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Measuring 
Temperature 

Sct1::NTIS'rs ARE TR.MNF.0 to a�k qu�tions. \Vhy docs 
water change to ice when the temperature goes 
down? How cold is the coldest temperature? \Vhy 
docs dry Ice behave differently from regular ice? In 
laboratories and in the field, researchers experiment 
to move step by step toward an answer. 

Sometimes several scientists in difFerent parts of 
the world are working on the same question. Some
times new scientists pick up experiments where older 
ones stopped. 

Vv'hile they arc looking for one answer, sciclltists 
sometimes discover something else quite new and 
unexpected. They find an answer to a questiot1 they 
weren't even asking. These surprises are a special 
reward of working in science. 

\Vhen researchers tried to find out all about tern· 
perature, an e.1'citing event happened- they discov• 
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ered st£perconducti-vity. This discovery could ,change 
our everyday world. 

Let's follow the footsteps of the searchers to that 
surprise-a way of transferring energy without 
losil\g any of it to the drag of wires or corlduiK 

\Ve all know that it is warmer by day than it is by 
night. It is warmer in the summer than it is in the 
winter. 

Soine thing;-like boiling water or a match flame 
-are very hot, hot c11ough to damage us .  A piece of 
dry ice is very cold, cold enough to da1nagc us. 

For that reason, we don't want to test how hot or 
how cold something is by touchirlg it. If it were too 
hot or too <.'Old we would be in pain. Even if it were 
just pleasant!)' warm or pleasantly cool. it would be 
very hard to tell by touch alone just how warm or 
cool it might be. 

\Ve need an instrument to do the measuring, some· 
thing that is more reliable than our touch. 

& it happens. things undergo certain changes as 
they grow hotter or cooler. For instance. mo.,;;t objects 
expand slightly. growing a little larger, as they warm 
op. They also contract slightly, growing a little 
smaller, as they cool down. 

Such changes are very small and we don't usua_\ly 
notice them. Suppose. though, that we have a hoUow 
bulb that is filled with the liquid metal merc,.ry 
(MER-kyuh-ree). Attached to the bulb is a gla� tob<: 
with a long, thin hollow imide it. \i\fithin the holJow 
is nothing at alJ, not even air. In other word�. it con· 
tains a vacuum (VAK-yoo-um). which is from a 
Latin word meaning "empty." 

Suppose, rlext, that the mercury is warmed. Jt ex· 

s 

pands very slightly, so that some of it is forced up into 
the thin tube that is attached to the bulb. Tho more 
fncrcury is warmed, the more it expands and the 
higher the column climbs. rF the mercury is cooled. it 
c.-ontracts and the column falls. 

From the height of the mercury <.'Olumn, you can 
telJ how cool or warm the mercury is, and therefore 
how cool or warm the air or water around it is. Such 
an instrument is called a tliermometer (thcr-MOM. 
uh.tcr), from Creek words meaning "to measure 

heat." The height of the mercury <'Olumn tolls us the 
temperature (TEM-per-uh-choor). 

The first mercury thermometer of t.hi.s kind was 
made in 1714 by a Dutch scientist, Gabriel Daniel 
Fahrenheit (FAH-ren-hito, 1686-1736). tn order to 
bo able to rneao;;ure temperature in numbers. Fahren• 
heit marked off the glass tube containing the mercury 
<.'Olumn into equal divisions and numbered them-1, 
2, 3, and so on. Each division is eallcd a degree (dih· 
CREE), from Latin words meaning "step." 

But where do you start count.ing from? 011e way of 
getting a low temperature to start from is to chop up 
ice and mix it with water. lf you put the bulb of a 
thermometer into such a mixture, the level of the 
mercury will mark the freezing poi11t of water, and 
thal level can be labeled zero. 

Fahrenheit felt the frooz.ii1g point of water wasn't 
cold enough. So he added salt to the water. Salt 
water freezes at a lower temperature than pure 
water does. He added enough salt to get the freezing 
point as low as he could and marked off Lhat level of 
the mercury column as zero. 

He then marked off a higher level where pure 
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water froze and a much higher level where pure 
water boiled. He divided the column between the 
freezing point and the boiling point into 180 equal 
sections and 001\linued that down to his zero mark. 

By this Fahrenheit scale. the freezing point of 
water was at the 32 mark arld the boiling point wa� 
al the 212 mark. So we say that the freezing point of 
water is "32 dcgrcx.'S Fahrenheit," while the boiling 
point of water is "212 degrees Fahrenheit.'' \Ve can 
abbreviate this as .. 32° F ... and .. 212° F." (The little 
circle means "degrees.") 

Using this scale, the normal temperature of the 
human body is 98.6

° F. \Vhen a person is sick, the 
temperature rises a bit to 100° F. and higher. \Ve say 
you then have a ··fever." 

The Fahrenheit scale is not really very convenient. 
The frcezi11g point and the boiling point of water are 
not expressed as simple numbers. ln 1742 a Swedish 
scientL<t, Anders Celsius (SEL-see-us, 1 701-1744), 
suggested a different scale. Ile set the freezing point 
of water at O and the boiling point at JOO. 

Now we can say that the freczirlg point of water is 
··o degrees Celsius," or ·'0° C," and the boiling point 
of water is "JOO degrees Celsius:· or .. 100° 

c:· Body 
temperature would then be 37 ° C. 

This Ce.lsim scale proved so popular that it is llOw 
used in every nation but one. The exception is the 
United States, which uses the Fahrenheit scale. Even 
in the United States, scientists use only the Celsius 
scale. 

In this book, I will use the Celsius scale too, but I 
will put the Fahrenheit scale a)on�ide in parentheses 
for a while. 
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The mercury thermometer is one way of measor· 
ing temperatures. bot it is not the onJy way. Other 
ways rnust be used to measure temperatures that a.re 
so high that mercury hoi1s. or thal are so ]ow that 
mercury freezes. \iVe won't bother with the other 
ways in this book, tho"gh. 

How high can temperatures go? The air around us 
heats up under the summer s1.in. The highest air tem
perature ever measured on Earth came on Septem• 
her 13, 1922, in what is now the nation of Libya. 
The temperature wa< then 58° C. (136° F.) in the 
shade. 

The Sun shines down on the hotter parts of the 
Earth for about twelve hours at a time, and the wind 
can bring in <,.'()Oler air. On the Moon, the Sun shines 
down for tv.io weeks at a time, and there is no air and 
so no cooling breezes. On the Moor'I, temperatures 
can reach as high as 117° C. (243° F.). This is higher 
than the boiling paint of water. 

Temperatures are holler at the center of a large 
body than they are at the surface. The temperature 
at Earth's �ntcr is about 6000° C. (12,000° F.). At 
the center of Jupiter, the tcmr>erature ma)' be as 
high as 54,000° C. (97,000° F.), and al the center 
of the Sun it may be as high a� 15,000,000° C. 
(27 ,000,000• F.) 

Stars that a.re Ja.rger than the Sun are hotter, too. 
Some stars may have central temperatures in the 
thousands of millions of degrees. 
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\Vhen the universe wa.� first formed, and when all 
its material was squashed into a tiny little object 
s,nallcr than an atom, its temperature rnay have 
been in the trillions of trillions of tril1ions of degrees. 
It seems, then, there is no limit to how high tempera� 
tures may go, or how hot something might be .  

Let·s try the other direction and consider how cold 
things might become. 

Temperatures on Earth can go many degrees 
below zero C. If a temperature is ter1 degrees below 
zero C.1 we can say it is "ten Celsiw degrees be.Jow 
freezing.·· b\1t it is much more convenient to say it is 
"-10° C." The minus sign shows it is below zero. 

Tho coldest place on Earth is the t'Ontinent of 
Antarctica, which is at the South Po]e. Soviet scien
tists have established a base at a place in Antarctica 
that is farthest from the ocean, so that it gets 
colder there than anywhere else. On July 22, 1983, 
they measured a temperature of -89.2° C. 
(-128.6° F.). That is the t'Olde,� temperature ever 
measured on Earth. 

On the Moon, where there is no air to bring in 
warmth from elsewhere, it can get cvc,l colder. The 
night on the Moon is two weeks long, and the tem
perature drops through all that time. By the end of 
the long night it can be as low as -121• C. 
(-261° F.). 

Planets that are very far from the Sun have even 
Jower temperatures. Pluto, the farthest planet, may 
have a temperature at it1, sur'face as low as -218° C. 
(-360• F.). 
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Does this mean there i.s no limit to how (..'Old an 
object ,nay be? Is there no limit to how low tempera• 
tu rcs can get? 

Oddly enough, the answer is that there is a limit. 
Although temperatures can go up to any height, it 
seems, they cannot fall to a1))' depth. There is a tem
perature that is as cold as it can possibly be, and 
nothing ca11 ever be colder than that. 

A11 ordinary zero of temperature is nothing more 

than a convenient figure. Jt was convenient for Cel
sius to set the freezing point of water as 0° C., but 
temperatures ca1) go lower than that. Fahrenheit 
thought it convenient to set the freezing point of salty 
water as 0° F., but temperature.� can go lower than 
that, too. 

Even if we set zero at the coldest temperature ever 
measured in Antarctica, or on the Moon, or on Pluto, 
temperatures ca1) go lower than that, too. If, how
ever, wo set zero at the lowest temperature it is ever 
possible to have, then that is a real zero. 

Vlhen we have a zero that is truly the lowest tem
perature the ro can be, so that t.hcre is never anythh1g 
lower. we call that absolute zero. 

The question is, thou,gh: How did scientists gel the 

idea that there was such a thing as an absolute zero? 

2 

Finding the 
Lowest 

Temperature 
TirE f1RST l'EltSON to get a notion that absolute zero 
mjght exist was a French scientist named Guillaume 
Amontons (ghee-OME a-moo-TON, 1 6 83 -1705). 

Amontons was very interested in ways of rneasu r .  
ing temperature, but he lived before Fahrenheit had 
invented t-hc mercury thermometer. He tried, in
stead, to measure temperature by considering how 
air expanded as it gre w warmer and contracted as it 
grew colder. Such an .. air thermometer .. Lo; not very 
g<XKI, but Amontons grew more and more interested 
in this expansion and contraction. 

He noticed lhat a� air grew cooJcr. it seemed to 
contract at a steady rate. \.Vhat's more, he noticed 
that other kinds of g�es also contracted al the same 
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Galileo's air thermometer 
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steady rate. It S(.'C:rncd to him that if air, or any other 
gas, kept getting cooler, its volume would get less 
and less and les<, until, finally, that volume would 
drop to zero. 

Since you ean·t very well expect a ga.� to shrink to a 
volume of l� than z.ero, it would mean that tern· 
perature <:ould only go down so far. Once it reached 
the point where gases had zero volume, there would 
be an absolute zero and nothing colder co1..1ld exist. 

Amontons made this discovery in 1699, but it 
didn•t seem to impress anyone very much, and his 
work was forgotten for a long time. 

Then, in  1787, another French scientist, Jac:ques 
Alexandre Charles (SHAHRL, 1746-1823), also stud
ied the volume changes of gases with temperature. 
Charles had a great advantage over Amontons, for 
by his time mercury thermometers had been 
invented. 

If Charles began with air at 0° C. and let it cool to 
-1° C., he found that it contracted by about 
11270th of its volume. For each further degree that it 
dropped, it contracted by another 11270th of its vol
ume at 0 ° C. Other gases acted the same way. 

In other words, suppose you start with 270 cubic 
inches of air at 0° C. If the temperature drops to 
-1 ° C .• the volumo drops to 269 cubic inches. At 
-2° C. it is 268 cubic inches, at -3° C. i t  is 267, 
a11d so on. By the lime you got down to -270° C. or 
thereabouts. the air volume would be O cubic inches 
aod that would be absolute zero. 

Charles didn't write up his discoveries and publish 
them so that other scientists could see what he had 
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done. Maybe he thought the idea of having an abso• 
lute zero was too weird to talk about openly. Stil11 he 
kept private notes, so we know about hL,;; ideas. 

Then, irl 1802, yet another French scientist, Joseph 
Louis Cay-Lus.sac (CAY-lyoo-SAK, 177S-1850), did 
the same kind of work. He got the same results 
Charle.< had, but he published them. That made 

many scientists begin to thirlk about absolute zero 
and try to figure out just exactJy what the tempera
ture of ab.solute zero might be. 

Nowadays, scientists have determined that abso
lute zero is at -273.15° C. (-459.67° F.). 

There is a catch, though, when it comes to work
ing out the temperature of absolute zero by measur
ing the decrease in volume of gases. After all, gases 
don't stay gac;es as the temperature drops. At least, 
some gases don't. 

\Vater may be a gas at temperatures over 100° C. 
(212° F.), but if you cool it to that temperature it 
liquefies. Alcohol is a gas that liquefies at 78.'I • C. 
(173.1° F.). Ether liquefies at 34.6° C. (94.3° F.), 
and a gas called butane liquefies at -0.5° C. 
(31.1° F.J. 

Once a ga.� becomes a liquid, it continues to con
tract as it gets cooler, but at a much smaller rate than 
a gas would. 

In Cay-Lussac's time, air and certain other gases 
remained gases, C\ICO at the lowest temperatures that 
scientist� could then reach. Still, it made sense to sup
pOSe that at stilJ lower temperatures, tho..,;e gases too 
would turn liquid and then shrink very slowly indeed 
as they were further cooled. In Fa.c..-t. Jiquidst when 
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Joseph Gay-Lussec 

very cold, might stop shrinking in volume altogether. 
In that c-a.�. volumes would never become zero and 
temperatures might drop far below -273.15° so that 
there might be no such thing as an absolute zero. 

In 1848, a British scientist, \.Yi1liarn Thomson 
(1824-1907), considered this problem. (Later in his 

life, Thomson wa'i given a title by the British govern
ment and was named Baron Kelvin. For that reason, 
he is generally known as Lord Kelvin. Sometim�. 
even when speaking of the work he did before he got 
the title, writers refer to him as Lord Kelvin.) 

Lord Kelvin reasoned that all substances were 
made up of tiny atoms that usually combined into 
small groups known a'i molecules. In gases. the mole 
cules moved freely about. In liquids and solids, they 
remained in place but moved rapidly back and forth 
in that place. 

Whether the molecule.,; moved freely or just trem
bled in place, the motion meant that they p0ssessed 
energy, The higher the temperature and the hotter 
the substance, the more rapidly the molecules 

moved, and the more energy they had. The lower the 
temperature and the colder the substance, the more 
slowly the atoms or molecules moved, and the les.,; 
energy they had. This proved true of all substances, 
whether they were gases. liquids, or solids. 

KeJvi11 showed that what counted was the energy 
in a substance, not its volume. At absolute zero, the 
energy of any substance dropped to zero and couldn' t  
drop any further. So absolute zero did exist at 
-273.15° , regardless of whether gases all be-came 

liquid� at low temperatures or not. 
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Behavior of molecules 

Lotd Kelvin 

In 1851, Kelvin poil\tcd out that it made sense to 
measure all temperatures from absolute zero and to 
move upward by Celsius degrees. Such a tempera
ture scale is the absolute scale or the Kelvin scale, 

named in his honor. 



Absolute zero is ··zero degrees Kelvin," or "Ob K." 
Sine., absolute zero is  273.15 degrees below the freez. 
ing poinl of water, water freezes at a temperature 
273.15 degrees above absolute zero, or at 273.15° K. 
To change Celsius temperatures to  Kelvin tempera
tures, you ju.st add 273.15 to the Celsius figure.  
\Vater boils at 100° C., and since 100 + 273.15 = 
373.15, water boils at 373.15° K. 

For the rest of the book, I will use the Kelvin scale, 
with the Celsius scale in parentheses. 
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Turning 
Gases into 

Liquids 
O�cE c,\Y.tUSSAC 1..ro scientists to thinking about abso
lute zero, they began to wonder whether they oould 
liquefy air and other gases at temperature.,; higher 
than absolute zero. To do that they might have to 
cool the gases to very low temperatures, even if rlOt 
quite to absolute zero. 

But in  Cay-Lussac·s time they had no way of 
reaching the necessary low temperatures. They could 
get really cold temperatures only if they went to 
Siberia in the winter (or, much later, to Antarctica). 
Even then, the lowest temperature in Antarctica is 
stHI 184° K., or almost two hundred degrees above 

absolute zero. That might not be enough to liquefy 
some gases. 
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In 1823 an English scientist, Michael Faraday 
(1791-1867), thought of another wai•. JI a ga1 L1 put 
under pressure, that forces the molecules closer to
gether, which increases it.s tendency to turn into a 
liquid. If you put a gas under pressure combined 
with low temperatures, it might turn into a liquid 
more easily than with low temperatures only. 

Faraday began with a strong tube of thick glas,;. 
Ile put at its bottom a quantity of a chemical that 
gave orf chlorine gas when it was heated. He melted 
the other end of the tube shut and heated Lhe middle 
so that he could bend it into a boomerang shape. 

Next he put the end with the chemical into hot 
water and the other end into ice water. At the heated 
end, chlorine gas was formed in greater and greater 
quantiti�. ThL� produced greater and greater pres
sures. Finally the great pressure, together with the 
cold from the ice water. produced liquid chlorine at 
the oold end. 

Chlorioo Hqucfie.,; without pres.sure at a tempera· 
ture of 238.6° K. (-34.5° C.). It could ca1ily he 
made to liquefy in a Siberian winter. But cold plus 
pressure could be used to liquefy other ga.res that 
ordinarily liquefy at still lower temperatures. 

Besides, this gave scientists a new way of getting 
low temperatures. Suppose a ga.,; Lo; liquefied under 
pressure and its container is surrounded with cork or 
some other material that will keep outside heat from 
getting in. The container is then opened a bit so the 
liquid starts to boil and to turn into a gas. For the gas 
to form, the molecules of the liquid musl pull apart. 
That involves energy. The energy can onl}' come 
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lloQuld 
chlorin 
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Faraday's liquificatlon of chlo,lne 

chlQf'ine 
compound 

from the Hquid itself, so as the liquid evaporates. it 
quickly gets very cold. 

In 1835 a Frc:nch chemist, C.S.A. Thilorier (tih
lore-YAY), started with the gas carbon dioxide (dy
OCK-sldc) and liquefied it by Faraday's method. He 
used metal tubes, which are stronger than glass ones. 
After he had prepared quite a bit of liquid carbon 
dioxide, he let some of it evaporate. It cooled down 
further and became solid carbon dioxide. 

Solid carbon dioxide look.< like ice, but it doesn't 
melt into a liqu id. A block of solid carbon dioxide 
turns slowly ir'ltO gas withot1t passing through the 
liquid form. For that reason, it i s  called "dry ice." It 
turns into a gas at a temperature of U)4.6° K. 
c-1s.s0 c.J. 

Dry ice can be chopped up and added to liquid 
ether, which doesn't freeze till very low temperatures 
are reached. 1"he dry ice cools the ether, which 
slowly evaporates, getting still colder as a result. A 
mixture of dry ic-c and ether can reach a temperature 
as low as 163° K. (-110 ° C.). This is far colder than 
any temperature even Anlarctica earl prodoce. 

Now, instead of producing a gas at one end of a 
tube and cooling the other end in ice water, you 
<..'Ot1ld cool the ocher end in a dry ice-ether mixture. 
This meant you could easily liquefy marly gases that 
couldn ·1 have been liquefied before. 

In fact, by the 1860s, there were only four known 
gases that couldn't be liquefied. They were oxygen 
(OCK-sih-jcn) and nitrogen (NY-truh-gen), the two 
gases that make up air; carbon monoxide (mon
OCK-side), a poisonous gas found in aotomobile 
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exhaust; and hydrogen (HY-druh-jcn}, the lightest 
of all gases. 

Four more gases were discovered by lhe end of the 
1800s that couldn't be liquefied by dry ice-ether 
cooling either. They were fluorine (FLA \V-reen}, 
cirgon (AHR·gonL neon (NEE-on), and helium 
(HEE-lee-um). 

The difficulty in liquefying these gases was ex
plained in 1869 by an Irish scientist, Thomas An
drews (1813-1885). He found that the higher the 

· temperature of a ga�. the greater the pressure re. 
quired to liquefy it-and the pressure required rose 
more quickly than the temperature did. Above a cer
tain "critical temperature, .. no amQur)t of pre!,>stHe 
would liquefy a gas. The eight gases that couldn't be 
liquefied had critical temperatures bel<>w 163° K. 
Before they could be liquefied they had to be made 
colder than a dry ice-ether mixture. 

In 1852, however, Lord Kelvin (who was still only 
\Villiam Thomson} and a friend, the English scientist 
James Prescott Joule (jool, 1818-1889), showed that 
making a liquid evaporate into a gas wa� not the only 
way of forcing a drop in temperature. 

Suppose you put pressure on a gas, squeeze it into a 
small container. and then <..'001 it as much as }'OU can. 
If you allow this compressed gas to expand, that too 
takes energy, which is absorbed from the gas itself. 
The temperature drops quickly .  

This is called the '·Joule-Thomson effe,� ... 
In 1877 a French physicist, Louis Paul Cailletet 

(kah-yuh-TAY, 1832-1913), compressed oxygen as 
much a< he could. Then he <'OOled the compressed 
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oxygen to as low a temperature as po.��ible and let it 
expand. lts temperature dropped, and eventually he 
managed to get a fog of small droplets of liquid oxy
gen. lie did the same for nitrogen and carbon 
monoxide and got droplet� of liquid there, too. 

The technique was improved, and by 1883 scien
tists were getting these liquid gases in quantity. In 
fact, twelve yc.ars later, a Ccrman chemist, Carl von 
Linde (LIN-duh, 1842-1934), managed to work out 
a way to make liquid air (composed of oxygen and 
nitrogen) in such large quantities that it became 
cheap c,,ough to use ir, ind1.1stry. 

By 1895, it was possible to liquefy five of the eight 
difficult gases. Here are the temperatures at which 
these five turn liquid. 

Oxygen 
Argon 
Fluorine 
Carbo,, monoxide 
Nitrogen 

90.17° K 
87.28° K. 
85.01° K. 
81.70° K. 
77.35° K. 

-182.98° C. 
-185.87° C. 
-188.14° C. 
-191.15° 

c. 

-195.80° C. 

Scientists had now produced temperatures within 
seventy-seven degr� of absolute zero, but there 
were. sti11 three ga.scs they <.."OoJ<ln't liquefy: neon, 
hydrogen, and helium. The Joul.;-Thomson effect 
didn't seem to work for these three. 

Meantime, in 1873, a Dutch scicntl�t. Johannes 
Diderik van der \Vaals (van-der-VALS, 1837 -1923), 
had studied gases with particular care and expl ained 
the difficulty. From the results he got, it became 
clear that, for these three gases, the Joule-Thomson 
effect only worked below certain temperatures. 
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For almost all gases. the temperature at which the 

Joule-Thomson effect started to work was quite high. 
At ordinary temperatures it would serve to t.'001 
almost any gas. 

For hydrogen, however, the Joule-Thomson effect 
would only work at temperatures below 190° K. 
(-83° C.). This meant that hydrogen had lo be 
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cooled to a tein1>erature colder than the coldest 
Antarctica winter before it could be further cooled 
by letting it expand. The Scottish chemist James 
Dewar (OYOO-er, 1842-1923), was the first to take 

this into account. 
He began by making large quantities of liquid 

nitrogen, with a temperat ure-of 77° K. (-196° C.). 
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This was far below the temperature at '1.vhich the 
Joule-Thomson effect would begin to work with 
hydrogen. lie took a quantity of hydrogen, com
pressed it in a strong container, and dipped the con
tainer into the liquid nitrogen. 

The compress,,d hydrogen cooled down to liquid 
nitrogen temperatures and then Dewar allowed it to 
expand. The expansion cooled it further, and in 1895 
he finally got liquid hydrogen. 

Hydrogen liquefies at 20.38° K. (-252.77° C.). 
The technique that worked to produce liquid hydro
gen could also be used to produ<'e liquid neon, for 

neon liquefies at a slightly higher temperature than 

hydrogen does; neon liquefies at 27.05° K. 
(-246.10° C.). 

Dewar also had worked out a way of keeping very 
cold liquids from evaporating too quickl>'· He did 
this by preparing containers with double walls. J n 
between the walls there was a vacuum. 

Heat can be transferred into or out of a ,container 
by passing through the material of the walls. But in 

thi.� double-walled container, there was nothing be
tween the walls that the heat could pass through. 
Heat can also be carried by air C\lrrents. but there 
were no air currents between the walls. 

Finally, heat can radiate, producing tiny waves of 
energy that could pass through a vacuum .. Dewar 
took care of that by lining the walls of the container 
with smooth, shiny metal. The metal reflected most 
of the radiation and wouldn't let it pass through. 
This meant that hardly any heat at all could pass 
through the container walls. 
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ln.ner su rlaces 
Si lve<ed -c::11:::: 

vacuum 

Cfoss section of Oewaf flask 

If very cold liq1.1ids are put in such a corltainer t so 
little heat will get in that the liquids remain cold for 
a long time and hardly evaporate. Such a container is 
called a "Dewar flask." 
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People use these Oasks at home and call them 
"thermos bottles:· Outfitted with corks and caps, 
they can be used to keep water or other drinks cold. 
They can also be used to keep coffee or soup hot. 

Dewar placed some liquid hydrogen in one of his 
flasks and let it evaporato. The evapor ation used! up 
heat that had to come from the liquid hydrogen 
itself, since almost no heat came from the outside. As 
it evap0rated1 the liquid hydrogen cooled further. In 
1899, Dewar was able to freeze it and form solid 
hydrogen. llydrogc1l frcc:i..CS at a temperature of 
13.95° K. (-159.20° C.). 

And yet, even at a temperahm: within foortccn 
degrees of absolute zero, helium remained a gas. It 
was the only gas that had not been liquefied as the 
1900s began. 

3G 

4 
The Helium 

Struggle 
Ii£l.1UM 1s .MAD£ up of the most stable atoms that exist. 
The helium atom is so stable thal any change in it is 

bound to make the atom less stable. For that reason, 
it won't combine with any other atoms. ll won't even 
combine with other helium atoms, so that helit1m gas 
is  always made up of sing]e atoms. On the other 
hand, hydrogen, oxygen, nitrogen, and fh.1orine are 
made up of atoms that combine in pairs. So we speak 
of hydrogen, oxygen, nitrogen, and fluorine 
molecules. 

Helium atoms are so stable that they do not come 
together long enough to form a liquid unless the tern. 
peraturo L< very, very cold. In this deep cold, the 
helium atoms can hardly move al all. 

A Dutch scientist, Heike Kamerlingh Onncs 
(KAM-er-ling OH-nes, 1853-1926), decided to tackle 
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Heli um atom 

the problem of liquefying helium. He designed • spe
cial laboratory where scientists worked onl)' with 
very low temperatures. It was the first laboratory of 
the kind ever set up. 

Kamerlingh Onnes then comprc.,;scd helium 
tightly and let it cool in • bath of liquid hydrogen. 
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Heike Kamerl ingh Onnes 

Once the helium wa.(; as cold as the liquid hydrogen, 
the Joule-Thomson effect would work. He then 
allowed the very cold compressed helium to expand 
so that it grew colder still. Finally, in 1908, he pro 
duced liquid helium. The last gas had now ]J<;cn 
liquefied! 
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The temperature at which hclh.1m becomes liquid 
is only 4.21° K. (-268.94° C.). 

To keep this extremely cold liquid helium from 
evaporating too Qliickly, as much heat must be kept 
out as possible. So the container of liquid helium was 
kept in a larger container full of liquid hydrogen, 
which was kept in a still larger container fuU of 
liquid air.  

In this way, Kamcrlingh Onnes kept his helium 
liquid lo11g CflOt1gh to experiment with it. He wanted 
to do one more thing, and that was to frcc-�e it and 
produC(! solid helium. He managed to cool the 

helium by letting some of i t  evaporate quickly. In 
this way. he got the temperature as low as 0.83 ° K. 
(-272.32° C.), hut the helium stayed liquid. \Vhen 
the scientist died, on February 21, 1926, he still had 
not managed to freeze helium. 

We now know that it ii:. im�ible to freeze helium 

just by lowering its temperature. At absolute zero, 
there is still a very tiny bit of energy left after all. 
This energy c.annot be removed, so that ab.solute zero 

remains the lowest temperature we can reach. That 
little bit of unremovable energy is just enough to keep 
helium atoms from settling down into a solid 
arrangement. 

A few months after Kamerlingh Orrnes died, how
ever. a student of his, the Dutch physicist V/illem 
Hendrik K=m (KAY-sum, 1876-1956), decided to 
try a combination of high pressure and low tempera• 
ture, as Faraday had done with chlorine almost 
exactly a ,-entury earlier. 
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This worked. \Vhen Keesom put liquid helium 
under 25 almosphcres of pressure, ho found that he 
could obtain solid helium at 1.0° K. He even man• 
aged to lower liquid helium temperatures to 0.4 ° K. 

Even though scientists had now managed to 
liquefy and solidify all known substances. they were 
not satisfied. There is always the desire to reach a 
limit-to reach the North Pole or the South Pole. or 
to climb Mount Everest, or to rocket to the Moon. 

lrl this case, though, it was irnpo�ibl e to reach 
the limit. In 1906, just two years before helium 
was finally H(Juefied, a Cerman scientist, Vlalther 
Hermann Nernst (1864-1941), showed that one 
could onl)' approach absolute zero. but never quite 
reach it. 

Suppose you start at 4 ° K., the temperature at 
which helium turns liquid. Il would take a certain 
amount of effort to remove half the energy and re. 
duce the temperature to 2° K. It would take about 
the same amount of effort to remove half the energy 
that wa.� still left and get down to 1 c K. It would 
then take the same effort to get down to 0.5° K., 
then to 0.254 K. More and more effort will continue 
to lower the temperature, but in small er and smaller 
steps, and you would never get all the way to O c K. 

Still, scientists would like to approach absolute 
zero as closely as possible. and evaporation did not 
seem to get them lower than 0.4° K. 

In 1926, the Dutch scientist Peter Joseph Wilhel m 
Debye (dih-BY, 1884-1966), had an idea. There are 
some molecules that are sensitive to the pull of a 
magnet. A magnet wiH force them all to line op in 
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the same direction. Suppo.se this magnetized material 
is cooled by liquid helium down to 0.4 ° K .• the low 
est temperature that can be reached by evaporation, 
and then the magnet is removed. 

AJJ the magnetized molecules can now point any 
which way, and they do. But it takes energy for them 
to fall out of line in that way, and the only place they 
can get the energy is frorn the liquid hclitun that sur 
rounds them. Thls mean.� the temperature of the 
liquid helium will drop. 

In 1933 an American scientist, \Villiarn Francis 
Giauque OEE-oke, 1895-1982). tried this method, 
and it worked. He got the liquid helium down to 
0 .25° K., only a quarter of a degree alx>ve absolute 
zero. 

Dutch scientists, on hearing of this, also used mag 
netized moJecules, and before the end of the year 
they had reached a temperature of 0 .0185 ° K., only 
1154th of a degrt'<) above absolute zero. 

Other devices to remove tiny scraps of heat 
from very cold liquid helium were also tried, and 
now temperatures as low as 0 . 00002° K. - only 
1/50,000th of a degree above absolute zero - have 
been reached. But absolute zero itself has never been 
obtained and, it seems, never will be .  

Getting down t o  these low temperatures proved 
interesting, because scienli.«s learned things they had 
never known before. 

[n 1928, for instance, K�om had discovered that 
at 2.2° K. helium changed from an ordinary liquid, 
.. hcliurn I," with properties like al) other liquids, to a Portabl e liquid-helium storage tank 
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new kind of liquid, .. helium II," which had proper
ties no other liquid seemed to have. 

Helium 11, for instance, was a "superfluid" that 
could move through the smallest holes without any 
friction. Containers that were airtight might not bo 
helium II-tight. 

Helium II also conducted heat perfectly. Any heat 
that was added to it spread over the entire liquid at 
once. No hot spots developed, so that hc1ium 11 
didn·t boil by forming bubbles but mereli• by peeling 
off the uppermost layer ol atoms. 

Then, too, he.Hum consists of two varieties of 
atoms, called "helium-4" and "helium-3." Helium-4 
is the common type of helium. Only one helium atom 
out of a million is hcJium-3. 

It is really helium-4 that liquefies at 4.21 ° K., and 
it is hcli um--4 that tt1rns illtO hclh.1m II at 2.2° K. 

In the 1940s scientists were at last able to separate 
the occasfonal hclium-3 atom out of helium and pro
duce a gas that was just about all helium-3. 

HeHum-3 atoms are only three-fourths as heavy as 
heliom-4 atoms. It is even easier for helium-3 atoms 
to fly away from each other than it is for helit,1m-4 to 
do so. That means that helium-3 should liquefy at an 
even lower temperature than helium-4. 

ln 1949, scientists found that helit,1m-3 liqoefies at 
3.2° K., a full degree below the point that helium-4 
doe.,. 

Helium-3 did not show any signs of turning into a 
helium-II form of liquid. It wa� cooled to lower and 
lower temperatur<.'S in order to see if such a form of 
helimn-3 e.tisted. Not unli1 1972 wa� hclium-3 turned 

l�uid neli u m, - -1+--

invi $i b'e mm 
of tiqu.O 

Helium-II ··Superfluid" 

climbi ng up and out of its contai ner 
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into a helium-11 liquid-at a temperature of 
0.0025° K., onl)• 11400th of a degree above absolute 
zero. 

Helium-4 and helium-3 are the only substances 
that form this strange kind of liquid. No other sub 
stance remains liquid at a low enough temperature. 

Scientists like the So,•iet physicist Peter Leonido
vich Kapitsa (KA-pyit-seh, b. 1894) have eagerly 
studied thi.,; strange material in order to understand 
more about the structure and properties of atoms. 
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5 

Super
conductivity 

0:(£ OISCO\'FRY MAO£ while sh1 dying liquid helium now 
looks as though it might prove to be of enormous 
importance in everyday life. lt came about this wa)'· 

Onre liquid helium had been produced, scientisls 
were able. for the first time. to study various proper• 
ti� of matter at very lo,a.• temperatures. 

For instance. when electricity passes through a 
wire, it meets up with a certain resistance. It has to 
force it,; way pa.�t the atoms in the wire, and this uses 
up some energy, which turns into heat. A,; a result, 
the wire grows hot and only some of the electricity 
maoages to get through. 

If the wire is cooled to begin with, the atoms in it 
move about less speedily and don't interfere with the 
elcctr-ic current as much. In other word,;, tho resis 
tance decrease.,;. lvlost scicntbis assumed that resis• 
lance would continue to fall, little by little, as the 
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temperature of the wire fell, and would finally reach 
zero at a temperature of absolute zero. 

This seemed to be true when temperatures were 
reduced all the way to that of liquid hydrogen. In 
1911, Kamerlingh Onnes, who had first liquefied 
helium three years before, decided to try to check this 
matter of electrical resistance Further by using liquid 
helium temperatures. He expected no surprises, but 
he got an enormous one. 

Kamerlingh Onnes was studying frozen mercury, 
which carries electricity with not loo 1nuch resis 
tance, and which shows even Jess resistance at liquid• 
hydrogen temperatures. At 4.21 ° K., the liquefying 
point of helium, the resistance of mercury was just 
about where scientisL� expected it to be. 

But as  Kamerlingh Onnes dropped the tempera
ture further, he found that at 4.12° K. the resistance 
suddenly dropped to zero. Below that temperature, 
mercury conducted an electric current perfectly. 
There was no conversion of any of the electricity to 
heat, because there was no resistance. Because elec
trical conductivity under these conditions was per 
fect� the phenomenon was called t;Uperconductivity. 

Scientists had never expected that there would be 
zero resistance at temperatures above absolute zero. 
It wasn·t till H)73 that an American scientist, John 
Bardeen (b. 1908) offered a reasonable explanation. 
Still, cxpJanatlorl or not, mystery or not, scientists 
were anxious to know whether only mercury acted in 
this way or whether otllcr metals did too. 

They quickly discovered that other metals did 
show superconductivity. A few didn't, but that 
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might be only because they weren ·t tested at tern· 
peraturcs quite )ow enough. 

For instance, the metal hafniom (liAF-ncc--um) 
can be supcrconductive, but only if it is cooled to a 
temperature of 0.35° K. or below. Only a few metals 
became superconductlve at temperatures higher than 
mercury did. Lead, for instance, bet.'Omes supercon· 
ductive at 7 .22° K. An electric current set up in a 
lead ring that was kept in liquid helium continued to 
circle round and round for two and a half year$ with
out losing any electric cunent in all that time. 

The metal with the highest superooll<luctivc tem
perature ls technetium (tek.NEE.she--um), a radioac• 
tive metal that doesn ·t e,dst in nature but can be 
made in the laboratory. It becomes superconductive 
at 11.2° K. 

Superconductivity might have important uses. 
Electricity i.s always being conducted from the gen
erators where it is produced to the homes, offices, 
and factories where it is used. Up to 15 percent of all 
the electricity conducted here and there is lost as 
heat. This amounts to many billions of dollars. 

Suppose electricity could be carried through super
conductive wires. None of it would be lost .and l)iJ. 
lions of dollrus would be saved. But if the highest 
superconductive metal will work only at a tt:!mpcr a 
turc lower than 11.2

° K., we must surround all our 
wires with liquid helham. Nothing else is <:old 
enough. Liquid hydrogen, the next coldest liquid, 
free:r.es at 14° K. and, ullless allowed to evaporate 
continuous!}', will be at a temperature of 20° K.  

Helium, however, is  very rare, and keeping it 
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Equipment for testing sample materials 
tor superconductivi ty 

The sample of ceramic bei ng tested Is clamped (ta, ,ighO on a 
lono hOlder or prob$ (across top of drawi ng, above>. Wi res from 
the sample go through the probe to !he 1erml na1 at le!! to cecoc<J 
results. 

The mieklle drawi ng on the right i$ a close-up of the sample chip. 
The picture in the circle shows the testing wires anached to th-e 
sample chi p. 

The whole probe Is Immersed in a reMoora100 container. or 
sup(Hthermos, and electric current is sent lhrough the wires. 
The test measures the rate at which the electric curren1 travel.s 
through !he ceramic sample a1 various tempe:,tHurcs. 

52 

sample wi red for testi ng 
(seen under mk:coseope) 

. ". 
$uperconduc1or 

mounted Of'l l)fObe 

53 



liquid is extremely difficult. It would OO)i: far more 
money to keep all the conducting wires co]d enough 
for superconductivity than we t'Ould p0ssibly save 'by 
doing so. 

\Vhat is needed, then, i s  something that is super• 
conductive at higher temperatures. Since no pure 
metal will do, perhaps a mixture or different metals, 
an allO!/, might be found. 

Scientists began to test every alloy they could get 
their hands on. About fourteen hundred of them 
were found to be superconductive at low tempera
tures, but always at temperatures that were too low 
to be practic.a). 

Not till 1968 was an alloy found that would be 
superconductive at liquid-hydrogen temperatures. 
An alloy of the metals niobium (NY-oh-bee-um), 
aluminum (a-LOO-mih-num). and germanium (jcr
MA Y-1100-um) was found to become superconducti ve 
at 21 ° K. In 1984, an alloy of niobium and ger
manium reached the mark at 24 ° K. 

Liquid hydrogen is more common than 1iqllid 
helium and l� ea�ier to keep liquid, but still not easy 
enough. Besides, liquid heliom is at least utterly safe, 
while liquid hydrogen can burn. It can also produce 
vapors of hydrogen gas that can explode. Usinl( 
liquid hydrogen aJI over the nation in order to trans
port electricity would not on)y be an unbearable ex
pense, it might give rise to great disasters. 

In three quarters of a century, nothing warmer 
than 24 ° K. had been found for superconductivity. 
The situation S<:Cmed hopclCS<l. 

And then came another big surprise, one as big as 
the original discovery of superconductivity. 
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In Germany, scie1\li'its tried something new. In
stead of testing metals that were pure or mi,:ed (the 

usual conductors of electricity), they began to test 
combinations of metals with oxygen, or oxides (OKS. 
ides). These oxide mixtures are claylike substances 
c-.tlled ceramics (seh-1\AM-iks), from a Greek word 
meaning ··clay." The dishes we eat out of are usually 
made of ceramic materials. 

The first word of this came in the fall of 1986, 
when it was announced that a mixture o f  oxi des or 
lanthanum (LAN-thuh-num), barium (BA-ree-um), 
and copper (KOP-pcr) had turned superconductive 
at 28° K. 

ThL,; wasn't much of an improvement, of coorsc. 
but suddenly everyone was testing all kinds of 
ceramic mixtures and the mark was soon bettered. 
Before the end of the year a ceramic wa� reported 
that wa.� superconductive at 40° K.-providcd it 
was placed under huge pressure. Another labora
tory, however, quickl y announced a ceramic that 
was super<.'01\ductive at 36° K .• even with no pres
sure at all. 

It didn·t stop there. In 1987, a ceramic w as  cfovel
oped that was superconductivc at 90° K. Such a 

ceramic would be Sl1perconductive at liquid nitrogcll 
temperature..�. Liquid nitrogen is much more com• 
mon than liquid hydrogen, is easier to keep liquid, 
and is almost as safe as liquid helium. 

Even there discoveries baven·t stopped. 11\ :May 
1987 came a report of a ceramic that might tur-n 
superconductive at a temperature or 225° K. 
(-48° C.). This would mean superconductivity at 
dry ice temperatures. 
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But if superconductivity can be made to work at 
225° K., why might it 11ot work at ordinary tern. 
peratures that arc all about us? That is the dream of 
scientists right now: to find a substance that will 
carry electricity without Joss, even when it isn' t 

cooled at all, or, at worst, simpl)' when it L'i air 
oondit.ioned as we air-condition oor homes. 

Of course, scientists can't explain how such high
tempentture superconducti\•ity works. Bardeen's 
explanation for ordinary superconductivity m.ay not 
fit this new kind. But explanations can wait, if 011Jy 
we c.an make good use of the discovery. 

There is a more practical catch, though. Electric
ity is conducted along wi.res and  films. for the most 
part. \Vires and films are tough and can bend with
out breaking .  Ceramics are brittle materials. It isn't 
e�y to form wires or films of them. However, scien
tists are already working on the problem, an d there 

seems to be hope that it may be solved in a reasonable 
time. 

\Vhat advantages wilJ high-temperature supercon• 
ductivity have for all of us? Billions of dollars will be 

saved in conducting electricity over long di.o;t.arl<."eS. 
but that isn't all. 

Because of the loss of electricity while it is being 
transferred from place to place, generators arc 
placed near cities where the electricity must be used. 
'With high-temperature supercond\1ctivity, it would 
be possible to put the generators far away from cities 
without loolng electricity. 

S7 



This is particularly important for nuclear power 

plants. Many people are nervous about having such 
plants near cities, in ca.:;e of nuclear aocidents. W'ith 
high-temperat1.1re superconductivity, nuclear power 
plants can be put in isolated desert areas without 
loss. 

Someday we hope to have solar energy, making 
use of special devices that can turn Lhc energy of s1.1n
Jight into electricity. Such devices would have to be 
placed in desert areas, because that is where one 
fillds a great deal of sunshine. Ordinarily such loca
tions would mean long-distance transfer of electric
ity. with much loss and expense, but with high
temperature superconductivity lhis loss will not 
occur. 

Nowadays it is ·very hard to store electricity for 

future use. Electricity. racing through wires, is  
quickly lost through resistance. This mean.< that gen
erators must simply prod1.1ce a Jot of electricity when 
a lot is needed, and. les.s when less is needed. It is hard 
to work this out, and sudden unexpected surges of 
electricity use put a great strain on the generatil\g 
e<tuipment. 

\Vith high-temperature superconductivity, how
ever, the clcctdcity can be sent round and round cir· 
cuits without any loss. In that case, electricity can be 
stored ii\ circuits during periods of low use, and then 
be sent as needed i.rato other circuits during periods of 
high 1.1 sc. This would be another source of improved 
efficiency. 

High-temperature superconductivity would mean 
a great deal for computers. Computers have been 
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made smaller and smaller. Now there are tiny chips 
onto which many wires and electric circuits .are 

crowded. If the chip.s are made an}' smaller, and the 
circuil� squ001..cd in more tightly, much electricity 
will be changed to heat in the small space. Chips will 
melt. \Vith Mgh•temperature superconductivity no 
heat will be produced, and chips can be made even 
smaHcr and more crowded. Computers will become 

smaller, fa.,;ler, cheaper, and capable of doing far 

more than they do now. 
People have long talked about the possibility of 

placing trains or other vehicles on rails that carry a 
strong electric current. This current would produoe a 
powerful magnetic field that could push against �he 
vehicle at1d lift it a fraction of an inch above the rail. 
The vehicle would Lhcn move without making COO· 
tact. There wou Id be practically no friction. or t he 

drag effect it causes. 
Such vehicles might reach speeds of up to 300 miles 

per hour and do it so smoothly that people would 
find it hard to tell they were moving. It would take 

high.temperature superconductivity to make the use 
of all that electric current practical. If we lose cur· 
rent through resistance, such magnetic vehicles 
might be too O.'\'.pcnsive. 

Finally. scientists are trying to work out new ways 
of getting nuclear energy. Instead of the nuclear fis
sion (breaking Jarge atoms in two) that we use now. 
we might use nuclear fusion (forcing small atoms l:O
gelhcr). Nuclear fusion could produce much more 

energy than nuclear fL,;.�ion can and be safer, too. 
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The trouble is. though, that in order to hold the 
small atoms in place while they are being forced to
gether, very strong magnetic fields must be used. 
Again, with high-temperature superconductivity, 
such magnetic fields can be made stronger and less 
expensive. So far. scientists have worked toward n u 
clear fusion energy for thirty years withoul making it 
practical. Perhaps, with high-temperature supercon
ductivity, success will come. Then humanity will 
have a new sour<.-e of energy that, like solar energy, 
will never run out. 

It isn·t surprising that the scientists who first de 
tected high-temperature superconductivity received 
Nobel prizes in 1987. They were K. Alex Muller of 
Switzerland and J. Georg Boonorz of \Vest Ger 
many. 

And all this started because scic1\th, ts were curious 
about absolute zero, tried to find out how close they 
could get to it, and learned how materials behave at 
such low temperatures:. 
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