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I. 

TO throw light on the title of this lecture I mnst go back more than 
sixty years-to 1816. Faraday, then a mere student and ardent 

experimentalist, was twenty-four years old, and at this early period of 
his career he delivered a series of lectures on the general properties of 
matter, and ono of them bore the remarkable title, " On R adiant Mat
ter." 'l'he great philosopher's notes of this lecture are to b e found in 
Dr. Bence J ones's " Liie nnd Letters of Famday," and 1 will here 
quote a pa...;sage in which be first employs the expression rculiant 
matter : 

1f we conceive a change as fnr beyond vaporization as that is above fluidity, 
and then take into account also the propor tional increased exf.<lnt or alteration 
18 the ohan.ges rise, we shall perhaps, if we can form any conception at all, not 
tall .tar short o! radiant matter ; and as in the las t conversion many qualities 
WCJ'e lost, so here wso many more would disappeAr. 

Faraday wns evidently engrossed with this far-reaching speculation, 
for three years later-in 1819-we find him bringing fresh evidence 
and argument to strengthen his startling hypothesis. His notes are 
now more extended, and they show that in the intervening three years 
hellad thought much and deeply on this higher f orm of matter. H e 
first points out that matter may be classed into four states- solid, 
Hquid, gaseoue, and radiant-these modifications depending U}JOn dif
femnces in their several essential properties. · H e admits tha.t the ex
istence of radiant matter is as yet unproved, and then proceeds, in a 
series of ingenious analogi.cal arguments, tO show the probability of i ts 
existence. t 

• 
• A lecture delivered be!Ol'e the Briw h Association for the- Advancement of Scitmcc, 

., Sbeftleld, Frlday, .August 22, 1879. 
t l may now .notice n curious progression in physical properties accompanying changes 

Of' form, and whicb is perhaps suflicicnt ·to Induce, in the inventive and sanguine pbiloSo-



• 

THE POPULAR SCIENCE MONTHLY. 

If, in tho beginning of this century, we had asked, What is a gns? 
the answer then would have been that it is matter, expanded :mel rare
fied to such an extent as to be impnlpnblc, save when act in violent 
motion ; invisible, incapable of assuming or of being reduced into any 
definite form like solids, or of forming drops like liq11ids; always 
ready to expand where no resistance is offered, and to contract on 
being subjected to pressure. Sixty years ago such were the cbici at
tributes assigned to gases. Modern research, howc\'er, has greatly 
enlarged and modified our views on tho constitution of tho! e clastic 
fiuidl!. Gases are now considered to be composed of an almost intinite 
number of snm!J particles or molecules, which arc coustantly moving 
in every direction with velocities of all conceivable magnitudes. As 
these molecules arc exceedingly numerous, it follows that no molecule 
can move far in any direction without coming in contact with some 
other molecule. But if we exhaust the air or gas contained in a closed 
vessel, tbe number of molecules becomes dimjnisbed, and the distance 
through which any one of them can move without coming in contact 
with another is increased, tho length of the mean free path being in
versely proportional to tho number of molecules present.. The further 
this process is ca.rried the longer becomes tho a\·crnge distance a mole
cule can travel before entering into collision ; or, in oth~ words, the 
longer its moan free path, the more the pbysiC!ll properties of the gas 
or air are modified. Thus, at a certain point, tho phenomena of the 
radiometer become possible, and on pushing the rnrcfaotion still fur
ther-i. c., decreasing the number of molecules in n given space and 
lengthening their mean free pntb-thc experimentlll results are obtain-

phcr, A considerable d~ or belief in the rLilSOciatlon of tho radiant form with the others 
in tho set of changes I have menllooed. 

As we ascend from the solid 10 tbc ftuid and gueoua states, pbyslcal properties dimin
ish in number and \'llricty, each al.ntc loting some of those "bicb belonged to the preced
ing Rtllle. \\'ben solids Brc converted Into ll~tids,all the ,.Mietiea of hardness and softness 
nro necessarily lost. Crystalline and other shapes aro destroyed. Opacity and color 
frequently glvo way to n colorles~ tmnspl\rcnoy, ~Lnd rL generjll mobility of p:uticles is 
conferred. 

J'usiog onward to tho gucous s tst.c, nlll more of the e'·idcnt cbarnctors of bodies nrc 
:mnihilntcd. The immense dltl'oronoCJI In their weight Rlmost disnppear ; the remains of 
diiTcrcncc in color tbat were lei\ arc lost. Trnnsparcncy becomes unh·crsal, 1111d they 
are mil cln.•tic. They oow form but one sot of subetnnccs, nod the ' "orictlcs of density, 
hnrdne••. 01>ncity, color, clnSllclty, nnd form, which render the number of 1olids and Ooids 
nlmost infinite, nrc now supplied by a few sligh t ~aria lions in weight., and gomo unimpor
~nt shades of color. 

To those, therefore, who admit the rndiBnt form of mnucr, no difficulty exists in the 
simplicity of tbe pro(l4)rtles It po~•e5, bu t rather au argument in their fa,·or. These 
penoons show you a gradual resignation of properties in tho m3tter we can npprcdntc as 
the matter Mccnda in tho scale of forms, 8nd they would be ~Surprised if that effect were 
to ce:ue at the pscous al&t~ They point out tbe greater excrlioos which Nature m~kcs 
at each ~tep of tho ebange, and tblnk tbM, conailltently, it ought to be gre:otcst in the 
pusagc from tho gaseous 10 the n.diant form.-{" Life and Letter.! of Fanday,'' vol. i., 
I'· 308.) 



ON R.AJ)IANT MATTER. 

able to which I am now about to call your at.tention. So distinct arc 
these phenomena from anything which occurs in air or gas at thl! onli
nary tension, that we are led to assume that. we are here brought fan• 
to face with matter in a fourt.h st:~te or condition, a condition a!' far 
r emoved from the state of gas as a gas is from a liquid. 

M ea-n Free P at,IL-Radiant .ilfatter.-I have long bclicYed that a 
well-known appearance observed iu vacuum-tubes is closely rclatcil to 
the phen omena of the mean free- path of the molccttleil. ' 'hen the 
negative polo i~ examined while t ho d.ischa.rge from an iurluction coi I 
is passing through an exhausted tube, a dark space is seen to SU!Toun•l 
i t. This dark space is found to i11Crease and diminish as the vacuum 
is varied, in tho same way that the mean free path of the molecules 
lengthens :mu contracts. As the one is perceived by the mind's cy(' 
to get greater, so the other is seen by the bodily eye to increase iu 
size ; and, if the vacuum is insufficient to permit much play of the 
molecules before they enter into collis ion, the passage of elecl!icity 
shows that the "dark space " has shrunk to small dimensions. ' V c 
naturally infer that the dat·k space is the mean frco path of the mole
cules of t.he residual gas, an inference confirmed by experiment. 

I will endeavor to r ender this "dark spaco" visible to all pr esent. 
Hero is a tube (Fig. 1), having a pole in the center in the form of a 

Fro 1. 

metal disk, and other poles at each end. The centcl' pole is made neg· 
ative, and the two end p oles connected together are made the positive 
t erminal. The dark space will be in t.he center. When the exhaus
ti~n is not very great, the dark space extends only a little on each side 
of the neg-ative pole in the center. 'When the eXhaustion is goo<l, as 
in the tube before you, and I turn on the coil, the dark space is seen 
t.o extend for about :m inch on each side of the pole. 

H ere, then, we see the induction-SJ)3rk actually illuminating the 
lines of meleottlar pressure oa.used by the excitement of the negative 
pole. The tJrick:ness of this <lnrk space is the measure of tbc mean free 

• 
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path bct,veen successive collisions of the molecules of tho residual gas. 
The c:ttm velocity with which tho negatively electrified molecules re
bound from the excited pole keeps back tl1c more slowlymo...-iug mole
cules which arc advancing toward that pole. A conflict occurs at tho 
boundary of tho dark space, where the luminous marg in beru·s witness 
to tho energy of the discharge. 
• Therefore the re. idu:'ll gas-or, a:> I prefer to call il, the gaseous 

residue-within the dark spaoo is in an entirely different state to that 
of the residual g!IS in vessels at a lower degree of exhaustion. T o 
quote the wor<ls of our last year's President, in his address at Dublin : 

Tn the cxhnuste<l column 11·a hnva n vehicle for electricity not consinntlike 
ru1 ordinary conductor, but itsclf modified by tbc passage of tho dlscbnrgc, nn() 
J>crhaps subject to lnws ditl'cring ml\torinlly from thoso which it obeys nt atmos· 
phcric pressure. 

I n the vessels with the lower degree of exhaustion, the length of the 
mean free path of the molecules is exceeclingly t;mall as compared with 
the dimensions of tho bulb, ancl tho properties belonging to tho ordi
nary gnseous state of m!ttter, depending upon eonst:mt. collisions, can 
be observed. But in the phenomena now about to be c~otmincd, so 
high is the exhaustion carried that the dark space around the negative 
pole has widened out till it entirely 1ills the tube. By g reat rarefac
tion the mean free palb has become so long that the bits in a given 
time in comparison to the misses may be disregarded, and the a.-erage 
molecule i11 now allowed to obey its own motions or laws without in
terference. The mean free path, in fact, is comparable to the climen
sions of the ''essel, nn<l we have no longer to deal with a continuous 
por tion of matter, as would be the case were the tubes less highly ex
hausted, but we must here contemplnte the molecules individually. 
In these llighly exhausted vcssela the molecules of the gaseous residue 
are able to dart across the tube with comparatively fe'v collisions, and 

rndi:lting from Lhc pole with enormous veloci ty, they assume proper
t ies so novel and so characteristic ns t.P entirely justify the application 
of the term borrowed from Far:tdny, that of 1·a<liant matte1· . 
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R ad·iant Natter exerts P owerful Phospltoro,qcnic A ction wlu:.re it 
lltrikes.-I have mentioned that the radiant matter within the dark 
space excites luminosity where i ts velocity is arrested by residual ga" 
outside the dark space. But if no residual gas is left, the molecu lu:
will have their velocity arrested by Lhe s ides of the g lass ; and LH:ro wt• 
come to the fi rst and one of the most noteworthy properties of radiant 
matter di<;cllarged from the negative pole-it.s power of exciting phos· 
phorescence when it strikes against solid matter. 1'he number of 
bodies which respond luminously to this molecular bombardment is 
very g reat, and the resulting colors :lre of every variety. Glass, for 
instance, is highly phosphorescent when exposed to a stl'eam of rad iant 
matter. H ere (Fig . 2) are three bulbs composed of different g lass: 
one is uranium glass (a), which phosphoresces of a. dark-green color: 
auotbe.r is English glass (b), which phosphoresces of a b .I ue color ; and 
the third {c) is soft German gla-ss-of which most of tbe apparatus 
b efore you is made- which phospl10resces of a bright apple-green. 

My earlier e:-.:periments were almost entirely c:wried on by tho aiel 
of t he phosphorescence which gbss takes up when it is under the infiu
cncc of the radi:~nt discharge ; but many other substances possess this 

Fn::. 8. 

phasphorescent power in a still higher degree than gla.ss. Ii'or in
stance, h ere is some of the luminous sulphide of calcium prepared ac
cording toM. Ed. Becquerel's description. When tbe attlpllide is ex.
posecl to light-even candle-light-it phosphoresces for hours witll a 
bluish-whlte color. I t is, however, much more strongly phospho
r escent to the molecula.:r discharge in a good vacuum, as you will see 
when I pass the discharge through this tube. 

•ot . xn.-2 
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Other sub~tauces besitlcs English, German, and urnuium gl:ls$, and 
Hccqucrel's luminous sulphides, arc 3lso phosphorescent. The rare min
eral Pbenakite (nln.mitl!lOO of gluciuum) phosphoresces bh1c; tho min
eral Spodumene (a silicate of nlmnininm a.nd lithium) phosphoresces a 
rich golden yellow; the emerald gives out a crimson light. But, with
out e..xception, the diamond is the most sensitive substance l ha,·o yet 
met fol" ready and brilliant phosphorescence. Jlet·e is a very ouriouR 
fluorescent diamond, green by daylight, colorless by oandle-light. It. 
is mounted in the center of an exhausted bulb ( l<'ig. 3), and tho mo
lecubr discharge will be directed on it from below upward. On dark
cuing the room you see the diamond shiucs with ns much light as a 
candle, phosphorescing of a b.-igbt gre('u. 

Next to the di:tmond the ruby is one of the most remarkable stones 
for phosphorescing. In this tube (l<'ig. ·t) is a l'tne collection of ruby· 

pebble~. As soon n..~ tho induction-spark is turned on, you will sec 
these rubies shining with a brilliant rich red tone, as if they were 
glowing bot. lt scarce! y matters wl.mt co lot· the ruby i ~, to begin 
with. In this tube of natural rubies there nrc stones of :111 colors-the 
deep-red and also the pale-pink ruby. Thero arc som~ so pale as to 
be almost colorless, and some of the l1igbly prized tint of pigcon'11 
blood ; but under tho impact of radiant matter t.hey all phosphoresce 
with :thou t the same color. 

1\ow the ruby is nothing but crystallized alumina with a little color
it~g-matter. In a paper by Ed. Becquercl,* published twenty year;~ 

ago, he describes the appearance of :.htmina :IS glowing with a rich red 
color in the phosphoroscope. Here is some precipitated alumina pre· 
pared in the most. e:1reful m:mner. I t has been heated to whit.cness, 
and you sec it also glows under the molecular discharge 11·ith Lhc same 
rich red color. 

The spectrum of the red ligl1t emitted by these varieties of alumina 
is the same as described by Becquercl twenty years ago. There is one 

"" .\nnales de Chimie ct de Physique," third seri~ ~ol. lvii., p. GO, 185!1. 
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intense red. line, a little below the fixed line Bin the spectrum, having 
a. wave-length of about 0,891). There is a continuous spectrum begin
ning at about B , and ~1 few fainter lines beyond it, but they :u-e so faiu L 
in comparison with tl1is reel line that they may be neglct:ted. 'l'hi!< linl' 
is easily seen by examining with a small pocket spectroscope the light, 
reflected from a good r uby. 

There is one particular degree of exhaustion more fa.vorahle than 
any other for tho development of the properties of radiant matkr 
which are now tuader exanliuation. R oughly !<pealciug it may bn put. 
at t he millionth of an atmosphere.* .At this degree of exhaustion tlw 
phosphorescence is very st rong, and aSter that it begins to diminisla 
until the spark ref uses to pa.ss. t 

I have here a tube, Fig . 5, which will serve to illustrate ihc de
pendence of the phosphorescence of the glass on the degree of exb aus-

• 1·0 million th of an atmosphere 
1315'78\l millionths of an atmosphere = 

0·00076 mitlin•. 
1·0 millim. 

1,ooo,ooo· " " .. 760·0 millim:>. 
= I atmosphere. " . ' .. .. 

t Nearly n hundred yc;~rs ago, Mr. Witliam Morgan communicnt.cd to the Royal SodNy 
a pa.Jll!l' entitled ''Electrical Expcriutcnl8 made to nsCI!rtai u the Non-conducting Power of 
ll Perfect Yacmtm," etc. 'l'ho following extracts from this paper, which was published 
iu tlic ''Philosophical Transactions" fo1· 1785 (vol. l:t.'(l'., p. 272), will be read with in
terest : 

A m crcn rinl gage nbon t tlfleon inches long, C11rcfully and !\Ccurat~ly boik>d LiJJ Cl' et'Y pnr· 
ticlc of ail· Wtl S ~pcllcd from the insido, was coated wi th Lin-foil five inches down from 
its li,calcd end, illld being inverted iotA> mercury t hrough a pcrfomtion io tho bra~-s cap 
w.hicll covered tho mouth of the cistcm, the whole was cctucntcd togcthca', ami. t b<l nir 
was e.xhuus ted from tho iusido of tho \liolci'D, through !t vnlve in the brnss cu p, wbiuh, 
producing a perfect vacuum iu the gngc, fo rmed nn instrument peculiarly well adapted 
for t;XPerimcnts of this kind. Things IJcing thus ndjusted (a small wire baYin[; been pre
viously fixed on tho insirle of tbc cistent to form a communication bet.ween the br?.ss cnp 
and the ffi()I'Cnry, into which tbe gngc was inverted), the coated end w aB applied to tho 
conducto r of an electrical machine, nnd, notwi thstand ing every effort, neither the $1llnllt>sL 
l'IY of ligb l, nor the slightest cbnrgc, could c,·e.r be procured in this ex.hnusted gnge. 

If the wcraury iu tlte gnge be imparfcctly boiled, the c:t periment wi.ll not succeed ; 
but lhe color of lhe elcctrio light, which in ni r rarefied by no exhauster is alwnya ,·iolct or 
purplt>, appears iD Lhis case of a beautiful green, and, whnt is 1·cry curious, the dcg•·re of 
the air'a ntefaction mBy be nearly determined by this me:uas: for I ha'<'e known instnnccs, 
t1arii!IJ the eou~e oftheQC experiments, where a small particle of air )m,·iog found its 

&ho tube, tlte cleeuic light became visible, and as usual of a green color ; but 
a.bcablg o1\Qn repeat.cd, tho gage bas at length cracked M its sealed end, and in 

oc~-~ e:aornal ak, lly being lldlllillcd inw t he inside, has gradually produced 
~41eotLdo light f(Om green to blue, from blue to indigo, and so on to ..,jole~ 

baa a t leng1b become so dense as no l onger to b.e n conductor 

~·==~ean be liltlc doub t, ftom the above~xpeciment.s, of the non. 
~ yacuum. ; 

UIG &bore ilia linti.t evcn in the rarefae~ion of air , wbicb sets 
power; or, In other words, tJtat the particles of air may be so 

ol.ber 11 no longer to bo able w t nmsmit the elect ric fiuid ; thaL 
oortaln diarance of caclt o~hcr, tbcil· conducting power begins, 

i_II&III:Yincroa~ till lhelr npproaeb 11lso 11rri.vcs M its limit.. 



zo 'l'H.E POPULAR SCI.EN OB MON THLY. 

tion. The two poles are at " and b, and at the end c is a small supple
Juentary tnbo, connected with the other by a narrow aperture, and 
containing solid caustic potash. T he tube has been exhaus~ed to a 
very high point, and the potash heated so as to drive o.ff moistu.re and 
injtu·e the vacuum. Exhaustion has then been recommenced, and the 
altemate heating and exhaustion repeated unti l tbp tubo has been 

Fro. !1. 

brought to the state i.n which it now appears before you. Wben the 
imluction spark is.first turned on nothing is visible-the vacuum is so 
higl• that the tube is non-conducting. I now warm the potash slightly 
and liberate a trace of aqueous vapor. Instantly conduction commences, 
and tbe green J~hosphorescence 'flashes out along the length of the tube. 
I continue the beat, so as to drive off more gas from the potash. The 
green gets fainter, and now a wa1•e of cloudy luminosity sweeps over 
the tube, and stratifi.catiolli! appear, which rapidly get narrower, until 
the spark passes along the tube in the form of a nanow purple line. I take 
the lamp away, and allow the potash to cool ; as it cools, the aqueous 
vapor, which the heat had driven off, is reabsorbed. The purple line 
broadens out, and b1·eaks up into fine stratifications ; these get wider, 
and t ravel toward the pota~h-tnbe. Now a wave of green light ap
pears on the g lllS/5 at the other end, Rweeping on nnd driving the last 
pale stratification into the potash ; and now the tube glows over its 
whole leng th with the green phosphorescence. 1 mig ht keep it before 
you, and show the gr een growing fainter aud the vacuum becoming 
non-conducting ; but I should detain you too long , as time is required 
for the t~hsorption of the last traces of vapor by the potash, and I 
lll liSt pass on to tbc next subject. 

R aclittnt ]!fatter p~·oceeds in Stmigltt Lines.- The rucliant nu'\tter 
whose impact on the glass causes an evolution of light., absolutely re
fuses to t urn n com er. Here is a V-shaped tube (Fig. 6), a pole being 
at (;ach extremity. The pole at the right side (a) being negative, you 
f;l'e that the whole of the rigbt arm is flooded with g reen light, but at 
the bottom it stops shal]>ly and will not turn the corner to get into the 
left side. W hen I reverse the cttrreut and make the left pole negative, 
the g reen changes to the left side, always following the negative pole 
and leaving the positive side with scarcely any luminosity. 

In the ordinary phenomena exhibited by vacuum-tubes-phenomena 
with which we aro all familiar-it is customary, in order to bring out 
tile striking cont rasts of color, to bend the tubes into very elaborate 
designs. The luminosity can.'!ecl by the phosphorescence of the residual 

• 



ON RA.DJANT JfATT.ER. :.Z I 

gaa follows all the convolu~ions into which t!killful gla>'S-blower:. t"ln 

manage to twist the g lass. The negative volu being at one end :m•l 
the positive polo at the other, the luminous pbenom<>na. seem to d<·· 
pend more on the positive tba.n on the negative at the ordinary exh:~u• 

Fro. 6. 

&ion hitherto used to get the hest phenomena of vacuum-tubes. But 
at. a Tcry high exhaustion the phenomena. 11oticed in ordinary vacmun 
ta~M. when the induction-spark passes through them-an appear:tnce 
fll oloudy luminosity and of tltratifications-disappear entirely. No 
tload or fog whatever is soon in the body of the tube, and wit.h such 
6 'fiOUIDD as I am working with in these experiments, the only light 
O,bl181'1red is that from the phosphorcs<?ent surface of the glass. I have 

two bnlbs (Fig. 7), alike in shape and position of poles, the only 
••• being that one is at an exhaustion equal to a few millimctres 

ar:Jr-611<~ a. moderate exha,ustion as will g ive the ordinary lu
-.1101111ella--while the other is exhausted to about the millionth 

I will first connect the moden1tely e~austed uulb 
lDcluction-coil, and retaining the pole at one side (o) nl-

1: will put the posit.ive wire snccessively to the other 
the bulb ia furnished. You see that as I chauga t he 

~~itil'e pole, the line of violet light joining t.ho two 
polell alllbgei8; electric current ahva.ys choosing the shortest pat.b 
betweea the two poles, and moving abol'~t the bulb as I alter the posi
tion of the wires. 

Tbi11, then. is the kind of phenomenon we •get in ordinary cxhaus-
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tions. I will now try tho same experiment with a bulb (13) that iH 
very highly exhausted, anu, as before, will make the side pole (a') tit<: 
negative, the top pole (b) being positive. Notice bow widely differ· 
ent is the appe:u·ance from tl1at shown by the last bulb. The negative 
pole is in the form of a shallow cop. The molecuJar rays from the 

•. " , , 10 • • • 

cup cross in the center of the bulb, and thence diverging fall on tho 
opposite ~<ide and produce a circular patch of green, phosphorescent 
light. .As I turn the bulb round you will all b e able to sec the g reen 
pntch ou the gl:l~s. Now, observe, I remove tho positive wire from 
t he top, and connect it with the side pole (c). The green Jlatch from 
the di \'I' I·geut negative focus is tl1ere still. I now mako tho lowest 
pole (d) posith·c, anJ the green patch remains where it Wtl!! at fir~;t, 
unchang<Jd in position or intensity. 

' Vo bave here another property of racliant matter. In tbe low 
vacunm the position of the positive pole i s of every importance, while 
in :\ high vacnum the position of the positive pole Rcarcely mntters at 
a ll ; the phenomena seem to depend entirely on tho ncgath•c pole. If 
tho ncgn.~ive polo points in t.hc direction of the positive, all very well, 
but if tho negative pole is entirely in the opposite direction it. is or 
little consequence ; the radiant matter darts all the s:une in a straight 
liu C' frun1 the negative .. 
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If, instead of a tlat disk, a hemi-cylinder is used 
pole, the matter stiJI radiates normal to its surface. 
you (Fig. 8) iUustrat.es this property. It 
contains, aa a negative pole, a bemi-cyl
iudet· (a) of polished aluminium. Thjs 
is connected with a fine copper wire, b, 
ending at the plat.inwn terminal, c. At 
the upper end of the tube is another ter
minal, cl. The induction-coil is connect
ed so that the hemi-cylinder is negative 
and the upper pole positive, and when 
~xhausted to a sufficient extent tho p ro
jection of the moleoulm· rays to n. focus 
is very beautifully shown. The rays of 
matter being d rivera from the hemi-cyl
indcr i11 a direction normal to its sur
face, come to a focus and then diverge, 
IJ10.cing their pa.th in brilliant green phos
phorescence on t.he surface of the glass. 

Instead of receiving the molecular 
rays on the gbss, I \\"ill show you another 
tube in \vhicb the focus falls on a phos
phorescent screen. Sea how brilliantly 
the lines of d ischarge shine out, and 
how intensely the focal point is illnmi
nated, lighting up the table. 

.. ., 
for tbe ncgat iv<: 
The tube befor•' 

Fta. S. 

Radiant Natter 1ohen intercepted by Solid Matter casf4 a Shadow. 
-Radiant matter comes from the pole in straight li11es, and does not 
merely permeate all part.s of the tube and fill it with light, aa would 

FIG. 9. 

------
-------

be the CIU!e were the exhaustion less good. Where th('re is nothing in 
the way the raya strike the screen and produce phosphorescence, and 
whcro solid matter intervenes they are obstructed by it, and a shadow 
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is thrown on the screen. In this p ear-shaped bulb (Fig . 9) tlJe nega
tive pole (a) is at the pointed end. In the middle is a cross (b) cut 
out of sheet-aluminium, so that the rays from the negat ive pole pro
jected along the tube will be partly intercepted by the aluminium cross, 
and will project an image of it on the hemispherictLl end of the tube 
which is phosphorescent. I turn on the coil, and you wi11 all see the 
black sl1aclow of the cros.c; on the luminous ood of the bulb (c, d). 
Now, the radiant matter from the negative pole has b een passing by 
the side of the aluminium cross to produce the shadow ; the glass has 
been hammerecl ancl bombarded till it is appreciably warm, and at the 
same time au other effect bas been prodltCed on the glass-its sensibility 
bas been. deadened. The glass has got tired, if I may use the expres
sion, by the enforced phosphorescence. A change has been produced 
by this molecular bombardment which will prevent the glass from re
sponding easily to additional excitement ; but the part that the shadow 
has fallen on is not tir ed-it has n ot been phosphorescing at all and is 
perfectly fresh ; therefore, if I throw down this CI·oss-1 can easily do 
so by giving the apparatllS a slight j erk, for it has been most ingen
iously constructed witb a hinge by :Mr. Gi:ming ham-and so allow the 
rays from the negative pole to fall uninterruptedly on to the end of 
the bulb, you will suddenly see the black cross (c, cl, Fig . 10) change 
to a luminous one (e, j), because the backg rouo<l is now only capable 
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of faintly phosphorescing , while the part which had the black sbarlow 
on it retains its full phosphorescent power. 'l'he stenciled image of 
the lumiuous cross unfortunately soon dies out.. .After a period of rest 
the g lat's p:trtly recovers its po,ver of phosphorescing, but it is never so 
~oocl as it was at first. 

Here, therefore, is another important propert-y of radiant matter. 
It is projected with great velocity from the negative pole, and not only 
strikes the glass in such a way as to cause it to vibrate and become 
temporarily luminous while the discharge is g oiog on, but the mole
eu.les hammer away with sufficient energy to produce a permanent im
pression npon the glass. 
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fiy WII.I.I.uf CROOKES. F. R. S. 

Il. 

R adiant .Jllattcr exerts Strong ~Mecltanicat A ction wl!ere it strikes. 

WE baYo seen, from tbe sharpness of the molecular shadows, that 
mcliant matter is arrested by solid matter placed in its path. 

If this solid bouy is easily moved, tho impact of tho molecules will 
re,·eal itself iu strong mechanical action. Jllr. Gimingh.'lm has con
structed for me an ingenious piece of apparatus which, when placed in 

Fro. II . 

the electric lantern, will render this mechanical action visible to all 
present. It consists of a highly-exhausted glass tube (Fig. 11), hav-

* A lecture delivered before tho Brit ish Association for the Advancement of Science, 
at Sheffield, Fridny, August 22, 1879. 
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ing a little glass railway running along it from one end to the other. 
The axle of a small wheel re"\"olves on the rails, the spokes of the wheel 
carrying wide mica paddles. At each end of the tube, and rather 
above the center, is an aluminium pole, so that whichever polo is made 
negative the stream of radiant matter darts from it along the tube, 
and strildng the upper vanes of the little paddlo·whcel, causes it 
to tnrn round and travel :llong the railway. By reversing tho poles 
I can arrot~t the wheel and send it the reverse way ; and if I gently 
incline the tube, the force of impact is observed to be sufficient even 
to drive the wheel up hill 

This experiment, therefore, shows that the molecular stream from 
the negative pole is able to m ove any light object in front of it. 

The molecules being driven violently from the pole, there should 
be a recoil of the pole from the molecnles, and by arranging an appa· 
rntns so as to have the negative pole movable and the body receiving 
the impact of the radiant matter fixed, this recoil can bo rendered 
sensible. In appearance the apparatus (Fig. 12} is not unlike an ordi· 

lho. 1~. Fro. IS. 

N 

l'nry radiometer with aluminium disks for vanes, each disk coated on 
one side with n. film of mica. 'l'he fl y is supported by a hard steel 
in.;tead of glass cup, and the ncedle·point on which it works is con· 
nc~cted by means of a wire with a platinum terminal sealed into the 
glass. At the top of t.bo radiometer-bulb a second terminal is sealed 
in. The radiometer, therefore, can be connected with an induction· 
eoiJ, the movable fly being made the negative pole. 
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For these mechanical effects the exhaustion need not be so high as 
when phosphorescence is produced. Tbe best pressure for this elec· 
trical radiometer is a little beyond that :~t which the dark space round 
the n egative pole extends to the sides of the glass bulb. \Yh <.>n tb f\ 
pressure is only a few milli~metrcs of mercury, on passing the induction
current a halo of velvety violet light forms on the metallic side of th~: 
vanes, the mica side remaining dark. As the pressu re diminishes, :1 

dark space is seen to sepanttc the violet lHtlo from tho met:tl. At :1 

pressure of hntf a millimet.re this dark space extends to the glass, :wd 
rotation commences. On continlling the exhaustion tho dnJ"k spa<"l' 
further widens ont a~nd appears to tla.ttcn itself against the g l:1ss, when 
the rotation becomes very rapid. 

Here is another piece of apparatus (Fig. 13) which illustrate~ the 
mechanical force of the radiant matter h om the ueg:\tive pole. A 
st.em (a) carries a needle-point in which revolves a light mien. fly (l> b). 
The ily consists of four square vanes of thin, clear mica, supported on 
light aluminjum arms, and in the center is a small glass cap, which 
rests on tho needle-point. The vanes are inclined at an anglo of -1 5° 
to the horizontal plano. Uclow the fly is a ring of fine platinum wire 
(c c), the ends of which pass through the g lass at d d. An aluminium 
terminal ( o) is sealed in at. the top of the tn be, ::md the whole is c~ · 
hausted to a very high point. 

By means of the electric la~ntern I project an image of the van es 
on the screen. Wires from the induction-coil are attached, so that. 
the platinum ring is made the negative pole, the aluminium wire (o) 
being positive. Instantly, O\ving to the projection of radiant matter 
from the plat.inum ring, the vanes rot.'l.te with extreme velocit-y. T hus 
far the apparatllS has shown nothing more than the previous experi
ments have prepared us to expect ; but observe what now happens. 
I disconnect the induction-coil altogether, and connect the two ends 
of the platinum wire 'vith a small galvanic battery : thl.s makes the 
ring c c red-bot, and under this influence yon see that the vanes spin 
as fast as ther did when the induction-coil was at work. 

Here, then, is another most important fact.. Radiant matter in 
these high vacua is not only excited by the negative pole of an induc
tion-coil, but a hot wire will set it in motion with force 'sufllcient to 
drive round the sloping vanes. 

Radiant Matter is deflect eel by <t Magnet. - I now pass to an
other property of railiaot matter. This long glass tube (Fig. 14) is 
v ery highly exhausted ; it bas a negative pole at one cod (a) and a 
long phospl10rescent screen ('b, <.:) down the center of tho tube. In 
front of the negative pole is a. plate of mica (b, d) with a hole (e) in 
it, and the result is, when I tn.ru on the current, a. line of phosphores
cent light (c, f) is projected along the whole length of tbe tnbe. I 
now place beneath the tnbe a powerful horseshoe magnet : observe 
how t.he line o.f light (e, g) becomes curved under the n1agnetic inftn-
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once 'vaving about like a tlexible wand as I move tho magnet to 
and fro. 

This action of the magnet 
lowed up will e lucidate other 

is very curious, and if carefnllv fol-
• 

properties of radiant mntter. H ero 

f'w. 1·1. 

(Fig. Hi) is an exactly similar tube, but having at one end a small 
potash tube, which if heated will slightly injure the vacuum. I turn 
on the indu~tion-cnrrent, and you see the ray of radiant matt er 
tracing its t rajectory in a curved line along the screen, under the in
Jluence of the horseshoe nL'lg nct beneath. Observe t.be r-hape of the 
curve. The moll'Ctlies shot from thl' ncgatiYe polo may b e likened to 
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n discharge of iron bullets from a mit raillcnse, ancl lhe ma&rnct be
nl'atb will rc )'resent tbc earth curving tho trajectory of tho shot by 
g r:wit.ation. Het·o 0 11 this ltuniuoul:' screen you sec the cun·ed trajec
tory of the shot accurately traced. N ow suppose the deflecting force 
to remain constant, the curve traced by the projectile varies with the 
Yelocity. If I put more powoer in the g un, the velocity wi.U be g reater 
nnd the trajectory flatter ; and if I interpose a denser resisting medium 
between the gnn and the t.arget, I diminish the velocity of the shot., 
and thereby cause it to move in a greater curve and come to the 
g round sooner. I can not well increase before you the velocity of 
my stream of r:tdiant molecules by putting more powder in my bat~ 
tery, but 1 will try aud make them suffer greater resistance in their 
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.flight from one end of tho tube to the other. I heat the caustic pot
ash with a S]>irit-lamp and so throw in a trace mor~ gas. Instantly 
the stream of radiant matter responds. Its vclocit.y is impeded, the 
magnetism ha~ longer time ou which to act on tho iudividunl mole
cules, tho trajectory gets more and more curved, until, insteatl of 
shooting ne:u·ly to the end of the tube, my molecular bullets fall to 
the bottom before they have got more than .ilalf way. 

It is of grea.t interest to ascertain whether tho law governing the 
magnetic detlectiou of the trajectory of radiant matter is t.hc same ns 
has been found to hold good at a lower vacuunl. 'J'hc experiments 1 
have just shown you were with a very high vacuum. Here i ~ n tube 
~;th a low vacuum (Fig. 16). When I turn on the imlltetiou-spark, it 

FIG 16 

passes as a narrow line of Yiolet light joining the two poles. Under
neath I have a powerful electro-magnet. I make contact with the 
magnet, and the line of light dips in the center toward the magnet. I 
reverse the poles, and the line is drh·en up to the top of the tube. 
Notice the difference between the two phenomena. Here the action is 
temporary. Tbe dip takes place under the magnetic intluenC(\ ; tno 
line of cli~charge. then rises and pursues its path to the })OSitiYe pole. 
In the high exhaustion, however, aft.er the stream of radiant matter 
had dipped to the magnet it did not recover itself, bnt coutinned its 
path in t.be altered direction. 

By menus of this little wheel, skillfnll_y constructed by l\Ir. Giming-
bam, I am able to show the magnetic deflection in the clecu'ic lantern. 
The apparatus is shown in this cliagram (Fig. 17'). The negative pole 
(a, b) is .in the form of a very shallow cup. l u front of the cup is a 
mica screen (c, d), wide euough to intercept the radiaut matter coming 
from the negative pole. Behind this screen is a n1iea wllccl (e, /) 
with a series of vanes, making a sort of paddle-wheel. So arranged, 
the molecular rays from t.he pole a b will be cut off from the wheel, 
OU(l will not produce any movement. I now }>tlt a magnet, [J, over tbe 
tube, so as to deflect the stream over or under the obstacle c <l, and the 
result will be ra.pid motion in one or the other direction, according to 
the way the magnet is turned. I throw th.e image of the apparatus on 
the screen. The spiral lines painted on the wheel show which way it 

TOt.. xn.-11 
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turns. I arr:mgc the magnet to dmw the molecular stream so as to 
be~t against tho upper vanes, and tho wheel re,·ol~es r3pidly as if it 
were an overshot water-wheel. I turn the magnet. so as to driYe the 
radiant matt-er underneath ; the wheel slackens speed, stops, and then 
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begins to rotatt> the other way, like nu 11111lcrshot water-wheel. This 
can be repeated as often as I reverse the posiLion of the magnet.. 

I haYC mentioned that the molecules of the radiant matter clis
<'hargecl from the negative pole nrc negatively electrified. It is prob
able that their velocity is owing to the mutual repulsion between the 
simi1'll"ly electrified pole an<l the molecu1es. ln less high vaeua, such 
as you saw a few minutes ago (Fig. 16), the discharge passes from one 
pole to another, carrying an electric current, as if it were a flexible 
mrc. Now it is of great interest to ascertain if the stream of radiant 
matter from the negative pole also carries a current. Here (Fig. 18) 

FJtl. 18. 

:s :m apparatus which will decide the question at once. The tube con
Iaius two ne~nth·o tenninals (a, b) close together at one en<l, and one 
positive terminal (c) at the other. This enables me to send two streams 
... r ra<ii:lnt m:ltter side by sicle along tho phosphorescent screen, or, by 
disconnecting one nl.'gativo pole, ouly one stream. 
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If the streams of radiant matter cn.rry nn electl'ic current, they ''"ill 
act like two parallel conducting wires and attract one another ; but if 
they are simply built up of n egatively electrifie'l molecules, they will 
repel each other. 

I will first connect the upper negative pole (a.) with the coil, antl 
you see the ray shooting along the line d, f I now b ring the lower 
negative pole (b) into play, and another line ( e, h) dart~ along the 
screen. Bnt notice the way the fi rst line behaves : it jumps up from 
its first position, il f, to <l g, showing that it is repelled, and if time 
permitt-ed I could show yon that the lower ray is also deflected from 
its normal direction : therefore the two parallel streams of radiaut 
matter exer t mutual repulsion, acting not like current carriers, but 
merely as similarly electri.fied bodies. 

Radiant jl'[atter produces Heat 1clten it.s .11fotion is mTcstcd.-Dm·· 
ing these experiments another property of radiant matter has made 
itself eYident, although I have not yet drawn attention to it. The 
glass get.s very warm where the green phosphorescence is strongest .. 
The ·molecular focus on the tube, which we saw earlier in the e \"ening 
(Fig. 8), is intensely bot, and I luwe prepared an apparatus by which 
t.his heat at the focus can be rendered apparent to aU present. 

I have here a small tube (Fig. 19, a) with a cup-shaped negatiYe 
pole. This cup projects the rays to a focus 
in the middle of the tube. At the side of 
the tube is a small electro-magnet, which I 
can set in action by touching a key, and 
the focus is then drawn to the side of the 
glass tube (Fig. 19, b.) To show the first 
action of t he heat, I have coated the tube 
with wax. I will put the apparatns in 
front of the electric lantern (Fig. 20, d), 
and throw a magnified image of the tube 
on the screen. The coil is now at work, 
and the focus of molecular rays is llrojected 
along the tube. l turn the magnetis~1 on, 
and draw the focus to the side of the !!lnss. 

~ 

The first thing yon see is a small circu· 
lar patch melted in the coating of wax. 
The glass' soon begins to <lisintegratc, and 
cracks are shooting starwise from tbc cen

(l b 

ter of heat. 'l'he gh ss is softening. Now the atmosphel'ic pressure 
forces it in, and now it melt.s. A hole (e) is perforated in the middle, 
the air rushes in, and the e:\-periment is at an £>nd. 

I can render this focal heat more evident if I allow i t to piny on a. 
piece of metal. This bulb (Fig. 21) is furnished with a negatiYe pole in 
the form of a cup (cl). The ra.ys will therefore be projected to a focus 
on a piece of ir idio platinum (b) supported in the center of the b ulb. 

• 
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I firsL tttro on the induct ion·coiJ slightly, so a,~ not to bring out 
it~ full power. The focus is now pinyin~ on t-he metal, raising it 
to a white-heat. I bring a small magnet near, and you see I can de
HeeL the: fotnl! of heat just a:~ I tlid the luminous focus in the other 
tnlH~. B~· ~hift,ing the magnet I can drive the focus up and down or 
dr:tw it completely nway from the metal and lea,·e it uon-lmuiuous. 
I wiLhtlrnw tho mngnct, and lot the molecules ba,·o full play again; 

) 
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the metal is now white-hot. I incrcas.e the intensity of the spark. T he 
iridio·platinum glows with nlmost insupportable brilliancy, anti nt l:lst 
melts. 

'l?1'C Chemistry of R adiant Matte-r.
As might be expected, the chemical dis
tinctions between one kind of radiant mnt
t cr and another at thes(' hig h erllaust ions 
nrc difficult to recognize. The physical 
properties I have been elucidating se('m 
to be common to all matter at this low 
density. 'Whether the gas originally un
der experiment bo hydrogen, carbonic acid, 
or ntrnospheric air, the phenomena of phos
phore ccnce, t<badowl', mngnctic deflection, 
etc., nrc identical, only they commence at 
different pre~surcs. Other facts, however, 
show thnt at this low· density the mole
cules retain their chemical characteristics. 
Thus by introducing into the tubes appro· 
priatc absorbents of residual gas, I can see 
that chemical attraction goes on long after 
the nttcnuation has reached the best stage 
for showing the phenomena now under 
illustration, and I am able by this means to 
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1 onrry the exhaustion to much higber de· 
grees than I can get by mere pumping. 'V or king 'l'ith aqueou~ v:tpor, 
I cnn usc phosphoric anhydride as an absorbent; with carbonic acid. 
potash ; with hydrogen, palladium ; and with oxygen, carbon, and 
then potash. The highest vacuum I have yet succeeded in obtnining 

• • 
bas been the n.~,1l'Oij' of an atmosJ>b~re, n degree which may be bet· 
ter under'tood iS I say that it -corresponds to about the'hunchcdth of 
an inch in a barometric column three miles high. 

It may bo objected that it is hardly consistent to attach primary 
importance to tho presence of matter, when I have taken extr:tordinary 
pains to rcmo\'C as much m:ttter as pos ible from these bulbs :tnd these 
tubes, and have succeeded so far as to lea,·e only :tbout the one mil
lionth of an atmosphere in them. At its ordinary prcs~ure tbe atmos· 
phere is not very dense, and its recognition as a constituent of the 
worl<l of matter is quite a modern notion. It would seem that, when 
divided by a !llillion, so little matter will necessarily be left tbnt we 
may justifiably neglect the tri:fiing residue, :tncl apply the term vacuwn 
to space from which the air bas been so nearly removed. 'l'o do so, 
however, would be a. great error, attributable to our limited fnculties 
being unable to grasp high numbers. It. is generally taken for granted 
that when a number is divided by a million the quotient must neces-
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sarily be 81Uall, wherens it may happen thnt tbe original number is so 
large tl1at its division by a million seems to make little impression on 
it. According to the best authorities, a bulb of the size of the one 
before you (13·0 centimetres in diameter) contains more than 1,000000,-
000000,000000,000000 (n quadriJlion) molecules. Now, when exhausted 
to a millionth of an at.mosphere we shall still have a trillion molecules 
left in the bnlb-a number quite sufiicient to justify me ill speaking of 
the residue as matter. 

To suggest some idea of this vast number, I take the exhausted 
bulb, nnd perforate it by a spark from the induction-coiL T he spark 
produces a hole of microscopical fineness, yet sufficient to allow mole
cules to penetrate and to destroy the vacuum. The inrush of air im
pinges against the vanes :md sets them rotat.ing after the manner of a. 
"·indmilL Let us suppose the molecules to be of such a size that, at 
every second of time, a hundred million could enter. H ow long, 
think you, woul<i it take for this small >esse) to get full of air,? An 
hour? A day ? A year ? A century ? Kay, almost an eternity !
a time so enormous that imngination itself can not g rasp tho reality. 
Supposing this exhausted glass bulb, indued with indestructibility, 
had been pierced at the birth of tho solar system ; supposing it to 
have been present wheu t.he earth was without form and void ; sup
posing it t.o have borne witness to all the stupendous changes evoh·ed 
during the full cycles of geologic t.imc, to ha>e seen the first living 
creature appenr, and tho last man disappear ; supposing it to survh·e 
twtil the fulfillment of the mathen1aticians' prediction that the sun, 
the source of energy, four million centttries from its fot1ll!ltion will 
ultimately become a burned·out cinder ; * supposing all this-at the 
rate of filling I ba,·e just described, one hundred million molecules a 
second-this little bulb even then would scarcely have admitted its 
f11ll quadrillion of molecules. t 

But what w111 you say if I tell you that all these molecules, this 
quadrillion of molecules, will enter through the microscopic hole be-

• The possible duration o! the sun from formstion to extinction has been .-nriou!!ly 
cstimatro by ditTcrl!nt authorities a t from eighteen million years to four hundred million 
years. For the purpose of this illustrntion I bn•·e token I he highest estimate. 

t According to )lr. J ohnstone S1oncy (" rhilosophicnl Mng11zinc," 1'01. ;xu'l'i., p. 
141), I c. c. of nir contains about I 000,000000.000000,000000 molecules. Therefore, :1 

t.ulk 13·r. cPntim~. diameter contains 13·;;• X 0·6236 X 1000,0000()('1,000000,000000 or 
1,28S2r.2,!1r.OOO(l,000000,000000 molo.cules of nir nt tho ot·dinllry pressure. Therefore 
the hulk, when exhausted to 1bc millionth of nn ntmosphcrc, contains 1,288252,350000,-
000000 molecules, letwiog 1,2S 251,061747,660000,000000 molecules to en1er through 
tho porforatiou. AL the rnto of 100,000000 molccolcs n ~ccond, the time required for 
them nil to cmcr wiU bo-

12SS2,610Gl7,4'1GGOO seconds, or 
2J.I,708610,291275 minutes, or 

3,578•17G,l'i1521 hours, or 
14!1103,132147 dnys, or 

408,501731 years. 



fore you !.eave this room? The hole being unaltered in sir.c, the muu
ber of molecules uu<linl'inisbed, thls apparent paradox c:m only he 
explained by again supposing the size of the molecules to be dimin
ished almost intinitely-so that, instead of entering at the rate of one 
hundred 1nillions every second, they troop in at !t rate of somethln~ 
like three hundred trillions a second ! I baYc done the sum, but fig
ures when they mount so hlgh cease to have any meauiJ1g, and such 
calculations are as futile as t ryiug to count the drops in the ocean. 

In studying thl.s fourth state of matter we seem, at leng th, to have 
with.in our grasp and obedient to our control t he little intl ivisihle par
ticles which, with good warrant, are supposed to constitute the physi
cal basis of the universe. \Ve have seen that, in some of its proper
ties, radiant matter is as material as thls table, while in other properties 
it almost assumes the character of radiant energy. We have actually 
touched the border-land where matter an<l force seem to merge into 
one another, the shadowy realm between known and unl.-uown, which 
for me has always had pecuUar temptations. J venture to think that 
the greatest scientific problems of the future will find tbeil· solution in 
tbis border-land, and even beyond ; here, it seems to me, lie ultimate 
realities, subtile, far-reaching, wonderful. 

" Yet all theso wore, when no man did them know, 
Yet have from wisest ages hiddon bcene ; 

.And later times thiugc.s more unknowue shall show. 
Why then should witlesse man so much misWcWle, 
That nothing is, but thnt w hioh be hath scone 1 " 
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