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ell’s style is terse to a fault. Usually he is
satisfied with the simplest statement of
his conclusions.. Sometimes he adds illus-
trations. Only rarely does he explain them
by setting forth their premises. It has thus
happened that some of his earlier work,
though eventually recognized as of high
importance, was at first either not appre-
ciated or misunderstood. The value of his
anthropologic philosophy, though now
widely appreciated, was recognized but
slowly outside the sphere of his personal
influence. His philosophic writings belong
to a field in which thought has ever found
language inadequate, and are for the pres-
ent, so far as may be judged from the re-
views of ‘Truth and Error,” largely mis-
understood. Admitting myself to be of

those who fail to understand much of his-

philosophy, I do not therefore condemn it
as worthless, for in other fields of his
thought events have proved that he was not
visionary but merely in advance of his
time. ‘

To the nation he is known as an intrepid
explorer, to a wide public as a conspicuous
and cogent advocate of reform in the laws
affecting the development of the arid West,
to geologists as a pioneer in a new province
of interpretation and the chief organizer
of a great engine of research, to anthro-
pologists as a leader in philosophic thought
and the founder, in America, of the new
régime. '

G. K. GILBERT.

THE ADDRESS OF THE PRESIDENT OF THE
BRITISH ASSOCIATION FOR THE AD-
VANCEMENT OF SCIENCE.

, 1I.
LIQUEFACTION OF GASES AND CONTINUITY
OF STATE. -

In these speculations, however, chemists
were dealing theoretically with tempera-
tures to which they could not make any but
the most distant experimental approach.
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Cullen, the- teacher of-Black, had indeéd
shown how to lower  temperature by the
evaporation of volatile bodies such  as
ether, by the aid of the air-pump, and the
later experiments of Leslie and ‘Wollaston
extended the same principle. Davy and
Faraday made the most of the means at
command in liquefying the more condens-
able gases, while at the same time Davy
pointed out that they in turn might be
utilized to procure greater cold by - their
rapid reconversion-into the aeriform state.
Still the chemist was sorely hampered by
the want of some powerful and accessible
agent for the production of temperatures
much lower than had ever been attained.
That want was supplied by Thilorier, who
in 1835 produced liquid carbonic acid in
large quantities, and further made the
fortunate discovery that the liquid could be
frozen into a snow by its own evaporation.
Faraday was prompt to take advantage of
this new and potent agent. TUnder ex-
haustion he lowered its boiling-point from
minus 78° C. to minus 110° C., and by
combining this low temperature with pres-
sure all the gases were liquefied by the year
1844, with the exception of the three ele-
mentary gases—hydrogen, nitrogen, and
oxygen, and three compound gases—car-
bonic oxide, marsh gas, and nitric oxide;
Andrews some twenty-five years after the
work of Faraday attempted to induce
change of state in the uncondensed gases
by using much higher pressures than Fara-
day employed. Combining the tempera-
ture of a solid carbonic acid bath with

“pressures of 300 atmospheres, Andrews

found that none of these gases exhibited
any appearance of liquefaction in such high
states of condensation ; but so far as change
of volume by high compression went, An-
drews confirmed the earlier work of Nat-
terer by showing that the gases become
proportionately less compressible with
growing pressure. While such investiga-
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tions were proceeding, Regnault and
Magnus had completed their refined in-
vestigations on the laws of Boyle and Gay-
Lussac: A very important series of ex-
periments was made by Joule and Kelvin
‘On the Thermal Effects of Fluids in
Motion’ about 1862, in which the ther-
mometrical effects of passing gases under
compression through porous plugs fur-
nished important data for the study of the
mutual action of the gas molecules. No
one, however, had attempted to make a
complete study of a liquefiable gas through-
out wide ranges of temperature. This
was accomplished by Andrews in 1869, and
his Bakerian Lecture ‘On the Continuity
of the Gaseous and Liquid States of Mat-
ter’ will always be regarded as an epoch-
making investigation. During the course
of this research Andrews observed that
liquid carbonic acid raised to a temperature
of 31° C. lost the sharp concave surface of
demarcation between the liquid and the
gas, the space being now occupied by a
homogeneous fluid which exhibited, when
the pressure was suddenly diminished or
the temperature slightly lowered, a peculiar

appearance of moving or flickering strie,:

due to great local alterations of density.
At temperatures above 31° C. the separa-
tion into two distinet kinds of matter
could not be effected even when the pressure
reached 400 atmospheres. This limiting
temperature of the change of state from
gas to liquid Andrews called the critical
temperature. He showed that this tem-
perature is constant, and differs with each

substance, and that it is always associated

with a definite pressure peculiar to each
body. Thus the two constants, critical
temperature and pressure, which have been
of the greatest importance in subsequent
investigations, came to ‘be defined, and a
complete experimental proof was given that
‘the gaseous and liquid states are only
distinet stages of the same condition of
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matter and are capable of passing into one
another by a process of continuous change.’

In 1873 an essay ‘On the Continuity of
the Gaseous and Liquid State,” full of new
and suggestive ideas, was published by van
der Waals, who, recognizing the value of
Clausius’ new conception of the virial in
dynamies, for a long-continued series of
motions, either oscillatory or changing ex-
ceedingly slowly with time, applied it to
the consideration of the molecular move-
ments of the particles of the gaseous
substance, and after much refined investi-
gation, and the fullest experimental calcu-
lation available at the time, devised his
well-known Equation of Continuity. Its
paramount merit is that it is based entirely
on a mechanical foundation, and is in no
sense empirie; we may therefore look upon
it as having a secure foundation in fact,
but as being capable of extension and im-
provement. - James Thomson, realizing
that the straight-line breach of continuous
curvature in the Andrews isothermals was
untenable to ‘the physical mind, pro-
pounded his emendation of the Andrews
curves—namely, that they were continuous
and of S form. We also owe to James
Thomson the conception and execution of a
three-dimensional model of Andrews’ re-
sults, which has been of the greatest service
in exhibiting the three variables by means
of a gpecific surface afterwards greatly
extended and developed by Professor Wil-
lard Gibbs. The suggestive work of James
Thomson undoubtedly was a valuable aid
to van der Waals, for as soon as he reached
the point where his equation had to show
the continuity of the two states this was
the first difficulty he had to encounter, and
he succeeded in giving the explanation. He
also gave a satisfactory reason for the ex-
istence of a minimum value of the product
of volume and pressure in the Regnault
isothermals. His isothermals, with James
Thomson’s completion of them, were now
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shown to be the results of the laws of
dynamics. Andrews applied the new
equation to the consideration of the coeffi-
cients of expansion with temperature and
of pressure with temperature, showing that
although they were nearly equal, neverthe-
less they were almost independent quan-
tities. His investigation of the capillarity
constant was masterly, and he added
further to our knowledge of the magni-
tudes of the molecules of gases and of their
mean free paths. Following up .the ex-
periments of Joule and Kelvin, he showed
how their cooling coefficients could be de-
duced, and proved that they vanished at g
temperature in each case which is a con-
stant multiple of the specific critical tem-
perature. The equation of continuity de-
veloped by van der Waals involved the
use of three constants instead of one, as
in the old law of Boyle and Charles, the
latter being only utilized to express the re-
lation of temperature, pressure, and vol-
ume, when the gas is far removed from its
point of liquefaction. Of the two new
constants one represents the molecular
pressure .arising from the attraction be-
tween the molecules,. the other four times
the volume of the molecules. Given these
constants of a gas, van der Waals showed
that his equation not only fitted into the
general characters of the isothermals, but
also gave the values of the critical temper-
ature, the critical pressure, and the critical
volume. In the case of carbonic acid the
theoretical results were found to be in re-
markable agreement with the experimental
values of Andrews. This gave chem-
ists the means of ascertaining the erit-
ical constants, provided sufficiently ac-
curate data derived from the study of a
few properly distributed isothermals of the
gaseous substance were available. Such
important data came into the possession of
chemists when Amagat published his valu-
able paper on ‘The Isothermals of Hydro-

SCIENCE.

569

‘gen, Nitrogen, Oxygen, Ethylene, ete.,” in
the year 1880. It now became possible to
calculate the critical data with comparative
aceuracy for the so-called permanent gases
oxygen and nitrogen, and this was done by
Sarrau in 1882. In the meantime a great
impulse had been given to a further attack
upon the so-called permanent gases by the
suggestive experiments made by Pictet and
Cailletet. The static liquefaction of oxy-
gen was effected by Wroblewski in 1883,
and ‘thereby the theoretical conclusions de-
rived from van der Waals’ equation were
substantially confirmed. The liquefaction
of oxygen and air was achieved through
the use of liquid ethylene as a cooling
agent, which enabled: a temperature of
minus 140 degrees to be maintained by its
steady evaporation in wvacuo. From this
time liquid oxygen and air-came to be re-
garded as the ‘potential cooling agents for
future research, commanding as they did
a temperature of 200 degrees below melt-
ing ice. The theoretical side of the ques-
tion received at the hands of van der Waals
a second contribution, which was- even
more important than his original essay,
and that was his novel and ingenious de-
velopment of what he calls ‘The Theory
of Corresponding States.” He defined the
corresponding states of two substances as
those in which the ratios of the temperature,
pressure, and volume, to the -eritical
temperature, pressure, and volume respec-
tively were the same for the two substances,
and in corresponding states he showed that
the three pairs of ratios all coincided. From
this a series of remarkable propositions
were developed, some new, some proving
previous laws that were hitherto only em-
piric, and some completing and correcting
faulty though approximate laws. As ex-
amples, he succeeded in calculating the
boiling-point of carbonic acid from obser-
vations on ether vapor, proved Kopp’s law
of molecular volumes, and showed that at
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corresponding temperatures the molecular
latent heats of vaporization are propor-
tional to the absolute critical temperature,
and that under the same conditions the
coefficients of liquid expansion are in-
versely proportional to the absolute criti-
cal temperature, and that the coefficients
of liquid compressibility are inversely pro-
portional to the critical pressure. All
these propositions and deductions are in
the main correct, though further experi-
mental investigation has shown minor dis-
crepancies requiring explanation. Various
proposals have been made to supplement
van der Waals’ equation so as to bring it
into line with experiments, some being en-
tirely empirie, others theoretical. Clausi-
us, Sarrau, Wroblewski, Batteli, and oth-
ers attacked the question empirically, and
in the main preserved the co-volume (de-
pending on the total volume of the mole-
cules) unaltered while trying to modify
the constant of molecular attraction.
Their success depended entirely on the fact
that, instead of limiting the number of
constants to three, some of them have in-
creased them to as many as ten. On the
other hand, a series of very remarkable
theoretical investigations has been made
by van der Waals himself, by Kammerlingh
Onnes, Korteweg, Jaeger, Boltzmann, Die-
terici, and Rienganum, and others, all
directed in the main towards an admitted
variation in the value of the co-volume
while preserving the molecular attraction
constant. The theoretical deductions of
Tait lead to the conclusion that a substance
below its critical point ought to have two
different equations of the van der Waals
type, one referring to the liquid and the
other to the gaseous phase. One important
fact was soon elicited—namely, that the
law of correspondence demanded only that
the equation should econtain not more than
three constants for each body. The sim-
plest extension is that made by Rein-
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ganum, in which he increased the press-
ure for -a given mean kinetic energy of-
the particles inversely in the ratio of the
diminution of free volume, due to the
molecules possessing linear extension.
Berthelot has shown how a ‘reduced’ iso-
thermal may be got by taking two other
prominent points as units of measurement
instead of the critical coordinates. The
most suggestive advance in the improve-
ment of the van der Waals equation has
been made by a lady, Mme. Christine Mey-
er. The idea at the base of this new devel-
opment may be understood from the fol-
lowing general statement: van der Waals
brings the van der Waals surfaces for all
substances into coincidence at the point
where volume, pressure, and temperature
are nothing, and then stretches or com-
presses all the surfaces parallel to the
three axes of volume, pressure, and tem-
perature, until their critical points coin-
cide. But on this plan the surfaces do not
quite coincide, because the points where
the three variables are respectively noth-
ing are not corresponding points. Mme.
Meyer’s plan is to bring all the ecritical
points first into coincidence, and then to
compress or extend all the representative
surfaces parallel to the three axes of vol-
ume, pressure, and temperature, until the
surfaces coincide. In this way, taking
twenty-nine different substances, she com-
pletely verifies from experiment van der
Waals’ law of correspondence. The theory
of van der Waals has been one of the great-
est importance in directing experimental
investigation, and in attacking the difficult
problems of the liquefaction of the most
permanent gases. One of its greatest tri-
umphs has been the proof that the critical
constants and the boiling-point of hydro-
gen theoretically deduced by Wroblewski
from a study of the isothermals of the gas
taken far above the temperature of lique-
faction are remarkably near the experi-
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mental values. - We may safely infer,
therefore, that 'if hereafter a gas be dis-
covered in small quantity even four times
more volatile than liquid hydrogen, yet by
a study of its isothermals at low tempera-
ture we shall succeed in finding its most
important liquid constants, although the
isolation of the real liquid may for the
time be impossible. It is perhaps not too
much to say that as a prolific source of
knowledge in the department dealing with
the continuity of state in matter, it would
be necessary to go back to Carnot’s cycle
to find a proposition of greater importance
than the theory of van der Waals and his
development of the law of corresponding
states.

It will be apparent from what has just
been said that, thanks to the labors of
Andrews, van der Waals, and others,
theory had again far outrun experiment.
‘We could calculate the constants and pre-
dict some of the simple physical character-
isties of liquid oxygen, hydrogen, or nitro-
gen with a high degree of confidence long
before any one of the three had been ob-
tained in the static liquid condition per-
mitting of the experimental verification of
the theory. This was the more tantaliz-
ing, because, with whatever confidence the
chemist may anticipate the substantial cor-
roboration of his theory, he also anticipates
with almost equal conviction that as he
approaches more and more nearly to the
zero of absolute temperature, he will en-
counter phenomena compelling modifica-
tion, revision, and refinement of formulas
which fairly covered the facts previously
known. Just as nearly seventy years ago
chemists were waiting for some means of
getting a temperature of 100 degrees below
melting ice, so ten years ago they were
casting about for the means of going 100
degrees lower still. The difficulty, it need
hardly be said, increases in a geométrical
rather than in an arithmetical ratio. Its
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magnitude may be estimated from the fact
that to produce liquid air in the atmos-
phere of an ordinary laboratory is a feat
analogous to the production of liquid water
starting from steam at a white heat, and
working with all the implements and sur-
roundings at the same high temperature.
The problem was not so much how to pro-
duce intense cold as how to'save it when
produced from being immediately levelled
up by the relatively superheated surround-
ings. Ordinary non-conducting packings
were inadmissible because they are both
cumbrous and opaque, while in working
near the limits of our resources it is essen-
tial that the produect should be visible and
readily handled. It was while puzzling
over this mechanical and manipulative
difficulty in 1892 that it occurred to me
that the principle of an arrangement used
nearly twenty years before in some ealori-
metric experiments, which was based upon
the work of Dulong and Petit on radia-
tion, might be employed with advantage as
well to protect cold substances from heat
as hot ones from rapid cooling. I there-
fore tried the effect of keeping liquefied
gases in vessels having a double wall, the
annular space between being very highly
exhausted. Experimeénts showed that
liquid air evaporated at only one fifth of
the rate prevailing when it was placed in
a similar unexhausted vessel, owing to the
convective transference of heat by the gas
particles being enormously reduced by the
high vacuum. But, in addition, these ves-
sels lend themselves to an arrangement by
which radiant heat can also be cut off. It
was found that when the inner walls were
coated with a bright deposit of silver the
influx of heat was diminished to one sixth
the amount entering without the metallie
coating. The total effect of ‘the high
vacuum and the silvering is to reduce the
ingoing heat to about three per cent.  The
efficiency of such vessels depends upon get-
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ting as high a vacuum as possible, and cold
is one of the best means of effecting the
desired exhaustion. All that is necessary
is to fill completely the space that has to be
exhausted with an easily condensable va-
por, and then to freeze it out in'a receptacle
attached to the primary vessel that ean be
sealed off. The advantage of this method
is that no air-pump is required, and that
theoretically there is no limit to the degree
of exhaustion that can be obtained. The
action is rapid, provided liquid air is the
cooling agent, and vapors like mercury,
water, or benzol are-employed. It is obvi-
ous that when we have to deal with such an
exceptionally volatile liquid as hydrogen,
" the vapor filling' may be omitted because
air itself is now an easily condensable
vapor. In other words, liquid hydrogen,
collected in such vessels with the annular
space full of air, immediately solidifies the
air and thereby surrounds itself with a
high vacuum.
shall be possible to collect a liquid boiling
on the absolute scale at about five degrees,
as compared with the twenty degrees of
hydrogen, then you might have the annu-
lar space filled with the latter gas to begin
with, and yet get directly a very high
vacuum, owing to the solidification of the
hydrogen. Many combinations of vacuum
vessels can be arranged, and the lower the
temperature at which we have to operate
the more useful they become. Vessels of
this kind are now in general use, and in
them liquid air has crossed the American
continent. Of the various forms, that va-
riety is of special importance which has a
spiral tube joining the bottom part of the
walls, so that any liquid gas may be drawn
off from the interior of such a vessel. In
the working of regenerative coils such a
device becomes all-important, and such
special vessels cannot be dispensed with
for the liquefaction of hydrogen.

In the early experiments of Pictet and
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Cailletet, cooling was produced by the sud-
den expansion of the highly compressed
gas, preferably at a low temperature, the
former using a jet that lasted for some
time, the latter an instantaneous adiabatic
expaﬁsion in a strong glass tube. Neither
process was practicable as a mode of pro-
dueing liquid gases, but both gave valuable
indications of partial change into the liquid
state by the production of a temporary
mist. Linde, however, saw that the contin-
uous use of a jet of highly compressed gas,
combined with regenerative cooling, must
lead to liquefaction on account of what is
called the Kelvin-Joule effect; and he suec-
ceeded in making a machine, based on this
principle, capable of producing liquid air
for industrial purposes. These experi-
menters had proved that, owing to molecu-
lar attraction, compressed gases passing
through a porous plug or small aperture
were lowered in temperature by an amount
depending on the difference of pressure,
and inversely as the square of the absolute
temperature. This means that for a steady
difference of pressure the cooling is great-
er the lower the temperature. The only
gas that did not show cooling under such
conditions was hydrogen. Instead of being
cooled it became actually hotter. The rea-
son for this apparent anomaly in the Kel-
vin-Joule effect is that every gas has a
thermometric point of inversion above
which it is heated and below which it is
cooled. This inversion point, according to
van der Waals, is six and three-quarter
times the critical point. The efficiency of
the Linde process depends on working with
highly compressed gas well below the in-
version temperature, and in this respeect
this point may be said to take the place of
the critical one, when in the ordinary way
direct liquefaction is being effected by the
use of specific liquid cooling agents. The
success of both processes depends upon
working within a certain temperature
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range, .only. the Linde method. gives us a
much wider range of temperature within
which liquefaction can be effected. This
is not the case if, instead of depending on
getting cooling by the internal work done
by the attraction of the gas. molecules, we
force the compressed gas to do. external
work as in the well-known air machines of
Kirk and Coleman. Both these inventors
have pointed out that there is no limit of
temperature, short of liquefaction of the
gas in use in the circuit, that such machines
are not capable of giving. While it is
theoretically eclear that such machines
ought to be capable of maintaining the
lowest temperatures, and that with the
least expenditure of power, it is a very
different matter to overcome the practical
difficulties of working such machines un-
der the conditions. Coleman kept a ma-
chine delivering air at minus 83 degrees for
hours, but he did not carry his experiments
any further. Recently Monsieur Claude,
of Paris, has, however, succeeded in work-
ing a machine of this type so efficiently
that he has managed to produce one liter
of liquid air per horse power expended per
hour in the running of the engine. This
output is twice as good as that given by the
Linde machine, and there is no reason to
doubt that the yield will be still further
improved. It is clear, therefore, that in
the immediate future the production of
liquid air and hydrogen will be effected
most economically by the use of machines
producing cold by the expenditure of me-
chanical work.:

LIQUID HYDROGEN AND HELIUM.

To the physicist the copious production
of liquid air by the methods described was
of peculiar interest and value as affording
the means of attacking the far more diffi-
cult problem of the liquefaction of hydro-
gen, and even as encouraging the hope that
liquid hydrogen might in time be employed

SCIENCE.

573

for the liquefaction of yet more volatile,
elements, apart from the importance which
its liquefaction must hold in the process.
of the steady advance towards the absolute
zero. Hydrogen is an element of especial
interest, because the study of its properties.
and chemical relations led great chemists
like Faraday, Dumas, Daniell, Graham and
Andrews to entertain the view that if it
could ever be brought into the state of
liquid or solid it would reveal metallic
characters. Looking to the special chem-
ical relations of the combined hydrogen in
water, alkaline oxides, acids, and salts, to-
gether with the behavior of these substances
on electrolysis, we are forced to conclude
that hydrogen behaves as the analogue of
a metal. After the beautiful discovery of
Graham that palladium can absorb some
hundreds of times its own volume of hy-.
drogen, and still retain its luster and gen-
eral metallic character, the impression that
hydrogen was probably a member of the
metallic group became very general. The
only chemist who adopted another view
was my distinguished predecessor, Pro-
fessor Odling. In his ‘Manual of Chem-
istry,” published in 1861, he pointed out
that hydrogen has chlorous as well as basic
relations, and that they are as decided,
important, and frequent as its other rela-
tions. From such considerations he arrived.
at the conclusion that hydrogen is essen-
tially a neutral or intermediate body, and
therefore we should not expeet to find liquid
or solid hydrogen possess the appearance
of a metal. This extraordinary prevision,
so characteristic of Odling, was proved to
be correct some thirty-seven years after it
was made. Another curious anticipation
was made by Dumas.in ‘a letter addressed
to Pictet, in which he says that the metal
most analogous to hydrogen is magnesium,
and that probably both elements have the
same atomic volume, so that the density of
hydrogen, for this reason, would be about
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the value elicited by subsequent experi-

ments. Later on, in 1872, when Newlands.

began to arrange the elements in periodie
groups, he regarded hydrogen as the low-
est member of the chlorine family; but
Mendeleef in his later classification placed
hydrogen in the group of the alkaline met-
als; on the other hand, Dr. Johnstone
Stoney classes hydrogen with the alkaline
earth metals and magnesium. From this
speculative divergency it is clear no definite
conclusion could be reached regarding the
physical properties of liquid or solid hy-
drogen, and the only way to arrive at the

truth was to prosecute low-temperature re- -

search until success attended the efforts to
produce its liquefaction. This result I
definitely obtained in 1898. The case of
liquid hydrogen. is, in fact, an excellent
illustration of the truth already referred
to, that no theoretical forecast, however
apparently justified by analogy, can be
finally accepted as true until confirmed by
actual experiment. Liquid hydrogen is a
colorless transparent body of extraordinary
intrinsic interest. It has a clearly defined
surface, is easily seen, drops well, in spite
of the fact that its surface tension is only
the thirty-fifth part of that of water, or
about one fifth that of liquid air, and can
be poured easily from vessel to vessel. The
liquid does not econduet electricity, and, if
anything, is -slightly diamagnetic. Com-
pared with an equal volume of liquid air,
it requires only one fifth the quantity of
heat for vaporization; on the other hand,
its specific heat is ten times that of liquid
air or five times that of water. The coeffi-
cient of expansion of the fluid is remark-
able, being about ten times that of gas®it

is by far the lightest liquid known to exist,

its density being only one fourteenth that
of water; the lightest liquid previously
known was liquid marsh gas, which is six
times heavier. The only solid which has so
small density as to float upon its surface is
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a piece of pith wood. - It is by far the
coldest liquid known. At ordinary atmos-
pheric pressure it boils at menus 252.5 de-
grees or 20.5 degrees absolute. The critical
point of the liquid is about 29 degrees
absolute, and the critical pressure not more
than fifteen atmospheres. The vapor of the
hydrogen arising from the liquid has nearly
the density of air—that is, it is fourteen
times that of the gas at the ordinary tem-
perature. Reduction of the pressure by an
air-pump brings down the temperature to
minus 258 degrees, when the liquid becomes
a solid resembling frozen foam, and this
by -further exhaustion is cooled to minus
260 degrees, or 13 degrees absolute, which
is the lowest steady temperature that has
been reached. The solid may also be got in
the form of a clear transparent ice, melt-
ing at about 15 degrees absolute, under a
pressure of 55 mm., possessing the unique
density of one eleventh that of water.
Such cold involves the solidification of
every gaseous substance but one that is at
present definitely known to the chemist,
and so liquid hydrogen introduces the in-
vestigator to a world of solid bodies. The
contrast - between this refrigerating sub-
stance and liquid air is most remarkable.
On the removal of the loose plug of cotton-
wool used to cover the mouth of the vacu-
um vessel in which it is stored, the action is
followed by a miniature snowstorm of solid
air, formed by the freezing of the atmos-
phere at the point where it comes into
contact with the cold vapor rising from
the liquid. This solid air falls into the
vessel and accumulates as a white snow at
the bottom of the liquid hydrogen. When
the outside of an ordinary test-tube is
cooled by immersion in the liquid, it is
soon observed to fill up with solid air, and
if the tube be now lifted out a double
effect is visible, for liquid air is produced
both in the inside and on the outside of
the tube—in the one case by the melting
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of the solid, and in the other by condensa-
tion from the atmosphere. A tuft of cot-
ton-wool soaked in the liquid and then held

near the pole of a strong magnet is ‘at-'

tracted, and it might be inferred therefrom
that liguid hydrogen is a magnetic body.
This, however, is not the case: the attrac-
tion is due neither to the cotton-wool nor
to the hydrogen—which indeed evaporates
almost as soon as the tuft is taken out of
the liquid—but to the oxygen of the air,
which is well known to be a magnetic body,
frozen in the wool by the extreme cold.
The strong condensing powers of liquid
hydrogen afford a4 simple means of pro-
ducing vacua of very high tenuity. When
one end of a sealed tube containing ordi-
nary air is placed for a short time in the
liquid, the contained air accumulates as a
solid at the bottom, while the higher part
is almost entirely deprived of particles of
gas. So perfect is the vacuum thus formed
that the electric discharge can be made to
pass only with the greatest difficulty. An-

other important application of liquid air,

liquid hydrogen, etec., is as analytic. agents.
Thus, if a gaseous mixture be cooled by
means of liquid oxygen, only those con-
stituents will be left in the gaseous state
which are less condensable than oxygen.
Similarly, if this gaseous residue be in its
turn cooled in liquid hydrogen a still fur-
ther separation will be effected, everything
that is less volatile than hydrogen being
condensed to a liquid or solid. By pro-
ceeding in this fashion it has been found
possible to isolate helium from a mixture
in which it is present to the extent of only

one part in ‘one thousand. By the evapora-

tion of solid hydrogen under the air-pump
we can reach within 13 or 14 degrees of
the zero, but thére or thereabouts our pro-
gress is barred. This- gap of 13 degrees
might seem at first sight insignificant in
comparison with the hundreds that have
already been conquered. But to win one
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degree low down the scale is quite a dif-
ferent matter from doing so at higher,
temperatures; in fact, to annihilate these
few remaining degrees would be a far
greater achievement than any so far ae-
complished in low-temperature research.
For the difficulty is twofold, having to do
partly with ' process and partly with mate-
rial. The application of the methods used
in the liquefaction of gases becomes con-
tinually harder and more troublesome as
the working temperature is reduced; thus,
to pass from liquid air to liquid hydrogen
—a difference of 60 degrees—is, from a
thermodynamic point of view, as difficult
as to bridge the gap of 150 degrees that
separates liquid chlorine and liquid air.
By the use of a new liquid gas exceeding
hydrogen in volatility to the same extent
as hydrogen does nitrogen, the investigator
might get to within five degrees of the
zero; but even a second hypothetical sub-
stance, again exceeding the first one in
volatility to an equal extent, would not
suffice to bring him quite to the point of
his ambition. That the zero will ever be
reached by man is extremely improbable.
A thermometer introduced into regions
outside the uttermost confines of the
earth’s atmosphere might approach the ab-
solute zero, provided that its parts were
highly transparent to all kinds of radia-
tion, otherwise it would be affected by the
radiation of the sun, and would therefore
become heated. But supposing all difficul-
ties to be overcome, and the experimenter
to be able to reach within a few degrees
of the zero, it is by no means certain that
he would find the near approach of the
death of matter sometimes pictured. Any
forecast of the phenomena that would be
seen must be based on the assumption that
there is continuity between the processes
studied at' attainable temperatures and
those which take place at still lower ones.
Is such an assumption justified? It is true
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that many changes in the properties of
substances have been found to vary stead-
ily with the degree of cold to which they
are exposed. But it would be rash to take
for granted that the changes which have
been traced in explored regions continue
to the same extent and in the same direc-
tion in those which are as yet unexplored.
Of such a breakdown low-temperature re-
search has already yielded a direct proof
at least in one case. A series of experi-
ments with pure metals showed that their
electrical resistance gradually decreases as
they are cooled to lower and lower tem-
peratures, in such ratio that it appeared
probable that at the zero of absolute tem-
perature they would have no resistance at
all and would become perfect conductors
of electricity. This was the inference that
seemed justifiable by observations taken at
depths of cold which can be obtained by
means of liquid air and less powerful re-
frigerants. But with the advent of the
more powerful refrigerant liquid hydrogen
it became necessary to revise that conclu-
sion. A discrepancy was first observed
when a platinum resistance thermometer
was used to ascertain the temperature of
that liquid boiling under atmospheric and
reduced pressure. All known liquids,
when forced to evaporate quickly by being
placed in the exhausted receiver of an air-
pump, undergo a reduction in tempera-
ture, but when hydrogen was treated in
this way it appeared to be an exception.
The resistance thermometer showed no
such reduction as was expected, and it be-
came a question whether it was the hydro-
gen or the thermometer that was behaving
abnormally. Ultimately, by the adoption
of other thermometrical appliances, the
temperature of the hydrogen was proved
to be lowered by exhaustion as theory in-
dicated. Hence it was the platinum ther-
mometer which had broken down; in other
words, the electrical resistance of the metal
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employed in its construction was not, at
temperatures about minus 250° C., de-
creased by cold in the same proportion as
at temperatures about menus 200°. This
being the case, there is no longer any rea-
son to suppose that at the absolute zero
platinum would become a perfect conductor
of electricity; and in view of the similar-
ity between the behavior of platinum and
that of other pure metals in respect of tem-
perature and conductivity, the presump-
tion is that the same is true of them also.
At any rate, the knowledge that in the case
of at least one property of matter we have
succeeded in attaining a depth of cold suf-
ficient to bring about unexpected change
in the law expressing the variation of that
property with temperature, is sufficient to
show the necessity for extreme caution in
extending our inferences regarding the-
properties of matter near the zero of tem-
perature. Lord Kelvin evidently antici-
pates the possibility of more remarkable
electrical properties being met with in the
metals near the zero. A theoretical inves-
tigation on the relation of ‘electrions’ and
atoms has led him to suggest a hypothetical
metal having the following remarkable
properties; below one degree absolute it is
a perfect insulator of electricity, at two de-
grees it shows noticeable conductivity, and
at six degrees it possesses high conductiv-
ity. It may safely be predicted that liquid
hydrogen will be the means by which many
obscure problems of physics and chemistry
will ultimately be solved, so that the lique-
faction of the last of the old permanent
gases is as pregnant now with future con-
sequences of great scientific moment as was
the liquefaction of chlorine in the early
years of the last century.

The next step towards the absolute zero
is to find another gas more volatile than
hydrogen, and that we possess in the gas
occurring in clevite, identified by Ramsay
as helium, a gas which is widely distrib-
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uted, like hydrogen, in the sun, stars, and
nebule. A specimen of this gas was sub-
jected by Olszewski to liquid air tempera-
tures, combined with compression and sub-
sequent expansion, following the Cailletet
.method, and resulted in his being unable
to discover any appearance of liquefaction,
even in the form of mist. His experiments
led him to infer that the boiling-point of
the substance is probably below nine de-
grees absolute. After Lord Rayleigh had
found a new source of helium in the gases
which are derived from the Bath springs,
and liquid hydrogen became available as a
cooling agent, a specimen of helium cooled
in liquid hydrogen showed the formation
of fluid, but this turned out to be owing to
the presence of an unknown admixture of
other gases. As a matter of fact, a year
before the date of this experiment I had
recorded indications of the presence of
unknown gases in the spectrum of helium
derived from this source. When subse-
quently such condensable constituents were
removed, the purified helium showed no
signs of liquefaction, even when compressed
to eighty atmospheres, while the tube con-
taining it was surrounded with solid hy-
drogen. Further, on suddenly expanding,
no instantaneous mist appeared. Thus
helium was definitely proved to be a much
more volatile substance than hydrogen in
either the liquid or solid condition. The
inference to be drawn from the adiabatic
expansion effected under the circumstances
is that helium must have touched a tempe-
rature of from nine to ten degrees for a
short time without showing any signs of
liquefaction, and consequently that the
critical point must be still lower. This
would foree us to anticipate that the boil-
ing-point of the liquid will be about five
degrees absolute, or liquid helium will be
four times more volatile than liquid hydro-
gen, just as liquid hydrogen is four times
more volatile than liquid air. Although

SCIENCE.

577

the liquefaction of the gas is a problem
for the future, this does not prevent us
from safely anticipating some of the prop-
erties of the fluid body. It would be twice
as dense as liquid hydrogen, with a critical
pressure of only four or five atmospheres.
The liquid would possess a very feeble sur-
face-tension, and its compressibility and
expansibility would be about four times
that of liquid hydrogen, while the heat re-
quired to vaporize the molecule would be
about one fourth that of liquid hydrogen.
Heating the liquid one degree above its
boiling-point would raise the pressure by
one and three fourth atmospheres, which is
more than four times the increment for
liquid hydrogen. The liquid would be only
seventeen' times denser than its vapor,
whereas liquid hydrogen is sixty-five times
denser than the gas it gives off. Only
some three or four degrees would separate
the critical temperature from the boiling-
point and the melting-point, whereas in
liquid hydrogen the separation is respec-
tively ten and fifteen degrees. As the
liquid refractivities for oxygen, nitrogen,
and hydrogen are closely proportional to the
gaseous values, and as Lord Rayleigh has
shown that helium has only one fourth the
refractivity of hydrogen, although it is
twice as dense, we must infer that the re-
fractivity of liquid helium would also be
about one fourth that of liquid hydrogen.
Now hydrogen has the smallest refractiv-
ity of any known liquid, and yet liquid
helium will have only about one fourth of
this value—comparable, in fact, with
liquid hydrogen just below its ecritical
point. This means that the liquid will be
quite exceptional in its optical properties,
and very difficult to see. This may be the
explanation of why no mist has been seen
on its adiabatic expansion from the lowest
temperatures. Taking all these remarkable
properties of the liquid into consideration,
one is afraid to predict that we are at
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present able to cope with the difficulties
involved in its production and -collection.
Provided the critical point is, however, not
below eight degrees absolute, then from the
knowledge of the conditions that are suc-
cessful in producing a change of state in
hydrogen through the use of liquid air, we
may safely predict that helium can be
liquefied by following similar methods.
If, however, the critical point is as low as
six degrees absolute, then it would be al-
most hopeless to anticipate success by
adopting the process that works so well
with hydrogen. The present anticipation
is that the gas will succumb after being
subjected to this process, only, instead of
liquid air under exhaustion being used as
the primary eooling agent, liquid, hydrogen
evaporating under similar ecircumstances
must be employed. In this case the re-
sulting liquid would require to be col-
lected in a vacuum vessel, the outer walls
of which are immersed in liquid hydrogen.
The practical difficulties and the cost of
the operation will be very great; but on
the other hand, the descent to a tempera-
ture within five degrees of the zero would
open out new vistas of scientific inquiry,
which would add immensely to our knowl-
edge of the properties of matter. To com-
mand in our laboratories a temperature
which would be equivalent to that which
a comet might reach at an infinite distance
from the sun would indeed be a great tri-
umph for science. If the present Royal
Institution attack on helium should fail,
then we must ultimately succeed by adopt-
ing a process based on the mechanical pro-
duection of cold through the performance
of external work. When a turbine can be
worked by compressed helium, the whole
of the mechanism and ecircuits being kept
surrounded by liquid hydrogen, then we
need hardly doubt that the liquefaction
will be effected. In all probability gases
other than helium will be discovered of
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greater volatility than hydrogen. It was
at the British Association Meeting in 1896
that I made the first suggestion of the
probable existence of an unknown element
which would be found to fill up the gap
between argon and helium, and this antici-
pation was soon taken up by others and
ultimately confirmed. Later, in the Bak-
erian Lecture for 1901, I was led to infer
that another member of the helium group
might exist having the atomie weight about
2, and this would give us a gas still more
volatile, with which the absolute zero might
be still more nearly approached. It is to
be hoped that some such element or ele-
ments may yet be isolated and identified
as coronium or nebulium. If amongst the
unknown gases possessing a very low erit-
ical point some have a high critical press-
ure, instead of a low one, which ordinary
experience would lead us to anticipate,
then such difficultly liquefiable gases would
produce fluids having different physical
properties from any of those with which
we are acquainted. Again, gases may ex-
ist having smaller atomic weights and den-
sities than hydrogen, yet all such gases
must, according to our. present views of the
gaseous state, be capable of liquefaction
before the zero of temperature is reached.
The chemists of the future will find ample
scope for investigation within the appa-
rently limited range of temperature which
separates solid hydrogen from the zero.
Indeed, great as is the sentimental interest
attached to the liquefaction of these refrac-
tory gases, the importance of the achieve-
ment lies rather in the fact that it opens
out new fields of research and enormously
widens the horizon of physical science, en-
abling the natural philosopher to study the
properties and behavior of matter under
entirely novel conditions. This department
of inquiry is as yet only in its infaney, but
speedy and extensive developments may be
looked for, since within recent years sev-
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eral special cryogenic laboratories have
been established for:the prosecution of
such researches, and a liquid-air plant is

becoming a common adjunct to the equip-

ment of the ordinary laboratory.
: JAMES DEWAR.

( To be concluded. )

THE BURBAU OF GOVERNMENT LABORATO-
RIES FOR THE PHILIPPINE ISLANDS,
AND SCIENTIFIC POSITIONS
UNDER IT.

TaE Bureau of Government Laboratories
for the Philippine Islands has now been
organized for nine months and is at present
quartered in a temporary building. The
commission contemplates the erection of a
comprehensive and fitting structure for. sci-
entific work, the detailed plans of which are
about completed, and the government archi-
tect is ready to begin work as soon as the
title to the land desired for the edifice is
secured. This new structure will be fitted
with all modern appliances for thorough
scientific work. The individual working
desks of the laboratory will be supplied
with gas, water, vacuum and steam and air
pressure; electric power is to be furnished
wherever it is needed, and the equipment
will be complete.

The scheme of the bureau contemplates
a central institution in which laboratory
work shall be done for all the bureaus
which may need scientific assistance, so that
a scattering of individual laboratories and
a consequent loss of efficiency and equip-
ment are avoided. The work is separated
into two divisions, the chemical laboratory
and the biological laboratory, each occupy-
ing a wing of the new building, with the
Serum Institute located to the rear, in con-
junetion with the power house.

The building is divided into sixty rooms
so that separate lines of work can be car-
ried on in individual quarters, each person
engaged in scientific investigation being
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thus enabled to have his apparatus and ap-

‘pliances in the most convenient form: The

division of the space is as follows:

GROUND FLOOR.

Physical laboratory with constant temperature
room below.

- Assay laboratory.

Balance room.

Combustion room.

Distilling room.

Research room for vegetable products
Chemical ‘stores.

Apparatus stores.

Storekeeper’s office.

Bacteriological diagnosis, two rooms.
Animal parasites.

Culture media.

‘Mechanic.

Incubator and cold storage.

FIRST FLOOR.
Mineral analysis.

Director chemical laboratory.
Director’s office.

Sugar and food analysis.
Library.

Plant pathology.

Biological director’s office.
Biological director’s laboratory.
Biological research.
Spectroscopic rooms.

Chemical research.
Pharmacology.

Balance room. .
Photography.

Collections.

Pathology.

"Physiological chemist.

Three research rooms.
Outdoor laboratory.

POWER HOUSE.
Cold—storage plant and cold- storage rooms.
Serum packing room.
Serum laboratory.
Serum kitchen.
Crematory.
Engine room.
Boiler room.

The plans of the bureau contemplate re-
search work not only in the resources-of
the islands, but also in the realm of tropical
diseases. The work during the past year
has included a large number of analyses for




