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SECTION B

Answer all questions.

Read through the following article carefully.

Lasers in Outer Space

Einstein’s theory of stimulated emission, published in 1916, laid the foundation for lasers but it 
took humans another 44 years before the first successful ruby laser was produced. However, 
seven years beforehand a maser had been produced. This is similar to a laser but involves 
microwaves instead of light – microwave amplification by stimulated emission of radiation. 

It turns out that masers are easier to build than lasers because the lifetime of metastable energy 
levels tends to be proportional to                                      . 

The ingenuity of humankind is often marvelled upon when such complicated devices as lasers 
and masers are used in devices such as DVD players and atomic clocks. However, nature 
itself is somewhat more modest – natural masers have been produced for billions of years in 
the atmospheres of stars, comets, star-forming regions, supernova remnants and even super 
massive black holes. And all this time the Universe has kept quiet about its technological 
achievements. 

Essentially what happens in star masers is this – light and explosions from stars excite nearby 
gas regions. In these nearby gases, light and collisions lead to high energy levels becoming 
populated by electrons. Some of these higher energy levels will be metastable, setting up a 
maser amplifying region. As in any laser, the process has to start with a spontaneous emission 
accidently shooting off in the correct direction, but afterwards, stimulated emission takes over 
and the maser beam starts towards infinity; infinity is stretching the truth a bit but it does sound 
good. In reality the intensity of the maser beam increases rapidly and the beam propagates at 
the speed of light as em radiation tends to do.

In all fairness to humans, there is one aspect of laser design that nature has not succeeded 
in producing by itself and that is the resonant cavity of a laser. Multiple passes through a laser 
amplifying medium improves the quality of laser operation immensely. This is achieved among 
humans using two mirrors but as yet this technological advancement seems to be missing in 
gas regions around stars.
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Although a resonant cavity seems to be missing in natural masers there does seem to be 
a high degree of beaming. Small differences across the irregularly shaped maser cloud disk 
lead to vast differences in intensity due to exponential gain. The directions in the gas disk that 
have a longer length of population inversion will appear much brighter (as the increased maser 
amplification leads to an exponential increase). The majority of the radiation will emerge along 
this line of greatest length in a “beam”; this is termed beaming. Not quite as good as a laboratory 
laser cavity but pretty impressive for a seemingly random gas cloud.

Megamasers is the term used for water masers in the gas cloud around black holes.

Most large galaxies with a nucleus and a bulge have, at their centres, a supermassive black 
hole.  When the black hole is actively accumulating matter, it releases a tremendous amount 
of energy, and the galaxy is said to have an active nucleus. Buffered by the dust in the flow of 
matter into the black hole, molecules can survive there and get energised by collisions with 
other molecules and dust particles. Water molecules are common in this environment, and they 
can emit maser radiation. A water maser can shine a beam of microwaves at a very specific 
frequency, 22.235 GHz, which corresponds to microwaves about 1 cm in wavelength. The 
primary reason megamasers have been studied in detail is that they make excellent tools to help 
us understand the environment around black holes. Small changes in the detected frequency of 
the masers, owing to the Doppler effect, mean that we can determine the line-of-sight velocity 
of maser clouds very precisely. All this means that the mass of black holes can be determined 
20 times more accurately.

Another primary science goal that we can address with studies of water megamasers is measuring 
distances to galaxies. Measuring distances is a notoriously difficult problem in astronomy, and 
one of the most important. By analysing the internal dynamics of water maser systems, we can 
measure the rotation velocity, v, of maser clouds as they orbit the black hole from the Doppler 
shift of the maser lines. We can also measure the centripetal acceleration, a, of maser clouds 
by observing how the Doppler shift velocity changes over time. Using the simple relation for 
centripetal acceleration:

we can then calculate the radius of the gas ‘disk’ (see below) orbiting the black hole. 

We can also measure the angular size (θ ) of the gas disk (in radians). Given the angular 
size (θ ) and the radius, r, of the gas disk, we can obtain the distance, D by assuming that 
the angle (θ ) is small. The simplicity of this method is remarkable and gives reliable results 
that are not dependent on controversial or unproven theories. In fact, the results obtained 
thus far from a couple of suitable galaxies with megamasers leads to a Hubble constant of  
(68.9 ± 7.1) km s–1 Mpc–1.

a = v2
r

r

θ  (in rads)
D

Diagram 2

6

7

8

9

10

Paragraph


