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• Apparatus 
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– Origin and Doppler Shift
– Spectra

• Pulsars

Note:  there is more material than there is time to 
present.    I will therefore skip over slides.   Moreover, 
there are several slides in the backup material.
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The TLM18 Telescope
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The TLM18 Telescope

• The 60’ dish used for these results is a cold-war relic.
• Location
– Belmar, NJ, a few miles from Jersey shore
– Former site of Camp Evans, a U.S. Army R&D site

• History
– Site was used for first ”moonbounce” experiment 

in 1947
– In 1960 the TLM18 dish received the first 

weather satellite images from space (TIROS)
– The TLM18 was used in classified research until 

~1980 or so.
– Refurbished by Princeton team in 2012~2015
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Although	many	parts	of	
the	dish	were	in	good	
condition,	the	one-ton	
elevation	drive	
assembly	was	badly	
rusted	and	needed	to	
be	sent	out	for	
refurbishment.

Dish Repair



Readout Chain 
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The System
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Software Defined Radio

• Most of the complicated 
signal processing is done 
digitally, using public domain 
software running on 
commodity Linux machines.
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• The system worked right 
“out of the box”.

• 21 cm line from galaxy.

First	light



Remote Access

• Both the control computer and the computer on which 
the SDR runs are accessible over the internet.

• The dish is an hour’s drive from Princeton, too far to 
drive to do the lab:  essentially all students do the lab 
remotely.

• We are open to students from other institutions using 
the dish in a similar fashion.
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Point Sources
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Angular Resolution: Sun Scan
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We	measure	the	
angular	resolution	
of	the	telescope	by	
fixing	the	dish	
pointing	south	at	
an	altitude		
corresponding	to	
the	Sun’s	highest	
altitude	for	the	
day.		The	Sun	then	
“drifts”	through	
the	beam.



Angular Resolution
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The	time	axis	can	
be	converted	to	
an	angular	
difference	axis	
using	the	known	
rate	of	the	
Earth’s	rotation	
(corrected	for	
the	declination	
of	the	Sun).



Cassiopeia A Scan
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A	similar	exercise	
can	be	done	using	
Cas A,	which	is	the	
brightest	radio	
point-source	in	the	
sky.		
Compare	to	
expectations	from	
diffraction	theory.



The 21 cm Line
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The 21 cm Line
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The	21	cm	line	
results	from	the	
hyperfine	splitting	
in	atomic	hydrogen.

Radial

DE	~	13.6	eV

~10-4 eV

Spin-
Orbit	
(Fine)

Spin-Spin	
(Hyperfine)

DE	~	6	µeV



• The 21 cm signal from a single hydrogen atom 
is extremely weak (t~107 years)

• The density of hydrogen atoms is tiny (one 
per cubic centimeter vs. ~1024/cc in typical 
liquid water)

• But the galaxy is a (very!) big place and, taken 
as a whole, the signal is readily detected with 
modern radio technology.

• One can think of this signal as a cosmic 
whistle, detectable throughout the galaxy.
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Cosmic Whistle



The Doppler Effect

The	hydrogen	gas	in	
the	galaxy	is	moving	
with	respect	to	the	
Earth.			The	
magnitude	of	this	
motion	gives	rise	to	
a	Doppler	shift.

We	can	measure	the	
speed	of	hydrogen	
gas	clouds	in	the	
galaxy.
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Raw Spectrum 

Data Reduction
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Fully Processed 
Spectrum

Data Reduction

Express	vertical	
scale	in	antenna	
temperature.

Express	horizontal	scale	
in	Doppler	velocity.

Subtract	large	noise	
background.



Rotation Curve

21 cm data can 
be used to 
map the 
rotation curve 
of the Milky 
Way, providing 
evidence for 
dark matter.
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21 cm Radiation from Andromeda
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21 cm Radiation from M31
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Approach	Velocity	(km/s)



Pulsars
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Pulsar Properties

• Pulsars are formed when “progenitor” stars, having 
masses in the 8 Msun< M < 16Msun range, collapse after 
a relatively short life (millions of years, rather than 
the billions of years expected for the Sun)

• Collapse is supernova explosion
• Most of the star’s mass is blasted into space
• About 1.4 Msun remains
• Pulsars are neutron stars
– Pressure is so great that atoms collapse
– Electrons combine with protons to make neutrons
– Star core consists of nuclear matter
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Pulsar Properties
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Nuclear	matter	
is	very	dense:	
one	
teaspoon’s	
worth	weighs	
3	billion	tons.



Pulsar Properties
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Pulsars	spin	rapidly	as	a	
consequence	of	the	conservation	
of	angular	momentum.

The	situation	is	like	that	of	a	
figure	skater	pulling	in	her	limbs,	
thus	going	into	a	rapid	spin.

In	the	case	of	a	pulsar,	the	greatly	
reduced	size	means	that	the	pre-
collapse	rotational	period	of	
several	days	drops	to	one	second	
or	less.



Pulsar Radiation
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The	mechanism	for	pulsar	
radiation	is	complex.			
Charged	particles	stream	
along	its	magnetic	field	
lines,	creating	radiation.					
There	are	two	key	points:
• The	radiation	is	“broad	

band”
• The	magnetic	axis,	along	

which	the	radiation	is	
beamed,	is	in	general	
different	from	the	
rotational	axis.
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Lighthouse Effect



Pulsar Discovery
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The	first	observation	
of	a	pulsar	was	
made		in	1967	by	
Jocelyn	Bell	Burnell,	
a	Cambridge	
graduate	student,	
who	noticed	an	
unexpected	pattern	
in	the	time	series	
from	her	antenna	
array.	



Pulsar Signals

• Pulsar radiation is broad band
– Most energy at longest wavelengths
– Discovery was made at 80 MHz, considerably lower 

in frequency that our 1421 MHz operating point
– Will not see peaks in spectrum the way we do when 

looking at galactic hydrogen
• Disadvantage of smaller signals at short wavelength is 

offset by higher antenna gain
• Will exploit repetitive nature of signal to average 

away noise.
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Signal Averaging
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Signal	without	
noise.

Signal	with	noise.		
Single	sample.

Signal	with	noise.		
Average	of	100	
samples.

Signal	with	noise.		
Average	of	10,000	
samples.



Student Tasks

• Identify promising pulsars using Australian National 
Telescope Facilty catalog
– Above horizon during lab period
– Strong signal
– Period > 0.2 s
– Etc.

• Point telescope and take data for ~30 min/target 
(usually two targets)

• Reduce data on remote machine
• Copy reduced data to laptop
• Analyze using python or matlab

July	26,	2018 Pulsar	Lab 32



Pulsar Signal
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Pulsar Signal
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Upgrade

• Existing system has 2 x 25 MHz bandwidth
– Time reliably detect J0332+5424 is 30 min
– Large variations in signal size owing to scintillation in 

the interstellar medium (ISM)
– Able to detect about a dozen different pulsars under 

favorable conditions
– Dispersion effects too small to measure

• Currently upgrading to a system having 2 x 250 MHz 
bandwidth
– Time to reliably detect J0332+5434 à 3 min
– Effects of ISM will be mitigated
– Expanded list of accessible targets
– Measure distance to pulsars using dispersion measure 
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Closing Remarks

• Pulsars can be observed using a 60’ radio telescope.
• The system is remotely accessible and can therefor 

be operated from anywhere that has a good internet 
connection.

• At present, the dish is lightly used, and we are open 
to the possibility of other schools making use of it.

• If interested contact: marlow@princeton.edu
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