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Measuring
Temperature

SCLENTISTS ABE TAAINE® to ask (uestions. Why dees
water change %o ice when the temperature goes
down? How cold is the coldest temperature? Why
does dry ice behave differently from regular ice? In
laboratories and in the field. researchers experiment
to move step by step soward an answer.

Semetimes several scieutists in different parw of
the world are working on the same question. Some-
times new scient; sty pick up experiments where older
ones stopped

While they arc leoking for once answer, scientists
sometimes discover something else quite new and
unexpected. They find an answer to a question they
weren't even asking. These surprises are a special
reward of working in science.

When researchers tried to find out all about teu-
perature. an exciting event happened — they discov-



ered superconductivity. This discovery could change
our everyday world.

Let’s follow the footsteps of the searchers to that
suiprise--u way of transferring energy without
losing any of it to the drag of wires or conduils.

We 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.

Sore things—like boiling water or a match flame
— are very hot, hot enough to damage us. A piece of
dry ice is very cold. cold enough to damage wus.

For that reuson, we don't want to test how hot or
how cold something is by touching it. If it were too
hot or too ¢eld we would be in pain. Even if it were
just pleasantly warm or pleasuntly cool, if weuld be
very hard to scll by touch alone just how warm or
cool it might be.

We need an instrument 4o do the measuring, some-
thing that is more reliuble than our touch.

As it happens, things undergo certain changes as
they grow hotter or cooler. For ins:ance, mast objecks
expand slightly, growing a little larger, as they warm
up. They also contract slightly, growing a little
smaller, as they cool down.

Such changes are very smull and we don't usually
notice them. Suppose. though, that we have a hollow
bulb that is filled with the liquid metal mercury
{MER-kyuh-ree). Attached to the bulb s a glass tube
with along, thin hollow insde it. Within the hollow
is nothing at ali, not even air. In other words, it cen-
tains a vacuum (VAK-yoo-um), which is from a
Lutin word meaning “empty.”

Suppose, vext, that the mercury is warmed. it ex-

pands very slightly, so that some of it is foreed up into
the thin tube that is attached to the bulb. 'The more
mercury is warmed. the more it expands and the
higher the column climbs. [f the mercury is cooled, it
¢ontracts and the column falls

From the height of the mercury ¢celumn, you can
tell how ce0l or warm the mercury is. and therefore
how cool or warm the air or water around it is. Such
an instrument is culled a thermnometer ({her-M@M-
ith-ter), from Creek words meaning “to measure
heat,” The height of the mercury ¢elumn tells us the
temperaiure (TEM-per-uh-choor).

The first mercury thermometer of this kind was
made in 1714 by a Dutch scientist. Cabriel Daniel
Fahrenheit (FAIi-ren-hite, 1686-1736). In order to
be able to ineasure temperature in numbers. Fahren-
heit marked off the glass tube coutaining the mercury
celumn into equal divisions and numbered them—1,
2, 3, and %0 on. Each division is eallcd a degree (dih-
GREE), from Latin words meaning “step.”

But where do you s:art ceunting from? One way of
getting a low temperature to start {from is to chop up
ice and mix it with water. {f you put the bulb of a
thermometer into such a mixture, the level of the
mercury will mark the freezing point of water, and
that level can be labeled zero.

Fahrenheit felt the freczing point of water wasn't
cold enough. So he added salt to the water. Salt
water freeaess at a lower temperaturé thau pure
water dees. He added enough salt to get the freezing
point as low as he could and marked off that level of
the merculy 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 beiled. He divided the column between the
freezing point and the boiling point into 180 equal
sections and continued that down o his zero mark.

By this Fafirenfieit scale the freezing point of
water was at the 32 mark and the beiling point was
at the 212 mark. Se we say that the freezing point of
water is “32 degrees Fahrenheit,” while the boiling
point of water is “212 degrees Fahrenheit.” We can
abbreviate this as “32° F." and “212° F.” (Thelitile
circle means “degrees.”)

Using this scale. the nermal tempcrature of the
human bedy is 98.8° F. When a person is sick, the
temperature rises a bit to 100° F. and higher. Wesay
you then have a “fever .”

The Fahrenheit scale is not really very convenient
The frecezing peint and the boiling point of water are
not expressed as simple numbers. In 1742 4 Swedish
scientist, Anders Celsius (SEL-see-us. 17011744},
suggested a different scale. Ile set the freezing point
of water at 0 and the boiiing point at 100.

Now we can say that the frecxing poiot of water is
"9 degrees Celsius,” or “0° C,” and the boiling point
of water is 100 degrees Celsius.” or “"100° C." Bedy
temperature would then be 37° C.

This Celsius scale preved so popular that it is new
used in every nation but one. The exception is the
United States, which uses the Fahrenheit scale. Even
in the United States, scientist use only the Celsius
scale.

In this book. I will use the Celsius scale toe, but §
will put the Fahrenheit scale alongside in parentheses
for a while.
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The mercury thermometer is one way of measur
ing temperatures, but it is not the only way. Other
ways owust be used %0 measure temperatures that are
so high that mercury hoils, or thal are so low that
mercury freezes. We won’t bother with the other
ways in this book, though.

How high can temperatures go? The air around us
heats up under the summer sun. The highest air tem-
perature ever teasured on Earth came on Septem-
her 13, 1922. in what is now the nation of Libya.
The temperature was then 38° C. (136° F.) in the
shade.

The Sun shines down on the hotter parts of the
Earth for about twelve hours at a ime. and the wind
can bring in ceoler air. On the Meon, the Sun shines
down for twroweels at a time, and there is no air and
so no cooling breezes. On the Moon, temperatures
can reach as high as 117° C. (243° F.). This s higher
than the boiling point of water.

Temperatures are holter at the center of a large
body than they are at the surface. The temperature
at Earth’s censer is about 8800° C. (12,000° F.). At
the center of Jupiter. the temperature may be as
high as 54,000° C. (97,000° F.), and at the center
of the Sun it may be as high as 15,000.000° C.
(27,000000° F.)

Stars that are larger than the Sun are hotter. too.
Some stars may have central temperatures in the
thousands of millions of degrees.
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When the universe was first formed. and when all
its material was squashed into a tiny little object
sinaller than an atom, its temperature soay have
been in the trillions of trillions of trillions of degrees.
[t 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
{hings tmight become

Temperatures on Earth can go many degrees
below rvero C. If a temperature is ten degrees below
zero C., we can say it is “ten Celsius degrees below
freezing,” but it is tmuch more convenient to say it is
“—10° C.” The minus sign shows it is below zero.

The cetdest placc on Earth is the continent of
Antarctica, which is at the South Pole Soviet scien-
tists have established a base at a place in Antarctica
that is farthest from the ocean, so that it gets
celder there than anywhere else. On July 22, 1983,
they measured a temperature of —29.2°C.
(—128.6° F.). Thatis the coldest temperature ever
measured on Earth.

On the Moon, where there is no air to bring in
warmih from elsewhere, it can get cven coldet. ‘The
night oo 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 —127° C.
(—281° F.).

Planets that are very far from the Sun have even
lower temperatures. Pluto, the farthest planet, may
have a temperature at its surface as low as —218* C.

(—360° F.).
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Does this mean there is ne limit to hew celd an
obfe:t may be? s there no limit to how low tempera.
tures can get?

Oddly enough, the answer is that there & a limit.
Although temperatures can ge up te any height, it
seems, they cannot {all to any depth. There is a tem-
pcrature that iy as cold as it can pessibly be, and
nothing ¢an ever be colder than that.

An ordinary zere of {emperature is nething more
{han a convenient figure. 1t was cenvenient fur Cel-
sius to set the freezing point of water as 0° C., but
temperatures can go lower thban that. Fahrenbelt
theught it cenvenient to sei the freezing point of salty
water as 0° F,, but temperatures can go lower than
that, t00.

Even if we set zero at the coldest temperature ever
measurcdin Antarctica, or on the Moon, or on Pluto,
semperatures can go lower than that, teo. If, hew
ever, wo set zero at the lowest temperature it is ever
possible to have, then that is a reo! zere.

When we have a zero that is truly the lowest tem-
perature thero can be, so that there s never anything
lewer, we call that absolute zcro.

The queition is, though: How did scientists get the
idca that there was such a thing as an absolute zero?

2

Finding the
Lowest
Temperature

Tuz r18sT rERseN to get a notion that absolute zero
might exis: was u French sclentist named Guiilaume
Amontons (ghee-:OME a-mon-TON, 16631705).

Amuntens wus very interested in ways of measur
ing temperature, but he lived befere Fahrenheit had
invented the mercury thermemcter. He tried, in-
stead, te measure temperature by considcring hew
air expanded us it grew warmer and contracted as it
grew colder. Such an “air thermometer” is not very
geed, but Amontons grew wnere and mure interested
in this expansion and contraction.

He noticed that as air grew cooicr, it secmed
contract at a steady rate. What's mere, he noticed
that etber kinds of gases also contracied at the same
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Galllee’'s air thermometer

s:eady rate. [t secined to him that if air, or any other
gas, kept getting coeler, i% volume would get less
and less and less until, finally, that volume would
drop to zero.

Since vou ean’t very well expect a gas to shrink to a
volume of less than 2ero. it would mean that tem-
perature would enly go down so far. Once it reached
the point where gases had zero volume, there would
be an absoluse zero and nothing colder ceuld exist,

Amontons made this discovery in 1699, but it
didn’t seem to impress anyone very much, and his
work was fergot:en for a long time

Then, in 1787, another French scientist, jacques
Alexandre Charcles (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 at0° C. and let it cool to
—1* C., he found that it contracted by about
1/270th of its volume. For each further degree that it
drepped, it contracted by another 1/270th of it vol-
ume at 0® C. Other gases acted the same way.

[o other words, supjwse you start with 270 cubic
inches of air at 0° C. If the temperature dreps to
—1* C., the volume drops to 269 cubic inches. At
—2® C. it is 268 cubic inches, at —3° C. it is 267,
and %0 on. By the time vou got down to —270* C. or
thereabeuts. the air volume would be ® cubic inches
and that would be abgsolute zero.

Charles didn’t write up his discoverie and publish
them so that other scientists could see what he had

)



17th-cantury theimometer
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dene. Maybe he thought the idea of having an abse-
lute zero was too weird to talk about openl ., Still, he
kept private notes, so we kuew about his ideas.

Then, in 1802, yet another French scientist, Joseph
Louis Gay-Lussac (G A Y-ly«e-SAK, 1778-1850), id
the same kind of work He got the same results
Charles had, but he published them. That made
tnany scientists begin to think about absolute zero
and try te figure out just exactly what the tempera
ture of absolute zero might be.

Nowadays. scientists have determined that abso
lute zero is at —273.15° C. (—458.67° F.).

There is a canxch, though, when it comes to work-
ing out the temperature of absolute zero by measur
ing the decrease in volume of gases. After all, gaves
don’t stay gases as the temperature drops. At least,
some gases den't.

Water may be a gas at temperatures over 100°* C.
(212° F.). butif{ you cool it to that temperature it
liquefies Alcohol is a gas that liquefies at 78.4* C.
(173.1° F.). Ether liquefies at 34.6° C. (94.3° F.),
and a gas called butane liquefies at —0.5° C.
(B1.1° F.].

Once a gas becermes a liquid. it continues to con-
tract as it gets coeler. but at a ruuch smaller rate than
a gas would.

In Gay:Lussac’s time, air and certain other gases
remained gases, eveq at the lowest temperatures that
scientists could then reach. Still, it made sense to sup-
pese that at stil] lower terqperatures. those gases too
would turn liquid and then shrink very slowly indeed
as they were further cecled. In fact, liquids, when
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Josaph Gay:Luesec

very cold, might stop shrinking in volume altogether.
In that case, volumes would never become zere and
temperatures might drop far belew —273.15° so that
there might be no such thing as an absolute zero.

In 1848, a British scientist, William Thomson
(182 41907), considercd this problem. (Later in his
life. Thomson was given a title by the British govern-
ment and was named Baron Kelvin. Fer that reason,
he is generally known as 1.erd Kelvin. Sometimes.
even when speaking of the work he did befere he got
the title, writers refer to him as Lord Kelvin,)

Lerd Kelvin reasoned that all subs:ances were
made up ef tiny atoms that usually combined into
small groups known as molecules. [n gases, themole
cules meved freely about. In liquids and solids, they
remained in place but meved rapidly back and forth
in that place.

Whether the molecules moved freely or just trem-
bled in place, the motion meant that they pessesed
energy. The higber 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 asoms or molecules moved, and the less
energy they had. This proved true of all subs:ances,
whether they were gases, liquids, or solids.

Kelvin showed that what counted was the energy
in a substance. not its velume. At absolute aero, the
energy of any subs:ance dropped %o 2ero and ¢ouldn’t
drop any further. So absolute mre did exst at
—273.15" , regardicss of whether gases all became
liquids at low temperatures or not.

21
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Behavior of molecules

Lord Kelvia

In 1851, Kclvin jwointed eut that it made sense to
measure all temperatures from absolute zvre and to
move upward by Celsivs degrees. Such a tempera-
ture scale :s the absolute scale or the Kelvin scale.
named in his honor.



Absolute zero is “zero degrees Kelvin,” or “9° K.”
Sinee abselute 2ero is 273.15 degrees belew the freez.
ing point of water, water freezes at a temperature
273.15 degrees above absolute zere, or at 273.15° K.
To change Celsius temperatures to Kelvin tempera-
tures, you just add 273.15 te the Celsius figure
Water boils at 108° C., and since 100 + 273.15 =
373.15, water beils at 373.15° K.

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

24
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Turning
Gases into
Liquids

OxcCE CAY.LUSSAC LE® scientists to thinking about abso-
lute zero, they began to wonder whether they could
liquefy air and other gases at temperatures higher
than absolute 2ero. To do that they might have to
cool the gases to very low temperatures, even if net
quite to abwolute zero.

But in Gay-Lussac's time they had ne way ef
reaching the necessary low semperatures. Thev could
get really cold temjweratures only if they went %
Siberta in the winter (or. much later, to Antarctica).
Even then, the lewest temperature in Antarctica is
still 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 scientis;, Michael Faraday
(1791-1887), theught ef anether way. 1f a @as i put
under pressure, that foroes the molecules closer to-
gether. which increases its tendency to turn in%o a
liquid. If you put a gas under pressure combined
with low temperatures, it might turn into a liquid
mere casily than with low temperatures only.

Faraday began with a strong tube of thick glass.
ile put at its bottom a quantity of a chemical that
gave off chlorine gas when it was heated. He melted
the other end of the tube shut and heated the middle
90 that he could bend it int%o a boomerang shape.

Next he put the end with the chemical into hot
water and the other end in%o ice water. At the heaved
end, chlorine gas was formed in greater and greater
quantities. This produced greater and greater pres-
cures. Finally the great pressure, together with the
cold frem the ice water. produced liquid chlorine at
the cold end.

Chlorino liqucfies without pressure at a tempera
ture of 238.6€° K. (—34.5° C.}. It could casily we
made to liquefy in a Siberian winter. But cold plus
pressure could be used to liquefy other gases that
erdinarily liquefy at ctill lower temperatures.

Besides, this gave scientisw a new way of getling
low temperatures. Suppese a gas is liquefied under
pressure and i 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 %o turn into a gas. For the gas
to form, the molecules of the liquid must pull apart.
That involves energy. The energy can only come

26
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from the liquid itself, so as the liquid evaporates. it
quickly gets very cold.

In 183S a French chemist, C.S.A. Thilorier (tih-
lore-YAY), started with the gas carbon dioxide (dv-
OCK:-sidc) 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 liguid carben
dioxide, he let some of it evaporate. It conled down
further and became selid carbon dioxide

Solid carbon dioxide lecks like ice. but it deesn't
melt into a liquid. A block of solid carben dioxide
turns slowly into gas without passing through the
liquid form. For that reason, it is called “dry ice” It
turns into a gas at a temperature of 194.6° K.
(—78.5° C.}.

Dry ice can e chopped up and added to liguid
ether, which doesn't freeze till very low temperatures
are reached. The div ice coels the ether, which
slowly evaperates. getting still colder as a result. A
mixture of dry ice and ether can resch a temperature
as low as 163° K. (—110° C.). This is far colder than
any temperature even Antarctica ean preduce.

New, instead of producing a gas at one end of a
tube and ceoling the other end in ice water, you
ceuld coel the other end in a d;¥ ice-ether mixture.
This meant you eeuld easily liguefy many gases that
ceuldn't bave been liquefied before.

In fact, by the 1880s, there were only four known
gases that couldn’t be liquefied. They were oxygen
(OCK-sib-icn) and nifrogen (NY-truh-gen), the two
gases that make up air, rgrbon mounowde¢ (rnon-
OCK:side), a poisoneus gas found in automobile



exhaust; and hydregen (HY-druh-ien), the lightest
of all gases.

Four more gases were discovered by the end of the
18095 that couldn't be liquefied by dry ice-ether
cooling either They were flusrine (F1L.AVW-reen),
«argon (AHR-gon), neon (NEE.on), and heltumn
(HEE-lee-um).

The difficulty in liquefying these gases was ex-
plained in 1888 by an Irish scientis:, Thomas An-
drews (1813-1883). He found that the higher the

" temperature of a gas, the greater the presure re-
quired to liquefy it— and the pressure required resc
more quickly than the temperature did. Above a cer-
tain “critical temperature,” no emeurit of pewure
would liquefy a gus. The eight gases that couldn’t be
liquefiied had critical temperatures below 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
VWilliam Thomson) and a friend, the English x entis:
James Prescott Joule (jeol, 1818-1889), showed that
making a liquid evaporate into a gas was not the only
way of forcing a drop in temperature.

Suppese you put pressureon a gas, squeeze it intoa
small container, and then cd it as much as Y-eu 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-Thomen effect.”

In 1877 a French physicis:;, Louis Paul Cailletet
(kah-yuhTAY. 1832-1913), compressed oxygen as
much as he could. Then he ceded the compresed
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oxygen to as low a temperature as pessible and let it
expand. Its temperaturc dropped, and eventually he
managed to get a fog of small droplets of liquid oxy-
ges. He did the same for nitregen and carbou
monoxide and got droplets of liquid there, too.

The technique was improved, and by 1883 scien-
tists were getting these liquid gases in quantity. 1n
fact, twelve years later, a Ccrman ¢hemist, Carl von
Linde (LIN-duh. 1842-1834), managed to work out
a way to make liquid air (compesce] of oxygen and
nitrogen) in such large quantities that it became
chcap enough to use io industry.

By 1885, it was pesmible to liquefy fiive of the eight
difficult gases. Here are the temperatures at which
these {ive turn liquid.

®xygen ge.17* K —18298° C.
Argon 87.28° K. —18587°C.
Fluorine 8§5.81* K. —188.14°C.
Carbon monoxide 81.70° K. —191.45°C.
Nitrogen 77.35* K. —195.80° C.

Scientists had now produced temperatures within
seventy-seven degrees of absolute zero, but there
were still threc gases they ceuldn't liquefy: neon,
hydrogen, and helium. The Joulc-Thomson effect
didn’t svem to work for these three,

Meantime., in 1873. a Dutch scicentist, Johannes
Diderik van der Waals {van.der-VALS, 1837-1823),
had studied gases with particular care and explainex]
the difficulty. From the results he got, it became
clear that, for these three gases. the Joule- Thomson
effect only worleed below certain tempcratures.
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For almaost all gases. the temperature at which the
Joule.Thomson effect started to work was quite high.
At ordinary temperatures it would scrve to cuel
almost any gas.

For hydrogen, however, the Joule-Thomson effect
weuld enly werk at temperatures below 190° K.
(—83° C.). This meant that hydrogen had to be
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James Dewar

cooled to a tenprerature colder than the <oldest
Antarctica winter before it could be further cooled
by letting it expand. The Scottish chemist James
Dewar (DYOO.er, 1842-1923), was the first e take
this into account.

He began by making large quantiics of liquid
nitrogen, with atemperature of 77° K. (—196G° C.).
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This was far below the tetnperature at which the
Joule-Thotnson effect would begin to work with
hydrogen. He took a quantity of hydrogen, cotn-
pressed it in a strong container. and dipped the con-
tainer into the liquid nitrogen.

The compressed hydrogen cecled down to liquid
nitrogen temperatures and then Dewar dlowed it to
expand. The expansion cooled it further, and in 1895
he finally got liquid hydrogen.

Hy-drogen liquefies at 20.38° K. (—252.77° G.).
The technique that worke4 to produce liguid hydro-
gen could also be used to produce liquid neen, for
neon liquefies at a slightly higher temperature than
hydrogen does: neon liquefies at 27.05° K.
{—246.10° G.).

Dewar also had worked out a way of keeping very
oold liquids from evaporating teo quicky-. He did
this by preparing containers with double walls. in
between the walls there was a vacuum.

Heat can be transferred into or out of a container
by passing through the mater al of the walls. But in
this double-walled container. there was nothing be-
tween the walls that the heat could pass through.
Heat can also be carried by air currents, but there
were no air currents between the walls.

Finally. heat can radiate. producing tiny waves of
eneryy that could pas through a vacuum. Dewar
toek care of that by lining the walls of the container
with smooth, shiny metal. The metal reflected most
of the radiation and wouldn't I¢t it pass through.
This meant that hardly any heat at all ceuld pas
through the container walls.
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If very celd liquids are put in such a container, so
littte heat wilt get in that the liquids remain cold for
a long time and hardly evaporate. Such a container 1s
called a “"Dewar flask.™
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Pesple use these fNasks at home and call them
“thermos bottles”" Qutfitted with corks and caps,
they can be used to keep water or other drinks sald.
They can also be used to keep coffec or soup hot.

Dewar placed some liquid hydrogen in one of his
flasks and let it evaporate. ‘The evaporation used up
heat that had to come from the liquid hydrogen
itself, since almaust no heat came from the outside. As
it evaperated, the liquid hydrogen cooled further. In
1899 Dewar was able to freeze it and {orm solid
hydrogen. [dydrogen frec.e6 at a temperature of
13.95° K. (=159.20° C.).

And yet, even at a temperatune within fourtecn
degrees of absolute zero, helium remained a gas. It

was the only gas that had not been liquefied as the
19005 began.

4

The Helium
Struggle

[er.1um s ame up of the mos: s:able atoms that exist.
The helium atom is so s:able thatl any change init is
bound % make the atom less stable. For that reason,
it won’'t combine with any other atoms. 1L won't even
combine with other helium atoms, so that helium gay
is always made up of single atoms. On the other
hand, hydrogen. oxygen, nitrogen, and fluor.ne are
made up of atoms that combine in pairs. So we speak
of hvdrogen, oxygen, nitrogen, and fluorine
molecules.

Helium atoms are so stable that they do not ¢ceme
together long enou gh % form a liquid unless the tem.
perature is very, very cold. In this deep cold. the
helium atoms can hardly move at all.

A Dutch scientist, Heike Kamertlingh Onnes
(KAM-er-ling OH-nes, 1853-1926), decided to tackle
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Heljum alom

the problem of liquefying helium. He designed a spe-
cial laboratory where scientists worked only: with
very low te mperatures. It was the Eirst laboratory of
the kind ever set up.

Kamerlingh Onnes then compressed helium
tightly and let it ceel in a bath of liquid hydrogen.

38

Helke Kamerlingh Onnes

Once the helium was as cold as the liquid hydrogen,
the Joule-Thomsen effect would work. He then
allowed the very cold compressed helium to expand
so that it grew colder s;ill. Finally, in 1988, he pro
duced liquid helium. The last gas had nuw Dheen
liquefied!
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The temperature at which helium becomes liquid
isonly 4.21° K. (—268.94* C.).

Te keep this extremely cold liquid helium from
evaporating too qQuickly, as much heat must be kept
out as pessible. So the container of liquid helium wasy
kept 1n a larger container full o liquid hydrogen,
which was kept in a still larger container full of
liquid air

[u this way. Kamerlingh Onnes kept his helium
liquidlong crieugh Lo experiment with it. He wanted
% do one more thing, and that was to frec:e it and
producc solid helium. He managed to cool the
helium by letting some of it evaporatc quickly. In
this way, he got the semperaturc as low as0.83° K.
(—272.32° C.), hut the helium stayed liguid. When
the acientist died. on February 21, 1926. he still had
not managed to frecre helium.

We now know that it is inpessiible to freeze helium
just by lowering its temperature. At absolule zero,
there is still a very tiny bit of e¢nergy left after all.
This energy: ca.nnot be removed, so that alxolute zero
remains the lowest temperature we can reach. That
little bit of unremovable energy is just enough to keep
helium avems from setling down into a selid
arrangement.

A few months after Kamerlingh Onnes died, how-
ever. a siudent of his. the Dutkch physicist Willem
Hendrik Keesorn (KAY-sum, 1876-1956), decided te
try a combination of high pressure and low ternpera-
ture. as Faraday had done with chlorine almost
exactly a century earlier
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This worked. ¥When Keesom put liquid helium
under 25 atmespheres of pressure, he found that he
could obtain selid helium at 1.0° K. He even man-
aged to lower liquid helium temperatures t0 0.4° K.

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

In this case, though, it was irnpossible to reach
the limit. In 18086, just two years before helium
was finally llquefied, a German scientist, Walther
Hermann Nernst (1864-1841), showed thai one
could only approach absulute zero, but never quite
reach it.

Suppose yeu stast at 4° K., the temperature at
which helium turns liquid. It 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 sasme amount of effoit to remove half the energy
that was still left and get down to 1* K. It would
then take the same effort te get dewn to 0.5° K.,
then to 0.25* K. More and more effort w:ll continue
to lower the tempirature, but in smaller and smaller
steps, and you would never get all the way to 9° K.

Still, scientists would like to appreach absolute
2ero as closelv as pessible, and evaporation did not
seem to get them lower than 0.4° K.

In 1828, the Dutch scientist Peter Joseph Wilhelm
Debye (dih-BY, 1834-1966), had an idea. There are
some molecules that are sensitive to the pull of a
magnet, A magnet will ferce them all to line up in
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the same direction. Suppose this magneti 3ed material
is cooled by liquid hclium down to 0.4* K., the low
est temperature that can be reached by evaporation,
and then the magnet is removed.

All the magnetized molecules can now point any
which way. and they do. But it tak es energy for them
to fall eut of line in that way. and the only place they
can get the energy is from the liquid helnun thatsur
rounds them. This mearss the temperature of the
liquid heliem will drop.

In 1933 an American scientist, W:lliam Francis
Giauque (JEE-oke, 1895-1982). tried this method,
and it worked. He got the liquid heliuin down to
025° K., only a quarter of a degree al»ove absolute
zero.

Dutch scientiss. on hearing of this, also used mag
netized molecules, and before the end of the year
they had reached a temperature of 0.0185° K., only
1/54th of a degrex above absolute zero.

Other devices % 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 aero — have
been reached. But absolute zere itself has never been
obtained and, it seems, never will be.

Cetting duwn te these low temperatures proved
interesting, because sdentists learned things they had
never known befure,

In 1928, for instance, Keesom had discovered that
at £.2° K. helium changed from an ordinary liquid,
“heliusn I,” with properties like all other liquids, to a
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new kind of liquid, '‘helium II,” which had proper
ties no other liquid seemed to have.

Helium 11 for inst:ance. was a “superfluid” that
ceuld meve threugh the siallest holes without any
friction. Containers that were airtight might not be
helium Ii-tight.

Helium II also cenducted heat perfectly Any heat
that was added to it spread over the entire liquid at
once. No hot spots developed, se that hclium ([
didnt boil by forming bubbles but merel'y by peeling
off the uppermost layer el atoms.

Then. toe, hebum consists of two varieties of
atoms. called “helium<4” and “helium-3.” Helium-4
is the cemmon type of helium. Only ene helium atom
oul of a millien ’s helium-3

It is really helium- 4 that liquefies at 4.21® K., and
it is helinm-4 that tnrns inte helium 1T at 2.2° K.

In the 1940s scientists were at last able to separate
the occasienal helium-3 atem out of helium and pro-
duce a gas that was just: about all helium 3

Helium-3 atoms are enly threefourihs as heavy as
helivm-4 atoms. It is even easier for helium-3 atoms
te fly away from each other than it is fer helinm-4 to
doso. That means that helium-3 should liquefy at an
even lower temperature than helium-4.

In 1949, scientiSts feuind that helium-3 liguefies at
3.2° K., a full degree below the point that helium-4
does

Helium-3 did not show any sighs of turning into a
helinm-I1 form ef liquid. It was cooled 1@ lower and
lewer temperatures io order to see if such a furm of
heliurn 3 existed. Net until 1972 was helium-3 turn ¢d
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inseé a helium-1l1 liquid—at a temperature of
0.80025° K., only 1/400th of a degree above absdlute
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 enocugh temperature

Scientists lilke the Soviet physiciist Peter Leonido-
vich Kapitia (KA-pvitseh, b [894) have eagerly
stiadied thix strange material in order to understand
more about the s:ructure and properties of atoms.
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@xe #iscovERY MARE While studying liquid helium now
looks as though it might prove to be of enormous
importance in everyday life. It came about this way-.

Once liquid helium had been produced, scientists
werc able, for the first time, 1o study v-arivvs proper-
ties of matter at very lova temperatures.

For instance. when electricity passes through a
wire, it meets up with a certain reststance. It has 1o
force iLs way past the atoms in the wire, and this uses
up some energy. which turns into heat. As a result,
the wire grows hot and enly some ef the electricity
manages to get through.

If the wire is cooled to begin with, the atoms in it
move about lex speedily and dontinterfere with the
elc¢tric current as much. In other word s, the resis-
tance decreases. Most scientivits assumed that resis-
tance would continue to fal], little by little. as the
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tempccature of the wire fell, and would { inally reach
zero at a temperature of absolute zere

This seemed to be true when temperatures were
reduced all the way to that of liquid hydrogen. In
1911, Kamerlingh Onnes, who had Ffist liquefied
helium three vears 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 enormeus one

Kamerlingh Onnes was studving frezen mercury,
which carries electricity with not toe inuch resis
tance, and which shuws even less resistance atliquid-
hydrogen temperatures At 4.21° K., the liquefying
peint of helium, the resistance of mercury was just
abeut where scientists expected it te be.

But as Kamerlingh Onnes drepped the tempera-
ture further, he feund that at 4.12* K. the resistance
suddenly dropped te ze¢7o. Belew: that temperature,
mercury cenducted an electric current perfectly.
There was no conversion of any ef the ellectricity te
heat, because there was no resistance. Becau eleg
{rical cenductivity under these cunditions was per
fect, the phenomenen was called supercenductivity.

Scientisis had never expected that there would be
zero resistance at temperatures above abselute zero.
It wasn't till 1973 that an American scientist, John
Bardeen (b. 1908) offered a reasonable explanatien.
Still, explanatior: er net, mystery or nut, scientists
were anxious to know whether only mercury acted in
this way or whether other metals did too.

They qui¢kly discovered that other metals did
show supercenductivity A few didn't, but that
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might be only because they weren't tested at tem-
peraturcs quite low enough.

For instance. the metal ha{nium (I{AF-nec-um)
can be supcrconductive, but only if it is cooled to a
temperature of 0.35° K. or below. Only a {ew metals
became superconductive at temperatures higher than
mercury did. Iead. {or instance, bec:omes supeccen-
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 fur twe and a hal{ years with-
out losing any electric current in all that time.

The metal with the highest supercenductive tem-
perature is technetium (tek-NEE shs-um), aradieac
tive metal that doesn’t esjst in nature but can be
made in the laboratory. It becomes superconductive
at 11.2° K.

Superconductivity might have important uses.
Electricity is always being conducted from the gen-
crators where it is produced to the homes, ofices,
and factories whece itis used. Up to 15 percent of all
the electricity conducted here and there is lost as
heat. This amuunts te many billiens of doilars.

Suppose electricity could be carried through super-
conductive wires. Nune of it weuld be lost: and bil-
liens of dollars would be saved. But if the highest
supercenductive metal will werk only at a temper a
ture lower than 11.2* K., we must surround all our
wires with liquid helium. Nothing else is celd
eneugh. Liquid hydrogen, the next coldest liquid.
{reeaes at 14° K. and, vnlem allowed te evapoarate
continuously, will be at a temperature of 20° K.

Helium, hewever, is very rare, and keeping it



Equipment for testing sample malerials
(or suparcondudlivity

The sample of ceramic being tested is clamped (far righlhon a
long holger or prebe {acress top ef drawing. abeve), Wires from
the samplie ge threugh the prebe te 1the ierminal at lety 10 reCoc 4
results.

The micdie drawing on the right is a ciess.up of the sampie chip.
The picture inthe circle shews the tasting wires atiached 10 the
sample chip.

The whele probe s Immersed |n a refngerated Centainer, ar
supsrihcrmes, and electric current is sént through the wires.
The test measures the rate at which the electric current travels
through 1the ceramic sample al varieus temperatures
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liquid is extremely difficult. it would cwst far more
money to keep all the conducting wires cold enough
for superconductivity than we cvuld pessibly save by
doing so.

What is needed, then, is something that is super-
conductive at higher temperatures. Since no pure
metal will do. perhaps a mixture of different metals,
an «lley, might be found.

Scientiss began to test every alloy they could get
their hands on. About fourteen hundred of them
were feund to be superconductive at low tempera-
tures, but always at temperatures that were toe low
to be practica.l.

Not till 1968 was an alloy found that would be
superconductive at liquid-hydrogen tempweratures.
An alloy of the metals niobjum (NY-oh-bee-um),
aluminum (a.LOO-mih-num}, and germanivm (jer-
MAY-uee-um) was found to become superconducti ve
at 21° K. In 1984, an alloy of niobium and ger
maonium reached the mark at 21° K.

Liquid hydrogen is more emmon than liquid
helium and is casier to keep liquid, but still not easy
cnough. Besides, liquid heliom is at least utterly safe,
while liquid hydrogen can burn. It can also produce
vapers of hydrogen gas that can explode. Using
liquid hydrogen ali over the nation in order to trans
port electricity would not only be an unbearable ¢x-
pense, it might give rise to great disasters.

In three quarters of a centusy, nothing wariner
than 24° K. had been found for superconductivity.
The situation 3cemed hopel #es.

And then came another big surprise, ore as big as
the original discovery of superconductivity.
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In Germany, scientists tried something new. In-
stead of testing metals that were pure or mived (the
usual conducsors of clectricity ), they began to test
combinations of metals with oxygen, or oxides {OKS.
ides). These oxide mixtures are claylike substances
called ceramics (seh-F\AM-iks ), from a Greek word
meaning “clay.” The dishes we cat 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 of oxides of
lanthanutn (LAN-thuh.num), barium {BA-ree-um),
and copper (KOP-per) had turned supercenductive
at 28* K.

This wasn’t much of an improvement, of course,
but suddenly ecveryone was testing all kinds of
ceramic mixtures and the mark was soon bettered.
Before the end of the year a ceramic was reported
that was superconductive at 40° K.—provided it
was placed under huge presure. Another labora
tory, however. quickly anneunced a ceramic that
was superc:onductive at 38® K., even with no pres-
sure at all.

It didn’t stop there In 1987, a ceramic was devel-
oped that was superconductive at 90° K. Such a
ceramic would be superconductive at liquid nitrogen
temperatures. Liquid nitrogen is thnuch more com-
mon than liguid hydrogen, is easier to keep liquid,
and is almost as safe as liquid helium.

Even there discoveries haven't stopped. In May
1987 came a report of a ceramic that might turn
superconductive at a temperature of 9225° K.
{—48* C.). This would mean supercenductivity at
dry ice temperatures.
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But 1f superconductivity can be rnade to work at
925° K., why might it aot work at ordinary tem-
peratures that arc all about us? That is the dream of
scientist right now: to find a substance that will
carry elcctricity without Joss, even when it isn't
cooled at all, or, at worst, simply when it iz air-
conditioned as we air-condition ¢ur homes

Of coursc, scientists can’t explain how suct high-
ternperature superconductivity worls. Bardeen's
explanation for ordinary superconductivity mav not
fit this new kind. But explanatiens can wait, if oaly
we can make geed use of the discovery.

There is a more practical catch, though. Electric-
ity is cenducted alvng wires and films, for the most
part. VWires and films are tough and can bend with-
out breaking. Ceramics are brittle materials, It isn’t
ey to form wires or films of them. Ilowever, scien-
tiss are alrcady working on the problem, aad there
seemns to be hope that it may be solved in a reasonable
time

What advantages will high-temperature supercon.
ductivity have for all of us? Billions of dollars will be
saved in conducting electricity over long distances,
but that isn't all.

Because of the lass of electricily while it is being
transferred from place to place, generators arc
placed near cities where the electricity must be used.
With high-temperature superconductivity, it would
be pessible to put the generators far away frem citiss
without losing electricity.



This is particularly important for nudear power
plants. Many people are nesvous about having such
plants near cities, in case of nuclcar accidents. With
high-temperature supercunductivity, nuclear power
plants can ®e put in isolased descrt areas without
loss.

Someday we hope to have lar cnergy, making
use of special deviees that can turn the energy of sun-
light inte de tricity. Such devices would have to be
placed in desert areas, because that is wherc one
finds a great deal of sunshine. Ordinarily such loca
tions would mean long-distance transfer of electric-
ity, with much los aod expense, but with high-
temperature superconductivity this loss will not
escur.

Nowadays it is very hard to store electricity fer
future vse. Electricity, racing through wires. is
quickly los: through resistance. This means that gen-
erators mus: si;mply preduce 4 lot of electricity when
a lot is needed, and less when less is needed. It |s hard
vo werk this eut, and sudden unexpected surges of
electiicity use put a great strain on the generating
equipmeot.

With high-temperature superconductivity. how-
cver, the electricity can be seot rouod and round cirk
cuit without any loss. In that case. electricily can be
svered i circuits duriog periods of low use, and then
be sent as need ed irito other circuitw during veriods of
high usc. This would be another source of improved
etficiency.

Hightemperature supercenductivity would mean
a preat deal for computers. Computers have been
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tnade smaller and smaller. Now there are tiny chips
onto which many wires and electric circuits are
crowded. If the chips are made any smatler. and the
circuits squeczed in more tightly, much cletricity
will be changed to heat in the small space. Chips will
melt. VWith bjgh-temperature super¢onductivity no
hieat will be produced, and chips can be made cven
smailer and more crowded. Computers will beceme
smaller, faster, chcaper, and capable of doing far
more than thev do now.

People have long talked about the posibility of
placing trains or other vehicles on rails that carry a
strong electric current. This current would produee a
powerful magnetic field that could push against the
vehicle atd lift it a fraction of an inch above the rail,
The vehicle would then move without making cen-
tact. Therc wouid be practically no frictien, or the
drag effect it causes

Such vehicles tnight reach speeds of up to 300 miles
per heur and do it so smeothly that people would
find it hard to tcll 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 expensive.

Finally, scientists are trying so werk out new ways
of getting nuclear cnergy. Instead of the nuclear fis-
ston (breaking large atoms in two) that we use now,
we might use nuclear fusion ({ercing small atoms te.
gether). Nuclcar fusion could produce much mare
energy than nuclear fission can and be safer, too.

Magneticaly levitated train
using supeéersconductive magnets
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The truuble is, though. that in order to hold the
small atoms in place while they are being forced te-
gether, very strong magnetic fields must be used.
Again, with high-tempcrature superconductivity,
such magnetic fields can be made stronger and less
expensive. Se far. scientists have worked tuward nu
clear fusion energy for thirty years without making it
practical. Perhaps, with high-temperature supercon-
ductivity, sucees will come. Then humanity will
have a new seurce of enerpy 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. Thevy were K. Alex Miiller of
Switzerland and ]. Ceorg Bednorz of West Ger
many.

And all this started because scicitists were curieus
about abselute zero, tried to find out how close they
could get to it, and learned how matcrials behave at
such lew termqperatures.



