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THE FUTURE OF RADIO ASTRONOMY

e Pulsars are radio-
bright, rapidly rotating

neutron stars

PULSARS

e Signals look periodic

due to Earth passing
through radio beam

e Signals have a wide
bandwidth (important

later)

open ,
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Image credit: Lorimer & Kramer (2005)
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PULSAR TIMING

e Tend to slow rotation -
over time (typical Spin- * AXP or SGR with pulsations

v High-ene
10 gy

down rate ~10-15) + Bioy
e Fastest-rotating pulsars g
have more stable periods 5 .
e “Glitches” can _;f , :
spontaneously increase i
rotation speed T
* |n general, pulsars are 30 -25 20 -15 -0 -05 00 05 10 15

Logo P (s)

good clocks

Image credit: Carroll & Ostlie (2017)
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PULSAR TIMING
e Tend to slow rotation
over time (typical spin- A
89.2614 — -l
down rate ~10-15) W
L f'i‘ 3
* Fastest-rotating pulsars  _ L
have more stable periods = SRR # )
g 4;#* #"*
e “Glitches” can ) & .
v i 89.2610 - ‘F" #4* B
spontaneously increase #
rotation speed * “
* |n general, pulsars are P e W s e

Time (days) after JD = 2445165.0

good clocks

Image credit: Carroll & Ostlie (2017)
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GRAVITATIONAL WAVES

® Spacetime forms a
tabric that is curved by
mass (imagine bowling
balls on a bedsheet)

e GWs are propagating
disturbances in
gravitational fields

® Expansion and (2-dimensional representation)
contraction of space

GIF credit: NASA/JPL
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GRAVITATIONAL WAVE DETECTION

o LIGO (~2002, laser
interferometer)

o LISA (future space
interferometer)

® Pulsar timing
probes nanohertz-
frequency GWs
® Current telescopes

not sensitive enough
to detect GW signals

The Gravitational Wave Spectrum

Quantum fluctuations in early universe
< >

Binary Supermassive Black
Holes in galactic nuclei

v <t >
Q - .
8 Compact Binaries in our
| Galaxy & beyond
o) < 3
s Compact objects
captured by
Supermassive Rotating NS,
Black Holes Supernovae
: age of — —>
wave period -
universe years hours secC ms
B | I
R | I
log(f) -16 -14  -12  -10 -8 -6 -4 -2 0 +2
<+—> +—> 4> —>
7)) Cosmic Microwave Pulsar Timing Space Terrestrial
5 Background Interferometers Interferometers
= Polarization
O -
Q
o
Q
()

Credit: NASA / WMAP Sdence Team

Image credit: NASA/ESA through LISA website
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GW DETECTION WITH PULSARS

e Radio telescopes
measure signal
times of arrival
(TOAS) from an

array of pulsars

® Subtract predicted
TOAs to get residuals

e Correlated

residuals... possible
GW!

Image credit: David Champion
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SIGNAL DISPERSION

e Pulsar signals subject to
dispersion

e Lower frequency light is g“ o
380 _ -ﬂMMﬁ*%ﬂ" u?-F\;:
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e Caused by free electrons in
the ISM forming a plasma
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PROJECT MOTIVATION

e GBT must use multiple
receivers (800 MHz

and L-band) to cover
bandwidth

® Separated by ~days

e Let’'s build a receiver
that can do it all (and
do it well)!

Image credit: NRAO
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WAVEGUIDES

e Receivers are highly
specialized
waveguides

o Like optical fibers for
radio
e Enforce boundary
conditions on their
surfaces

* Quantized propagation

e Perfect high-pass filters

Image credit: Surplus Sales of Nebraska; Tele-Tech magazine
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WAVEGUIDES
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RADIO RECEIVERS

e Characterized by gain as
a function of direction
(called a radiation or “far-
tield” pattern)

® Receivers guide waves
reflected by a dish onto
“crossed dipole” detector

e Can be used to transmit
or receive radio waves

Image credit: NRC Canada
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RADIO RECEIVERS

e Characterized by gain as
a function of direction
(called a radiation or “far-
tield” pattern)

® Receivers guide waves
reflected by a dish onto |
“crossed dipole” detector |
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ULTRA-WIDEBAND RECEIVER

Frequency range: 0.7 — 4.2 GHz
e Bandwidth: 3.5 GHz (6:1): L, S bands

1 m aperture, 1.5 m in length

Four ridges lower cutoff
frequency of dominant mode

Corrugated skirt reduces
spillover at low frequencies

Dielectric spear reduces under-
illumination at high frequencies




HOW DO YOU MAKE A RADIO RECEIVER?

ULTRA-WIDEBAND RECEIVER

./‘/

* Frequency range: 0.7 - 4.2 GHz
e Bandwidth: 3.5 GHz (6:1): L, S bands

|
1

* 1 m aperture, 1.5 min length 1

e Four ridges lower cutoff
frequency of dominant mode

e Corrugated skirt reduces
spillover at low frequencies

e Dielectric spear reduces under-
illumination at high frequencies
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ULTRA-WIDEBAND RECEIVER

e Teflon layers on quartz spear —
for impedance matching

e Radio-transparent window as
component of dewar

e Two sizes considered: large (in
aperture) and small (in throat)

1l
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ULTRA-WIDEBAND RECEIVER MODELS

e Designed with software > iterative design process

e Four distinct models

Model name Window Spear? Teflon? Identifying factor
Model A Large Yes No Large window
Model B Small No No No dielectric
Model C Small Yes No No Teflon layers

Model D Small Yes Yes Teflon layers
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EFFICIENCY ANALYSIS

o Total feed efficiency, e, ,
e Amount of light that hits the dish which actually gets received

* Depends on shape of radiation pattern (frequency-dependent)

e Design goal: 60-70% at lower frequencies, above 50%
at higher frequencies

e Can be divided into sub-efficiencies:

Crot = €sp * Cill " €xp * Eph

e There are other factors, but not for the GBT
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EFFICIENCY ANALYSIS

e Spillover efficiency, €y

e Radiation that “spills over” the
edge of the dish (or is accepted
from beyond the edge of the dish)

N spiliover

Gausstan

e |llumination efficiency, e,

e Measure of how much radiation uniform
pattern deviates from uniform
across aperture > zero outside dish

e Balance between spillover and
illumination is important




HOW DO | KNOW IF MY RECEIVER WORKS? 22

EFFICIENCY ANALYSIS

e Polarization: direction of
electric field oscillation 1

e Cross-polarization

efficiency, e,

* Power leaks from one
polarization to the orthogonal
one direction

of

travel

* Phase efticiency, ¢,

e Different modal components of
waves out of phase in aperture
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EFFICIENCY ANALYSIS

e Use three “slices” 0 deg.
through simulated far-
field pattern

e Co-polar, cross-polar,
and 45 degrees in-

90 deg.
between

® Cross-polar tends to
show the worst
performance




HOW DO | KNOW IF MY RECEIVER WORKS?

24

EFFICIENCY ANALYSIS RESULTS

e A: no Teflon UWB Receiver Efﬁc1en01es Model A, cut angle = 90

e Relatively
good across
entire

bandwidth

® Large drop in
phase
efficiency at

Efficiency

2.9 GHz

07 1.2 1.7 2.2 2.7 3.2 3.7
Frequency (GHz)

4.2
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EFFICIENCY ANALYSIS RESULTS

e B: no spear

e | owers
efficiency at
higher freq.
* ¢;and ey,

e Efficiency still
high at low
frequencies

1.0

0.8 1=

Efficiency

0.2 -

0.0

UWB Receiver Efficiencies, Model B, cut angle = 90°

‘f-—;w.;ﬁy‘--—"~7"\~~/\ ~

~ \‘/

\7
[ .

——————————

1.7

2.2 2.7
Frequency (GHz)

3.2

3.7

4.2
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EFFICIENCY ANALYSIS RESULTS

e C: no Teflon o UWB Receiver Efficiencies, Model C, cut angle = 90°

e Including
spear raises
baseline
efficiency at
high freq.

0.8 1=

Efficiency

e Detriment at
2.9 GHz still
present o0

0.2 -

0.7 1.2 1.7 2.2 2.7 3.2 3.7 4.2
Frequency (GHz)
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EFFICIENCY ANALYSIS RESULTS

e D: Teflon

UWB Receiver Efficiencies, Model D, cut angle = 90°

,/z\ :‘r o
e Reduces drop KA
0.8 {—

at 2.9 GHZ! :
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. ¥)
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. 3 0.4 -
frequencies

suggests that .| ... ..
we need to

].O — '\ , e

NN AT

Ao
\\/

/

[

h—"
\ IS

\/ S

optimize 00

1.7

2.2 2.7
Frequency (GHz)

3.2

3.7 4.2



HOW DO | KNOW IF MY RECEIVER WORKS?

27

EFFICIENCY ANALYSIS RESULTS

e D: Teflon

UWB Receiver Efficiencies, Model D, cut angle = 90°

® Reduces drop

0.8 1
at 2.9 GHzZ! "
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TROUBLESHOOTING A RECEIVER

MODAL EXCITATION

e QOriginally, detriment at
2.9 GHz was puzzling

e Beukman (2015)
hypothesizes that
reduced efficiency is
caused by an
imbalance in higher-
order waveguide k. ar 22 27 a2 ar s
mode excitation in a e
receiver

UWB Recelver Efficiencies, Model A, cut angle = 90°

Efficiency
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WAVEGUIDE MODES

e Recall that waveguides
propagate radio waves in
quantized modes

e Have indices m and n

e Transverse electric (TE) and
transverse magnetic (TM)

e Lower-order modes generally
preferred for Gaussian beam

shape

Image credit: Waveguides Workshop
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TECHNIQUE

e At each frequency,
calculate the percent
contribution of each
waveguide mode to the
radiation pattern

e Many, many exports

Since Teflon matching
layers reduced detriment,
compare modal content
with/without Teflon

File

Edit
+ | <
In [428]:

11.260
— Jupyter modeCalc_v1.1 Last Checkpoint:

@ B 4 ¥ MRun

[ ]
Theta[deg. ]

Phildeg.]
-180.000
-179.000
-178.000
-177.000
-176.000
-175.000
-174.000
-173.000
-172.000

Abs (E) [V/m]
3.852e+01
3.852e+01
3.851e+01
3.850e+01
3.849e+01
3.847e+01
3.845e+01
3.843e+01
3.840e+01

Abs(Theta) [V/m] Phase(Theta) [deg.]
3.852e+01
3.851e+01
3.849%e+01
3.846e+01
3.841e+01
3.835e+01
3.828e+01
3.819e+01
3.809e+01

at4:29 PM (au

View Insert Cell Kernel Widgets Help

B C » | Code v

# Goes with Mode_calculations.
# Written by Alyssa Bulatek.
# Version 1.1

Vs WwN e

# Import necessary packages.
import numpy as np
7 import pandas as pd

3 from scipy.integrate import simps
9 from mpmath import besselj, besseljzero
10 import os
2
13 # Note that this code does not work with the files exported by CST.
14 # I remove the line of dashes as well as the spaces between words in the
5 # .txt files manually. Some future work for this script would involve
16 # automating this as part of the script, as well as scripting this to
17 # run on each of the files in a directory so the filenames do not need
8 # to be entered manually.
19

# Set user-specified parameters.

I 1000FF_EF 11p26_pland3.txt v
Abs (Phi) [V/m]
335.778
335.779
335.780
335.783
335.786
335.791
335.796
335.802
335.809

2 modeType = "TM" # Either TE or TM as a string.
22 m, n =1, 3 # Set values for the desired mode.
23 path = "/Users/alyssabulatek/Desktop/Mode_calculations/Final_ Tef/TM13_smWindow"

filename = "4200FF_E_14p88 pland3.txt"

Mode coefficient results (March 31, final) ~ +r

File Edit View Insert Format Data Tools Add-ons Help Lastedit was yesterday at 4:28 PM
~ o~ T 100% v $ % 0 00 123v Default(Ari.. v 10 ~ B I & i . H =+
Frequency (GHz)
A 3 c o E F B H
Frequency (GHz)|  TE11 ™I TE12 ™2 TE13 ™3 %TEN
074 48.4892 12.7610 79.1658
08 46.0457 15.3024 6.1206 03431 67.9022
09 48.9762 10.6689 6.8076 26084 709172
10 41,5995 17.4602 6.4816 4.3566 59.5147
14 42.4869 14.8078 9.4840 23251 1.9776 0.7687 59.1326
12 35.3450 19.5232 9.6069 5.1406 1.3926 22159 48.2695
13 37.3347 18.0968 96164 3.6073 2.3839 31264 50.3398
14 33.1058 17.8863 104643 6.4496 29501 3.9781 44.2389
15 38.6474 15.7090 76770 7.9031 25281 26360 51.4609
16 335355 17.5265 10.7927 5.8868 36777 27530 45.2131
17 29.5359 17.5279 11.2050 7.2057 3.2849 46522 40.2333
18 29.0645 18.3235 97742 7.9847 3.6884 4.0538 39.8750
19 24.7606 18.9891 8.9651 85019 42452 4.1204 35.5846
20 22.3467 17.0686 10.1675 11.6529 3.3062 3.6058 327915
21 22.5904 17.1716 6.2252 12.2631 4.4890 5.0551 33.3219
22 204712 17.4431 101074 11.1930 39127 54168 295574
23 22,6504 15.2570 97175 10.7965 46577 5.3957 33.0872
24 14.1903 14.5589 8.9090 12.0989 6.4793 6.4299 226443
25 18.7135 11.8451 95037 11.7282 5.3004 7.4819 28.9805
26 11.9141 7.6224 6.1593 145748 57725 7.3787 22.3019
27 10.1753 9.0682 37207 12,0145 5.2257 8.2609 20.9951
28 14.6686 10.7629 5.9895 10.0695 3.9000 8.2916 27.3249
29 12,6197 9.9349 55574 96165 25634 6.6771 26.8681
30 14.1625 8.8430 82633 93501 7.0919 7.2041 25.7477
31 17.5026 99179 115231 7.9966 6.3856 5.1106 29.9516
32 18.7185 95767 11.9012 45976 84390 5.8249 31.6952
33 14.8699 7.7110 11.3234 25766 6.3306 67307 30.0146
34 22611 5.1532 5.1527 2.4126 54773 8.5867 7.7852
35 85920 7.2954 5.6062 6.6058 5619 7.8256 206813
36 12.2709 12.2695 6.8776 10.0260 46619 45752 24.2120

No Teflon modes (TE, TMm=1n=1,2,3) v Teflon modes (TE,TMm=1;n=1,2,3) ~

c e e

|
%TM11
20.8342
22,5660
15.4485
24.9796
20,6093
26.6622
24.4005
23.9012
209173
23.6295
23.8762
25.1389
27.2901
25.0465
25.3290
25,5599
22.2783
232325
18.3438
14.2683
18.7107
20.0493
21.1520
16.0767
16.9721
16.2158
15.5645
17.7429
17.5605
24.2002

8

.448e-05

6.208e-01

i,
1
2
3
3
4
4

=y |

%TE12

9.0258
9.8573
9.2729
13.1997
13.1198
12.9661
13.9833
10.2223
14.5508
15.2633
13.4097
12.8842
14.9198
9.1825
14.8106
14.1895
14.2165
14.7178
11.5296
7.6770
11.1574
11.8321
15.0229
19.7191
201517
22,8560
17.7413
13.4944
13.5703

.241e+00
.861e+00
.480e+00
.098e+00
.715e+00
.330e+00
+942e+00

Trusted

[y -~=-

%TM12

0.5060
3.7769
6.2328
3.2360
7.0204
4.8638
8.6186
10.5233
7.9366
9.8155
10.9545
122185
17.0995
18.0887
16.4014
15.7650
19.3069
18.1627
27.2825
24.7899
18.7576
20.4742
16.9987
13.6843
7.7849
5.2008
8.3069
15.9005
19.7826

A

Phase(Phi) [deg.]

282.471
147.748
147.747
147.748
147.750
147.753
147.757
147.762
147.767

Logout
|Python3 O
L M
%TE13 %TM13
27524 1.0699
1.9018 3.0262
32143 42154
39422 53158
3.3662 35100
4.9583 37117
4.4747 6.3371
5.0603 55615
6.1009 59216
4.8515 52011
66215 7.4565
57334 7.9373
6.8012 7.8788
10.3393 10.2605
8.2084 11.5867
10.8055 13.8121
107824 17.0449
7.2651 15.4458
54576 142159
12.8932 13.2608
10,9274 8.7455
142893 9.8631
127783 135858
18.8588 29.5648
135266 18.8367
9.1985 9.0274

Ax.Ratiol[]
3.162e+02
3.162e+02
2.221e+02
1.482e+02
1.112e+02
8.909e+01
7.436e+01
6.385e+01
5.599e+01
4.989%e+01
4.503e+01
4.106e+01
3.777e+01
3.499%e+01
3.262e+01
3.058e+01
2.880e+01
2.724e+01
2.587e+01
2.464e+01
2.355e+01
2.257e+01
2.169e+01
2.090e+01
2.017e+01
1.952e+01
1.892e+01
1.838e+01
1.788e+01
1.743e+01
1.702e+01
1.664e+01
1.629e+01
1.598e+01
1.569e+01
1.543e+01
1.519e+01
1.498e+01
1.479e+01
1.462e+01
1.446e+01
1.433e+01
1.422e+01
1.412e+01
1.404e+01

-~ o [

Explore
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MODAL EXCITATION RESULTS

e C: no Teflon UWB Receiver Mode Coefficients, Model C (spear)

TE11
TM11
TE12
TM12
TE13
TM13

100

e As expected,
TE11 dominant
at lower freq.

it

80 1

tt

60 7

e Higher-order

Mode coefficient contribution (%)

modes (eg. -

TM13) gain 20,\/\/\\/'/\“\—\

power at —" T

higher freq. e

Frequency (GHz)
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MODAL EXCITATION RESULTS

e D: Teflon

¢ Not much
change in
modal content
when Teflon is

added

¢ |nstead, Teflon
alters phase
velocities of
modes

UWB Receiver Mode Coefficients, Model D (Teflon)

100

TE11
TM11
TE12
TM12
TE13
TM13

bttt

W
(@)

Mode coefficient contribution (%)

-]

1.2 1.7 2.2 2.7 3.2 3.7 4.2
Frequency (GHz)

=
\]
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CONCLUSIONS

e UWB receiver meets efficiency design goals, with some
additional optimization of Teflon layers necessary

e Cannot conclude that higher-order mode excitation
caused the efficiency dip at 2.9 GHz

e Teflon matching layers seem to mitigate the dip without
changing the modal content in the receiver significantly
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FUTURE WORK

e Optimization of Teflon matching

layer shapes, groove depth/

thickness

e Calculation of even higher order
mode coefficients (e.g. TE3; and
TE32) to satisty intellectual
curiosity

e Fabrication!

 One ridge is done, flared horn is next




CONCLUSIONS AND FUTURE WORK

37

THE BIG PICTURE

e UWB receiver will ensure that the
GBT remains a premier instrument
for pulsar timing

e Detection of nHz GWs will mark a
significant improvement in
sensitivity

=
S ‘”| R s =it "

Pl CPIOT3

e Opens doors for many, many other
scientific pursuits

® Pulsars were discovered only ~50

years ago

e Building a sensitive enough receiver to

observe them carefully is just one piece
in the greater astronomical puzzle

Image credit: me, CSIRO



Thank you for listening to my talk!
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