03
0.02

6.70
5.73
-1.36

1.65
0.03
0.02

6.91
5.62
-1.22

1.49
0.02
0.02

M08
M08
M08

al/le-4
b/le-1
c/le-2

13.91
5.76
-1.60

3.13 17.00
0.05 5.75
0.06 -1.70

2.98
0.05
0.05

14.04
5.81
-1.52

3.81
0.06
0.06

16.81
5.62
—-1.50

498 17.71
0.08 5.54
0.06 -1.50

2.95
0.05
0.05

17.29
5.46
-1.47

2.75
0.04
0.05

16.95
541
-1.45

2.29
0.04
0.05

15.92
5.34
-1.37

231
0.04
0.05

17.76
5.22
-1.28

2.43
0.04
0.05

M09
M09
M09

alle-4
b/le-1
clle-2

-1.26
5.96
-1.39

2.03 -0.43
0.03 5.95
0.04 -1.43

1.99
0.03
0.03

—2.68
5.98
-1.28

1.94
0.03
0.04

0.12
5.75
-1.24

1.67 0.96
0.03 5.77
0.04 -1.24

1.60
0.03
0.03

1.53
5.74
-1.18

1.53
0.02
0.04

1.09
5.64
-1.09

1.36
0.02
0.04

1.00
5.57
-1.06

111
0.02
0.03

0.27
5.53
-1.01

0.91
0.02
0.03

M10
M10
M10

al/le-4
b/le-1
c/le-2

14.36
6.01
-1.79

3.80 15.37
0.06 5.98
0.04 -1.83

3.39
0.05
0.04

15.65
6.04
-1.74

3.78
0.06
0.03

15.20
5.81
-1.73

4.85 18.06
0.08 5.86
0.03 -1.78

2.92
0.05
0.03

17.97
5.75
-1.74

2.67
0.04
0.03

19.34
5.72
-1.72

2.49
0.04
0.03

16.72
5.69
—-1.66

2.52
0.04
0.03

18.57
5.60
—-1.58

2.65
0.04
0.03

M11
M11
M11

alle-4
b/le-1
c/le-2

7.68
5.90
-1.59

5,51 2.98
0.09 5.94
0.04 -1.59

4.73
0.08
0.03

4.16
6.00
-1.55

4.57
0.07
0.03

3.38
5.81
-1.35

6.44 2.45
0.10 5.80
0.05 -1.36

4.86
0.08
0.03

4.27
5.67
-1.31

3.39
0.06
0.03

5.99
5.66
-1.35

3.36
0.05
0.02

5.03
5.61
-1.27

3.28
0.05
0.02

8.23
5.45
-1.18

3.05
0.05
0.02

M12
M12
M12

al/le-4
b/le-1
c/le-2

-3.00
6.06
-1.56

5.82 —2.08
0.09 5.96
0.05 -1.49

4.75
0.08
0.04

1.33
5.91
-1.45

4.29
0.07
0.05

4.98
5.82
-1.56

5.10 8.50
0.08 5.76
0.05 -1.69

4.02
0.06
0.03

-0.98
5.70
-1.35

3.17
0.05
0.04

2.94
5.58
-1.40

3.06
0.05
0.03

2.49
5.53
-1.34

2.71
0.04
0.03

2.77
5.48
-1.27

2.60
0.04
0.03

M13
M13
M13

alle-4
b/le-1
clle-2

-1.33
6.18
-1.49

4.57 0.41
0.08 6.12
0.04 -1.59

4.05
0.07
0.03

241
6.22
-1.53

4.07
0.07
0.04

-1.35
6.23
-1.54

4.89 2.44
0.08 6.04
0.07 -1.54

3.87
0.06
0.03

2.60
6.00
-1.57

3.22
0.05
0.02

4.14
5.94
-1.59

3.11
0.05
0.03

5.50
5.85
-1.53

2.95
0.05
0.03

5.83
5.71
—1.44

2.77
0.05
0.03

M14
M14
M14

al/le-4
b/le-1
c/le-2

0.35
5.91
-1.56

3.81 -0.57
0.06 5.98
0.04 -1.67

3.77
0.06
0.04

4.27
5.91
-1.65

3.61
0.06
0.04

3.01
5.76
-1.57

484 7.37
0.08 5.73
0.04 -1.64

4.78
0.08
0.03

2.58
5.78
-1.68

2.61
0.04
0.02

4.43
5.64
-1.61

2.19
0.04
0.03

5.43
5.59
-1.60

2.22
0.04
0.04

5.53
5.53
-1.51

2.19
0.04
0.04

M15
M15
M15

alle-4
b/le-1
c/le-2

1.33
5.62
-1.42

2.89 -0.59
0.05 5.78
0.04 -1.53

2.55
0.04
0.03

-3.57
5.83
-1.34

3.01
0.05
0.04

3.71
5.59
-1.53

5.82 -1.46
0.09 5.68
0.03 -1.42

2.36
0.04
0.03

-2.34
5.61
-1.32

1.73
0.03
0.03

-2.80
5.53
-1.27

1.71
0.03
0.03

-3.55
5.50
-1.21

1.68
0.03
0.03

-2.20
5.46
-1.13

1.64
0.03
0.03

M16
M16
M16

alle-4
b/le-1
c/le-2

9.81
5.44
-1.58

3.39 3.14
0.06 5.52
0.04 -1.52

3.06
0.05
0.03

0.38
5.55
-1.46

4.28
0.07
0.03

3.85
5.47
-1.51

3.48 6.30
0.06 5.29
0.03 -1.41

2.65
0.04
0.02

5.25
5.28
-1.36

2.13
0.04
0.02

2.32
5.19
-1.28

1.95
0.03
0.02

0.49
5.17
-1.21

1.90
0.03
0.02

1.14
5.09
-1.14

1.83
0.03
0.02

M17
M17
M17

al/le-4
b/le-1
c/le-2

-0.89
5.81
-1.54

3.92 -4.49
0.06 5.83
0.02 -1.52

3.39
0.06
0.02

-3.98
5.85
-1.41

3.71
0.06
0.02

—7.57
5.71
-1.25

4.51 -3.25
0.07 5.65
0.03 -1.33

2.74
0.05
0.02

-0.30
5.47
-1.22

2.47
0.04
0.01

-0.80
5.48
-1.21

2.36
0.04
0.02

—1.44
5.41
-1.16

2.17
0.04
0.01

-0.64
5.28
-1.08

2.08
0.03
0.02

M18
M18
M18

alle-4
b/le-1
c/le-2

—-1.88
5.64
-1.37

2.27 -5.55
0.04 5.68
0.02 -1.34

2.09
0.03
0.02

-5.94
5.81
-1.34

2.11
0.03
0.02

—-1.53
5.60
-1.29

2.53 -2.21
0.04 5.57
0.02 -1.20

3.35
0.05
0.02

-0.75
5.46
-1.13

1.52
0.02
0.02

-1.19
5.38
-1.11

1.52
0.02
0.02

0.24
5.38
-1.11

151
0.02
0.02

0.93
5.33
-1.05

1.53
0.02
0.02

M19
M19
M19

al/le-4
b/le-1
c/le-2

11.82
5.70
-1.76

2.94 6.55
0.05 5.88
0.03 -1.75

2.78
0.04
0.03

5.01
5.92
-1.59

3.51
0.06
0.03

10.73
5.67
-1.60

3.34 9.32
0.05 5.69
0.04 -1.57

2.79
0.04
0.03

8.64
5.61
—-1.50

2.51
0.04
0.03

10.22
5.48
-1.44

2.15
0.03
0.03

9.32
5.43
-1.36

2.21
0.04
0.03

11.03
5.30
-1.25

2.24
0.04
0.03
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Table 4 Details of Fitting Parameters of System Temperature fat@&Beams
- Freq (MHz)
Beam Paras—555 1100 1150 1200 1250 1300 1350 1400 1450
MO1 PR 494 0.01 583 0.01 436 0.01 424 003 435 0.02 3.60 001 3.10 0.01 276 0.01 2.00 0.01
mMo1 P 912 0.02 875 0.03 753 0.03 7.75 0.08 6.88 0.04 9.88 0.03 10.03 0.04 10.00 0.04 11.93 0.07
MO1 P 26.31 0.01 28.14 0.01 26.89 0.01 27.19 0.02 25.54 0.01 24.59 0.01 23.91 0.00 23.47 0.00 22.23 0.00
MO1 n 1.37 0.00 1.34 0.00 1.26 0.00 1.27 0.01 1.21 0.00 141 000 143 0.00 142 0.00 1.53 0.00
MO2 R 410 0.00 453 0.01 4.23 0.02 4.17 0.05 4.08 0.02 3.20 0.00 247 0.00 2.29 0.00 1.49 0.00
M02 P, 7.68 0.01 7.89 0.03 6.19 0.03 6.32 0.07 573 0.03 8.83 0.02 9.36 0.02 9.32 0.02 11.41 0.06
M02 P, 25.65 0.00 26.74 0.01 26.63 0.02 27.53 0.04 25.56 0.02 24.14 0.00 23.29 0.00 23.23 0.00 21.87 0.00
MO02 n 125 0.00 1.28 0.00 1.10 0.00 1.12 0.01 1.07 0.00 1.33 0.00 1.37 0.00 1.37 0.00 1.48 0.00
MO3 PR 489 0.01 522 0.01 492 0.02 431 0.02 470 0.02 3.69 0.01 3.10 0.00 2.80 0.01 2.01 0.01
MO3 P, 816 0.02 8.12 0.03 6.53 0.02 7.59 0.06 6.29 0.03 8.83 0.03 9.46 0.03 9.32 0.04 10.91 0.06
MO3 P, 27.87 0.01 28.30 0.01 27.66 0.01 27.93 0.02 26.41 0.02 24.67 0.01 23.34 0.00 23.22 0.01 21.86 0.00
MO3 n 129 0.00 1.29 0.00 1.15 0.00 1.25 0.01 1.12 0.00 1.33 0.00 1.39 0.00 1.37 0.00 1.46 0.00
M04 PR 423 0.00 500 0.01 352 0.01 324 0.02 360 0.01 270 0.00 242 0.00 2.08 0.00 1.31 0.00
MO04 P, 805 0.01 810 0.03 7.31 0.03 7.31 0.08 6.20 0.03 8.88 0.02 9.47 0.02 9.35 0.02 12.18 0.05
MO4 P, 26.10 0.00 27.88 0.01 26.48 0.01 27.47 0.02 26.43 0.01 25.13 0.00 24.59 0.00 23.92 0.00 22.13 0.00
MO4 n 130 0.00 1.31 0.00 1.26 0.00 1.25 0.01 1.15 0.00 1.36 0.00 1.40 0.00 1.40 0.00 1.56 0.00
MO5 PR 438 0.00 475 0.01 343 0.01 319 0.03 350 0.01 282 0.00 247 0.00 2.09 0.00 1.41 0.00
MO5 P 818 0.01 844 0.03 6.79 0.03 6.69 0.09 6.42 0.04 859 0.02 9.29 0.02 9.49 0.02 11.49 0.05
MO5 P 26.13 0.00 27.32 0.01 26.06 0.01 26.75 0.02 25.96 0.01 24.51 0.00 23.88 0.00 23.76 0.00 22.65 0.00
MO5 n 132 0.00 1.34 0.00 1.21 0.00 1.20 0.01 1.19 0.00 1.34 0.00 1.40 0.00 1.41 0.00 1.52 0.00
MO6 PR 528 0.01 6.22 0.02 454 0.02 429 0.03 465 0.02 3.77 0.01 328 0.01 299 0.01 223 0.01
MO6 P 9.01 0.03 849 0.04 7.29 0.05 796 0.08 7.25 0.04 9.39 0.04 10.41 0.05 10.16 0.06 11.65 0.09
MO6 P 27.57 0.01 29.40 0.02 27.50 0.02 28.62 0.03 26.86 0.02 25.10 0.01 24.27 0.01 23.75 0.01 22.46 0.01
MO6 n 1.35 0.00 1.32 0.00 1.23 0.00 1.27 0.01 1.22 0.00 1.37 0.00 145 0.00 142 0.00 1.50 0.00
MO7 R 3.72 0.00 4.43 0.02 344 0.02 3.34 0.03 3.38 0.01 288 0.00 224 0.00 195 0.00 1.25 0.00
MO7 P 878 0.02 815 0.05 6.38 0.04 6.94 0.08 6.41 0.03 9.30 0.02 10.59 0.03 10.72 0.04 13.50 0.10
MO7 P, 26.36 0.00 27.90 0.01 26.27 0.01 27.01 0.03 25.08 0.01 24.22 0.00 23.02 0.00 22.70 0.00 21.36 0.00
MO7 n 135 0.00 1.30 0.00 1.16 0.00 1.19 0.01 1.16 0.00 1.38 0.00 1.46 0.00 147 0.00 1.61 0.00
MO8 R 457 0.01 393 0.01 4.85 0.04 433 0.04 396 0.02 3.20 001 263 0.01 224 001 1.77 0.01
mMo8 P 7.17 0.02 7.87 0.03 578 0.02 6.80 0.06 6.40 0.03 8.69 0.03 9.06 0.05 9.87 0.06 11.21 0.09
MO8 P, 25.78 0.01 25.29 0.01 27.01 0.04 27.23 0.04 24.97 0.02 23.97 0.01 22.68 0.01 22.43 0.01 21.43 0.01
M08 n 1.17 0.00 125 0.00 1.02 0.00 1.14 0.01 1.10 0.00 1.30 0.00 1.34 0.00 1.38 0.00 1.46 0.00
MO9 R 347 0.01 353 0.01 328 0.02 3.28 0.02 3.18 0.02 261 001 207 001 1.72 0.00 1.26 0.00
M09 P, 8.88 0.02 9.0/ 0.05 7.01 0.05 856 0.10 7.15 0.06 11.58 0.07 12.20 0.09 13.30 0.11 17.47 0.22
M09 P, 25.34 0.00 25.91 0.01 25.78 0.01 26.73 0.02 25.03 0.02 24.10 0.01 23.22 0.01 22.99 0.00 21.81 0.00
MO9 n 134 0.00 136 0.00 1.20 0.00 1.33 0.01 1.22 0.01 151 0.00 155 0.00 1.60 0.01 1.76 0.01
M10 PR 396 0.00 3.79 0.01 3.68 0.01 349 0.02 342 0.01 280 0.00 233 0.00 1.93 0.00 1.41 0.00
M10 P, 6.83 0.01 7.30 0.01 543 0.01 6.64 0.04 578 0.02 7.75 0.01 841 0.02 859 0.02 10.30 0.03
M10 P, 25.98 0.00 26.39 0.00 26.23 0.01 26.51 0.01 24.95 0.01 23.77 0.00 23.21 0.00 22.64 0.00 21.54 0.00
M10 n 118 0.00 1.22 0.00 1.04 0.00 1.16 0.00 1.08 0.00 1.25 0.00 1.30 0.00 1.32 0.00 1.43 0.00
M1l PR 491 0.01 514 0.01 441 0.01 403 0.02 402 001 339 0.01 3.02 001 270 0.01 1.95 0.01
M11 P, 877 0.03 848 0.04 7.85 0.03 9.20 0.08 7.58 0.03 9.63 0.04 10.56 0.05 10.49 0.05 12.10 0.08
M11 P 27.18 0.01 28.28 0.01 27.61 0.01 27.91 0.02 25.57 0.01 24.46 0.01 24.18 0.01 24.07v 0.01 23.14 0.00
M11 n 133 0.00 1.31 0.00 126 0.00 1.35 0.01 1.24 0.00 1.38 0.00 1.45 0.00 1.44 0.00 1.52 0.00
M12 R 474 0.01 462 0.01 394 0.01 351 0.02 344 001 290 0.01 265 0.00 235 0.01 1.66 0.01
M12 P 744 0.02 782 0.02 7.00 0.02 836 0.09 6.68 0.03 830 0.03 885 0.03 839 0.03 9.72 0.06
M12 P, 2858 0.01 28.71 0.01 28.31 0.01 28.76 0.02 25.83 0.01 24.49 0.01 24.16 0.00 23.77 0.00 22.47 0.00
M12 n 124 0.00 1.28 0.00 1.20 0.00 1.30 0.01 1.18 0.00 1.30 0.00 1.35 0.00 1.31 0.00 1.39 0.00
M13 R 546 0.01 6.30 0.02 4.78 0.02 4.27 0.02 431 0.02 3.69 001 338 0.01 314 0.01 233 0.01
M13 P 862 0.04 7.76 0.04 753 0.03 890 0.08 7.41 0.04 9.08 0.05 892 0.05 9.00 0.05 10.57 0.08
M13 P 27.97 0.01 29.57 0.02 28.34 0.01 28.26 0.02 25.94 0.02 24.82 0.01 24.14 0.01 23.82 0.01 22.29 0.01
M13 n 132 0.00 1.26 0.00 1.23 0.00 1.34 0.01 1.23 0.00 1.34 0.00 1.34 0.00 1.34 0.00 144 0.01
M14 PR 476 0.01 518 0.02 4.32 0.03 3.33 0.03 3.68 0.02 292 001 256 001 239 001 1.73 0.01
M14 P 869 0.03 811 0.04 7.10 0.05 9.13 0.11 7.40 0.05 9.65 0.06 10.67 0.08 10.62 0.08 13.43 0.18
M14 P, 28.24 0.01 29.19 0.02 27.85 0.02 27.87 0.02 27.31 0.02 25.67 0.01 24.39 0.01 23.82 0.01 22.24 0.01
M14 n 132 0.00 127 0.00 1.19 0.00 1.34 0.01 1.20 0.00 1.35 0.00 1.44 0.00 142 0.00 155 0.01
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Table 4 Continued.

Freq (MHz)
1050 1100 1150 1200 1250 1300 1350 1400 1450

M15 R 4.13 0.00 4.73 0.01 433 0.01 348 0.02 3.26 0.01 256 0.00 2.32 0.00 2.15 0.00 1.39 0.00
M15 P 849 0.02 752 0.02 552 0.02 6.02 004 6.46 003 7.99 002 7.92 002 8.02 0.02 11.21 0.03
M15 P, 25.79 0.00 27.53 0.01 27.69 0.01 27.34 0.02 24.98 0.01 23.72 0.00 23.08 0.00 22.96 0.00 21.65 0.00
M15 135 0.00 1.27 000 1.09 000 1.12 0.00 1.20 0.00 1.29 0.00 1.29 0.00 1.30 0.00 1.51 0.00
M16 PR 6.83 0.03 7.12 0.03 6.59 0.03 573 0.05 565 0.03 4.64 002 417 0.02 4.00 0.02 3.23 0.02
M16 P. 869 0.05 850 0.05 754 0.04 836 0.08 757 0.05 9.72 0.07 9.71 0.08 9.69 0.08 10.65 0.11
M16 P, 29.72 0.03 30.43 0.03 29.61 0.03 29.14 0.05 27.19 0.03 25.36 0.02 24.23 0.02 24.15 0.02 23.00 0.02
M16 130 0.00 1.29 0.00 1.21 000 1.26 0.01 1.20 0.00 1.35 0.00 1.36 0.01 1.35 0.01 1.40 0.01
M17 PR 467 0.01 473 0.01 410 0.02 344 0.03 390 0.02 3.27 0.01 267 001 239 0.00 1.74 0.01
M17 P 7.77 0.02 762 0.03 593 0.03 6.74 0.07 6.02 0.03 820 0.02 8.84 0.04 8.68 0.03 9.45 0.05
M17 P, 27.07 0.01 27.82 0.01 26.74 0.02 27.70 0.03 26.60 0.02 25.23 0.01 23.98 0.01 23.48 0.00 22.20 0.01
M17 126 000 1.25 0.00 1.10 0.00 1.15 0.01 1.10 0.00 1.27 0.00 1.33 0.00 1.32 0.00 1.36 0.00
M18 PR 558 0.01 576 0.02 585 0.05 483 0.04 535 003 428 001 3.78 0.01 3.31 0.01 266 0.01
Mi18 P 737 002 7.36 0.02 566 0.03 7.19 0.06 6.14 0.02 7.95 0.02 8.05 0.03 8.52 0.03 9.23 0.04
M18 P, 28.15 0.01 29.09 0.02 29.67 0.06 29.79 0.04 27.99 0.03 25.97 0.01 24.88 0.01 24.46 0.01 23.24 0.01
M18 119 0.00 1.19 000 1.01 000 1.18 0.01 1.07 0.00 1.24 0.00 1.23 0.00 1.27 0.00 1.31 0.00
M19 R 456 0.02 436 0.02 470 0.03 410 0.03 4.13 0.02 3.38 0.01 282 0.01 252 001 196 0.01
M19 P, 861 0.06 9.10 0.05 7.01 0.04 858 0.09 7.50 0.04 11.19 0.07 11.27 0.09 11.59 0.11 13.00 0.18
M19 P, 27.90 0.02 27.57 0.02 28.21 0.03 28.10 0.03 25.91 0.02 24.49 0.01 23.51 0.01 23.29 0.01 21.95 0.01
M19 n 129 000 132 0.00 1.14 0.00 1.28 0.01 1.19 0.00 1.44 0.00 1.44 001 146 0.01 153 0.01

Beam Paras

=}

=}

=}

=}

Table 5 The gain information for 19 beams within ZA of 26.4The mean value of gain for Beam 1 is expressed in the unit gf K.J
For the other 18 beams, the ratio compared to the gain valbeash 1 at the same frequency is presented.

Gain (KJy 1)/ Ratio
1050 1100 1150 1200 1250 1300 1350 1400 1450

MO1 15.98 0.27 16.27 0.21 16.48 0.14 16.10 0.25 16.12 0.25 15.94 0.28 15.98 0.27 16.02 0.26 15.71 0.29
MO02 0.98 0.03 0.95 0.03 0.95 0.03 0.95 0.03 0.95 0.03 0.93 0.03 0.94 0.02 0.94 0.02 0.95 0.03
MO03 1.03 0.03 0.99 0.03 1.00 0.03 1.00 0.04 1.00 0.03 0.99 0.03 0.97 0.03 0.97 0.03 0.98 0.03
M04 1.01 0.04 0.97 0.03 098 0.03 0.97 0.04 097 0.04 096 0.03 0.95 0.03 0.95 0.03 0.95 0.03
MO5 1.02 0.03 1.01 0.02 1.03 0.02 1.00 0.03 1.00 0.03 0.99 0.02 0.97 0.02 0.98 0.02 0.98 0.03
MO6 0.99 0.03 0.98 0.02 098 0.03 0.96 0.04 096 0.03 0.95 0.02 0.94 0.02 0.94 0.02 0.94 0.02
MO7 0.98 0.02 0.95 0.02 0.96 0.02 0.94 0.03 0.96 0.03 0.95 0.02 0.94 0.02 0.93 0.02 0.93 0.02
M08 0.96 0.03 0.94 0.03 0.93 0.03 0.93 0.04 0.92 0.03 0.92 0.03 0.91 0.03 0.89 0.03 0.89 0.03
M09 0.95 0.02 0.94 0.02 092 0.02 091 0.02 0.92 0.02 0.93 0.02 0.91 0.02 0.89 0.02 0.90 0.02
M10 0.99 0.083 0.97 0.03 0.97 0.03 0.96 0.04 0.97 0.03 0.96 0.03 0.96 0.03 0.95 0.03 0.95 0.03
M1l 0.96 0.04 0.94 0.04 094 0.03 093 0.05 093 0.04 092 0.03 0.92 0.03 091 0.03 0.91 0.03
M12 096 0.05 0.93 0.04 0.92 0.03 0.94 0.04 0.94 0.03 0.91 0.03 0.90 0.03 0.89 0.02 0.90 0.03
M13 0.99 0.04 096 0.03 0.97 0.03 0.99 0.04 0.96 0.03 0.97 0.03 0.96 0.03 0.95 0.03 0.95 0.03
M14 095 0.03 0.94 0.03 0.93 0.03 0.92 0.04 0.93 0.04 0.93 0.03 0.92 0.02 0.91 0.02 0.91 0.02
M15 0.90 0.03 0.91 0.02 090 0.02 0.90 0.05 0.90 0.02 0.90 0.02 0.88 0.02 0.87 0.02 0.88 0.02
M16 0.90 0.03 0.88 0.02 0.86 0.03 0.88 0.03 0.86 0.02 0.86 0.02 0.84 0.02 0.83 0.02 0.83 0.02
M17 0.93 0.03 091 0.03 090 0.03 0.89 0.04 0.89 0.02 0.88 0.02 0.88 0.02 0.86 0.02 0.86 0.02
M18 0.90 0.02 0.88 0.02 0.89 0.02 0.89 0.02 0.88 0.03 0.87 0.02 0.86 0.02 0.86 0.02 0.87 0.02
M19 094 0.03 0.94 0.02 0.93 0.03 0.93 0.03 0.93 0.03 0.92 0.03 0.90 0.02 0.89 0.02 0.89 0.03

Beam

3 BACKEND A set of 30 min observations without injection of noise
N o _ signal was taken to test stability of the baseline. Averaged
3.1 Stability and Sensitivity of Spectral Baseline bandpass spectra per 5 min are displayed in Figure 13. The

L Ao .
Stability and sensitivity are two fundamental properties a variation of bandpass is 4% in 30 min.

sociated with spectral baseline. Stability representsutic In order to measure sensitivity performance of the
ation level of a baseline in a time range. Sensitivity reprebackend, noise signal as described in Section 2.1 was in-
sents response capability of a spectrometer. We estimatgetcted to calibrate observed spectra. Both noise signals
stability and sensitivity by taking observations toward th with high and low intensity were injected for 5 min. The u-
Hi galaxy NGC 672 in 2019 April 20. nit of the spectrum was then calibrated into kelvin through
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Fig.11 Measured curve as a function of ZAza at 1400 MHz for Beams 1, 2, 8 and 19. Fitting results when  26:4 and
za > 26:4 are represented with red and gold solid lines, respectively
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Fig. 12 Measuredlsys curve as a function of ZAza at 1400 MHz for Beams 1, 2, 8 and 19. The tting result is repreéed with a
red solid line.

the following transformation, andP, are power values when noise diode is on and of-
pcal f, respectively. As demonstrated in Figure 14, the derived
Ta = Teal pea peal ° Pca'; (8)  continuum levels under high and low noise injection are

on [0}

. . ) . consistent within 1%.
whereT, is calibrated antenna temperatufg, is noise

diode temperature as shown in Figure 1 and Figui,2.
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Fig. 13 Variance of spectral baseline toward NGC 672 in 30 min. Egeletsum is averaged in a time bin of 5 min.

Fig. 14 Calibrated H spectrum under high power céli¢e) and low power caldrange.

We estimated sensitivity with RMS of a spectrum. tent with that of theoretical value for both low and high
RMS is calculated with line-free frequency range. For theintensity noise injection.
total ON mode, the expected RMS of an averaged spectrum
of two polarizations 1 is connected with system tempera-
ture Tsys, channel resolution and integration time with

1 = Tsys= 2 . Periodicinjection of high and low noise
would lead to increase @iys by 5.4 Kand 0.5 K during an

3.2 Standing Waves

The antenna structure and radio frequency (RF) devices of
a radio telescope can cause re ection of electromagnetic

observation cycle (half time for cal ON and half time for . ,
. . . M) waves. The coherent superposition of the received
cal OFF), respectively. Comparison between obtained an : . .
signal and its re ected wave results in periodic uctua-

theoretical RMS is demonstrated in Table 6. It is obvious. ) o
. . tions in the frequency bandpass, which is called a “stand-

that performance of the 19 beam backend is very consis- P .
ing wave.” This is a common phenomenon seen in spec-
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troscopic observations with radio telescopes (i.e., Briggcrease the standing wave ripples. Figure 17 shows the s-

et al. 1997; Popping & Braun 2008). The major contribu-tanding wave test from the ON/OFF observation towards

tion to the standing wave for FAST is caused by re ectionJ073631.82+383058.3. The top and middle panels are the

between the dish and receiver cabin. The relation betweetalibrated bandpasses from the ON- and OFF- position-

the standing wave frequency and re ecting distance is givs respectively. The bottom panel is the ON-OFF calibrated

en by Equation (9) bandpass and a sine function tting result, which manifests
c a ripple amplitude of 15mK.

D= _—; 9 . _ .
2 f © Other testing observations were obtained toward NGC

whereD is the distance between the receiver cabin and thé718 under ON-OFF mode. As exhibited in Figure 18, the
dish, ¢ is the speed of light and f is the width of the amplitude of the standing wave varies with frequency.
frequency ripple. The value d is  138m for FAST,
leading to f 1MHz. At L-band, the corresponding
velocity width of f is  200kms !, which is located

Table 6 RMS value of 5min observations toward NGC 672.
Channel resolution is 0.476 kHz during calculation.

within the range of interest for extragalactic Bbserva- Cal Intensity Obt?i”g’ value The(or%ica' value

. m m

tions. Low 201 384
Efforts have been put into analyzing and minimizing High 48.0 47.7

the standing wave effects of FAST. To identify the major
contribution to the FAST standing wave, we checked the
bandpass when the receiver cabin was rising. The width of 3 p|arization
the frequency ripple varies with the cabin height following
the relation de ned by Equation 9. This experiment wasWe carried out FAST polarization observations of 3C 286
done with the cabin dock uncovered. Thus the ground rato measure the instrumental polarization of the telescope i
diation passing through the central hole of the dish serve®ct. 2018. 3C 286 is a standard polarization calibrator with
as the EM source for the standing wave. In Figure 15, thetable polarization degrees and polarization angles from 1
plots in the upper panels display the bandpass before thte 50 GHz (Perley & Butler 2013). 3C 286 was drifted at
cabin dock is covered with metal mesh and those from thearallactic angles of —-60, —30, 0, 30 and 60 degrees through
lower panel are after. The uctuation declines signi cantl the central beam of the 19-beam receiver. The strength of
when ground radiation is blocked out. the noise diode was set to 1 K with on-off period of 0.2 s.
Feed leakage emission can be another EM source fdrhe four correlations of the XX, YY, XY and YX signal-
the standing wave, since the horns emit an EM wave wheg were simultaneously recorded with ROACH backends in
the calibration noise diode is red up. Figure 15 exhibitsboth the spectral line modes of 500 MHz bandwidth and
the bandpasses with high power noise diode (left columi82 MHz bandwidth. The data reduction including the gain
plots) and with low power noise diode (right column plots).and phase calibration of the system, the calibration of the
It can be seen that the signal from the high power noiséour correlated spectra and the derivation of the instriumen
diode ( 10K) affects the bandpass uctuation, whereastal polarization using the data at ve parallactic angleswa
the low power signal ( 1K) does not. carried out with the RHSTK package. Figure 19 shows the
The standing wave at different ZAs has also beemmeasurements of the Stokes Q, U and V parameters of 3C
checked and yet no signicant difference was found.286 at ve parallactic angles. By tting the sinusoidal be-
Figure 16 features a comparison of the spectra bandpabksaviors of the Stokes parameters as functions of parallac-
from ZA = 2.7 and 36.7. The data are tted to a sine tic angles, the polarization degree and polarization angle
function. The major tting parameters are amplitude, phasef 3C 286 are 6.6% +/- 1.5 % and 33.4 +/- 6.4 degrees,
and period. The relative differences of those parameters arespectively. Our calibrated polarization results of 3@ 28
12.4%, 10.7% and 0.6% respectively. Stable ripple patternare close to the values of 9.47% +/- 0.02 % and 33 +/- 1 de-
are expected since the distance between the receiver cajrees in Perley & Butler (2013). The instrumental polariza-
in and the apex of the parabolic dish should remain untion parameters of FAST obtained from the data were close
changed during observing. to being unitary, indicating a good isolation between the t-
The bandpass difference is smaller when the ZA dif-wo signal paths of linear polarization feeds and a good per-
ference is smaller, so the ON/OFF position switch techformance of the polarization facility of FAST. We expect
nigue can be used to calibrate the baseline and to déhat with better characterization of the polarization prop
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Fig. 15 A comparison of the bandpass ripples befarpper panelsand after ower panel3 the cabin dock platform is covered with
metal mesh. Théeft panels feature high power noise diode injection anditjie panels demonstrate low noise power.

Fig. 16 Bandpass ripples at different ZAs. The blue line is the spetibbtained with drift-scan observation at ZA = 2and the red
line is that at ZA = 36.7. The dashed lines are the sine function tting results. Aéinbaseline removal was processed beforehand.
The intensity of the spectra is normalized and the unit itied power.

erties including the pointing accuracy, beam width, beant OBSERVATION
squint and beam squash of FAST, the polarization data will

be calibrated to an accuracy of 0.1%—0.01 %, in order t¢-1 Observation Modes
carry out scienti ¢ spectral line polarization observaitso

in the near future. Now there are eight observation modes in FAST. The de-

tails are listed in the following.
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Fig. 17 Standing wave test from the ON/OFF observation towards@®.82+383058.3. The top and middle panels are the cadibrat
bandpasses from ON- and OFF-positions. The bottom pankti©N-OFF calibrated bandpass with a linear baseline redndvee
sine function is t to the spectrum, which gives the ampliéuaf the standing wave 15mK.

1. Drifting scan. In this mode, the position of the feed OFF in order to reduce baseline variation. There are

cabin is xed. To avoid pointing offset by the cooling ve parameters in this mode.

of oil in the actuator, the actuators employed for shap- — Coordinate of ON position.

ing the paraboloid surface are adjusted continually to — Coordinate of OFF position. The position of OFF
keep the same paraboloidal shape in this mode. The source is designed to be within 1 degree from that
telescope points across the sky as the Earth rotates. of ON source.

There are four parameters in this mode, source name,  _ |ntegration time of ON source.

source coordinate in J2000 system, observational time — Integration time of OFF source.

range and rotation angle that represents the cross an-  — Times of ON-OFF cycle.

Q'e between the line 5_“0”9 beams 8, 2_' 1 Sand14and  oyerheadtime between ON and OFF position depends
line of Dec. The rotation angle has a limit of [-80,80] on separation of ON and OFF position, . It is 30's
degree. for < 20°andis 60s foRQ’ < 60

2. Total power. In this mode, the source can be tracked  parived RMS of each spectrum with both polarization-
continuously. Tracking time for a source at different ¢ 5 estimated with

latitude is plotted in Figure 20. Three parameters in-

cluding source name, coordinate and integration time = p=K; (11)
are needed. Derived RMS of the averaged spectrum for
both polarizations is estimated with, where =1.2Bhan . Benan is channel width of the spec-
trometer in the unit of Hz.
= pTSi K; (10) 4. On-the-y (OTF) mapping. This mode is designed for

2 mapping a sky area with Beam 1 only. Six parameter-
where =1.2Bhan - Behan is channel width of the spec- s are necessary for observation: source name, source
trometer in the unit of Hz. position, observational time range, sky coverage (e.g.,

3. Position switch. The design of position mode is to  7° 7° of the mapping region), scanning separation
achieve quick switch between source ON and source (e.g., ) between two parallel scanning lines and s-
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Fig. 18 Bandpass spectrum at different frequency ranges duringOBR-observations towards NGC 2718. The amplitudes of the
standing wave in frequency ranges of [1150,1158], [123/141367,1370] and [1432,1435] MHz are 15, 11, 22 and 9.5 reEpec-

tively.

Fig. 19 The measurements and ts for the Stokes Q, U and V paramete&€ @86 at ve parallactic angles of the 500 MHz band
(left) and the 32 MHz bandright). The red, green and blue data sets represent the Stokes Q' Y})U (2XY) and V (2YX) signals

normalized with respect to the Stokes | signals.

canning direction (along RA or Dec). Scanning speed
is 15 arcsec s* by default. The schematic diagram of

this mode is illustrated in Figure 21. 6.

5. MultiBeamOTF mapping. This mode is proposed to
map the sky with 19 beams simultaneously. Compared
to the OTF mapping, the MultiBeamOTF mapping
mode has a similar scanning trajectory but a larg-
er separation (e.g., 20 arcmin) between parallel scans.

Besides, the parameter of rotation angle is available in
this mode.

MutiBeamCalibration. In this mode, 19 beams will be
switched in sequence to track the calibrator, allowing
for quick calibration of the gain of 19 beams in 30
minutes. Switching time between two beams is 40s.
The integration time for each beam is a parameter that
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Fig.20 Maximum tracking time for source at specic Dec.
Results for ZA of 40 and 26.4 are represented with blue and
red, respectively.

o . Fig.21 Schematic diagram of OTF mode. The blue line repre-
needs to be set. The schematic diagram of this mode ignts scanning trajectory. The top and bottom panels shaw sc
drawn in Figure 22. information along RA and Dec directions, respectively.

7. BasketWeaving. This mode is to scan the sky a-
long a meridian line. Scanning speed ranges from 5
to 30arcsecs'. Setting parameters include starting
time, starting Dec, ending Dec and duration time.

8. Snapshot. This mode is utilized to fully map the sky in
a grid. This type of mapping is not a Nyquist sampling,
but could map a region with relatively deep integration
time. This is especially bene cial for pulsar searching.
As shown in Figure 23, movement of the 19 beam re-
ceiver would ensure fully covering the sky along the
same Galactic latitude. Necessary parameters include
source name, beginning and ending coordinates (RA
and Dec), observational time range and scanning speed
(less than 385 1).

The above modes are currently available for observation at

FAST. Fig.22 Schematic diagram of MutiBeamCalibration mode.
Green arrows represent the beam sequence for observinglthe ¢
4.2 Effect of Radio Frequency Interference ibrator.

The current observation hints that RFI in FAST data is
mainly divided into three types: narrow-band RFI, 1 MHz
wide RFI and some wider xed frequency RFI. Every type
is discussed in more detail below.

1. The narrow-band RFI has always been ubiquitous
through FAST data. We speculate that there are many
origins, like interference from instruments or local in-
uence of the telescope. For the FAST spectral data
with a frequency resolution of 0.48 kHz (divided into
one million channels in 500 MHz), they are extremely

narrow and mostly only appear on one or several chan-
nels. Some of the narrow-band RFI could have high
strength in a short integration time, but some of the
others are just like a faint bulge without a Gaussian
pro le. In some cases, the narrow-band RFI tends to
exhibit periodic variations in the time domain, which
might be found in pulsar data if its time resolution is
less than one second. The narrow-band RFI used to
cause a lot of trouble for the FAST data processing,
but it has now been resolved.
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the tremendous reduction provides great convenience for
the spectral line observation and identi cation. However,
some 1 MHz wide RFI and xed frequency RFI still exist

in the present data..

In order to study the in uence of human activities on

FAST data and RFI signal, we observed for 10 minutes

during daytime and nighttime in one day, supposing that

human activity changes with day and night. The source

of daytime observations was a quasar, observed at 15:00

on 2019 June 23. The night source was a star observed

at 20:00 on the same day. Considering the beam dilution
Fig. 23 Schematic diagram of snapshot mode. Blue line repretoward the point source and the extremely short integra-
sents moving direction of 19 beam receiver. Dashed redépe r tjon time, we can assume that no signal from the day and
resents the direction of one edge of the 19 beam receiveac@Gal iah id b ived far éissi
latitude line is represented with the solid red line. Thelarg- night sources cou e received except far emission
tween the dashed and solid red lines is 23.4 from the interstellar medium. Therefore, ignoring, Hl-
most all of the emission in the obtained spectra should be
) . _ . ) 'RFI. Figure 25 shows the comparison of daytime RFI with
which looks like a regular sinusoidal wave or a single . . _

nighttime RFI inL band. We can hardly see the narrow-

bump in FAST spectra. The big bump originates from S . .
P . P g . pong ... _band RFl emissioninthis gure, butthe 1 MHz wide RFIis
the superposition of some standing waves with differ-
. . . . ._always present throughout the bandpass. The total amount
ent amplitudes and periods. The typical width of this

. o of its signal is almost invariant, with no increase or reduc-
type of RFlis 1 or a few MHz. Existing-band obser- g

. - o o ._tion, but their central frequency slightly shifts from day t
vations indicate that their distributions in time domain . . .
. night. We magni ed the axes of the Figure 25 to check for
and frequency domain are not regular. . . .
. . . ... clearer movement, as displayed in the Figure 26. At the
3. The xed frequency RFl is due to satellite or civil avi- . . . S
i same time, the wider RFI from satellites and civil aviation
ation from the sky. It usually has a xed frequency . . . _
. . S . _is always located at the same frequency, just with a little
in a wider distribution, and has the strongest intensi- . .~ .
variation in intensity.

ty in the whole bandpass, even improving the base- ) )
line there. Its spectral pro le has a complex multi-peak Hoping to study the small frequency shitt of the 1 MHz

structure, and the width of one peak might be around'\’ide RFI as a result of the standing wave, we have drawn
20 MHz. The pro le and intensity of it varies slight- this exact movement in Figure 26. The center frequencies

ly in different observation times. In addition, the exis- of RFI are marked as dash-dotted lines, which reveals that

tence of such a suf ciently wide RFI may also be duethe systematic frequency shift of every RFI emission is all
to the higher sensitivity of FAST. It receives some VerygpprOX|mately 1MHzin the ggre, from daytime to night-
strong signal, which results in the frequency width ofime- However, the 1 MHz shift does not apply to other

the response signal exceeding the range of satellite sid:-AST observations. We have checked the spectral data tg—
nal on both sides ward other sources. For the same source observed on dif-

ferent days, this type of RFI moves in different directions

Since the successful installation of the EM shieldingin the frequency domain, but within a few MHz. However,
in April 2019, narrow-band RFI has been much reducedthis shift is uncorrelated with source selection, and only
Figure 24 demonstrates a comparison between the specti@dlanges in time. The current results imply that the direc-
results before and after installation of the EM shielding.tion to higher or lower frequency and the amplitude of such
They are observed on 2018 August 23 and 2019 April 2Gystematic shift in total bandpass is irregular. This behav
in 10 minute integrations each day toward TMC-1, withoutior is in line with our speculation: This type of RFI which
periodic noise injection. These two days' results exhibit aooks like a single bump is caused by the superposition of
signi cant decrease in RFI, suggesting the excellent tesulmultiple standing waves, and such a superposition would
of the EM shielding. For some narrow line-width sources,make the spectra ever-changing. We have used this sinu-
such as Taurus, their molecular line width is within severakoidal superposition to t the baseline and the RFI could
or dozens of frequency channels and their RFI problembe removed well. In the future, we will try to do more to
were previously very confusing. It is really satisfyingtha solve the problem of standing waves and RFI.

2. The 1 MHz wide RFI is caused by a standing wave
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Fig.24 Comparison of the spectral bandpass in 1000—-1500 Migp€r panél and for H spectrum at the frequency of 1420 MHz
(lower pane) toward TMC-1 on different days, 2018 August 26drked as blue lineand 2019 April 20 iharked as red ling

Fig. 25 Comparison of the bandpass in the daytime and nighttimeeeitih 10 minute integration. The nighttime spectrum is naarke
as a blue line and the daytime one is marked as a red line.

Fig. 26 Zooming in on theX andY axes in Fig. 25, the systemic shift of this wide RFI is plottedd lines represent daytime and blue
lines signify nighttime. The vertical dash-dotted linedioate the center frequencies of a single RFI signal, maitiegsy to see the
amplitude of the frequency shift from day to night.

5 SUMMARY 1%, leading to 2% accuracy in ux calibration
when pointing accuracy and beam size are included.
Spatial distribution and power pattern of 19 beams
within ZA of 26.4 were obtained by mapping obser-
vations toward 3C 454.3. Beam width of 19 beams is
1. The median power outputs of low and high noise  consistent with theoretical estimation.

diodes are around 1.1 and 12.5K respectively. The

measured temperature uctuation of a noise diode is

FAST has achieved its designed objectives. In this pa-,
per, we have presented the current status of FAST perfor-
mances. They are summarized as follows.



10.

. The aperture ef ciency as a function of ZA could be

. The system temperature as a function of ZA could be

. The standing wave has an amplitude 00.3% com-

. Derived polarization degree and polarization angle to-

. Eight observation modes including drifting scan, to-
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. Pointing errors of the 19-beam receiver in different sky 1.2f

positions are less than 9%6The standard deviation of
pointing errors is 7.9

tted with two linear lines at a speci ¢ frequency. It
stays almost constant with ZA of 26.4nd decreases
by 1/3 atZA of40.

Ratio

tted with a modi ed arctan function. This tting is

0.8k

valid for ZA within 40 . o
. Fluctuation of the baseline is aba¥b in 30 minutes.

RMS of the baseline satis es the expected sensitivity.

pared to continuum level. The amplitude and phase of
the standing wave would vary at different ZAs dur-
ing drifting. For position switch observations, stand-
ing wave of the residual ON-OFF spectrum would be
suppressed with amplitude of 0.02 K, which varies

at different frequencies.

Ratio
o

o
©

©
[od

S e R R R R R R R

ward 3C 286 with FAST aré:6  1:5% and 33.4 6.4
degrees, respectively. They are consistent with results

from previous study.

tal power, position switch, OTF, MultiBeamOTF,
MultiBeamCalibrtation, BasketWeaving and snapshot
are currently available for FAST observations.

RFI environment has been greatly improved in the last
18 months. Narrow RFI with several spectral channels
is reduced. More effort will be done for eliminating
broad RFI with width of 1 MHz.

0.8t
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Appendix A: ELECTRONIC GAIN

Ratio

0.8t

FLUCTUATIONS 0

Time (hour)

I T PR SRR PR

Fig. A.1 The electronic gain uctuations of the system over sev-
eral hours. They-axis represents the ratio of uctuations with
respect to the mean temperature over time of Beams 1, 2, 3,4, 5
6,7,8,9,10,11, 12,13, 15, 17 and 19.
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Appendix B: APERTURE EFFICIENCY

Fig. B.1 Measured curve as a function of ZAza at 1400 MHz

for Beams 3, 4, 5, 6, 7, 9, 10, 11, 12, 13, 14, 15, 16, 17 and 18.
Fitting results when za 26:4 and za > 26:4 are repre-
sented with red and gold solid lines, respectively.
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Fig.B.1 Continued.
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Appendix C: SYSTEM TEMPERATURE

Fig.C.1 MeasuredTsys curve as a function of ZA za at
1400 MHz for Beams 1, 2, 8 and 19. The tting result is rep-
resented with a red solid line.
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Fig. C.1 Continued.



64-28 P. Jiang et al. The Fundamental Performance of FAST with 19-beam RecaileBand

References Lu, J., Peng, B., Liu, K., et al. 2019a, Science China Physics

_ Mechanics, and Astronomy, 62, 959503
Briggs, F. H., Sorar, E., Kraan-Korteweg, R. C., &vanDrigl, |, 3 peng, B., Xu, R., et al. 2019b, Science China Physics,

1997, PASA, 14, 37 Mechanics, and Astronomy, 62, 959505
Calabretta, M. R., Staveley-Smith, L., & Barnes, D. G. 2014, Perley, R. A., & Butler, B. J. 2013, ApJS, 206, 16

PASA, 31, e007 Perley, R. A., & Butler, B. J. 2017, ApJS, 230, 7
Campbell, D. B. 2002, in Astronomical Society of the Paci ¢ popping, A., & Braun, R. 2008, A&A, 479, 903
Conference Series, 278, Measurement in Radio AstronomyQian, L., Pan, Z., Li, D., et al. 2019, Science China Physics,
eds. S. Stanimirovic, D. Altschuler, P. Goldsmith, & C. 8glt Mechanics, and Astronomy, 62, 959508
81 Smith, S. L., Dunning, A., Bowen, M., & Hellicar, A. 2016,
Condon, J. J., & Yin, Q. F. 2001, PASP, 113, 362 in 2016 IEEE International Symposium on Antennas and

Dunning, A., Bowen, M., Castillo, S., et al. 2017, in  propagation & USNC/URSI National Radio Science Meeting
XXXlind General Assembly and Scientic Symposium of  (APSURSI), Fajardo, 383

the International Union of Radio Science (URSI GASS), Wang, H., Zhu, W., Guo, P., et al. 2019, Science China Physics

Montreal, QC, 1 Mechanics, and Astronomy, 62, 959507
Heiles, C., Perillat, P., Nolan, M., et al. 2001, PASP, 113|71 Yu, Y.-Z., Peng, B., Liu, K., et al. 2019, Science China Pbysi
Jiang, P., Yue, Y., Gan, H., et al. 2019, Science China P8ysic  Mechanics, and Astronomy, 62, 959504

Mechanics, and Astronomy, 62, 959502 Zhang, K., Wu, J., Li, D., et al. 2019, Science China Physics,
Li, D., Wang, P., Qian, L., et al. 2018, IEEE Microwave |\/|echa_nicsl and Astronomy, 62’ 959506

Magazine, 19, 112



