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Arr. XXIL—"The dbsolute Wave-length of ‘L?'{;/ct ; by Lous
- Brrw. :

Tms paper contains the final results of the  research
partially reported in this journal for March 1886, In view of
the wide diserepancies in the value of this physieal constant
as determined by various observers-and methods, it has seemed
desirable to give in brief the ]nistor'\' of the subject, and
eritically to discuss certain portions of the investigation which
have proved stumbling-blocks in the past. 1 refer particularly
to the verification of the standards of length employed, and to
those errors of ruling in the gratings which ‘may, and usually
do, produce errors in the result obtained. :

T‘xe first portion of this paper will be devoted to the

methods and results of the pioneers in this work and the
methods, apparatus, and standards of length employed in the
- present investigation.
. The second portion will contain the details of the experi-
mental work, together with a discussion of the final results and
- those questions of theoretical and practical interest which raise
themselves in connection “with the work of recent experi-
menters.  With this preliminary notice: is presented the first
half of the paper. » ‘
Historical—Fraunhofer’s first paper on the lines which
bear his name marks a new era in the science of optics. Up
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- 266 L. Bell— Absolute Wave-lengﬂb of Light.

to that point any careful study of spectra-had been impossible
for lack of definite standards of _reference, and lzec‘nuse the
apparatus was as yet very defective. F ralmhofers research,
“ Bestimmung des Brechungs- un,(,l F m'benzerstremm%:s-
Vermogens verschiedener Glasarten,” was presented.wto.t.xe
Munich Academy of Seiences in 1814, and was published in
the fifth volume of the “Denks_chnf?en.”- It then bec_m.ne
possible to study in detail the properties of rays of definite
position and the work wps taken up almost immediately.
Almost the first step was to determine the wave-lengths of
rominent points in the solar spectrum, and, as is well known,
‘raunhofer himself took it detcnmzlmtr the 3\'ave-le11rI;tlls
corresponding to his lines B, C, ]?, E, F, G,r, H. As t‘wre
seems to have been—noticeably in Verdet’s papers—some
confusion concerning lis papers on this subject, it may be well
e to clear the matter up. . : )
]lei?rtonhofer’s first pa ér dealing with the subject was
presented to the Munich Academy in 1821. It is entitled:

“Neue Modifikation des Lichtes durch .gegenseitige Einwir-

+ St x 2 ben,” and
kung und Beugung der Strahlen, und Gesetze derse ,
wasgprinted ing the cighth volume of the “ Denkschriften.”

It is of considerable length and deals with various diffraction.

plienomena, but its chief interest lies in the wave length
measurenients made with wire gratings. The experiments
made with ten of these are given I detail and are remarkably
careful and consistent. The gratings. were quite various, the
wires being. from 0-04"™ to 0-6™™ in-thickness a.nd the grating
space as orﬁinarily measured, from 00528 to 0:6866=", ~ From
tﬁesb proportions it is evident enough that the spectra must
have beén very imperfect, but in spite of this, F raunhofer
obtained results which agreed remarkably well with each
other. The wave lengths of D as obtained from the above

. . N . - I ot " )
mentioned ten gragings were as follows : reduced to millimeters

mm . . mm ,
1) 00005891 (6) 0:0005888
J 0°0005894 (7) 0°0005885
3) 00005891 ' (sg 00005885
4) 0-0005897 (9) 00005882
(5; 00005885 (10) 00005882

The mean value adopted was 0:0005888=® which considering
the gratings and the fact that most of the angles of deviation

were less than 1°, is certainly remarkably accurate. It should -

be noted too, that the finer gratings (1) to (4) gave even better

sults. : : .
reA brief discussion of this paper appeared in the seventy-
third volume of Gilbert’s Annalen and a French reprint in

Schumacher’s Astron()misch'e Abhandlungen (i, 46).

. formed by the incident and diffracte
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Fraunhofer’s second and more complete paper appeared in
1823 in Gilbert’s Annalen (Ixxiv, 837).  Its title is: * Kurzer
Bericht von den Resultaten neuerer Versuche iber die Gesetze
des Lichtes, und die Theorie- derselben.”  This paper gives a
detailed accovnt of his experiments with two glass gratings,
Of these, the grating spaces were respectively (-0083 and _
0-0160™=, The former as apparently much the better, and

-upon it Fraunhofer hased his tinal result, which for 1) was
. 0:0005886m™ while the experiments with the coarser grating

gave 0-0005890™™,  These values apply quite certainly to the
mean of the two D lines, and not, ‘as has been sometimes
sul')ll)osed, to one of them alone. . v

he experimental work with these glass gratings was much
better than with the previous. wire ones, since the angular de-
flections were very much larger and the gratings themselves
were susceptible of far more exact measurenient.  But at best
they were but indifferent instruments and the terminal lines
were so bad that they had to be. retraced before the grating
space could be determined. = So, hetween pour gratings and in-
different standards of length, Fraunlofer's determination of
absolute wave length left ver.{' much to be desired. However,

-nothing much better could be accomplished until the art of

making gratings was very much improved, and it was not unti]
Nobert’s gratings became tolerably well known, that any seri-
ous attempt was made to improve on F raunhofer’s results,
From time to time various investigators worked on the prob-
lem, both with Nobert’s earlier gratings and by ‘utilizing vari-
ous interference phenomena. When, however, the great in-
vestigations of Bunsen and Kirchhoff ‘revolutionized spectro-
scopic work and emphasized its great importance, the attention
of scientific men was called to the need for accurate measure-
ments, and for half a dozen years investigators were active, and
Mascart, Ditscheiner and 'Angstriﬁu appeared on the field
almost simultaneously. Each published a paper in 1864, and
of these that of Mascart is probably the most accyrate and
painstaking, though now it is quite certain that the values he.
obtained were considerably too small. He employed four: or
five of Nobert's gratings and instead of placing the grating
perpendicular to either the collimator or the observing tele-
scope, used it in the position of minimumn deviation, ‘that is to
say, so that the plane of the grating should bisect !the angle
ciﬁ rays. This pgsition has
certain advantages, but as the. experimentation is rather more
difficult than in the ordinary position, the method appears to be
of somewhat questionable utility. It avoids, to be sure, the
Tecessity of placing the grating normal to the axis of eithep
telescope, but as there is very little trouble in making this ad-

~
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justment with a high degree of aceuracy, and keeping it
through a series -of measuréinents, the gain is by no means
consi(fémble. Aside from this question, Mascart’s spectrom-
eter read only to five seconds; and while his,,uésu]ts with differ-
ent gratings agree very well individually they are certainly col-
lectively in.crror by quite a Targe amount, very possibly owing

. to bad standards of length,

It is a fact to De noted in diséussing all these earlicr wave-
‘length determinations, that sutficient attention was not® paid to
the measurement and study of the gratings—by all odds the
most difficult part of the problem. "The angular measures of

any one of the above investigators were goodenongh to have

given very exact results had they been combined with proper -

investigations of the grating spaces. As most of Nobert's
gratings were small and. by no means accurately ruled there
was peeuliar need of care in measuring them, and when one

considers that the defining lines on most standards ‘of length -

~are far from being good, 1t is clear that the chances for error

were numerons.  In Angstrim’s first Dpaper he even relied on-4
the grating space assiencd by the maker. Ditscheiner em-

ployed-a grating whielrTiad belongéd to Fraunhofer hiiself,
but the number of spaces was uncertain and this led to 4 large
error which_.he corrected, in part, in a supplementary paper
some yveats later.  Ditscheiner’s principal paper was published

in 1866; and was followed in 1563 by an elaborate discussion -

, of the whole 1)1:(3l)iem by van der Willigen, wlrose paper is

valuable mainly for a particularly elaborate review of sources

of error. Like his predecessors e used Nohert's o atings, buts -

as the construction of his spectrometer confined™his angular
measurements to the deviation on one side of the normal, their
aceuracy may be open to sonie quesfion, while his standard of/
length was anything but reliable, a5 -it was a glass scale only
three centimeters long and the only assurance of its aceuracy
was the certificate of tlie maker that it was ¥ tres exacte” at H0°

Centigrade. For one or both of the above reasons van der .

Willigen’s vesults were larger than. any wlfich have bebn ob-
tained, before or sinee his time.

In the samne year appeared Angstrim’s ereat rescareh which

has so long served as the standard in ;;171 questions of wave
length. It is hard to say too much of ‘the eonscientious and
painstaking experiments on which his results were hased, and
any want of accuracy in the final result was due to 1o lack of
skill or care on his part but rather to the imperfect instruments
with which he was obliged to work. Like every one before
him he used Nobert’s gratings and in spite of the fact that like
all Nobert’s gratings.they gave very imperfect definition and
showed nuwerous “ ghosts,’

his results were more than usnally
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consisteny, in spite of all Angstrimy’s care the event has
shown that-is wave lengths are in’ error by as much as one
part in seven or ¢jght thousand mainly through an error in the
his gratings by means of a dividi ig engine the serew of which
was very exaetly determined by comparizons resting on the
Upszala meter which, in turn, had heen compared by M. Tresea
with the prototype of the Chnservatoire des Arts ot Metiers,
Had this comparison given the correct value of the Upsala
theter Angstrom’s wave-lengths would have heen very nearly
exaet except for corrections due to errors of ruling in the grat-
ings. i , . . : ]

s After Angstron’s vesearel the question of absolute wave-
length was not seriously raised for ten yaars, when Mr, (. 8.
Peiree under the auspices of the United States Coast Survey
again attacked the problem, armed with Rutherfurd gratings
far superior to those used in any previous research.  No official
reports of his very elaborate and exlanstive experiments has

assued values of his standards of length, Angstrom measured. ...

ever been published save a very brief prefiminary report in the -

American Journal of Seience in 1879, Sucl, ot hix results as
liave heen wmade in any way public’ will he discussed in the
experimental part of the present paper. ) }
Meanwhile Thalén, who so efficiently dided Angstrinn-in his
work, has taken up the part of it TetT e pleted by the lat-
ter’s death and in his paper  8{r le Speetre du Fer,”™ pablished
at Upsala in 1885, has discussed the corrections which must he
‘ayplied to, ;\ngstv(}m‘s values by reason ()f;)«hc error in the
Upsala meter, ~ bt sqcms-ﬂmt"rhmugll the experiments of Pro-
fessor Lindhagen, Angsfrom became aware as carly as 1872
“that the assumed value of his standard was considerably too
small. * His death, prévented hik verification of M. Lindhagen’s

results and nothing furtleer was done till Thalén took up the

work, - Tresca’s comparisons had shown that the true length of

the Upsala metre at” 0° was 999-81", But the very eXact ex-
periments of M. Lindhagen have shown the above fo be sonie-
what too small and that the correet value is 999-04,  This dif-
-fel:enc.e makes, of course, a marked error in the wave-lengths
‘based on Tresea’s results, Applying the appropriate corree-
tion, the wive length of K, the line most carefully determined
by Angstriny, becomes ' :
-

526980,

instead of the original 5269712,

This final result of Angstrom s certainly entitled to con-
siderable .respect and seems to be subject only to those corree-
tions which may he dne to irregularities in the gratings. These
were, hawever, so poor compared with the gratings of to-day,
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1864  Maseart."
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that such corrections would necessarily be of uncertain magni-
tude.

At all events it is quite sure that of the wave-length deter-

minations made up ‘to 1880, those of Peirce,
corrected by Thalén are by all odds the best. Of the two,

~ Peiree’s is probably the better by reason of hetter gratings, but
- his work will be discussed in sfiother part of this

paper i con-
nection . with the verv recent works of M iWller and Kempf and
Kurlbawm, whicli merit more extended study than would be in
place at this point. B ' -

A tolerably complete bibliography of “the subject up to date’
-is annexed.. Many of the papers are of little .except historical

value, but they will at least exhibit the various methods em:
ployed and the growtl of exact experimentation,

1821 Fraunhofer, Denkschr, (. Abud, d. Wiss, 207 iinchien, viil, Heft; 11, 38,
‘ “Nene Modifikation des Lichtes dureh pegenseitige Ein-
. P wirkungeund Beugung der Strahlen uid Gesetze derselben,”
1823 Fraunhofer. Schumacher's astronomiselie A vhandlungen, 1i. 46, '
1825 Fraunhofor. Gibert's Aunalen, Ixxiv, 337, 7 S Kurzer Buricht von den
: und die Theotie derselhben,” i
1835 Schwerd, " Die Beugungserseheinungen » Mamdenny, 0 5
1849 Stokess = Athemvum No, VEAB. sty xviil 365, = On (e Determina.
. . tion of the Wave Length cortespanding with, any Lot of
the Spectrum,” ’ ) ’ o
Proc. Roy. Soe,, vi, 43 Phil Mag., 1V, i, b70,. - Deserip-
tion and. Purpose. of the tilass Plate which Bears the In-
seription: Longitude et celeripas undularum lucis cum n
acre tun in vitro,” - ‘ S I
Pogie. Ann. Inxxv, 83, Ucher cine Glasplatte wit Thei-

“

o . Geschwindigkeit des Bielits in der Luft und im Glase.”
1852 Drobisch.
: Oscillationszallen der farbigen Strahlen im Spectrum.™ .

¢ Messung der Wellenlinge
des ultravioletten Lichts.” '

Pogg. Anu.. xeviii, 353, XCIx. 168 Ann. de Chim. e. d. Phys,,
HI xhik, 504, Die breehbarsten oder unsichtbaren Licht.

: strahlen in Beugungspectrum und ihre Wellenldnge.” .
1863 Mdller, St

einiger heller Specteallinien,™ , :
SCOR iy 188, Détermination e longtieur 'onde do Ia
raie ALY S ;
C. R Iviii, 1111, Détermination dea longueurs d'onde des
rayons lumineux et des rayons ultraviolets, -

1865 Mascart,

1864 Mascart,

tion des longueurs d'onde « ) . .

Mondes. v, 181, *'Fheorie des handes d'interférence * * *
Longueur onde de la raie A7 * kTR )

Ber. d. Wien. Acad,, |, Heft 2, 3t Pogg. Ann..-exxii, 631,
*Ueber die Dispersion des Lichtes durch Drehuny dor
Polarizationsehens im Quarz.”,

C. R, lviii, L1535 lix. 3527 * Memoire sur la détermination
des longueurs d’onde des raies dn spectre golaire au moyen
des bandes dinterféredee.” ~ '

1864 B::rua rd.

1864 Bernard,

lingen zuf Bestimmung der Wellenlinge wud relntjven

- Poxg Ann, Ixxxviil, 519, & Ucher die Wellenliinge und

Pogg. Anu, exviii, 641, = Bestinmung der Wellenlinge )

Ann. de I'Ecole normale, i, 219, Rechierches sur la détermina- |

Qe

and ~Angstr6m :

Resultaten uenerer Versuehe tiber dic Gesetze des Lichtey

1856 Esselbach, Pogg. Ann,, Xeviil, 513, Ann. de Chiw, e: d. Phys.. I L 1?1.
“ Bine Wellenmessung im Spectrum jenseits des Violetts.” ©
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Ditscheiner. Ber. d. Wien. Acad, 1, Heft 2; 296. * Bestimmung“der Wel-

len linge dér Fraunhofer'schen Linien des Sonuenspec-
trums.” T

1864 ingstriim. Pogg. Ann. exxiii, 449. (Efvers. af Forhandl. (1863) 41.

* Reue Bestiinmung der Linge dér Lichtwellen nebst eine
Methodo auf Optischen Wege die fortschreitende Bewegling
' des Sonnensystems zu bestimmen,” R
1866  Ditscheiner.- Ber. d. Wiens Acad., i, Heft 2. 289, * Kine :ahsohn‘e_Bes‘tlxm-
“mung der, Wellonlinge der Fraunhofer'schen D Linien, )
Anmn. de-I'Keole normale, iv, 7. ** Recherches sur la détermi-
nation.des longueurs donde.” ) .
1868 Mascart. Aun, de Chim. e. d. Phys., IV, xiii, 186. ** Note sur différ-
: : ents travaux relatifs anx longueurs d'onde.” )
1868 vah der Willigen.  Arch. du Museé Teyler. i, 1, 57, 280, & Memoire. sur
" la Détermination des longueurs d'onde du Spectre-Sol:urgi
1868 Augsteom. Upsala, 1868, . “ Recherches sur lo Spectre Solaire.” .
1871 Ditscheiner. Ber. d. Wien. Acad., Ixiii, heft 2. 265. * Zur Bestimmung
. . - der Wellenliinge der Fraunhofer'schen Linien.” .
Peirce, © Am. Jour. Sci. TIL xvii, 51, Note on the Progress of Ex-
/ ‘ periments for comparing a Wave length with a Me‘tr?.”
Thalén. Upsala, 1885, “Sur le Speetre du Fer obtenu a I'aide de
i - Tare électrique.” p. 18, .
1886 Miillerand Kempf, Publicationen dvs Astrophysikalischen Observatoriums
: © zu Potsdam, v.  * Béstimmung der Wellenliinge von 300
"~ 7 Linien im Sonneuspectrum.” )
1886 do Lépinay. Jour. de Ph, Ilv, 411, _ = Détermination de la valeur rd_)solue
‘ ) " de la longueur d'onde de la raie D" b
Aw. Jour, Sei, I xxxiii, 157.
. length of Light.” ) o .
1837 Kurlbaum. - Berlin, 1887, " Bestimmuug der Weéllenlinge einiger Fraun-
hofer'schen Linien.” :

1866  Mascart:

1887 Bell. “On the alisolute Wave :

’

In general the determination '(»f absolute ’\.\'ave-lengﬂ} im.'olves.
two quite distinet problems—first the precise determination of
some quantity which is an exact function of the wave-length
and some other linear dimension ; and second, the reduction
of this dimension to terms of some recoghized standard of length.
The first process can be made to give rglaﬁ ve wnye-lengths with
a very high degree of aceuracy, and is, in nearly every case,
more exact than the second, which constitutes the'mam d}ﬁl-
culty of the investigation. Itis because the diffraction grating
lends itself readily to-linear measurement, that its use is prefer-
able to the other interference methods which involve, usually,
the exact determination of a single very small linear quantity.

- The ingenious attentpt of M. de Lépinay* to avoid this difficulty

is interesting theoretically but practically it involves a quantity
even more uncertain than the average standard of length—?he
relation between the kilogram and the meter—to say nothing
of the experimental difficulties of . the method.  The angular
measurements of nearly all the liter investigators hgve‘ een
quite good enough to furnish very exact values of wave-leng_tll,
but in every case it has been the mes surement of the grating

space that has produced the manifold ‘errors and discrepancies

* Journ. Phys.. II, v, 411.

\
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in the results. It has been the
Investigate this fruitful source

.

aim of the present researcl to

of errors and as far as possible .

to avoid the difficulties s ringing from it.

In a previous paper,*. briefly
transmission and reflection gratin
that further experience has convine
speculum metal gratings far supe
ness of definition, but that it is

might su})pose from their large
them’ wit
a decimeter.

metal has a coeflicient of expan
that of any one of the materials
of length, and that its telperat
parative ease. :

valmost perfect nniformity,
This large size tou, gives a gre
determining the grating space, aside

discussed the advnntages of
1gs. - It only remains to add

rior in brilliancy and sharp-
possible, contrary to what one
coeflicient of expansion, to rule
Y. over a length as great as
wreat advantage in
from the fact that speculum
sion’ not widely different from
usually employed for standards
ure ean be obtained with com.

o Methods aid  Instriments,

The plane grating e
in a variety of ways according

vestigator or the arrangement o
erably distinct methods may be enumerated,
lation between the wave-length and the angle

diffraction is

A =s(sini +

“‘Where 2 is the wave-length, « the g
gles of incidence and diffraction respeetively, and »

the spectrum observed,

Makin

* the ordinary formula

in be used for wave-length measurement

to the preference of the in-
£ the spectrometer,  Five tol-
_The general re-
s of incidence and

in (g — 1'))711 4

ating xpace, 7 and. ¢ the an-
¢ the order of
g ¢=0°this at once becomes

A=1 s sin g

n

which applies to the two methods of

which the grating is kept. aceura
limator; the other in whicl itg
serving telescope.

Next 1s the method used by
reduced exactly to 0°, but meas

- mula, the grating in this case he

to the collimator.,

normal incidence, one in
tely perpendicular to the eol-

s kept perpendicular to the ob-

Angstrom in which 7 is not
ured and retained in the for-
ing kept nearly perpendicular

In this method a reading on the slit is nee- .

essary, and if @ and &' are the readings on_ the ‘circle, and M

that on the slit, the working . for
@+ a
o

¥ Am. Jour. Sci,, 1

o
mulie are ; ‘

o

-~ M= 6and &T¢

II, xxxiii, 167,

ed me that not only are the
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then, if ¢ is as before, the angle of incidence,
A = l § sin @ cous (¢ + 0)
I
sin i = sin(f 4+ J) cos @
LS s
1 — cos o ]
In the fourth method also, .i is rcm_incd, ‘bpt given a definite
value.  Putting the general tmwnula in the form,
. . o)\ .
A= .1 2 sxin & cos l,—i)_
' N : 2 2,

the deviation represented by the angular term will evidently

tan ¢ =

¢ e . . ' P
be a minimum when i = %, If then one ohserves in the posi-
.) -

tion of minimun deviation,

. . o)
A=1 2 ssin 2
n 2
In the tifth method collimator and observing telescope arekept
at a fixed angle with cach other and the grating is turned. l.ln
this case if ¢ is the angle of deviation and 6 the angle be-
v £ !
tween the telescopes -
A=

. 6
2.8 S ) Ccos

)

=~

These methods are general and the choice between them s
simply a question of the convenient application of the-: ppa-
ratus at hand.  Probably the first and the seeond methods are
the most generally usefu'l. while the r]m-d. is the most objec-
tionable. ~ The method of minimum ‘(Ievin‘tn’m slightly inereases,
the experimental diffienlties, but often improves the dehmé
tion of the gratings and is capable of giving very exact ré
gults.  The last method is applicable only wlen the spectrom-
eter 15 ko rigid as to ensure the permanence of ‘the angle
between the telescopes.  When this condition is fulfilled, how-
ever, the method is very valuable, sinee it reduces the moving
mass to a minimum and allows the method of repetition to be
readily used. .

In the present researeh for the work witl glass gratings _the
second method was selected us best suited to the arrangement
of the spectrometer, This was a very good instrument by
Meyerstein.  The eirele is 82 in diameter, divided on s11ver;
to 6" and reading by two microscopes direetly to 2" and by
estimation easily to within 1”. The collimating and qol?servnm
telescopes are of 4 clear aperture and about 35 foca
length, well eorrected and tirmly sup}zorte'd.

For the second part of the” work, with speculum metal

i

¥

S I e STt

el AW




214 L Bell—Absolute Wavelength of Light.

gratings, it was desirable to use gratings of the largést size

practicable, far larger than could be used on the a ove de-
seribed instrument, both by reason of the small aperture of
the telescope and the jnability of the grating holder to carry
the requisite mass steadily,  This part of the work was therg-
fore, carried out on a very large instrument, desiened b\: Prof.
Rowland especially for using gratings of the largest sizes as
yet raled. "This instroment has virtually fixed telescopes
sohdly.elampe'd, with a small lateral range ‘of adjustment }o a
T-shaped casting bedded in cement which in turn forms the
top of a large brick pier resting on a stone slab,

The telescopes are of 164 clear aperture, and about 2+
meters focal length and the objectives are of execllent ¢ nalit\:
Each telescope 1s fastened to an arm of the T, \Vhi(‘lll has a
total length of over 2 meters, and bears, at the extremity of the
shaft the spectrometer proper.  This isan instrument hy Selnnidt
and qunsoh, having a cirele 32 in diameter divided to 6"
and, as in the other spectrometer, reading by two microscones
directly to 2" and by estimation to less than half tha m;loulnt
i].‘he original central platformMad been removed and rcplace(i
B g e s sty i sy .

' ? n apy 5 s one, of course, to the Hifth
niethod, but so rigid is the whole affair that experience soon
showed that the angle between the teleseopes did not change
by any appreciable amount. The cirele, however, was n%t
finely enough_ graduated, nor were the nnicro’scopbs of sufficient
power to derive the fullest benetit from the size of the tole.

scopes ; over and over again has the line in the speetrunm ap-

peared slightly displaced from the crosshairs, when no differ- -

ence whatever conld be detected in the micrometer readings
However, there was gained the great advantage of using erat.
Ings of a decimeter in length, giving spe&nfof ercat hril-
liancy and superl definition, and which eould be ‘measured
with vastly greater exactness than is possible with the rmall
gratings generally employed. - | (

. Gratings.
4 o f1 o . < 3 1
]as?ur (i_,rmtmg.s have been used in my experiments—two of
g 1: artl ft\talrlo of speculum metal. The former are probably
es ) 3 oo " 4 3 < € » ;
L ngl cd"'fzry few glass gratings that have been ruled on
rof. . and’s _engine. They are ruled on plane sextant
mirrors of rather hard glass. :
0 i?tmtm%l'I’ contains 12,100 spaces in a length of very nearly
o y millimeters, the lines being nineteen millimeters long.
- was ruled in Jan., 1884, at a temperature of 6°-7 . gives
spectra of excellent definition, quite free from' ghosts or false
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Grating IT has 8600 spaces with alindst exactly. the same
length.and breadthas I, is free from ghosts and false lines and
like I, 1s very smoothly ruled, though it is somewhat inferior
to I in the matter of regularity. i‘he definition is excellent
and the spectra alike in focus on both sides of the normdl. Tt

<

was ruled in Nov., 18584 at 11°6 C. :

Gratings I1J and IV are on speculum metal.  The plates are
five inches square and five-cighths of an’ineh thick, and were
worked plane with especial cave.  The ruled surface is of the
same size in cach, four inches long by two inches length of
lines. - _

Grating TIT was ruled in April, 1885, at a very nearly con-
stant temperature of 107 (' [t.contains 29,000 spaces, having
very nearly the same grating space ax Il. Itis a phenomenal
rrating hoth in its superh definition and extraordinary regular-
ity of ruling, and was =elected from a large number hecanse of
it verv-unusual perfection. The focus of the spectra on each
side of the normal ixthe =ame and the ruling is flawless.

Grating IV was ruled on the new dividing engine just com-
pleted by Prof. Rowland, and was one of the first large ones
completed.  While the new engine has even now not received
the finishing touches, it has turned out a few gratings of re-
markable excellence.  One of these is IV, which was ruled in
Dee.. 1887, at a constant temperature of 17°2 €. It contains
40,000 spaces within the same dimensions as 1, is equal to it
in definition, and but very little inferior in regularity of ruling.
It has very nearly the same foeus on both sides of the normal,
and the ruling i« wonderfully even and perfeet. . :

It should be noted that these fonr gratings are widely di-
verse, being raled at different temperatures and under different
conditions, 1 and II were ruled to widely diverse grating
spaces on different parts of the serew, I11 was on speculnm
metal and with more thaii six times the roled surface of 1 or
I1, and finally IV was ruled to a new grating space on a new
dividing engine.  These differences may not favor close agree-
ment in the experimentyl results, but they certainly serve to’
eliminate anything like systematic errors due to the gratings.

The above gives a general view of the gratings employed,
but some further details will be mentioned i the second part

of this paper in conneetion with the determination of the grat-
ing spaces. ' '

On the Standards of' Length.

Very many of the diserepancies in the determinations of ab-
solute wave-lengths are the direct result of uncertainty in the
standard of length cmployed. The cases of Angstrom and
van der Willigen have been”already alluded to, and the same
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source of erroris common to all other _determinations, It
seems, therefore, desirable to give at some. length the various

-comparisons on which the wave-length as given by ny experi-

ments is based. Reserving for the present the actual meas.

wrement of the gratings, which is a comparatively simple- mat-

ter, I will therefore discuss the standards direetly employed,

their relations to the Metre des Archives as found by various
comparisons, and finally the changes which have taken place in

- those relations since they were first determined.

The -standards with which the gratings have leen directly
compared are two double decimeters on speculum metal, desig-
nated respectively §°, and 5% They were graduated and com-
pared by Prof. W. A, Rogers in 1885, The bar S, is 25em.
long and bears near its edge the double decimeter St subdi-
vided to centimeters. - The defining lines are less than 1 Jtin
Width and beautifully sharp and distinet, 8 js 970 long and.
is graduated i the same way, with lines of the same width,
Both standards are of the sime speculum metal, and are of
very nearly the same mass, while the surfaces and graduation *
leave little to be desired. The coeflicient of expansion of
these bars was very thoroughly investigated hy Prof. Rogers
and was found to be, "

17946 1 per meter per degree C,

The absolute lengths of 5, and 8*, depend on long series of
comparisons with Prof, Rogers’s bronze yard and meter R, and
steel copies thereof, Upon. the velation existing between R,
and the Metre des Archives depends then the absolute value
askigned to the wave-length of light, since the close agrecment’
of the various series of comparisons exeented by Prof. Rogers
between R, and the speculum metal standards show that no
sensible uncertainty exists in the relations between them,

The yard and meter i, ix of the alloy known as Bailey’s
metal, this being the material of the Limperial Yard and many
other standards,” The graduations are upon platinum iridium
plugs, the polished faces of which are in the plane of one sur-
face of the hur when supported at its neutral points. The
relation of the meter R, to the Metres des Archives rests on a
very large number of comparisons made with two entirely in-
dependent secondary standards; the copper meter designated
T, and the brass yard and meter designated C. 8. A full ac-
count of these comparisons is contained in vol. xviii of the
Proceedings of the American. Academy of Arts and Sciences.

The meter T is on platinum plugs in a pure copper bar and
was traced and compared by M. El’résca in 1880, from the Con-
servatoire line meter No. 19, the relation of which to the Metre
des Archives was very exactly known.

1

¥

“ in a-brass bar.

-~
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The yard ‘and meter C. 8. has its graduations on ﬁxlver p]}lgﬁ'
: The yard was eompared directly with the Im-
perial Yard in 1880, and the stand__m'd was t.]'len sent to ‘B}re't%ml
where it was compared with the International Meter by Dr.
Pe’i‘llll(;ztlze were thus two completely independent sources 11"11'0{)11
“which the relation of R, to the Metre des Archives coul.(‘ e
obtained. . The results derived by very elahorate comparisons
with each of these were as follows:

FromT R,—A =+ 15 )-at 16°67 C.

K From C.8. R,—A =+ 1"}

.

'
v -
‘. S+ 098 =LA, and

Where A is the Metre des Archives.  In addition to tllle

0 . De o e -

very close agreement of the above, fufther eyvidence was ob
o« T o

" tained ivi relati tw he” vard and meter
tained by deriving the relation between the va

. : enr oxactly. detérmined by com.
from R,, the yard R, having been L):(l(.fl'\"(lctgg]l!mlbd b.\'. com-
parisons with C. 8. and with “ Bronze 11, O“”'“t,' the primary

' copiés of the Imperial Yard, which liad been x'e(;mp&pared with
that standavd in 1878, o § L % .

From the comparisons of S, and 8, made in 1885 tlie follow
ing value of those standards were deduced :
g

CW 402 = 33, Henee | )
5%, =8 4+ 0°78, and for the first decimeters
were found the relations :
Dm S+ 00550 = J5\,
Dm 83, 20010 = A\, ‘
Dm 5, = DmS* + 006 .

Whence,

On-these equations were based the results embodied in ny
former paper.  In the latter part of May. 1857, these ;Sr,m}f’hl”‘(h
were very carefully compared with eachi other and *with ;;

N ! ’ vt d vl aae e LTaY
speculum metal bar graduated by Prof, )lm\‘\l‘md._ as I desire
to take one or more of the standards to Berlin during the .su;p-
mer in order to get a comparison with the standard used by
Miller and Kempf. _ . o

The results of this examination were of a somewhat startling
character, as follows: '

SE, =8 4+ 12, divect | .
A : ’ Sto=80 4 171y through the Rowland bar
designated R, Also, . ;

. Dm 8%, = Dmi 8, + 1'7u, through Ry

In 1885 Rogers had found for the relation bc‘t\\'cen the two
decimeters of each bar:
‘ @ Dm,S* =Dm S — 056
D 5%, = Dm,8*, + 0-46u




e
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' rigid examination and again conl
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I now found for the same (uantities :

Dm.S = Dm S + 064y, direct,
Dm 8 = Dm 8%+ 060/, from R,
Dm S = D82, + 1604, direet
Dm S = Dm S + 165, from Ry
All these relations being for 16°-67 C, _
The standard $*, was taken to Berlin duri
and through the kindness of Dr. Nieberding, Direcfor of the
Normal Aichungs Commission, T was enabled to have it com-
-pared with R,, the standard meter to which the wave length
measurements of Miiller and Kempf, and Kurlbamn had been
referred.  From this com parison was derived the relation : -
8% = 168/ (4= 0115 40) = 4.,
On returning to B

1 the summer

altimore the first step was to redetermine
the length of o, A series of comparisons was therefore insti-
tuted between it and the steel vard and meter A, the relation
of which to R, was accurately known, A, having been traced
and determined by Prof. Rogers and furnished by him to the
Johng Hopkins I,Tniversity. Only half of this standard is sub-
divided to ‘decimeters but A series of comparisons with the
various pairs of decimeters gave the relation,

8, + 130 =14,

This result taken together with the relations found between
S and 8, made it to erably clear that a change had taken
place in the speculum metul standards, and to obtain a further
confirmation Prof, Rogers kindly consented to give them a
pare them with all attainable
accuracy to R, His results for 8% were as follows :

- Dm8* =Dmss, + 170,
, S+ 10p = A,

- There is no eseape from the conclusion, therefore, that the
speculum metal hars 8, and 8, have changed both in absolute
length and the relative lengths of their parts. Here are two
bars of the same shape, mass, material, and constant of expan-
sion. Each had the relation hetween its halves determined in
the early part of 1885. Two Fears later these relations are
found to have changed by at least 1 /4 and an independent . de-
termination by the original observer confirms this result in the
most unequivocal way.  Further, the original observer recom-
pares one of these standards with the standard from which it
was originally determined and finds o change of 1.

It should he horne in mind that with the comparator used

by me in this work, 14 is completely outside of any possible
errors of observation. The microscope used was especially
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made for micrometric work and las a power of two hundred
and fifty diameters, while one division of the micrometer equa}s
0282, The average error of a single comparison between two
decimeters is rarely greater than (-1 #, while the temperature of
the observing vault e¢an be kept for-several days constant
within 0°-5 C. and during a day’s observations usually remained
constant within half that amount. The bars under conrparison

-were side Dy side, svmmetrically placed with referenee to the

illumination, and were at temperatures very near to 1667, at
which they were standard. . o
The facts then concerning the- specu‘lum metal barg are
these :  In about two and a half years 8% has shortened by
very nearly 1'0gx and 8§ by a little ‘over that amount. In'
S®‘this change has taken p!nue cxcluslv.cly in tlic last decimeter
and in 8%, it has been confined. to the h‘rst declmetg‘t;. '
The apparent slight nerease in Dm 8¢, and I)mﬂ__b‘l I dnrlx‘llot;
regard as bevond the effect of the experimental CITOLS. ) ig
changes in the lengths of the subdivisions of these standards
afe very curions and some explanation’ may he offered by the
fact that the bars were east in a nearly vertical position and an-
nealed in sawdust, a method lumll,\‘ sniﬁmcnt_fnr a material so
strongly erystalline as speculum metal. 1 think, lmwcvg:r: l01}0
Is justitied in drawing the conclusion -thqtvspccululm ljlftd';':(t
tempting on account of its heautiful surface and the L-_Mllmld e
sharpness of tlwg';uhmtums drawn upon it, is a 111;1@1:1 thu.n:
oughly unsuitable for standards of length by reason of its
tendeney to change with thme. 1 have thus enfered into some-
what minute detailsin the case of rh_esc bars, !)e(::ume the wh}ole
question of changes in standards of length is in :v,snnfti\\ 11(}t‘
unsettled state, and it” seems desirable to put on record this
case, which has been investigated with more than ordinary eare
by both Prof. Rogers and myself, and in whic the'gh:mgc»
found have taken place.within a comparatively short time. o
It is quite well-known that in 1855 this (uestion was raised
by Mr. Sheepshanks, then engaged in construeting” the ne\;
dritish standards. Diserepancies amounting sometimes to 2
or 3pe appeared in his measurements, but after a confldm'uhle-
amount of study, these differences appeared to he too irregular
to be fairly aseribable to actual changes.  Slight variations of
tempe ature, especially when the ‘stum]urds compared were of
different materials, the lagging of the real temperatures of the
bars behind the thermotueter indications, and particularly the ef-
fect of coarse and sometimes unsymmetrical defining lines, are
perhaps enough to account for the observu‘tlon. « Bronge 117
The work, however, done on the U; S. bar Ll:(_)_lm,‘ >
as reported in the report of the Coast Survey for 1877, seems

to show genuine change in that standard.
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_ Along series of comparisons with the Imperial Yard and its

copies in 1878, showed systematically a shortening relative to
the Tmperial Yard of over 4. Although further measure-
ments have tended to somewhat lessen this discrepancy it
seems to be suflicient, considering the fact that < No. 11 ‘and
the Imperial Yard are of the same shape, material and mass,
and were compared on the same apparatus as during the orig-
inal comparisons in 1857, and at nearly the standard tempera-
ture, to establish the fact of a real change. While 3 or 44 is
absolutely a small quantity, its systematic appearance under
conditions almgst identical with those of the original measure-
ment can hardly be ascribed to experimental errors. The other
cases gited in the above mentioned paper tend to contirm this
conclusion. . -

The gradual and sometimes very irregular changes that are
known to take place in hoth the bulbs and stems §F thermon.
eters, would lead one to expeet that glass stnndar}s of length
would be liable to similar changes, though probably in far less
amount. It was, therefore, with special interest that T examined
glass Decimeters 11T and IV belonging to the Coast Survey, and
used by Peirce in his wave-length measurcients. These seales

-are on plate glass, of the same «dimensions, and having coefhi-
cients of expansion not widely different. A series of compari-
sons made at & nearly constant temperature of 16°-5 C. gave
the direct relation : - '

: ' =1V 4214

While the same relation deduced from Peirce’s direct com-

})m'ison by applying the coefticients of expansion assigned by -

i, is ,

' MI=IV+1-3u
The defining lines on both standards are fine and sharp, and
unless Peiree’s cocflicients are”rossly in error, the evidence of
change between 1879 and 1887 is very strong indeed.

Having now the exaet present relation of 8", to the original
standard R,, it remained only to investigate the difference be-
tween this result and the length of 8% “as dedunced from the
Berlin comparisons. I have heen unable to obtain the details
concerning R, the standard used in these comparisons, hut it
was determined by comparison, Wwith the standard meter of
the International Bureau. Tﬁcon‘nparisons of 8% with R,,
were carefully made by two oBververs, and it is probable that
the result represents the relation between these standards with
considerable exactness..- It should, however, be borne in mind
that the microscopes had power of only 50 diameters, and that
the bars in question are of very different material and mass,
thus giving a chance for small errors due to varying tempera-
ture, o o :
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It is possible, however, to -check this result by referring S,
to the Igerlin platinum standard through the medium of the
Coast Survey meter “No. 49.”  This latter standard was com-
pared in 1876 with meter 1605 and dircetly with the platinum
meter.  The details are given in Prof. Foerster’s report con-
tained in the report of the Coast Survey for 1876, The result
of the djrect comparison was B '
Pl = gy, ,

Jut now Prof. Rogers has compared R, with 49" obtain-

ing in terms of the assumed length of R,
7 €497 =A—193y, the assumed value of R,
Wik, R,=A+ 13, Henee we have,
: - R,—497=206y, from which follows,
Pl-R,=3%;/- If now the equation -
between Pland the Metre dés Archives established by direct
comparison in 1860 be correct : : :
A, —Pl=—30114.  And therefore,
R,—A =—084, a resilt which is in
close accordance with those derived from the Conservatoire
meter and Type I of the International Burean by means of
-the Standards T. and C. S. ( . :
! Inmy final determination of wave-length, I have used the
i wean value of 8, as derived by the foregoing methods.  Col-
¢ lecting equations, , ‘ ‘
e S“Q+0'96/l=~‘5— A, FromT.
St DOodpe=3 A, “(L S,
S TH0u=1 A« syg
‘:.‘ S:\g_ 1°68 ___% an “ R

(}jving to the pquations derived from C. 8. and R., twice the
weight of the others, we have finally,

5\% S“Q—E()'QTN':»}, A,
I Lhavesgiven the relations derived from €. 8. and R, double

weight beeause these standards have been compared - directly

with the standard of the International Bureau, which now,
probably, should be regarded as the ultimate standard of

reference.  Especially7is this trué, sinee it is rumored, appar-

ently not without foundation, that the Metre des Awchives is,

at present, for some unassigned reason, undesivable as a direct

standard of reference. '

[t is unfortunate that there is not more general uniformity
n the material, shape and mass of standards of length.  Dif-
ference in these partieulars are fruitful sources of error in com-
parisons, and when one adds to this the -trouble arising from

A, Jour. S(:‘IL—THIRD Skries, VoL XXXV, No. 208.—ApRir, 1888.
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... bad defining lines and.-impgrlfpet»‘fgdns,-;the wonder is: that-the -
~resulty are 8s good as they usually are. It is hard to sa what

material is least liable to changes, but it is quite - certain that.

substances of crystalline structure, and- alloys of which the phys-

. lcal properties are largely dependent on a nearly definite com-

- position, should be avoided. - robably pure platinum, silver,
-and copper, annealed with the utmost care, and kept for some
years before final graduation, are-less likely to change than
any other material which we know. Forshort standar 8, possi-
bly bars of native copper, prepared with as few strains as pos-

sible, would give the closest possible approximation to a mate-
rial which has arrived at a permenent state. T

Physical Laboratory, Johns Hopkins University, Feb. 22, 1886,

[To be continued.]

ART. XX L—History of the changes in the Mt. Loa &aéer&;

by James D. DanNa. " Part I Kizavéa. Continuation of
the Sammary and Conclusions. (With Plates IV and V).
[Continued from xxxiii, 433; xxxiv, 81, 349; xxxv, 16, 181, 1888.]
B. The Ascensive Action in the Conduit lavas.
. 1. Kyidence—The evidence in favor of an uplifting action
- by the ascensive force hus been presented in volumes XXxiv, pp.
83, 89, and xxxv, p. 25. It is briefly as follows: o
(1) The observations in 1846 by I&r. Chester Lyman demon-
strate that in six years the lower pit of 1840, averaging 10,000
feet by 2,500 in its diameters and nearly 400 feet in depth,
had gradually become obliterated, and chiefly through an uplift
of the floor; for the floor bore on its surface the talus of ?ava
blocks that 'had fallen - from the walls, Overflows had done
part of the work, but “subterranean force,” as Mr. Lyman con.
cluded, the larger part. Mr. Coan, who was with Mr. Lyman
at the time, appreciated the evidence, and later described the
lifting'as “ not uniform in all parts; as sometimes taking place
here and there abruptly; but as producing nearly uniform re-
sults, except a greater rise toward Halema’uma’n.”
(2) In 1868, Mr. Brigham gave further evidence as to the
Lyman ridge by the representation of what remained of it in
1865 (xxxiv, 89, and xxxv, 24), on his valuablé map, though-

not, as his memoir shows, unders’caﬁdin%l its origin, Besides °

this, the painting of the crater of about the same date (1864 or
earlier) by Mr. Perry- afforded confirmatory proof as to its.,
position and extent at that time (xxxv, 25). .

(8) In 1848, Mr. Coan observed that a cone of broken lava

- that had formed Wwithin the Halema’uma’u basin, was lifted b

- . “subterranean action,” as he argued, because only slight addi-
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. THIS continuation of my previous paper contains the angular
-~ measurements and the details of the measu rement and calibration
of the gratings, togetherwith the final' results. In addition I.
have endeavored to point out the probable sources of error in
some recent determinations of absolute ‘wave-length.’

N

dAngular. Measurements.

- In my former paper (this Journal, March, 1887y the work -
with glass gratings was described in detail, 5o that it will only
be necessary to summarize it here, = PSR
Grating T was used during Qctober and N ovember, 1886, and
forty-cight series of observations were obtained as follows, each
series consisting of three. to seven observations. - =

. Date. - * Number of series. - Angle.
Oet.19, 1 - 45° 1 47"
90, S 45 1 48 4
.22, : 45 1 48 9
. 23, v ' 45 1 49 8
26, : ‘ . 451 49 3
L A 451 48 -9
‘ 31, . T 451 50
" . Ax: JoUR, Sor.—TaIrD SERIES.—YVoL, XXXV, No. 209.—May, 1888
N 1 S - .
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Date. ' Number of series. . Angle.
Nov. 3, ' 45° 17 48¢
4, : 45 1 47 -
5, 45 1 47 -
10, - 51 47 -
11, ; T 451 49
16, © 451 48
17, 45 1 47
- 20, 351 4% 5

‘Grating 1 was used at an average temperature of very nearly

20° to which all observations were reduced. Tle average

barometric height was 761"™, so that no correction was required
for this cause.” Weighting and combining the above observa-
tions the final value is.

. ¢ @=45" 1" 48”244 0”1 1,

corresponding to the speetrum of the third order.
* The resulting probable error in wave-length is about one part
in a million. - :
Grating IT was used in March, 1887, at M average tempera-
ture of very nearly 20° and an aver: e pressure of T((Qwm,
- Thirty-six series of ohservations were obtained in the fourth
order, as follows :

Date. Number of series, Angle,
Mar. ¢, ’ 42° 5" 1™
10, 42 4 58 -

11, 42 :

15, 42

16, 42

17, 42

BER 42

23, 12

L eI VS o T D
N N O a5 3 4
L DO W T e

Cr ¢r ¢t O

1 o ,
.,Combining and weighting, the mean value s :
‘ @ =42° {' 59”98 4 ("2,
The probable error is equivalent to abont one part in six hun.
dred thousuand in the wave-length, v
 Both the glass gratings were used exclusively for the line
‘D, which was on the whole most convenient for measurement,
D, being rejected by reason of the troublesome atmospherie
lines. The relative wave-lengths of a very large number of
lines have been so exactly determined by Prof. Rowland that
any one of them would have given results equally raluable, and
in the subsequent work with gratings 11T and IV, two of these
standard lines were ‘employed. .
In this second part of the investigation, the gratingsas before

v
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mentioned were used on the large spectrometer in which the
telescopes were keptat a fixed 1gle and the grating was turned,
This method ig, of course, apphicable only o very solid instru-
ments in which the.angle can readily be kept constant, and it
should be further noted that it also requires the use of very

“perteet gratings, since the grating is used asymmetrically, A

a result of this the spectra on the two sides differ.in dispersion,
and if the ruling is irregular either in spacing or in contour of .
the individual lines, may differ quite widely in foeal length,

.deﬁ’ni{ti,on and illumination. A ffey eritieal examination g'ra-

tings I1I and IV appeared to be so nearly perfeet in ruling, as-
to be quite decure from the dangers of the metliod. Themethod
has morcover the distinet ad ‘antage of enabling the angle«of
deviation to be varied within certain narrow limits. Henee it

. becomes possible 5o to arrange the apparatus as to give to some

eghvenient line a double refleetion that slmll be an exaet syb:
mulfgole. of 360°,  This onee accomplished it becomes an eiasy’
matter completely to elintinate the errors of the divided eirele
and obtain a valne of ng, dependent only on the micrometer

constants, which in turn may be themselves almost eliminated.
. ™

To be sure, this meth™ practically confined ohservations to the

- 8peetra of a given order and limits the choice of lines for meas-

Jrement, bt the first objection does notapply to gratings of
whicli the ruling is very nearly perfeet; and since the relative

Y

“wave-lengths of u large humber of lines are known witl very

great exactness, measurements of the absolute wave-length are
quite comparable even if made on different lines,

As regards the constaney of the angle hetween the colHmator
and observing telescope there was e_\_'{fry reason to expect entire
permanence througlgout the experiments, and observation soon
Justified this expectation. The telescopes were firmly secured
at both ends to one and the. same casting, which in turn was

rmly bedded in a brick pier.  Inaddition the size of the appa-
ratus was such that a variation of even 1" in the angle was quite
improbable, The angle measured in the ordinary way with »
collimating eye-picee could be deterdftined to 17 of are, exclu-
sive of errors of graduation in the cirele. At first* there ap-
peared to be distinet variations in the angle as determined at
the beginning of cach series of observations, reaching some-
times more than 10" It soon appeared however that when the
Same part of the cirele was used the angle between the tele-

BCope was sensibly the same and the apparent variations were

then traced to 'a periodic error in the divided cirele, which hy
the method of repetition was completely eliminated from the
measurements of angles of deviation and only appeared in the
determinations of 6. This error was finally eliminated by meas-
uring 6 in various portions of the circle.

e T T Ao e S0t ot % Tt £ P N At S S 30wt = 1o e




350 L. Boll— Absolute W ave-length of Light.
* The method of determining ¢ was as follows: The instru.
ment being adjusted by the ordinary methods, a snitable line
was selected for measurement and then the angle § was slightly
increased or diminished until by measurement of a double de.

flection #p was found to be very close indeed to 360°. Then

.2 double deflection was carefully measured and if time per-
‘mitted several times repeated, an observer always being at the
_eye-piece to see that the line should not move fiem the cross
hairs while the micrometers were.being read.  Then, clainping
the main circle, the grating holder was turned through 2¢ until
the line was very closely.upon the eross hairs, any- slight read-
justments made necessiry by this disturbance of the instrument
were made, and the process was repeated. In this way the ini-
tial line of the circle was finally reached and a value of ng ob-
tained which depended only on the algebraical sum of the
micrometer readings, always a small quantity.
The determination of the temperature, a very dificult and
uncertain matter in the case of glags gratings, is here compara-
tively simple. A sensitive thermometer (Baudin 6156) was kept

in contact with the grating, its bulb being carefully shielded .

by cotton. The construction of the spectrometer made it im-
practicable effectively to shield the grating from radiation from
- the observér’s body’; hut the thermometer apparently proved
effective in giving the real temperature since no discrepancies
in the results could be traced to thermal canses. The thermom-
eter readings were made to 0°+05, and the temperature of obser-
vation rareTy varied more than two or three degrees from 20° C.

The temperature being thius obtained, the necessary correction -
was introduced directly into the angle of deviation. Writing

the formula for wave-length in the forin
A=C s sin g,

where C is a factor depending on the method in which the

rating is used, and differentiatine we obtain
™ Gt =1 b o

ds
—g—\z —cot pdg,
b

' e s,
where if we take 1° for the temperature variation " is the co-
efficient of expansion. Whence

ds
5 S
P=" ot =

correction for 1° variation in temperature. For grating III for
instance dp=2"-688 and by this means all the deviations were
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reduced to 20°  Writing again the equation for wave-length in
™ the form for the method: here used, «

¢=sin @ cos 6. : '

Now to obtain the variation in ¢ due to a change in the angle
between the'telescopes, ‘

_O@=tan @ tan 066, ‘

~ Taking now 0 =1 and ¢ as found in these experiments

dp=0"089,

By this means the necessary correction could be introduced in
the angle of deviation, but the angle hetween the telescopes
was 50 nearly constant as to render this correction needless,
. The Jine selected for measurement with I11 was a sharp one
in the green at 513395 of Rowland’s map.  The angle @ between
the telescopes was adjusted so that in the eighth order the double
deflection was 72°. ” Eighteen complete series of observations
were then obtained, cach giving a value of 10¢ from which the -
errors of the circle were completely eliminated. The results in
'detail( were as follows, corrected to 20° on thermometer used

\  Date. 0. :
1887, Nov, . 36° 0727719
“ 36 0 25 -87
360 24 40
36 0 24 3
36 26 -83
36 ‘14
36 40
36 37
36 37
36 ‘16
36 69
Tt 99
29, 36 91
30, . 30 ‘10
‘30, 36 86
30, - 36 81
Dec. 1, : 36 25 68
“o, 36 25 ‘80
The last decimal place is retained simply for convenience in
averaging. The mean value of ¢ 18 36° 0" 26”07 which reduced
for the error of thermometer at 20° gives finally,

Pp=36° 0" 25" 17,

The probable error of this value is 0" 14. . The ‘effect of a
small error in ¢ on the resulting wave-length is given at once by

n
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_In this case the-error introduced by an error of 1 in pisa
little less than 1 part in 250000. ?
The mean value of ¢ c&lring these measurements was
! 0=6°59" 58", .
In case of grating IV the line selected for observation was one
of Rowland’s standards at w.l. 5914319 of his preliminary list,
Itisa very close double, the components being distant from eacl
other something like +¢ 4,7 of their wave-length. The double
deflection was as hefore 72° but in the fifth order. As with

grating I1T eighteen series of observations were obtained, with
the following resulting values of ¢

_Date. . ¢ ¢
1887. Deec. 16, 36° 0 +1"16
“o1g, _ 36 0 +0 66
16, 36 0 +0 67
19, : 36 +0 64
19, 36 0 +1 56
19, 36 0 +0 85
1888, Jan, 12, 36 0 —1 -19
« ’ 36 0 —1 61
36 0 —1 49
360 —1 09
36 0 —0 05
36 0 —0 *89
36 Q0 —0 48
360 —0 50
36 0 —0 49
20, . 360 40 51
20, 36 0 —0 11
20, 360 40 55

113

‘ The mean value, corrected as hefore for error of thermometer,
is:

: P=35%59" 50706 +0"15

The effect of this probable error is obviously the same as in
case of grating I1T. The mean value of the semiangle hétween
* the telescopes was )

. o 6=6° 58’ 31",

During the observations with grating III the barometrie
height reduced to the place of observation was very nearly
762" hut during the work with gratingdV it was phenomenal-
]fy high, reaching an average value of 766™™ an amount so far

rom normal pressure as to render a small correction necessary.

. The mean temperature during the observations with 111 was
about 21° C,, but in case of IV it averaged almost exactly 20° C.
varying at most only two or three degrees from that figure.

i
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Measurement of the Gratings.

The comparator on which this, the most important portion
of the research, was accomplished was the same one deseribed
in my previous paper. It had however been improved in sev-
eral particulars. The platform carrying the standards had
been' fitted with smooth rack and serew adjustinents, and the
microscopes and micrometers were new. The illumination of
a grating under the power used,—two hundred and fifty diam-
eters—is by mo means an easy matter, and at the same time a
powertul and symumetrical illumination is absolutely necessary
for the most accurate work, particularly in case of rather smail
grating spaces. I had been thoroughly dissatistied with the
illumination previously used—a lamp at a suitable distance—
and now made a radical change. A three candle-power elec-
tric lamp was attached dircetly to the microscope just below
the cyepiece and about a foot above the objects measured. A
small mirror carried by an arm serewed ‘to the objective re-
flected the beam into the Tolles illuminator. A glass bulb
filled with water surrounded the light and served the doable
Furpose of stopping radiation and partially eondensing the
eam upon the mirror above mentioned. ’

I am aware that such an arrangement is somewhat revolu.
tionary, and it was only after a careful trial that I convinced
mysclf that the heat from so near a source was not injurious.

In the first place it should be noted that the lamp is only
used for a few mowments at a time and_at intervals long com-

ared with the time of observation. Thus the very minute
ﬁqut wave that reaches the bar through the bulb of water can-
not possibly. produce a perceptible rise of temperature during
the time of an observation, while during the intervals it is
completely dissipated. : '

As an experimental faet, no heating effect whatever is sensi-
Lle even after a whole day’s observations. To show at once
this fact, and the gencml character of an ‘average series of
comparisons I subjoin ten comparisons of Dm, S with a cer-
tain decimeter on glass, made at intervals of about three-
quarters of an hour on two successive days. The figures are
tiken directly from my note book.

Date. T=

June 1, 1887 Dm S = G + 21%3 17°

139 [13 113 . 17 .

17 -
17 -

7 !
17 -
17 -
17 -
17

17

—_
S

1
2
13

SRS S T S
le 2Rl S0 7]

S
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The tempem%ure» was given by a thermometer in contact
with §*, and 10 of the'micrometer equalled 0428, In a com-
parison of two standards with such unequal coeflicients of ex.
pansion as glass and speculum metal, the evil effects of radia-
tion should be at their maximum, but the preceding series,

including as it does all the experimental errors and & lowing

" an extreme variation of bui 073, leaves, I think, little to be
desired. . : '

The comparator was placed in a vanlt some six feet below the
level of the street, which was provided with thick double.walls
with an air spacé between. - This observing room enabled the
temperature to be kept down to a daily variation of less than

_balf a degres, the extreine range for several days being fre-
quently less than that amount. Before this vault in the new

hysical Laboratory was completed the comparator had been
placed in an upper room of one of the old buildings, where it
was wel nigh impossible to keep anything like a constant
temperature, particularly since the heat was unavoidably par-
tially shut off during the night. Owing to this state of affairs
the measurenfent of the gratings on which' my preliminary
wave-length was based, was made under difficulties and in

most-of the series necessarily under a rising temperature, -

Now when a glass standard is measured against a metal one,
glass -being a notoriously bad conductor, and having a very
small coeflicient of expansion,.if any rise of temperature takes
place the length found for the glass will be too small, for re-
sponding less readily to a change it will be actually measured
at a lower temperature,

It therefore became necessary to re-measure the glass gratings
Nos. I and II, to eliminate this source -of error, which was
done Dbefore the results for III and IV were obtained. These
gratings are very nearly 3 long and they were therefore com-
pared wiith successive triple centimeters of S*, until the fifteen
centimeter mark was reached. Grating I was first taken in
hand and six complete series of observations were obtained,.
each micrometer reading being the mean of several, and the
extreme limits of temperature variation during the two days
occupied by the eomparisons heing 0°3 C. "The following
gives a summary of the results. C

' 585G = 15483, +19"'n]
5G = 158, 4 2145
5(G = 15omss’ + 181 | 0uy (
5G —_ 15""‘5“7 + 23.0 At 19 '9 (/.
5G = 158 4 o |
5G =158 4 183 J
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Hence combining these and reducing them to the standard
temperature of 20° we have:

-60000 spaces = '5G = 15™&_4 542 at 20°

The micrometer constant here used was that of the new
micrometer where 16 = 0#-257. ‘ '

In precisely the same way Grating 1T was remeasured, the
six series giving the following relations '

5G = 15280 415774 )
3G = 158, + 154-9

3G = 1S 4 1oms

5 — v L .

5G = 1598% & 154+

5G = 158", 4 1624

At 19°-8 C,

'Combining and reducing these results as before we have the

equation _
42640 spaces = 5G = 15m8s 4 3949 at 20°

The temperature variation in the two d: ys of observation was
only 0°-2, : . '

~Gratings 1IT gnd IV were then measured. In this case a
large number of comparisons were obtained at both high and
low temperatures with the object of detecting any differences
which might exist between the coeflicients of expansion of
the gratings and those of the speeulum metal standards. 111
and IV being a little over a decimeter in length were very
easy to measure, particularly since the lines were very sharp and
of approximately the same ‘width as those on the standards,

’ II]I proved to have sensibly the same coeflicient as the stan-
dards. I subjoin the comparisons made at or very near 20°.

G =Dm S, + 3959
G “ + 330
G “ 482
G “ 40332
G + 323
+ 326
+ 343
+ 334
+ 342
+ 326

G

~
x

1
x

G
G

(1 T | AV R A T

Combining these and other series of observations gives
finally
' 28418 spaces = G = Dm S*, + 85 at 20°
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It should be noted that the extreme variation in the above
series is 22, very nearly 045, or one part in two hundred
thousand. :

Jn ‘the case of IV the coefficient appeared to be somewhat
smaller than that of S*. The range of temperature secured
was not large but as nearly as could be ascertained the coeff-

.cient is about 161 per meter per degree, while that of the

standards is 179 per meter per degree. However, since the
measurements of ¢ made with IV were distributed with a tol-
erable degree of symmetry on both sides of 20°, any crror due
to an inexact value of the coeflicient of expansion would appear
mainly in the probable error in ¢  The variation found would,
as a matter -of fact have changed the final value of ¢ by less
than 072, ‘ o

The comparisons of 1V made near 20° were as follows :
. % .

Dm $2, + 859
“ 4 g5

+ 356

+ 360

+ 340

+ 858

+ 3446

+ 363

+ 333

+ 367

G=
G =
G =
G =
G =
G =
G =
G =
G

Combining these and the other observations,

‘

39465 spaces = G = Dm 8*, + 91 at 20°,

The probable error of the relations found for 111 and IV
can hardly exceed one part in-a million so far as the distance
between the terminal lines selected is concerned. These termi-
nal ‘lines ‘were varied at each comparison so that while each of
the above relations represents 89,465 spaces, the lines meas-
ured between, though in the same vicinity, are seldom or never
identical, '

In gratings I, 11, 111 the number of spaces was very easily
counted as the dividing engine automatically rules every hun-
dredth “line longer, and every fifticth line shorter, than the
others. In grating IV the number of spaces was found readily
enough by ruling at a known temperature the terminal lines of
a test plate almost exactly a decimeter long, and containing a
known number of lines. A comparison of this with the
grating gave the quantity required. - '
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Calibration of the Gratings.

In my previous paper the need and method of determining

- the errors of ruling in a grating were briefly noticed. It is

fitting here to enter somewhat more into detail. .
The grating space is never perfectly uniform throughout the

- whole extent of the rnled surface. The variations may be in

general classed as regular and irregular. In the first class we
put variations in the grating space which are purely periodic .
or purely linear. These produce respeetively. “ohosts,” and
difference in focus of the speetra on opposite sides of the
normal. - Kither fault might be large enough to unfit the grat-
ing for wave length determination, and would be always unde-
sirable, but nevertheless would introduce no gross errors into
the result. . Variations of the second class include the displace-
ment, omission or exaggeration of a line or lines, and what is
of great importance, a more or lesssudden change in the grat-
ing space producing a section of the grating having a grating
space peculiar to itself. The former types of accidental error,
unless extensive are harmless, and are present in most gratings
usually showing as faint streaks in the ruling. It is with the
last mentioned error that we mainly have to do.

Consider a grating the space of which is sensibly uniform
except throughout a certain portion. Tet that portion have a
grating space distinetly larger or smaller than that of the re-
mainder of the grating. If the abnormal portion is a consid-
crable fractional part of the whole grating it will, in general,
produce false lines and injure or ruin the definition of the
grating. - Such a grating we should nowadays throw aside as
useless, although many of the older gratings are thus atfected.
Suppose however that the abnormal portiun is confined to a
few hundred lines,  Such a series of lines will have little bril-
liney and less defining power and consequently will simply
diffuse a certain amount of light without cither producing false
lines ory in general, fijuring the definition. In short, whern
the full aperture of the grating is used, the spectra produced,
will be due only to the normal grating space, the abnormal
portion having little or no visible cffect. If however we
attempt to evaluate the' grating space by measuring the total
length of the ruled surface and dividing it by the number of
spaces therein contained, we ‘shall obtain an incorreet result,
since this average grating space, inclnding, as it does, the
abnormal portion, will he necessarily different from the normal
grating space which produces the spectra observed.

In general if 2 be the total number of spaces and ¢ thbk\/
l‘-q H

normal grating, space the length of the ruled surface will be
ns+A, where A is a quantity depending on the magnitude

v
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and nature of the abnormal portion. It will have for its maxi-
mum value X(s=¢), where ¢ is the varying grating space, in

the case when the change in the space is 8o local and sudden as

to {)roduce no effect at all on the spectrum ; and will be vari-
ously moditied by the considerations now to be mentioned. If
we could always assume that the abnormal portion of the
grating produced no effect on the spectrum the elimination of
errors of - ruling would thus become comparatively simple.
. But in practice it is* not -very uncommon to find gratings in

‘which there are several portions where the spaeing is abnormal,
in one case perhaps pro({ucing no etfect, in a second producing
false lines and in a third causing a faint shading off of the
lines. - TFor an abnormal portion will produce no cffect, a slight
shading ‘or reduplicated lines, aceording to its extent and the
amount of its variation from the normal. _

The following experiment will readily show the laws which
govern these errors of ruling. “Place a rather bad grating—
unfortunately only too easily obtained—on the spectrometer,

and setting the cross-hairs carefully on a prominent line, gradu-

ally cover the grating with a bit of paper, slowly moving it
along from ene end. In very few cases will tlie line stay upon
the cross-hairs. A typical suceession of changes in the spec-
trumris as follows : Perhaps no change is observed until two-
thirds of the grating has been covered. Then a faint shading
appears on one side of the line, grows-stronger as more and
more of the grating is covered, and finally is terminated by a
faint line. Then this line grows stronger till the original line
appears double and finally disappears leaving the displaced
line due to the abnormal grating space. This description, I

regret to say, is from the examination of a grating which had -

been used for the determination of absolute ‘wave-length.®
This case is exceptionally complete, but even with a very good
grating minute displacements can-usnally be noticed, . -
When the abuormal portion is sutliciently extensive to pro-
duce a faint shading along one side of the fines when the full
aperture of the grating is used, the effect of the crror on the
resulting wavelength may be in part eliminated by the fact
that the shading would displace the apparent center of the
line and hence slightly change the observed angle of deviation.
-For this reason a grating so affected would be likely to give
results varying with the order of spectrnm used, since the
appearance oOf the line would vary somewhat with the illumi-
nation. It is at onee apparent, however, that no combination
of the results from different orders of spectra can possibly
_eliminate the class of errors we are discussigg, since the alge-

* Not by the anthor it is almost needless to add.

N
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braic_sign of the error will be the same for all orders and it
will be in every ease a mnearly constant fraction of the wave

" length. .

The problem before the experimenter is then the following :
To detect the existence and positionof any abnormal portion,
of the grating in use, to separate as far as possible such, por-
tions as produce a visible eftect from those which do not, and
thus finally to determine the proper value to be assigned to
the quantity A.

The investigation is somewhat simplitied by the fact that, for

the most part, abnormal spacing occurs at an end- of the ruled

surface, generally at the end where the ruling was begun, since, - -

when the engine is started it is likely to run for some little time

before it settles down to a uniform state. Then, too, one is able .

to disregard the slight and gradual variations in the grating

space which appear in every grating, sinee their effects will in-

general be integrated in the spectrum produced.

It only: remains therefore to study those larger and mpre
sudden changes whichi can produce a sensible error in the result,
It is evident that the process of éxamination indicated ahove

will serve to deteet the more extensive faults, together with’

any errors of ficure in the surface, but an abnormal portion
consisting of only afew hundred lines will not have resolving
power enough to produce a marked effeer.  Making then a slit
ma card just wide enongh to expose a sufficient number of lines
to wive tolerable definition, one ¢in examine the grating section
by seetion, and still further diseriminate hetween the normal
and abnormal spacing, errors of figure being included as before,
Jut as the number of abnormal spaces deercases a point will be
reached when this method breaks down completely, and sinee
the error in the resultivg wave-length may be as farge in this
case as when the fault is more extended, another method wnust
be sought.  So far as T know the only method which will de-
teet and evaluate all these errors is that which I have called
calibration, measuring the relative lengths of » grating spaces
taken suceessively along the ruled surface. The process em-
ployed was as follows.  The stops of the comparator were set
as close-together as practicable, limiting the run of the car-
riage toa distance which varied in different cases from 4 to 10mm,
Then the grating to be examined was brought under the miero-

SCOYC and micrometer readings were taken on the lines just
within the run of the carriage; the grating was then moved

along about the length of the run and the process repeated till
the whole grating had been gone over. The variations-in. the
micrometer readings then gave the variations-in the length of
7 spaces in different parts of the grating. .The only assumption
involved was that the variation in the giﬁerent sections did not

.
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amount to.an entire-space, ap hypothesis quite secure in gra-

tings with spaces as large as those employed. It was thus pos- .-
“sible to determine quite aceurately the variations in the grating -

-space throughout the whole grating.

- It should be noted "that since. these variations liiay be of

- almost any kind and magnitude the errors produced by them
.will not in general be-eliminated by ¢ombining the results ol)-.

tained from several gratings, It may happen that the gratings
used by one ‘experimenter will have errors that will counter-

" balance each other, while those used by: another will all have

~errorg of the same sign. ~For instance, by the merest accident

the gratings. used by the writer gave.nearly. identical results
corrected and. uncorrected, while those used by Peirce uniforml ¥y

- required a reduction in the resulting wave-length. -The num-
ber of gratings used by 4 given investigator is however so small -
that the errors will very seldom be eliminated, ‘while no com:-
- bination of the results obtained from different orders of the

same %rating can produce any useful effect whatever. '
Each of the gratings used in this.researeh was examined

~minutely by the above methods and in eaeh was found an ab-.

normal portion of one sort oranother.  Of eight gratings which

"I have calibrated all have shown a similar error and of more

. h R < . " e 0
~mensarable.-length which enormonsly inereases the diffieulty of

than twenty which I have examined in the spectrometer only

: ohe'(g ating TT7T) failed to shoiw an abnormal section at one end..

Sinee this is the commonest form of the error in question, it is

- but natural to inquire. why ‘it cannot be avoided by covering

thedefective end.” The reason is simple enough. By stopping
out the defective portion the grating is; reduced to- an ineon.

measuring it. A grating which is in leneth some convenient
N L] k) Oe) fed .

-submiltiple of a meter is casy to measure withi a comparatively

high degree of exactuess, but one which is, sy, twenty seven

millimeters long, is exceedingly difficult to measure acenrately’
since it involves a long micrometer run or the errors of sub-,

division downr to single millimeters. It is therefore better to
use the full aperture of the grating and find A by calibration.
In calibrating the gratings used, I divided I and IL- which

- were thirty niillimeters long, into six sections of omesand the
“large gratings TIL and IV into centimeters. Each grating was

carefully gone over five times and'the mean result taken. The
following corrections were found. : '

The actual variations found in each grating are givén, below,
the figures given being the difference of 2 lines from the dis.

- tance between the stops, the lines heing taken in the consecu-

tive sections of the gratings.

N :
. .

‘. Residuals, 078 098 ., 081

L. Belbzibxolzde'ﬂ a-ve—lengt?& qflvqlzt

. A o fhrating I .
Sections I- e I .5
T 103 . 086
. . Grating II.
Sections . 1 - - 2 . .3

N .'\Residual,s, 2107 1:903 . 1452

_ . G)jd[.iu{/ [II..“ -
Sections 1 2 O N R 6L T
Residuals, 2/480 285 1'77 277 2:70. 2:77 267
' Grdﬂ[)éy Iy,
Sections 1 o 4..'3\'. 4 T A 8 9 10 )
Residuals, 0431 .0:28 035 043 0407043 0-310'35 0-28 0-82 -

‘ . 4 L ‘ it . N .
The calibration of IT1 1s ‘worth deseribing in detail.  Cen-

timeter 3 was evidently too long:. -1 therefore: measured the.

centimeters from 15 to 25" and from 23 to 353",  The former
was quite normal but the latter showed an inerease almost iden-
tical with that of the whole third centimeter.  I'then examined
the grating in a strong light and deteeted at 27 from the end,
a faint line, such as usnally indicates a few wavering lines caused
perhaps by dust under the diamond pohit. - Placing, however,
this line under the microscope a band of perhaps twenty lines
appeared with spacing noticeably wider than usual. Here was

- avery serious flaw in a grating to all appearance absolutely per-

fect. A most . eritical .¢xamination in the speetrometer of
course failed to deteet it, but it was both detected and located
with unerring certainty by the proccss of calibration.  Miero-
metrical measutements on_this group showed an exeess of about
25 over an equal number of spaces elsewhere on the grating.
This quantity of course had to be taken account of in connee-

~ tion with the previous calibration.

‘The deduction of the necessary corrections from the data

" given by calibration reqjuires no/little eare and judgment, and

can be properly done only in connection with a detailed study
‘of the spectra given hy various portions of the gratings con-
cerned.  For the four gratings used by the author, these cor-
rections, applied directly to the lengths of the gratings in the
form of the quantity A before mentioned, are very nearly as
follows ; . S

Grating.*.
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It should be distinetly understood that the corrections deduced
from the calibration are necessarily only approximate. ~ A very
minute examination of a grating on the speetrometer is impos-
sible, since a small section of the ruled surface has not snfficient.
resolving power to give measurable spectra.  On the other hand,
while calibration gives the variations of the grating space with
a high degree of exactness, it obviously cannot definitely decide
how far these varfations are integrated in the speetrum measured,
Consequently while calibration will in every ease give a valu-
able approximation, it must neeessarily leave residual errors.

In these experiments the gratings were always measured par-
allel to the terminations of the lines, Jonsequently the length
of each grating as found dircetly must he multiplied by cos
(90°—a), where a is the angle made by an individual line with
the line formed by the loous of the terminations. In ease of
gratings I, II. TII this angle was found by m asuring a test
plate as deseribed in my previons paper and was found to be
within a very few seconds of $9° 56", -

Grating TV ruled on the new engine was -tested by nreasur-
ing the sides and diagonals of the ruled surfuce and gave an al-
most exactly identical value of . No correction therefore need
be introduced for this ecause. since cos (40°—a) does not differ
sensibly from unity., ‘

Final result for Absolute Wori-length,

Only-one equation needs to he added to those already given

for$*,. Thisvis the one for the third 5 space, necessary to de-
termine the absolute length of the first 157, 50w, (3) and (4)
were compared and the following relation 'was found’ hetween
them : (4) =(3)+ 0“4 The refation found in 1885 was
H=0)+1*1.  Consequently (3)Jdiae not sensibly shortened and
nearly the whole change found i ﬂ“:;-héls taken place in the
last five centimeters,  Writing now-H#%bsolute lengths of
Dm, %, and 15cm. 8
- Dm S =100-00665"" af 20°,
15em 8% =150°00897 at 20°,
Applying now the relations found ﬂjgj«;,mting I in the fore-
going section, e
8 = 0°002500226"
And since == 45° 1" 48R4,
' h=5896"18. =
Similarly for grating 11,
8 = 000351004 [mm
P = 42° 4' 59'"28
- : . = 589623

1
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.
Computing the similar quantities for the speculum metal .

gratings IIT and 1V, for grating 11,

§ = (-003519358mm

¢ =36° 0" 2517
== 6° 54" 58754
L= 513389

and for grating IV,
8= (1002534306
7= 35" 59' 59”06
A = G° an' 31"

b= 5014087
Redueing now these Intter wave lengths to the corresponding
values of D, introducing the baroctric eorreetions and con.
bining, the tinal vesults for that line are

Grating . ) W, L.
5596718
) 589623

) 580615

IV i aRuglT

Finally, then, the mean value of the absolute wave-length of
D, in terms of the mean valne assigned to 82 is '

: ‘ HROG-18
incair at 760" pressure.and 20° C. temperature, or 1 eno,

' 589790 ’

It is mo easy matter to form an estimate of the probable error of
thix final result.  So far as errors of observation go, the result
should he correct to within one part in half a million, but there
are =o any complex sources of constant errors in this problem
that such a statement means little. My present result exceeds
the estimated probable error of my former result conside ably,

“though it falls within the limit set by Prof. Rowland and my-

self for the possible error and noted 'in his paper on ¢ Relative
Wave-length” of the same date as my own.  The cause of this
diserepaney is partly due to the varying temperature under
which the glass gratings were first measured, and partly to the
change in the value assigned tothe standard of length,*

Then too, the corrections applied to gratings IT and ITI may
be slightly in crror.  Taking into account all these sonrces of -
uncertainty it is my opinion that the above final result is not
likely to be in error by an wmount as great as one part in two
hundred thousand. ' ~
L* In terms of the length 1 originally assigned to 3%, the wavo-length of D,
would be 5896G:14, while if the value deduced from the Berlin compurison were

taken it would bhe $5896-22. The wave-length quite certainly lies between these

values, but the' proper weight to be given to the Berlin comparison relatively to
the others is rather uncertain.
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Taking the above value of the absolute wave-Jength and ap.
plying the appropriate corrections to some of the fundamental
lines given in Prof. Rowland's paper (this Journal, Mareh, 1886)
the wave-lengths of the principal Fraunhofer lines in air at 20°
and 760™ are,

T S S b B Tl
“ e e e e GER4-1 ]
Co...... e e m e me e e e aaan e an Ba6:07
%J)l ______________________________________ 5806718
Do MY 11 T} SIPY

1) R £ 7R
VR, 52644
by e e e ol 518382
B . 486151

Comparizonis between these wavelengths and the older ones
beeome somewhat uneertain toward the ends of the spectrum
since the appearance of lines like A, B. G and 11 vary so much
with the dispersion cmployed. The relative wave-lengths above
given are certainly exact to within one part in half a million,

It may not be ont of place here to diseuss the most recent work

on this problem. Just hiefore the publication of my first paper

the very elaborate paper of Miiller and Kemptappeared. Their
work 172 monmment of Jaborious rescareh and it is unfortunate
that <o much time should have heen spent in experiments eon-
dueted with glass gratings of small size and inforjor quality,
Since the invention of the concave grating, it is a4 waste of en-
ergy to make wicrometric measurements with plane ones. and
this statement conld hardly be corroborated more strongly than
by the relative wave-lengths given by Miiller and Kempf. The
probable crror of their wave-lengths is in general not less than
one part in two hundred thousand. That the value assigned
by them to the ubsolute wavelength s as near the truth as it
probably is, is due to no. laek of faults in the gratings.  Their
results for the Hine D, were as follows:

Grating, . W, L.
CRIAYY HNUG G
CROO1T L HN0G14
SSOOTT 584597
CROotL L . HROG3S

A diseussion of these ervors ax exemplitied in the paper
under consideration would take up ton mueh space to be in-
serted liere, but one or two points arc “worthy of notiee.
When a grating gives different results in the different orders,
it is evident that there are in it serious errors of ruling, and
the maximum”wmownt of the variation will give a rough esti-
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mate of their size as compared with those of other gratings.
Applying this test, the four gratings rank as follows: “500L”
“8001 L, 2151, «R001," where the first which gave for the
w. L 3896-14, had no_sensible variation in the different orders
and the last, whieh gave 539507, varied in the most erratic
fashion. It by no means follows, however, that becausc a
grating gives identical results in the various orders, it is there-
fore free from errors of ruling.  Witness Grating 11T of this
paper-in which the error was of a kind which could not be de-
tected at all in the spectrometer.  Yet it was large enough to
give, if neglected, 589628 for the wave-length of D.*  Speak-
ing of ervors in gratings a ease in point is the work of Peirec,
On account of the reasons heretofore noted Peired’s standards
of length are somewhat uncertain in valne so that no definite
correction can be ax yet applied to his wave-length from this
ause.  Three of his gratings, however, I have calibrated, and
each of them showed an error tending to diminish the wave-
Iength,  If the mean rexult obtained from these had been
assumed to be correet it would have been equivalent to the
introduction of a constant error.  Peired's preliminary result
i for this reason too large by more than one part in a hundred
thousand : how much more, it is Impossible to say without
knowing the results obtained from each crating and <o heing
able to apply the corrections found.  Peiree’s method wis
such as should have sceured very excellent results and such
will undoubtedly follow a further investization of the stan-
dards and gratings,  Stll another recent determination is thar
by Kurlhawn, who used two good sized speenlmn mietul grat-
ings and measured them with particular care. Like the previ-
ous experimenters he negleeted, although Lie did not inaore,
the errors of raling and consequently the results Lie obiaiticd
are somewhat in doubt. A serions objeetion, morcover, to his
work ix the very small spectrometer e used. To undertake o
determivation of absolute wave length with spectrometer
veading by verniers to 10" onlv, and furnished with telescopes’
of only one ineh aperture is simply conrting constant errors,
More especially ix this true sinec it would be hard to devise o
method more effeetive i introducing the errors of ruling,
than to use a grating with teleseepes too small to utilize its
full aperture, and then determine the arating space hy meas-
uring the total length of the ruled swface, Kurlbaun's grat-
ings, too, were of an unfortunate’ size. +2 and 43m Lpgad
respectively, and -consequently by no means casy to measure,
On the whole his result, 5395790 is not surprising,

#*The results given by the sratings uzed by, the anthor, negleeting the corree-
tion A would be ax follows: .

LoasuGe20: T, 5806: 105 111 aao6-23: TV, Ax06e12 -

Curiously enongh the mean would he practieatly unchanged,




B R C A R VAT PRI

s ' ‘ v . ate VL
D org. Sc, Vol XXXV
366 L Bell—Absolute Wavelength of Light. Aw. Jurk. et Vor. XX

N

The agreement of relative wave-lengths as determined by
different experimenters unfortunately gives 1o measure as to
the accuracy of the work. The relative wave-lengths as de-
termined by Mitller and Kempf and by Kurlbaum agree in gen-
eral to within 1 part in 100,000 the absolute wavelengths
assigned by these experimenters vary by more than 1 part in
30,000,

A very ingenions flank movement on the problem of ahso-
lute wave-length has been made by Macé de Lépinay.  His
plan: was to use interference fringes in getting the dimensions
of a block of quartz in terms of the wave-length, and then to
avord the dithiculties of the linear measurement by obtaining
the volume through a specitic aravity detdrmination.  is ve-
sults do not indicate, however., experimentl aceuracy as great
as can be obtained by the usual method, fand thé tinal redue-
tion unfortunately involves a quantity even more uncertain
than the average standard of length, i, e, the ratio hetween the
meter (/) and the liter, C

" It may be interesting here to eolleet \Hu- varions values
which have. been given for the absolute wave-length within
recent years.  Results are for the line D, |

Maseart. . oo S DR {
Vi der Willigen ... DU 5ROR !
Angstrom oo T s BRYST »
Ditscheiner. . o0 S S S A !
Peivee oo e INOpe2T
Angstrim correetod by Thaden oo, HR05780
Milter and Kempt. o0 . IR 380625
Macd de Lépinay .. B N ISU VIS
AGuthawnm oo ' HRO590
S Bellb oo e J.. 8068 :
./ B
. These Hgnres are discordant cnough. When beginning the #
©present work, T had hoped that it would prove possible to make
a determination of absolute wave-length commensurate in '
acenracy with the relative wave-dengths as measured by Prof.
Rowland.  This hope has proved in a weasure illusory, by i
reason of the small residual errors of the gratings and the ¢

greater uneertainty involving the standards of length. T feel
convineed, however, that the result reached is (uite near the
limit of accuracy of the method. Tt should be remembered ;
that any and every method involves the uncertainty of the ‘
standards of length, an uncertafity not to he removed until
a normal standard is finally adopted and exact copies of it dis-
tributed. And as fur as experimental diffculties are econ-
cerned, the next order of approximation will involve u large
number of small but troublesome corrections, sueh as the effect
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of aqueous vapor on atmospheric ref action, varying baro-
metric height, the minute variations in the grating space,
failure of thermomeéter to give temperature of grating exactly,
and countless others which will suggest tliemselves only too
readily. ‘

Aside from the use of gratings, decidedly the most hopeful
method as yet suggested is that due to Mighelson and Morley.*
Theoretically the plan is particularly simple and beautiful, con-
sisting merely in counting off a definite number of interforence
fringes by moving one of the interfering mirrors and measur-
ing, .or laying off upon a bar, the resulting distance. The
wechanical difficulties in the way, are however formidable,
and whether or no they can be surmounted only persistent -
trial can show, The possible sources of error are of much the
same type and magnitude as those involved in the comparison
of standards of length, and if these errors are avoided, the
uncertainty concerning the standards still remains. W hether
or no the practical errors of the method are greater or less
than with gratings only experience eun prove.  Certainly if
the method is capable of giving exact results it is in the hands
of one able to obtain them from it. .

In closing this paper I can only express my sincerest grati-
tude to the various friends who have done all in their power
to facilitate my work, and especially to Professor W, A.
Rogers who has been tircless in lis endeavors to determine the
true value of the standards of length; to Mr, J. S, &yes, Fel-
low in thiz University, who has given me invaluable aid in the
work with metal gratings ; and ‘to Professor Rowland who Las
furnished all possible facilitics and under whose guidance the
entire work has been carried out.

Physical Laboratory, Johns Hopking University, March, 1888,

ART. XXXL—T7%ree - Foruations of the  Middle Atlantic
Slope; by W J. MeGer, (With Plates VI and VIL)
(Continued from page 330.)

Tie Cornvmsia Foryariox,

General Characters—The Columbia formation exhibits two
phases which, although distinet where typically developed, inter-
graduate.  The thicker and more conspienous phase geeurs com-
monly along the great rivers at and for some miles below the
fall linc, and inay he designated the fuviad phase; while the
thinner generally forms tlie surface over the remainder of the
Coastal plain, and may be designated the iuterflupial phase.

* This Journal, 111, xxxiv, 427,




