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Stray radiation is a considerable challenge for radio telescopes, requiring careful assessment of its effects. This is cru-
cial when the strong background flux from side lobes significantly affects the total flux, especially for extended sources. In
this study, we introduced the beam pattern of the L-band receiver on the Five-hundred-meter Aperture Spherical Telescope
(FAST), covering various frequencies based on recent observations. We discovered that the main beam efficiency of all
beams exceeds 90% throughout the L band frequencies, with efficiency decreasing slowly as frequency increases. Subse-
quently, we developed a module to mitigate stray radiation effects, incorporating it into FAST’s standard HI data reduction
process, referred to as HiFAST. Our analysis shows that side lobe flux’s influence, particularly for extended sources with
significant surface density gradients, necessitates detailed evaluation. Corrections for the extended M33 galaxy can reach
up to 20%. Moreover, the pattern data presented here is vital for studying HI intensity maps at high redshift. The module,
along with HiFAST and beam pattern data across 15 frequency bins, can be accessed at https://hifast.readthedocs.io. The
datasets of beam pattern presented in this paper are openly available at https://doi.org/10.57760/sciencedb.j00113.00266.

Keywords: radio lines, galaxies — radio continuum, galaxies — methods, data analysis
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1. Introduction

A single-dish radio telescope responds to a point source
as a point spread function (PSF). The ideal PSF is an Airy disc
featuring a central maximum and diffraction rings, referred
to as the main beam and sidelobes in a radio telescope. In
practice, the side lobes of a real telescope are higher due to
obstructions from the feed cabin and the supporting legs on
the reflector. Emissions entering the receiver via the antenna’s
side lobes are considered stray radiation; thus, side lobes are
also called stray patterns.

At present, FAST is equipped with a 19-beam L-band re-
ceiver. The beam positions in the focal plane differ from each
other, and each beam has its own distinct beam pattern. When
a source is observed with multiple beams, the final spectrum is
obtained by integrating the signals from all these beams. This
makes correcting for stray radiation a big challenge.

FAST uses six steel cables to support the feed cabin,
which has a diameter of 13 m.[!! The cable-supporting struc-
ture and the relatively smaller size of the feed cabin reduced
the shielding effect on the reflector. With the reduced shield-
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ing effect, the stray radiation of FAST has diminished, and a
higher main beam efficiency can be achieved.

At 3 GHz, the simulation of the FAST beam pattern?! in-
dicates that the side lobes are 40 dB weaker compared to the
peak of the main beam when the bias angle surpasses 0.1°. For
our analysis, we applied the GRASP package to simulate the
beam pattern at 1.4 GHz. At this lower frequency, the beam
size increases, and the side lobes are approximately 30 dB
weaker than the peak of the main beam when measured at 10
arcmin. Test results suggest'?! that beyond 10 arcmin from the
source, the stray pattern is not detectable. Excluding far side
lobes satisfies accuracy requirements, as their stray radiation is
negligible compared to that of near side lobes. Nevertheless, it
remains crucial to assess the distribution of the main and side
lobes for various beams and across diverse frequency bands
using actual observational data. This paper aims to provide
vital and foundational information for all users.

Moreover, while the side lobes do not significantly im-
pact the functionality of the FAST telescope, stray radiation
remains a considerable threat when observing the HT 21 cm
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spectral line. This concern arises from the widespread and
strong H T emission of the Milky Way, which enters through
the side lobes and remains noticeable for the observation of lo-
cal sources. Previous studies on H1 emissions from the Milky
Way have implemented stray radiation correction methods*~"1
due to the pervasive nature of Milky Way HT emission origi-
nating from all areas of the sky. In addition to diffuse H I emis-
sion from the Milky Way covering the entire celestial expanse,
extended sources that can be spatially resolved by FAST are
susceptible to the effects of stray radiation as well. For ex-
tended sources, the distribution of radiation intensity within
the source is altered, since stray radiation at any given loca-
tion stems from other locations. Our stray radiation correction
technique is designed to mitigate the impact.

Kalberla er al.!¥ first developed a method to obtain the
true brightness temperature from the measured antenna tem-
perature, which is mixed with stray radiation. The method es-
timates the fraction of stray radiation for a point and subtracts
that fraction. Subsequently, stray radiation corrections were
implemented by Hartmann et al.’! and Kalberla et al.®! on
the Dwingeloo telescope, by Higgs et al.!® on the 26-meter
telescope at the Dominion Radio Astrophysical Observatory,
by Bajaja et al.!”! on the 30-meter telescope at Villa Elisa,
by Kalberla et al.!”) on the Parkes telescope, by Boothroyd et
al.l"% on the Green Bank Telescope, and by Winkel et al.!'!]
on the Effelsberg telescope. These efforts achieved a more ac-
curate mapping of the Milky Way’s neutral hydrogen through
the application of stray radiation correction, a method that can
also be applied to study extra-galactic objects.

Xu et al."’! observed the HT of Stephan’s Quintet with
FAST and detected the surrounding HT gas of the galaxy
group. Stray radiation correction was applied to the obser-
vation to demonstrate that the signal originated from the sur-
rounding gas and not from the artificial signal of the stray ra-
diation from the galaxies. They deconvolved the H 1 map with
the main beam pattern of the central beam of the FAST 19-
beam receiver and estimated the fraction of stray radiation.
Their estimate of the stray radiation is especially applied on
tracking observation mode.

In this study, we aim to evaluate the patterns of the main
and side lobes of the L-band receiver on FAST and employ
the algorithm originally developed by Kalberla ez al.™*! to ad-
just for stray radiation. These results will enhance a mod-
ule within the comprehensive H1 pipeline, HiFAST, which
serves as an H I data calibration and imaging tool for FAST.[13]
This pipeline involves frequency-dependent noise diode cali-
bration, band-pass calibration, baseline fitting, standing wave
removal, !4 as well as flux and gain-curve calibration, > cul-
minating in stray radiation correction and the gridding neces-
sary to generate a data cube.

This paper is organised as follows. In Section 2, we be-
gin by presenting the observational data and methodological
framework. Section 3 details our results, while Section 4 pro-
vides the discussion and conclusions.

2. Observations and method
2.1. Observational data

The data used in this paper include the scan data of the
strong continuum point source to measure the beam patterns
of the 19 beam receivers and the data to evaluate the perfor-
mance of our algorithm, examining both the accuracy and the
effect of stray radiation correction on extended sources.

To map the beam pattern, we observed the radio galaxy
PKS 0531+19 on March 7, 19, 20, and 21, 2023, using On-
TheFlyMapping mode with a scanning speed of 15 arcmin per
minute and a scan gap of 1 arcmin. To achieve a high spa-
tial sampling rate, the four observations were performed with
scanning paths offset by 15 arcsec from one another. We ap-
plied our correction algorithm using observations of M33, con-
ducted in drift mode from November 21, 2021, to February
6, 2022. During these observations of M33, the rotation an-
gle and sampling time were adjusted to adhere to the Nyquist
sampling criterion.

2.2. Beams patterns of FAST 19-beam receiver

Operating in the 1050-1450 MHz band, the L-band 19-
beam receiver provides coverage of the 21 cm HT emission
line. We divide the FAST 19 beams into four rings in the fol-
lowing discussion. Beam MOI is positioned centrally; beams
MO2 to MO7 are located on the first ring, and beams MOS8 to
M19 form the second and third rings. Beams in the first ring
are approximately 5.8 arcmin from the central beam, while
those in the second and third rings are roughly 10.0 arcmin and
11.6 arcmin away, respectively. Radio telescopes detect sig-
nals based on the point spread function (PSF), which is influ-
enced by the telescope’s physical configuration. Jiang et al.l’!
characterised the pattern, including the main and side lobes,
for the 19-beam receiver. We have refined the beam pattern us-
ing new observational data. The beam pattern was analysed in
two frequency ranges: 1050—-1110 MHz and 1330-1430 MHz.
Especially, Fig. 1 illustrates the spatial layout of all 19 beams
and their patterns at four distinct distances from the central
beam at the frequency band from 1390 MHz to 1410 MHz.
The central beam MO1 features the lowest sidelobe level. Be-
cause the beam pattern and efficiency vary with position in
the focal-plane array, MO1 denotes the central beam. We de-
fine dyo;1 as the angular separation between a given beam and
the central beam MO1 in the sky. As dpo; increases, the asym-
metrical coma aberration in the main beam becomes more pro-
nounced, and the side lobe flux fraction also rises.
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Fig. 1. (a) The configuration of FAST 19 beams. (b) The beam patterns of 4 beams at the frequency band from 1390 MHz to 1410 MHz.
MOL is the central beam. MO0?2 is located on the first ring. M09 and MOS8 are on the second and the third rings with dyjo; of 10.0 arcmin and
11.6 arcmin, respectively. The beam patterns are obtained from the observation of PKS 0531+19.
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Fig. 2. Normalized beam patterns of beams 01, 02, 11, and 08 across four frequency bands. The patterns are centered at 1050 MHz, 1110 MHz,

1330 MHz, and 1440 MHz, each integrated over a 20 MHz bandwidth.

These beams are located at different rings with angular offsets (dmpo1) of 0,

5.8 arcmin, 10.0 arcmin, and 11.6 arcmin, respectively. The color scale represents the signal intensity, normalized to the peak value of each panel.

Typically, the antenna pattern P(x,y) is determined by ob-
serving a radio source, and this pattern emerges from convolv-

ing the source with the beam pattern. When the source’s an-

gular size is much smaller than that of the beam, the resultant
convolved pattern closely resembles the beam pattern itself.

Consequently, it is critical that the source used for beam pat-
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tern measurement meets specific criteria. The source should
be sufficiently small in size. The perceived beam pattern is a
convolution of the beam’s PSF and the source, and a smaller
source size results in a convoluted outcome that closely mir-
rors the PSF. Moreover, the source’s flux should be ample
enough to render the sidelobe distinguishable. The source
must also be isolated, as other sources within 10 arcmin could
affect the detected sidelobe. We used data from NVSS!!0! to
assist in selecting the source. Through this data, we can evalu-
ate the source’s flux and environment. At 1.4 GHz, the NVSS
cube data reveal a FWHM beam size of 45 arcsec, roughly a
quarter of the size of the FAST beam. Therefore, if a source is
not resolved in the NVSS cube data, its size will be consider-
ably smaller than both the NVSS and FAST beam sizes. Ac-
cording to optical observations,!!” the source we chose, PKS
0531+19, has a major axis of 0.34 arcmin and a minor axis of
0.22 arcmin.

The mapping was carried out using on-the-fly scanning.
The row spacing (15 arcsec) and the along-scan sampling in-
terval (7.5 arcsec) were both set to be well below the Nyquist
sampling requirement (~ 1.5 arcmin), ensuring sufficient spa-
tial oversampling of the beam. After baseline subtraction to
remove instrumental and sky background contributions, the
calibrated data were gridded into two-dimensional maps and
normalized to the peak response to obtain the antenna pattern
P(x,y).

In Fig. 2, we present the beam patterns for four beams
across four frequency bands: beam MOI is positioned cen-
trally, beam MO?2 lies in the first ring, and beams M09 and M08
are situated in the second and third rings. Beam MO01 exhibits a
nearly symmetrical pattern; however, the main- and side-lobe
patterns of the other three beams are slightly off-centre, lead-
ing to some asymmetry. The patterns also vary with frequency,
as at lower frequencies, the flux from the side lobes becomes
slightly stronger. In addition, the beam size shows a frequency
dependence, increasing slightly toward lower frequencies as
the wavelength becomes longer. This effect should be taken
into account when intensity maps are used to derive the varia-
tion of the H I fraction with redshift, for which beam patterns
at the corresponding frequencies are required. Here, only four
beams over four frequencies are presented for illustration. The
beam patterns are measured for all beams, covering two fre-
quency ranges: 1050-1110 MHz and 1330-1430 MHz. All
the datasets of beam patterns presented in this paper are com-
piled in the supplementary materials in FITS format.

2.3. Correction algorithm

Kalberla er al.'*) introduced a technique aimed at mini-
mizing stray radiation. This stray radiation algorithm has been
implemented in various single-dish telescopes.>~’! We em-
ploy this algorithm to adjust for stray radiation in the FAST

single dish. The antenna captures brightness temperature
T,(x,y) from the sources. The expression for T,(x,y) is the
convolution of the actual brightness temperature T;,(x,y) and
the antenna pattern P(x,y), represented as

Ta(x,y) = /Tb(XCy’)P(x—x’,y—y’)dX’dy’- (1

When the source’s angular size is smaller than the beam
size, the observed convoluted pattern will resemble the beam
pattern. The antenna pattern P(x,y) can be obtained from
beam-mapping observations of a strong, compact flux cali-
brator. The detailed observational implementation and data-
reduction procedure adopted in this work are described in Sub-
section 2.2. It is normalized such that [[P(x,y)dxdy = 1.
Normally, P(x,y) can be divided into two spatial regions: the
main beam (MB) and the stray pattern (SP) components, given
by [P(x,y)dxdy = [ P(x,y)dxdy+ [ P(x,y)dxdy. The
boundary between the main beam and the stray pattern is de-
termined by the position of the first minimum from the center
outward. With the beam pattern, by area, it can be segregated
into the main beam and side lobes, enabling the equation to be
reformulated as

Ti(x,y) = /(mb) Px—x',y—y)L(x',y)dx'dy

+ ( )P(x—XCy—y’)Tb(X’yy’)dX’dy'- 2
sp

The main beam efficiency could then be defined as
Mo = / P(x,y)dxdy. 3)
(mb)

Since the beam pattern is normalized to unity, the main beam
efficiency, as defined here, is less than one. The main beam ef-
ficiencies of the 19 beams are measured in the frequency range
from 1400 MHz to 1420 MHz, based on our observations, as
shown in Fig. 3. The npp of the central beam MO1 can reach
0.97, and the My, of beams located on the outermost rings is
around 0.92. We also measured the change of main beam effi-
ciency with frequency, which is shown in Fig. 4.

0.98

0.97
0.96
0.95
0.94
0.93
0.92

Main beam efficiency

0.91

01 0203 04 05 06 07 08 09 101112 1314 15 1617 18 19
Beam

Fig. 3. Main beam efficiency of 19 beams measured in the frequency
range from 1400 MHz to 1420 MHz.
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Fig. 4. The main beam efficiency (nvp) of the 19 beams (M01-M19) as a function of frequency. The beams are color-coded as follows: MO1
is shown in blue; M02-MO7 in green; beams on the second ring (M08-M19, odd-numbered) in orange; and beams on the third ring (M08-M19,
even-numbered) in red. The x-axis is discontinuous to exclude the frequency range affected by radio frequency interference (RFI).

Since the telescope cannot resolve fluctuations in the
brightness temperature within its beam, it is reasonable to
assume that the spatial variation of 7} across the beam
is small.  Consequently, the integral [, P(x —xy—
y) Tv(x',y’) dx’ dy’, which represents the convolution of the
beam pattern with the brightness temperature distribution, can
be approximated by the product Ny Ty (x,y), reflecting the
fraction of the brightness temperature detected within the main

beam. Accordingly, the expression for T, can be rewritten as

Ta(x,y)
= M To(ny)+ | Pr—xy =) R y) ddy, @)
sp
where the second term accounts for the contribution from the
side lobes.
Consequently, the formulation for the true brightness
temperature of the source, denoted as Ty (x,y), can be artic-
ulated as follows:

To(x,y)
_ Ta(xvy) 7L P(X*)C/,y*y/)Tb()C/,yl)d)C,dy/. (5)
Nmb Mmb J (sp)

Here, the contribution from the sidelobes is expressed as a
spatial integral over Tj(x,y) weighted by the stray pattern.
Ty(x,y) can be interpreted as the average brightness temper-
ature within the main beam. T;, can be regarded as T;, since
we cannot resolve any details of 7;, within the beam size. By
substituting Ty, (x,y) with Ty, (x,y), the equation transforms into
a Fredholm integral equation. This transformation enables the
equation to be solvable when the condition Ny, > 0.5 is met,
unleashing its potential for analysis.

Ty(x,y)

Tb(X,y) = Nimb

~ L[ Py )Ty 6)
Tmb J/(sp)

In Eq. (6), both sides contain the term 7. The T;(x,y)
on the left-hand side represents the brightness temperature af-
ter the stray radiation correction, which is the quantity we aim
to derive. In contrast, Ty (x’,y’) on the right-hand side refers
to the input sky brightness temperature, which remains un-
known at this stage. Typically, we substitute the unknown
input sky brightness temperature Ty,(x’,y’) with the known an-
tenna temperature 7, (x’,y"). This swap has a minimal effect on
the correction accuracy since the difference between T,(x',y')
and Ty,(x’,y’) is minor. Though solving Eq. (6) precisely can
be done through iteration, in our scenario where Ny, > 0.9, an
accurate Ty, (x,y) estimate does not require repeated iterations;
we will delve into this in Section 3. Hartmann et al.l®! out-
line a method using the resolve-kernel derived from the beam
pattern. Mathematically, iteration results equate to using the
resolving-kernel when dealing with a single beam.

In a multi-beam system, each beam exhibits distinct char-
acteristics in terms of pattern shape and side-lobe orientation,
as described in Subsection 2.2. During observations, these
beams cover different regions of the sky, and the data from
each beam are recorded separately. The signals received by
each beam contain both direct and stray radiation components.
To correct for stray radiation, we construct an input sky map
that incorporates the antenna pattern of all beams through a
gridding process. Stray radiation correction is then applied in-
dividually to the data from each beam by comparing the input
sky map with the corresponding beam pattern. The corrected
data from all beams are subsequently combined into a single
FITS cube using the HiFAST pipeline. If higher precision is
required, the newly generated sky map can serve as the input
brightness temperature for another iteration of correction.
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3. Results

In this section, we will explain how correcting stray radi-
ation affects observational results.

We evaluated the impact of stray radiation correction on
typical point sources, such as galaxies or other compact ob-
jects whose angular diameters are smaller than the beam size
of the FAST. Stray radiation tends to scatter a portion of the in-

Modified
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coming signal, resulting in a slight reduction in the main beam
intensity within the region of interest. These sources usually
do not create stray radiation that is distinguishable from noise.
And if there is no strong background radiation nearby, and
the flux from the side lobes is very weak, then the correla-
tion of the stray radiation is insignificant compared with the
background noise, and we can pick up a small signal from the

radiation.
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Fig. 5. Stray radiation correction effects on the observational data of M33 at the barycentric velocity of —100 km-s~!. (a) Modified data after
stray radiation correction. (b) Original data. (c) Difference between modified and original data. (d) The fraction of stray radiation correction.
Contours represent flux levels at 0.01, 0.02, 0.04, 0.08, 0.16, 0.32, 0.64, and 1.28 Jy~beam", The color map shows the ratio of flux increment

and decrement after stray radiation correction.

The compactness of stray radiation correction is signifi-
cant for extended sources. Typically, the observed flux from a
specific sky pointing is a combination of the main beam’s flux
at its closest locations and contributions from the sidelobes of
nearby sources or background radiation. Correcting the main
beam efficiency will lead to an increase in flux, whereas ad-
justing for the side lobes will reduce the total flux. When ex-
amining points across the sky, if the average flux in a nearby
area is lower than the flux of the target point, the main beam
frequency correction will dominate, resulting in an increased
corrected flux. Conversely, if the nearby average flux is higher,
the sidelobe correction prevails, and the total flux decreases.
Figure 5 presents the flux distribution in the form of a contour
map with colour-coded stray radiation corrections for the M33
I, Additionally, the ze-
roth moments before and after the correction, as well as their

region at a velocity of —100 km-s™

difference, are depicted. Across the entire extended source,
we observe an increase in flux ranging from a few percent to
10 percent. However, in areas with steep gradients near the
peak, where side lobe contributions from the peak are signif-

icant, the total flux decreases by several percent, and in some
cases, by more than 10 percent. These findings underscore the
importance of stray radiation correction for extended sources,
particularly in regions close to a strong H 1 region.

Figure 6 illustrates the pixel flux in the zeroth moment
of M33 both before and after correcting for stray radiation.
Most pixels experienced an increase in flux post-correction;
however, some showed a decrease. The pixels aligned along
the line exhibit a slope marginally exceeding 1, approximately
1.06. A linear fit was applied to the data, yielding a slope of
1.034.

When solving Eq. (6) using iterative methods, the number
of iterations influences the accuracy of the solution. Gener-
ally, increasing iterations enhances the correction’s precision
but also requires more time and may yield only minor im-
To examine this effect, we utilized the M33
observational data. Let 7, represent the initial antenna temper-
ature and T;, the sky’s brightness temperature. The corrected
temperature is indicated as 7, where n denotes the iteration
count. For the initial correction, 7, was used as the input

provements.
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sky brightness temperature 7T;,, resulting in the brightness
temperature 77. This 77 is closer to the required brightness
temperature Ty, than T, as it is the outcome of stray radiation
correction. We subsequently used 7 to obtain 7, and con-
tinued similarly for 73. The process was halted at 73 as the
difference between 75 and 73 became much smaller than the
difference between T; and 7. We evaluated the spectra of
adjusted 77 and T3 against the original 7, spectrum at a point
containing both the M33 and Milky Way signals. We calcu-
lated the root-mean-square (RMS) of the spectral differences
within the velocity range —200 km-s~! to 20 km-s~!. We ob-
tained RMS(T, — T3) = 3.25 x 1073 Jy-beam ! and RMS(7;, —
T1) = 3.19 x 1073 Jy-beam™!. Meanwhile, the changes be-
tween iterations are much smaller: RMS(7> —T7) = 9.22 x
1073 Jy-beam ™! and RMS(T; — T3) = 6.53 x 107> Jy-beam .
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Fig. 6. Comparison between the flux of each pixel in the zeroth mo-
ment of M33. The X axis represents flux before correction. The Y axis
represents flux after correction. The yellow line represents X =Y. Dots
represent the flux in each pixel before and after correction. The green
line represents its linear fit.
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Fig. 7. The difference between the original spectrum and the spec-
trum underwent one-time correction and three times iteration correc-
tion. (a) The spectrum between —200 km-s~! and 20 km-s~!. The
emissions of M33 (left peak) and the Milky Way (right peak) are in-
cluded. (b) Differences between T,, T}, and T3. The blue line represents
T3 — T,, the orange line for 73 — 77, and the green dash line for zero.
(c) The ratio of the difference between T3 and T; to T3. The blue line
stands for (73 — 7,) /T3 and the orange line stands for (73 —T1)/T5. T»
is not shown because it is nearly indistinguishable from 73.

These results show that 7] already approaches the converged
solution closely, and the additional improvement from further
iterations is at the sub-percent level relative to the first correc-
tion. Figure 7 displays the spectral differences. In this fre-
quency range, after the third iteration of stray radiation cor-
rection, 73 showed a few percent increase over 7,, while T;
differed slightly from 73. According to the theory and results,
the first iteration accounts for over 90% of the flux change
toward convergence, making the initial iteration of stray radi-
ation correction sufficient for most cases.

4. Discussion and conclusion

Stray radiation from radio telescopes can be received
through both the main beam and the sidelobes.

When a telescope is pointed away from a source, that
source may still align with the telescope’s sidelobes. Con-
sequently, the flux from the source is incorrectly recorded as
coming from the main beam’s current (off-source) position.
This leads to an underestimation of the total flux when the
telescope actually targets the source, as that ‘leaked’” flux is
lost from the measurement. Despite the initial design of FAST
to minimise this issue, approximately 2% to 7% of the total
flux will still be scattered into sidelobes, according to our ob-
servations of strong radio sources. This fraction depends on
the configuration of beams in the L-band 19-beam receiver and
increases as the beam moves away from the central beam.

We carry out the correction for stray radiation on a per-
beam basis due to the varying beam patterns and 7y, val-
ues. To evaluate the impact of this correction, we compare
the measurements before and after the adjustment. For ex-
tended sources, flux levels will exhibit fluctuations at different
locations after correction.

By applying this method to FAST, we find that the ap-
proach is highly effective when the main-beam efficiency is
high. In practice, a single iteration typically suffices for con-
vergence, as demonstrated by our results. This behavior high-
lights the importance of high main-beam efficiency and sug-
gests that future radio telescopes may benefit from adopting
receivers designed with high main-beam efficiency.

Beyond its performance on FAST, the stray-radiation cor-
rection module, together with the HiFAST processing mod-
ule, is open source. The HiFAST package is designed with a
modular structure and can be ported to other radio telescopes
that employ similar observing modes and data formats. There-
fore, the strategy presented here is not limited to FAST, but can
be transplanted and adapted to other facilities with appropriate
beam models and survey data.

Data availability statement

The beam patterns, consisting of 19 beams covering
two frequency ranges 1050-1140 MHz and 1330-1420 MHz,
could be accessed on the stray radiation page of the
hifast website and Science Data Bank.
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