Fusion and the Energy of the Universe

Estimation of the Age of the Sun

In order to understand how the age of the Sun is measured you must first understand how the Sun works. Up until the mid-1800's it was thought the Sun was made of Coal. At the time it was the only substance known that could provide a continual source of heat and light. The problem was that the amount of coal needed to provide heat and light for the several thousands of years Man had existed was vastly greater than the known mass of the Sun. So, with the discovery of radioactivity by Marie Curie and a working model of atoms and radioactivity by other physicsts, geologists where able to estimate the age of the Earth to around 4.5 Billion Years.  Assuming the Sun had existed for as long it was patently wrong to think of the Sun as being made of Coal or some other substance that burned using chemical energy. You would simply need a vast amount of whatever it was. By then, advances in Spectroscopy (the science of determining what something is by the light given off) had allowed scientists to realise the Sun was mostly made of Hydrogen and Helium. The problem was then, how could the two lightest gases, one of which is inert, continually produce energy for over 4.5 Billion Years, a conundrum indeed. 

The Sun, average star though it is, puts out energy on a staggering scale. The largest energy unit most people are familiar with is the megaton, used in measuring the power of nuclear weapons. A megaton is the energy of a million tons of high explosive. The Sun's energy output is about equal to 77 billion megatons every second. The entire power-generating capacity of the earth equals about 60,000 megatons per year, so in one second the Sun produces over a million years' worth of energy for the earth. If the Sun derived its energy by burning coal, it would take only 18 hours to burn a mass of coal equal to the earth. And the Sun has been doing this for 4.6 billion years.
In the mid 1920's advances in Atomic physics and other fields had allowed physicists to postulate that colliding hydrogen atoms would stick together and fuse into Helium giving off heat and light, this is nuclear fusion. Putting two and two together it was realised the Sun was powered by nuclear fusion. Knowing the mass of the Sun and the amount of energy given off it was possible to guestimate how old the Sun was. In a separate developement, Thomas Arthur Eddington treated the Sun as a problem in Gas Dynamics. This model came up with some equations that related the total lifetime of the Sun (any Star) to its mass. Over the years, as more has been discovered, these early ideas have been improved and revised, but are still basically correct. 

So using the models found by Eddington it was found that the Sun would last for about 10 Billion Years and using nuclear fusion as a power source it was found that the Sun had been burning for around 5 Billion years. 

As with all things in Science no one person done all the work to work this problem out. It relied on many people solving many problems, some one putting the clues together and more people providing better and more accurate data as time goes on. We know have a fairly good understanding of how the Sun works, are happy that the ages calculated are about right, but there are still a few major questions unanswered. 

I would like to suggest a reading list about this but most books that cover this question are at least University level. Doing a quick Web Search on "Stellar Evolution" returned lots of hits but they are all technical. I would suggest mailing me if you have any questions about this answer

The Sun An Average Star

Solar Components

· The sun is big ball of glowing, hot gas 

· Same as all the other stars in the sky 

· Surface we see is called the Photosphere 
· About 5800 K, It is the point where we can’t see deeper into the sun. 

· Above the photosphere is the Chromosphere 
· Thin gas layer, glowing red: A lot of violent magnetic activity 

· Above that is the Transition Zone 
· Temperature rises rapidly to a million degrees, but gas gets thinner and thinner 

· Finally we reach the Corona

Sun Stats

· Sun rotates once every 24.9 days (equator) or 29.8 days (at the poles) 

· Mass is 2x1030 kg, roughly one million Earths or one thousand Jupiters. 

· Radius is 6.96x108 m, roughly 100 times that of the earth. 

· Amount of light reaching the earth is known as the Solar Constant 
· 1400 Watts/m2

Sun Inside

· Sun’s Core is 15 million K with a density of 150,000 kg/m3 (20x Density of Iron) 
· Radiation Zone is next 

· Here energy moves by photons (light) being emitted in a lower layer, absorbed by an upper layer, and then re-emitted again. 

· Then the Convective Zone 
· Here energy moves upwards through gas the roils like a boiling pot of water, constantly turning itself over. 

· Can see these boiling bubbles in the sun. They are called Granules (1000 km across) and the boiling of thousands of them is Granulation.

What is the Sun made of?

· In a word, Hydrogen. 

· In two words, Hydrogen and Helium, about 71% and 27% respectively by weight. 

· This is basically true for all stars and the Universe as a whole. 

· Oxygen and Carbon are next (1% & 0.4%) 

· Then Iron, Nitrogen, Silicon, Magnesium, Neon, and Sulfur round out the Top Ten 

· Roughly 0.1% each.

Sunspots

· Occasionally big, dark blotches appear on the Sun’s surface. 

· Observed as long ago as Galileo 

· These spots are not actually dark, but just dimmer and cooler than the surrounding sun. 

· Usually come in pairs, with typical size about 10,000 km across 

· Believed to be related to strong magnetic fields on the sun ‘bunching up.’

Solar Cycle

· Sunspot appearance has been linked to an 11 year cycle. 

· Believed that magnetic field lines of the sunare getting wrapped up and twisted, because of differential rotation, i.e. Middle rotates faster than top. 

· Sunspots occur when bunched up magnetic field pops upward through the photosphere. 

· This continues until magnetic field is so tangled it cancels itself out and starts over from scratch 

· 11 year cycle is actually 22 years. The second time around the magnetic field North and South poles will be reversed.

Active Regions

· Sunspots are associated with other high energy phenomenon, also powered by these pinched magnetic fields. 

· Sometimes large loops of material, called Prominences, will burst upwards from the sun. The loop IS a magnetic field popping out. 

· Typically 100,000 km in extent 
· Flares are violent eruptions of material, sometimes the result of a loop coming loose.

Solar Wind and Flares

· Sun is kicking off high energy particles all the time 

· This is known as the Sun’s Solar Wind 
· Most of the particles are prevented from directly hitting the earth by our magnetic field, but some sneak in on the poles. 

· Northern Lights or Aurora Borealis

· A Flare can release a much larger number of the particles than usual, so many they can damage communication, cause radio interference, or even damage power grids.

What Powers The Sun?

· Old belief was that the sun burned, like you would burn coal or wood in a fire. 

· Sun puts out TOO MUCH energy (4x1026 W) 

· Even if whole sun was made of coal, it would only burn 100,000 years. 

· Chemical Reactions, like normal fire, are not efficient enough to power the sun. 

· Sun requires NUCLEAR reactions

 

E=MC2

· Energy and mass are interchangeable. 

· Energy is mass, mass is energy 

· When you change from mass to energy, there is a gigantic multiple (C2) 

· In other words, a tiny bit of mass produces a ton of energy. 

· Powers nuclear reactors, atom bombs, and our sun.

Proton-Proton Chain

· A Hydrogen atom is simply one proton. 

· Normally they repel each other (like charges) 

· If dense and hot enough (Like in the sun’s center) they can get close enough for the strong nuclear force to take over 

· This makes them Fuse together into a deuteron 

· Smash two deuterons together you make: 
· 3He 

· Smash two 3He together and you make: 

· 4He, 2 protons and some energy.

Missing Mass/Energy

· P-P chain also produces positrons. 

· E.g., P + P = D + positron + Energy 

· Even so, if you add up all the particles AND energy, there is something missing. 

· This was a major problem for nuclear physicists 

· Energy + Mass In  energy + Mass Out 

· Someone guessed a tiny neutral particle was made that did not interact with anything and was neutral. 

· The Neutrino

The Neutrino Problem

· So difficult to measure, the average neutrino can fly through a light year of lead without interacting. 

· Measured using gigantic tanks of liquid (water, chlorine, gallium) looking for single reactions after 1016 fly through it. 
· The Problem: Finding roughly half the neutrinos expected from the Sun. 
· Neutrinos tell us what is going on in the sun RIGHT NOW (unlike light). Could it be the core is cooler than thought? 

· Unlikely. Simpler explanation is we don’t understand neutrinos, a very hard thing to measure.

Nuclear Fusion

When 4 hydrogen nuclei are fused together into 1 helium nucleus (via a complicated chain of intermediate nuclear reactions),  energy is released in the form of photons and sub-nuclear particles called neutrinos.  

The probability for two protons to fuse, in the environment of the Sun's core, is extremely low: even at the rate of 100 million collisions per second, one would have to wait on average 14 billion years to see two protons fuse! Happily, there are a lot of protons so that enough of them fuse to maintain a steady supply of energy.  

The energy arises from the fact that mass, in accordance with Einstein's famous formula, can be converted to energy (and vice versa).  

But where does the mass come from? It turns out that the mass of 4 hydrogen nuclei is less than that of 1 helium nucleus, so after fusing 4 hydrogen nuclei there is a little bit of mass left over. This mass deficit appears as the energy of light and neutrinos.  

The mass of 4 hydrogen atoms is 

4 x 1.007825 u = 4.03130 u 

where u = 1/12 the mass of an atom of carbon. The mass of 1 helium atom is 

4.00268 u 
1u = 1.661 x 10-27 kg
The mass loss, 0.02682 u (which is 0.71% of the mass of the initial hydrogen atoms), appears as energy. 

Einstein's Equation (1905)
In 1905, in one of three revolutionary scientific papers, Einstein showed that matter and energy are related by the famous formula 

E = mc2 

c = 299,792,485 m/s or 2.998 x 108 m/s
E is the energy 

m is the mass 

c is the speed of light 

Using this equation we can compute how much mass must be converted into energy every second to power the Sun.  In one second the sun releases 

E = 3.8 x 1026 J 

This corresponds to a mass of  
m = E/c2, that is,  

m = 3.8 x 1026 J/(3.0 x 108 m/s)2 

m = 4.2 x 109 kg. 

To sustain its energy output the Sun must convert about 4 million metric tons of hydrogen every second to energy!  It is rather difficult to comprehend the enormity of this level of destruction of matter. But let's try. 

Consider the explosion of  1 megaton of TNT. This is the explosive power of a typical hydrogen bomb (H-bomb) in the US and Russian nuclear arsenals. Such an explosion is enough to destroy a town like Marietta. A 1 megaton explosion releases roughly 4 x 1015 Joules of energy. So to match the Sun's output we would have to explode 

3.8 x 1026 J/s / 4.0 x 1015 J 
that is, about  100 billion H-bombs every second!   It is very impressive that the Sun has maintained this colossal power output for at least a billion years, and will continue to do so for several more!
