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FOREWORD

I am thrilled to see this beautiful book! Dr Harper uses my favourite images to tell my favourite stories, and she has done a masterful job.

The universe took 13.8 billion years to produce this book, starting with a mysterious expansion, a deceleration and cooling, then a hundred million years of quiet, and then the growth of the first stars, galaxies and black holes, and then generations of stars exploding, before our solar system with its planets could be formed. And then came the unknowable formation of the first life forms here on Earth, their evolution to complexity, photosynthesis, animals with teeth and brains, through the rise of mammals, and eventually humans with language and tools.

Then it took 20,000 people, in Europe, the United Kingdom, Canada and the United States, to build and operate the telescope. I got the call to join the project in October 1995, so it has been 28 years now. We who built the telescope are very proud of it, and of the discoveries that it makes possible. We also thank our governments for their continued support through many challenges, and especially Senator Barbara Mikulski.

We can’t show you images of the history of life on Earth, but astronomers look back in time by looking far away, and now we can ask: How did the expanding universe produce an Earth that could lead to people? We see all the way back to the time of the first galaxies, though they look like fuzzy dots, with spectra showing their chemistry and motions. We see black holes growing, as material falls into them and is compressed and heated. We are working on which came first, galaxies or black holes? We see stars being formed, hidden inside cold dusty clouds where gravity overcomes gas pressure and squeezes them into existence. We see dusty disks orbiting these new stars, where new planets are surely growing. We see planets passing in front of their stars, and we’re looking for planets that are like Earth, though we haven’t found any yet in the dozens we have examined.

And if we can work while we wait, we will build another telescope, purposely designed to search for those other Earths. For now, here is our history of the universe, in pictures.

Dr John C Mather, astrophysicist, cosmologist and Nobel laureate in Physics; and former Senior Project Scientist on the JWST project at NASA Goddard Space Flight Center
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Webb image of a pair of actively forming stars (located in the central orange region) known as Herbig-Haro 46/47.
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Webb’s view of irregular galaxy NGC 6822.






INTRODUCTION
The making of the James Webb Space Telescope

The James Webb Space Telescope (JWST; Webb) is a phenomenal feat of engineering. It is the biggest telescope ever launched in space. Weighing in at more than 6 tonnes, it cost US$10 billion and took 25 years to design and build. Since it was launched on Christmas Day 2021 from the European spaceport in French Guiana, the telescope, with its giant mirror and specially designed science instruments, has been pushing back the boundaries of what we thought was possible, making inspirational scientific discoveries and providing researchers with enough new data to keep them busy for many years to come. None of this would have happened, however, without the vision, skill and dedication of thousands of scientists and engineers around the world, who have worked together for more than two decades to turn the dream into reality. So how did they make it all happen?

The telescope is named after James E Webb, a US marine and World War II veteran and the administrator of the National Aeronautics and Space Administration (NASA) from 1961–8. During this time, he oversaw the development of the Apollo human spaceflight program that would put people on the Moon in 1969, but he was as passionate about space science as he was about spaceflight and human exploration. A key part of his scientific ambition for NASA would be the development of large telescopes to carry out astronomy in space, away from the background interference on Earth.

To this end, NASA eventually built the Hubble Space Telescope (HST; Hubble), launching it in 1990 to look into deep space and seek to understand more about the universe and our place in it. Hubble was only supposed to operate until 2005, but it is still going strong, sending us incredible images of stars and galaxies and other structures as they form and evolve. However, Hubble uses primarily visible and ultraviolet (UV) light to observe the universe, and is not designed to see anything that only emits longer wavelengths of light, in the infrared range of the spectrum. This is a problem – we know that light travelling towards Earth from faraway luminous objects gets stretched into longer wavelengths because the universe is expanding, carrying the objects further from us (called ‘red shift’, see Chapter 3). This means that light waves from a distant star may begin their journey as UV or visible light but will be stretched and become infrared light on the way. So, if we want to see very distant objects, we cannot use Hubble. Also, because light takes time to travel to us, the most distant objects we see are also the oldest – what we actually see is how the object looked when the light first left it. This means Hubble does not let us see the earliest stars and galaxies.
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Artist’s concept of the James Webb Space Telescope.




‘This is an amazing moment – the result of the hard work of so many JWST people and teams over more than two decades. I am just so proud of everyone.’

Dr Pierre Ferruit, ESA JWST Project Scientist and Principal Investigator for the NIRSpec instrument



Even as Hubble was proving to be an enormous success, it was driving us to take things a step further – we needed a successor, a ‘next generation space telescope’. This was Webb, which was designed to work using infrared light, so that we could see the first stars and galaxies that formed after the Big Bang. Its ability to see in the infrared also means that we can use it to peer into the dense dust clouds surrounding new stars being born and old stars dying – dust that is impenetrable to visible light. We can use Webb to look at what is going on in galaxies as they evolve and interact with each other, and we can observe exoplanets – planets orbiting other stars – seeking to understand more about the origins of life. With Webb’s enhanced capabilities, we will also be able to explore our own solar system in more detail.
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The electromagnetic spectrum of light.




‘The NASA administrator at the time encouraged the people working on the idea to be even more ambitious and consider a much bigger mirror. The design for JWST actually started out with an 8-metre mirror, but this eventually became 6.5 metres for practical reasons.’

Professor Peter Jakobsen, ESA JWST Project Scientist up to 2011



GROUNDBREAKING CAPABILITIES

Since the 1980s, scientists had been thinking about a deployable infrared telescope for the future, and the kinds of instruments it would need. The concept for an infrared telescope was selected as a NASA flagship mission by 2020 and development began in earnest in 2004. The people who made Webb happen realized that to detect even the faintest light from the earliest stars, they would need a much more powerful space telescope than anything that had been built before. Webb is 100 times more powerful than Hubble. This is down to the size of its main mirror; while Hubble’s had a diameter of 2.4m (7.9ft), Webb’s is 6.5m (21.3ft) across – so big that it could not be launched in one piece and had to be built in 18 huge segments that folded up inside the launch vehicle and then opened up and aligned in space. The mirror is made of special lightweight beryllium and gold coated, because gold is one of the best reflectors of red/infrared light. The gold coating is really thin – screwed up tight, the total amount of gold used on the mirror would only be the size of a golf ball!

The sheer scale of Webb means it has the capabilities of the biggest telescopes on the ground, and so it offers a similar level of detail. Because it is an infrared-optimized telescope out in space, free from the background interference on Earth, it also has an incredible sensitivity to detect the faintest objects. It is this combination that makes Webb so groundbreaking. The specialized optical system for the telescope was assembled by 2016, and then underwent a long and arduous campaign to be integrated and tested together with the science instruments and the spacecraft.

Webb has to be very cold to use infrared light (which is a form of heat energy). So, we knew that the sensitive science instruments that would fly on this mission needed to be protected from the heat and light generated by the Sun and the inner planets in our solar system, which would otherwise flood them with infrared light. They would also have to be shielded from heat generated by the spacecraft itself.
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Webb’s giant mirror, fully deployed into the same configuration it will have when in space and showing the gold-coated segments.



While Hubble orbits Earth just 330 miles (530km) up, Webb orbits a million miles away (around 1.5 million km), at the second Lagrange Point or L2. This is a point in space where the different forces acting on an object are balanced, so a spacecraft can remain on station with minimal fuel consumption. At L2, the spacecraft points out into the cold of deep space, and has a massive sunshield the size of a tennis court to screen it from the Sun. The sunshield is made of five ultrathin layers of Kapton, a polymer material that is coated with aluminium and silicon. The layers all had to be meticulously stretched, aligned and spaced apart to achieve maximum protection, with each successive layer colder than the one below. The telescope and science instruments are all on the upper, cold side of the sunshield, while the spacecraft itself is on the warm side. There is a huge temperature difference between the two – the warm side is just about hot enough to boil water, whereas the other side is colder than the lowest temperature in Antarctica, the coldest place on Earth. The US company Northrop Grumman designed and built both the spacecraft to carry the telescope into orbit and the huge sunshield. This included the sunshield deployment mechanism, which itself was an incredible feat of engineering and one of the greatest challenges the Webb team had to overcome. Meanwhile another US company, Ball Aerospace, was responsible for the mirror system.


‘How do we win at astronomy? One way is to build bigger telescopes. And JWST is really big – that mirror is larger than my house.’

Dr Olivia Jones, UK Astronomy Technology Centre, Edinburgh




‘To use an infrared telescope, we have to keep it very cold. The giant sunshield on JWST provides an SPF of 1.2 million.’

Dr Olivia Jones, UK Astronomy Technology Centre, Edinburgh



Advanced technology

The four science instruments on board Webb take the light collected by the telescope mirrors and turn it into electrical signals for processing. The instruments were designed, built and tested by a partnership between NASA, the European Space Agency (ESA) and the Canadian Space Agency (CSA). Notably, the principal investigators leading the teams on two of the four instruments, NIRCam and MIRI, were women. The Integrated Science Instrument Module (ISIM) on the spacecraft houses the following four cutting-edge instruments:

• Near-Infrared Camera (NIRCam)

• Near-Infrared Spectrograph (NIRSpec)

• Mid-Infrared Instrument (MIRI)

• Fine Guidance Sensor/Near Infrared Imager and Slitless Spectrograph (FGS/NIRISS)

Three of the science instruments, NIRCam, NIRSpec and FGS/NIRISS, operate in near-infrared wavelengths between 0.6 micrometres (‘microns’) and 5 microns, close to the visible light that the human eye can see. They have an optimum operating temperature of –236°C (–393°F). MIRI, on the other hand works, as the name suggests, farther out in the mid-infrared range, between 5 and 28 microns. This means it needs to be even colder, with an operating temperature of –266°C (–447°F); a mere 7°C above absolute zero. We can get down to the temperature needed for the near-infrared instruments passively, due to the design of the telescope, its location in space and the sunshield. But this is not cold enough for MIRI. Even a million miles out in space and with a giant sunshield to screen it from the Sun and the heat of the spacecraft itself, there is still enough heat energy around to interfere with the instrument. MIRI needs its own active cooling system, a sort of very specialized fridge, to get down to its operating temperature. What is particularly special about this cooling system is that it has to run at very low power and be essentially vibration free to allow MIRI to work optimally and prevent the creation of blurred images.

MIRI adds to the capabilities of the other instruments by enabling the telescope to study the thick dust enshrouding newly forming stars, galaxies and planets. It was the first of the science instruments to be delivered, in 2012. It was shipped to NASA’s Goddard Space Flight Center just outside Washington, DC, where it began an exhaustive programme of integration and testing, along with the other instruments, as it became part of the ISIM, and eventually of the telescope itself.
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Preparing the MIRI Structural Thermal Model for testing at RAL Space.




‘Astronomy is a science that is enabled by technology, engineering and teamwork. It is really exciting just to find a detail about the universe that no one else ever knew before.’

Professor Gillian Wright CBE, MIRI European Principal Investigator, UKRI STFC Astronomy Technology Centre, Edinburgh



These are just some of the initial challenges that faced the teams who were designing, building and testing Webb’s different parts. Next, all the parts – the telescope with the ISIM, the sunshield and the spacecraft – had to be integrated and tested, and the mirror folded up for launch. At last, everyone was satisfied that this very special telescope was ready to go, and it was transported to the European spaceport in French Guiana to be readied for launch on its Ariane 5 rocket.

The launch, which eventually took place on 25 December 2021, was very successful, with a trajectory so accurate that the spacecraft used much less fuel than anticipated to get into the correct orbit and that should now last for around 20 years instead of the ten years originally expected. But this was still a very nerve-racking time for the Webb team and all the scientists looking forward to the data – the instruments would all need to be cooled down in a controlled way to prevent them from being damaged, then switched on and calibrated in space to confirm they would function as expected. And before that, the telescope had to be deployed autonomously during the few weeks en route to L2, with many of the processes happening for the first time ever in space, and literally hundreds of different steps that needed to happen perfectly.

In particular, the huge sunshield had to be deployed correctly, with each layer perfectly tensioned and spaced, and the giant mirror had to be unfolded and all the segments aligned incredibly precisely – even tiny misalignments would significantly impact image quality. This was an enormous technical challenge; the segments needed to be aligned with an accuracy smaller than the width of a human hair. Because the mirror has to operate as a parabola, the segments in the middle are a slightly different shape from those at the edge. Each one was designed so it could be stressed very slightly to get the best possible image quality, and then tipped and tilted minutely until all the segments were phased and aligned.

It is worth noting that the wavefront sensing and control technique to do this simply did not exist at the time, so engineers working on Webb invented it. In fact, the mirror alignment is so good, and the sensitivity is so great, that Webb could see a small coin from more than 20 miles (32km) away. It is now as good as we could possibly make it. And in a brilliant example of how space technology gets picked up and used in other fields, that new technique has been adapted for use in laser eye surgery and diagnosis.


‘We scientists ask for the Moon, and it is the role of the engineers and managers to pull us down to Earth and work with us to build something that is within the realm of what is technically and fiscally doable.’

Professor Peter Jakobsen, ESA JWST Project Scientist up to 2011
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The Ariane 5 rocket photographed just moments after launching.
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Optical engineer Larkin Carey examines test mirror segments.



It was not all plain sailing, of course, and there were several occasions during the telescope’s 25-year development when the future of this exceptional observatory was in doubt. Because the mission is so groundbreaking, there were numerous technical issues that had to be overcome, one after the other, and many long and gruelling test campaigns to validate and verify that all the different elements would work as they should. There were other, more prosaic challenges as well; the eventual cost of the mission for NASA is almost US$10 billion, much more than originally planned, and the project narrowly avoided cancellation in 2011 due to escalating costs.

All that is past now – Webb is fully deployed, all the science instruments have been calibrated and checked, and the telescope is functioning well, considerably exceeding expectations with the clarity, precision and sensitivity of its images and spectroscopic data. The optics are better aligned than we expected, so we can see in even more detail than we were hoping for. The pointing capability of the telescope is more accurate than predicted, and the science instruments are more sensitive than we thought would be possible. There is even a refuelling port on the spacecraft, so in theory we might eventually manage to get a cargo of fuel out to L2 to fill Webb up, although this is not planned at the moment!

The successful deployment is testimony to all the hard work, determination, ingenuity and perseverance of the tens of thousands of scientists, engineers and technicians, from 14 countries around the world, who worked together to make this mission a success. Everyone is keen to point out that there was a great willingness to embrace different cultures and overcome language barriers on this project. Webb happened because of this team of people, sharing knowledge and working together to solve first one problem, then another and another, until finally, on 25 December 2021, Webb became a reality instead of a dream.

Making history

There have been a lot of firsts: the biggest deployable telescope in space to date; the first segmented mirror in space; the active, vibration-free cooler to take MIRI down to its operating temperature just above absolute zero; the giant sunshield deployed in space. Even the sophistication of the computer models used during the test campaigns to validate and verify the different elements of the optical system was groundbreaking. But the work continues. Scientists, engineers and outreach specialists from NASA, ESA and CSA are now contributing to the JWST Mission Operations Center at the Space Telescope Science Institute (STScI) in Baltimore, USA, which is operated for NASA by the Association of Universities for Research in Astronomy. Now that the mission is in full swing, with instruments performing at least 10 per cent better than anticipated, and with an expected 20-year lifespan instead of the five-year nominal mission, scientists around the world can be very glad that the huge team working on Webb is so talented and committed. It has opened our eyes to the almost endless possibilities of what we can discover about the universe. There have been many science highlights already and it is incredible to see the impact of these across such broad areas of research.

Webb is already helping us to get closer to answering some of the biggest questions in space science – questions such as: Is our own solar system unique? How are stars born and what happens when they die? How did the early universe develop, and what exactly is dark matter? How are galaxies formed and what governs the way they interact with each other? How do black holes work? Could there be life on other planets outside our solar system? Each chapter of this book will tackle one of these questions, using the stunning images and exciting new discoveries that Webb has provided so far, taking you on a journey to the furthest extent of the universe and looking back in time to its very beginning.


‘By combining together the best in engineering and science from all the countries involved in this international collaboration, we can do much more than we could on our own.’

Professor Mark McCaughrean, NASA JWST Interdisciplinary Scientist and ESA Senior Science & Exploration Advisor




‘The world is about to be new again.’

Dr Eric Smith, NASA JWST Program Scientist
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Clean-room workers pose for a group photo with Webb’s mirrors.
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Looking close to home
Webb and our solar system

The first images released from the James Webb Space Telescope (JWST; Webb), just a few months after launch, were focused on faraway galaxies and star-forming nebulas. Webb’s primary goal is to tell us more about our cosmic history by viewing the distant, early universe in more detail than ever before, using its state-of-the art infrared capabilities. But this groundbreaking observatory can look much closer to home as well – among the early images were some hauntingly beautiful and incredibly detailed images of the largest planet in our solar system, Jupiter. These images demonstrate Webb’s extraordinary ability to take us further in our understanding and appreciation of the universe. They produced a huge amount of interest among the scientific community and the public alike.

But there was (and still is) a lot more to come. Since those early images of Jupiter created such a stir, Webb has gone on to observe the other outer planets Saturn, Uranus and Neptune, and it has even been able to take a peek at Mars – a huge challenge for a telescope operating in the infrared, because it is much nearer the Sun and generates a lot of thermal energy as a result.
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Webb NIRCam composite of Jupiter, imaged with infrared light and processed with artificial colours to be visible.



Jupiter: giant of the solar system

Jupiter is a turbulent planet, with storms that rage so violently we can see some of them from Earth with even a small telescope. There are dense bands of cloud, winds that blow at hundreds



















Webb and Jupiter’s moons: could one of them harbour life?













Webb and the Red Planet































Webb and the outer planets


Saturn’s moon, Titan









Enceladus and its water plumes






Neptune and its moon, Triton



























New views of Uranus
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