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ADAPTING A UNIVERSAL SPECTROSCOPE FOR
RADIAL VELOCITY DETERMINATIONS

By 1. S Preasker

()\l of the chief lines of work planned by the Director in
obtaining the instrumental equipment of the Dominion
Observatory was stellar spectroscopy It was hoped that satis
factory work in that line could be done with a fifteen inch tele
scope and a suitable spectroscopic outfit.  Recent investigations
by the writer have shown that such a telescope, with an efficient
correcting  lens, can successfully attack almost all the stars
reached by some of the larger equipments, and that the ficld
open to it for one particular branch of spectroscopic work, the
determination of the radial velocities of stars, is a very wide
one Consequently the greater part of my time has been
devoted to putting the instrument into satisfactory shape for the
accurate determination of such velocities, and other spectrosco
pic work has only been partially touched upon. It is hoped
however in the near future, when more assistance has been
obtained, to broaden the line of research to include investiga
tions into the spectra of stars of different types, into peculiar
spectra, and into some parts of stellar spectra, —the region of
longer wave length, now almost entirely unknown and untouched
upon
The principal radial velocity work so far undertaken has
been the determination of the velocities of certain of the brighter
stars, the so-called standard velocity stars inangurated by Frost
and the determination of the velocity curves and orbits of some
half dozen spectroscopic binaries.  The chief value of the velo
city determination of the standard stars in this case lies un-
doubtedly, as will be evident below, in the test they furnish of
the accuracy of the spectrograph.  That such tests were neces
sary will appear when I come to deseribe the process of putting

the instrument into shape for accurate work
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ment can be read to half-minutes by verniers on a graduated
circle.  This adapts it for use as a laboratory spectroscope and
spectrometer The whole instruinent is thoroughly well made
and serviceable for a great variety of general work, but, as
previously stated, the universal construction is one which is
least adapted for use where the great stability and rigidity
required in stellar velocity determinations is necessary. For
that purpose the universal form has been entirely abandoned
elsewhere, and spectrographs of the most rigid possible con
struction have been obtained in which all universal features
have been sacrificed to stability, and which make photographs
of star spectra only in one region of the spectrum.  Until such
a spectrograph could be obtained here, 1 undertook the task of
so modifying the present instrument as to render it serviceable
for accurate radial velocity work, with what success will here
after appear

The dimensions of the optical parts are as follows :—The
collimator objective is of 15 inches focus and 15 -inch aperture,
but diaphragmed to slightly over an inch, to have the same
angular aperture as the system of objective and correcting lens
The camera is of 15 inches focus and 1';-inch aperture. The
train of three prisms has been the sole dispersing medium used
in radial velocity work, the prisms of which are of such dimen
sions as to transmit the full beam from the collimator, and are
made of dense flint glass whose index of refraction for /7, is
about 1'64.  The refracting angle of each prism is about 62
MY, which gives a total deviation for /7, of about 160°. The
resolving power at /7, is about 40,000, the purity with a slit
04025 mm ., the normal width used here, is slightly over 8,000,
and the linear dispersion 18°6 tenth-metres per millimetre

ADJUSTMENT OF THE SPECTROSCOPE,

In placing a spectroscope in adjustment, three points

require careful attention 1.) The collimator focus. (2
The camera focus.  (3.) The adjustment of the prisms to mini-

mum deviation.  Of these, in my opinion, the exact focussing
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JON / S. DPlaskett :

and, as the changes in focus due to temperature are very slight
it remains at that setting

Locus of Camera.—"The accurate focussing of the camer
in my opinion much more important than that of the collimator
Here one cannot depend upon the test of definition, as the focus
may be changed through a half-millimetre, an amount fatal to
accuracy in line of sight work, without appreciably affecting the

|

sharpmness of the lines.  The method emploved here of obtaining

the camera focus was evolved from Newall's method of focussing

the collimator, a somewhat similar method being deseribed Iy

Hartmann®, and the focus is tested on every night the spectre

scope 18 used

The method depends upon the displa

ment ol
the spectral lines on a plate not in focus when the pencil which
forms them has its centre of intensity separated by a sensible
distance from the centre of the objective

Practically, the procedure is as follows By a pair of
diaphragms or windows sitnated close in front of the slit, which
will be presently described, two spectra can be made side by
side on the same plate, or rather one spectrum about 0°3 mm
wide along the centre of the plite has on each side a spectrum
about 1 mm. wide These spectra touch each other so that
when there is no displacement of the lines they appear con
tinuous, but the slightest displacement is at once apparent
Below the collimator lens is an opening in which a brass plate
slides This plate has a rectangular opening about 12 mm
wide and 30 mm. long, and the position of this opening is
regulated by stops, so that in one position it allows a pencil of
light of half the aperture to pass through the prisms near the
refracting edge, and in the other position near the base. The
middle spectrum is made through the refracting edges, and the
outside spectra through the bases of the prisms.  Hence the
centres of intensity of the two pencils throngh the camera
objective are separated by about 12 mm., and if the camera is

not in exact focus the lines of the spectrum will not be con
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110 /. S. Plaskett ;

The Stit Diaphragms.—The diaphragms provided in front of
the slit for making star and comparison spectra of the right
width and in the right position were a modification of Hart
mann's device®, and were attached to the slit head. To change
from the opening through which the star was exposed to the
opening for the spark, the brass plate containing these openings
was moved between adjustable stops.  As displacements of the
lines were sometimes noticed in two spark spectra taken side by
side through these windows, it was feared that the sliding of
this brass plate might induce strains in the slit. This arrange
ment was dismounted and that shown at .1, Pl. IV., was made
to replace it.  There are two separate diaphragms, one for the
star light, /22, having an opening about 03 mm. wide in
the centre, all the rest of the plate over the slit being cut away
except two narrow bars about 0°2 mm. wide to limit the star
light. This was done for convenience in setting on the slit and
guiding, The diaphragm for the spark light, has two openings
each about 1 mm. wide, separated by an opaque bar, about 0°35
mm. wide, which is central and occupies the same position on
the slit as the opening for the star-light.  These are mounted on
adjustable pins so that either can be readily turned down in
position, while the whole arrangement is mounted on an arm
clamped to one of the supporting tubes, as shown in the figure
It can be placed at any desired distance in front of the slit, or at
once moved away to leave the slit entirely free if desired. It
does not touch the slit or slit head at all, and hence all chance of
displacement of the lines from this cause is avoided. It is also
much more convenient in nse than the old arrangement. The
window for the star light is only turned down at first to get the
star image central, and occasionally throughout the exposure to
ensure that the required width of spectrum is being uniformly
l‘N]NI\l'(I.

The Slit Jaws.—In the tests for flexure to be presently

described, T noticed that, even when there was no movement of

Istrophysical Jowsnal, X11., p. 4f,
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Adapting a Universal Spectroscope 111

the telescope and spectroscope hetween the exposures of the
adjacent spark spectra, one made through the star, and the
other through the spark windows, there was sometimes a dis
placement of the lines of one spectrum with respect to the other,
After the diaphragms had been changed as above described this
conld only be due cither to the slit or the comparison apparatus.
An examination of the slit jaws showed that they were not
brought to a sharp edge but consisted of two flat vertical sur-
faces about O°7 mm. wide.  One could not say what part of such
jaws acted as the source of light, the focus would be uncertain
and trouble might arise from reflections between these flat and
nearly parallel surfaces. The slit was taken apart, the jaws
bevelled off to a sharp edge and ground perfectly straight.
Great care was taken to ensure that the edges of these two jaws
lay in one plane perpendicular to the axis.  Even when this had
been finished a photographic test by adjacent spectra showed
occasional displacement of the spectral lines, and there cnly
remained the comparison apparatus to be examined as the cause
of the trouble, T may say that this work was done previous to
the evolution of the focussing method above referred to, so that
the camera focus may have been inexact to the extent of three
or four tenths of a millimetre. This amount of displacement of
the sensitive surface from the focal surface is quite sufficient to
cause a marked displacement of the spectral lines, provided there
is any faulty centering of the star or spark light.

The Comparison Apparatus.—The iron spark has up to the
present time been used for the comparison light, the energy
being supplied by a Queen 15-inch spark coil with a capacity, in
parallel, of six half gallon jars. The spark gap was originally
mounted to one side of the collimator tube, the spark light being
reflected into the slit to one side of the light from the star or
source to he examined, by a small diagonal prism. This was
changed to a direct mounting of the terminals and condensing
lens in the optical axis of the collimator about 80 mm. above the
slit, as shown in ¢, Plate IV. When the star spectrum was
being photographed the apparatus was swung to one side and
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to ensure it being brought back té the same position, a stop,
/), was clamped to the other supporting tube.

The angular aperture of the condensing lens is much
greater than that of the collimator and this should, theoreti
cally speaking, ensure the uniform illumination of the colli
mator objective even if not in exact adjustment. However it
was feared that the spark gap might not always return to
exactly the same place, and besides, the spark terminals were
parallel to the slit, which is open to objection. The whole
apparatus was therefore remodelled, the terminals and holders
being shortened, made more compact and placed transversal to
the slit.  Then, with the condensing lens, they were mounted
on a brass plate swinging between centres rigidly attached to
one of the supporting tubes.  When not in use it was simply
tilted up out of the way, and when brought down again was
absolutely certain to come back to the original position, so that
when once in adjustment it would stay in adjustment To ren
der the illumination more uniform a small piece of finely ground
glass was placed about midway between the spark and the con
densing lens, a position which extended trial showed to be best

After these changes in slit, slit diaphragms and comparison
apparatus, there was no further displacements of the spectral
lines in adjacent spectra made one after the other, even with
considerable mal-adjustment of camera focus, so long as the
telescope and spectroscope were stationary.  Any movement of
telescope and spectroscope however, was at once followed by a
displacement of the lines, undoubtedly due to flexure of the
spectroscope.

Flexure of the Spectroscope.—Flexure of the parts was the
greatest difficulty encountered. Owing to the design of the in
strument the prism box has no adequate support, It is fastened
by a single screw to the rotating table, which carries the grating
or the single prisms, and which from its nature cannot be rigid
It is further secured by two rods reaching down from the box
and clamping to the edge of the divided circle, which is a thin
ribbed plate of brass not sufficiently stiff to furnish much support
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Adapting a Universal Spectroscope 113

to the prism box. The outer end of the prism box, which car-

ries the camera, is entirely unsupported and could be moved by
a pressure of the hand three or four millimetres to one side or
the other. 1 had always suspected that flexure might cause
trouble, but had no idea, until I made a test, of the extent of
the displacement of the spectral lines that would be caused by a
movement of the telescope with spectroscope attached through
two hours in right ascension, the duration of an exposure on a
faint star. The test was made in a similar manner to those
above described, by making a spectrum of the iron spark
through the star diaphragm, and, after moving the telescope, a
second adjacent spectrum through the comparison diaphragm
Any shift of the lines due to flexure will at once be shown, and
the shifts at first were very marked. A movement of the tele-
scope through two hours showed in some declinations a dis
placement of the lines eqivalent to a velocity of 20 kms. per
second. A rotation of the spectroscope of 90 degrees around the
optical axis, when the telescope was at hour angle 0", declination
0¥, showed a shift equivalent to about 50 kms. per second.
These figures at once showed that it was necessary to stiffen the
parts wherever possible. The frame work of the instrument
consists of a hollow built-up structure of rectangular section,
seen in the illustrations, which is fastened by four hinged
clamps to the two supporting tubes of the adapter. The collar
into which these tubes fasten can turn on an inner collar, which
screws into the eve end of the telescope. The two tubes are of
174 inches diameter, of steel thick enough not to bend appre-
ciably under the weight of the spectroscope. It was thought
preferable to attach any stiffening trusses direct to these tubes
rather than to the spectroscope frame which is not rigid enough
for that purpose. The first truss made, shown at /%, Plate IV,
was built of thick sheet brass screwed to a brass rod which
entered into clamps on each tube directly below the spectroscope
frame, one of the clamps being shown at /. This triangular
shaped brass plate, which had a second plate screwed at right
angles underneath, extended diagonally across the back or base
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of the prism box almost under the third prism. It was firmly
screwed to the base of the box and served to prevent flexure at
the outer edge of the prism box and the lower end of the
camera. The upper end of the camera was provided with a
brace, but this was further stiffened by a diagonal connecting
rod. The prism cells, as before mentioned, had already been
firmly clamped to the base of the box so that no displacement
could arise there

So far as stiffness of the outer end of the prism box is con
cerned, the spectroscope was immeasurably improved by this
truss. A test of the displacement showed that the flexure had
been much reduced, as a movement of two hours caused a dis
placement equivalent to about 5 kms. per second

This was still too great, and a careful examination showed
that it was probably due to a movement of the collimator end of
the prism box, which was only supported by one projecting arm
of the frame work., A built-up brass T-piece of suitable thick
ness was inserted between the other projecting arm, to which it
was firmly screwed, and the top of the prism box. The arms of
the T were made sufficiently long to extend to the outer walls of
the box to which they were also screwed, the upper plate not
being thick enough to form much support.  The introduction of
this piece further stiffened the instrument and resulted in a
reduction of the displacement to an amount equivalent to
between 2 and 3 kms. per second.

As this displacement was still rather great, [ removed
the swinging arm, which carried the telescope or camera
when used with the single prisms or grating, the verniers on
the circle and other small attachments, Two picces of two
inch brass tubing were bored out to fit the projecting ends of
the 175 inch supporting tubes, and these, one of which is
shown at /7, were firmly joined at their lower ends by a
rigid U-shaped truss 7, built up of brass plate to which the
outer edge of the prism box was screwed The projecting
arms of the frame work were also firmly attached to the

tubes 7/, while the prism table and divided circle were rigidly
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ldapting a Universal Spectroscope 115

connected together by a screw and block., The whole instru
ment with these additions scemed now very rigid, and a test
showed that the displacement of the lines due to flexure was
now reduced, at the most, to an amount equivalent to from
1 to 2 kms. per second for two hours movement while in
some declinations of the telescope the flexure was hardly ap
preciabl This amount of flexure would not affect the final
result by half the velocity mentioned, owing to the displace
ment being compensated to a considerable extent by a simi
lar displacement of the comparison lines which are exposed
for half the time before, and half after the exposure on the
star.  As 1 could contrive no further means of stiffening the
instrument without rebuilding, it scemed preferable to keep it
intact for work on other parts of the spectrum and to make
il velocity  determinations  with  an  instrument  of more
modern type, designed expressly for line-of-sight work, and
now nearing completion in our workshop

The Temperature Case.—It was realized from the first
that it would be necessary to provide some means of keeping
the instrument at constant temperature during an EXPOosure

for not only does the deviation and dispersion of the prisms

change with change of temperature but the expansion of the
metal parts would also be liable to introduce differential dis
placements of the star and comparison lines.  The errors thereby
introduced in veloeity determinations might be comparatively
large owing to the small displacements measured, one millimetr
being equivalent to about 1300 kms, per sce

A light wooden case enclosing the whole spectrograph was
constructed and supplied with coils of German Silver wire for
lieating. ‘The heat was at the beginning automatically regulated
by a makeshift thermostat arrangement but this was finally
abandoned for simple hand control by turving current on and off
the coils In the new spectrograph an automatic arrangement
modelled after that by Hartmann will be employed

The Corvecting Lens.— After the thorough tests and the modi

fications and additions just described, T expected to get results
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free from systematic error, but star spectra made with the
instrument still gave velocities up to and sometimes greater than
2 kms. per second different from the mean of the values obtained
by other observers of the same star.

Knowing that such differences could not be due to acciden
tal errors of measurement a close search was made for the seat of
the trouble, and it was found to be due to the fact that the star
light was distributed irregularly and unsymmetrically over the
collimator and camera lenses.  The slit was placed in all posi
tions, both at and near the apparent star focus and at a con
siderable distance within and without, but in no position could
the illumination be made even approximately uniform. The
position of the correcting lens was altered in each direction with
out any improvement, and the lens itself was inverted in its cell,
which made matters worse Acting on a suggestion of Dr. R
H. Curtiss, of the Allegheny Observatory, to whom I am in-
debted also for other help, I made a double slide carrier for the
correcting lens, adjustable from the eye-end, which allowed the
lens to be collimated exactly by means of a bright star, but this
gave no useful result

It was noticed, when the slit was very narrow, that the
illumination became more uniform, which was likely due to the
diffractional spreading of the light. Furthermore, when the slit
was made 0°2 mm. wide the illumination was uniform, the in
ference being that with a slit of this width the entire star image
was transmitted while with a narrower one part of the image
was cut off by the jaws. Indeed the star image seemed to have
a core about 7" in diameter which was much too large, and
pointed to some defect in objective or correcting lens, or both
This was also indicated by the very long exposures required to
obtain measurable spectra.

The difficulty was narrowed down and shown to be in great
part due to the correcting lens. At //; more than twice as
much exposure was required when the correcting lens was in
place as without it, showing that it apparently increased the

diameter of the image. This was shown also by measurements
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Adapting a Universal Spectroscope 17

of the width of spectra made with the slit in different positions
in the neighborhood of the star focus. The spectra were made
lincar by using a bright star, Vega, by opening the slit to
half a millimetre wide, and by turning the spectroscope until
the slit was parallel to an hour circle so that irregularities in
driving would not widen the spectrum. The widths with the
correcting lens were never less than 6”7, and moreover did not
change much as the slit was moved within and without the focus
to the extent of 6 mm. on each side, Some of the out-of focus
spectra had a condensation in the centre, with diffuseness at
each side of the strip, the whole appearance being decidedly
characteristic of spherical aberration. In the spectra made

without the correcting lens the width was about 3", and with no

evidence of condensation at the centre in the out-of focus parts

The trouble, as stated above, was diagnosed as possibly due
to spherical aberration, and the correcting lens was taken out of
the cell and examined carefully. There were apparently no
defects in the surfaces, for, so far as could be seen without speci-
ally testing, they were all spherical,  One cause of the trouble
might be the wrong placing of the elements in the cell, for if one
of the elements were inverted it would probably introduce suffi
cient spherical aberration to cause the observed effects. The
lens consisted of a double equi-convex, presumably of flint glass,
and a double concave of crown. The curvature of the outside
surface of the concave was the same as that of the convex, while
the inside surface, against the convex lens, was of greater cur
vature,  As it seemed ]\uwin when one of the surfaces of the
concave was of the same curvature as the convex, that it had
been intended to place them together, the paper separators were
moved to the other side and the concave inverted so that the
res faced each other.

contact surf:
This seemed to remove the difficulty, for the illumination
pattern on the collimator and camera lenses was now found to he

practically uniform for all slit widths, and had the same appear-

ance as that given when the correcting lens was removed. While
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the necessary exposure required to get m

was diminished by more than one-hait

So far as regards the removal of svstematic error due to the
eccentric position of the centre of intensity of the star light, the

negatives made since, so far as measured, show no signs of such

error, but give accordant results 4
¥
However, the resnlts of a later extended quantitative investi
gation into the character of the star image in spectrographic
work, which will appear in this JoUrNai shows that ther
! still considerable residual spherical aberration.  The investiga

tion shows, moreover, that this is due to the chromatic differen

ces of spherical aberration of a visual objective used phot

graphically, not being compensated for by the correcting lens
mnd indicates the possibi of a considerable advance, so far as
regards the efficiency and range of the spectrograph, by the in
troduction of a suitable correcting lens \ comparison of the

werformance ol existn

g spectrographic equipments shows that
others are probably affected in the same way, and an improve
ment here suggests the possibility of a similar improvement else
where

Although the various difficulties encountered in making the
spectroscope suitable for accurate velocity determinations have
prevented as much work being accomplished as could otherwise
have been done, they have not been without advantage, for they
have certainly formed an education on spectrographic peculiari
ties and causes of error, which could not otherwise have been
obtained. The new spectrograph, which I have designed espe
cially for radial velocity work, and which is now being con
structed in our workshop, is so arranged that it is hoped all the
difficulties above detailed will be more completely overcome o1
woided than has been possible with the present instrument, and
that it will prove to be very efficient for determinations of velo

city in the line of sight
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B Geminorum, No. 197.

1906,
s B6N 1™,

Measured Wave Normal Wave e
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4415°081
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Curvature 050

Radial Veloeity

/e, a recession of §'¢ Kilometres per s
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COMPARISON OF RESULTS, (Continucd

) Other O
i 1 v O -
| ' 4 Fr T
33 | ( \ \ |
1 0 1 } ( | 1
I
i 1 §
3 I 8 | Ne '3
N ) 3
C
\s evidence of the sun n he improve nt of
the s I \ there is inserted aboy i al ment of th
reduction sheet of a spectrum of A Geminorum, showing the
igreement b een the veloeities obtained f th lifferent star
Tine [ also include a summary of the results obtained for
seven of the standard velocity star md, for convenience of
refer ind comparison, the values obtained by other obser
vers so far as known to the writer, with the range or difference

between the greatest and least velocity

It must b membered in comparing the Ottawa results
with those of othier observers that the dispersion of the instru
ment used here is about 40 per cent. less, thus increasing the
relative error of setting on the lines ; that our results were oh
tained from an adapted universal spectroscope which has never
before been successfully used in radial velocity work, and finally
that practically all the spectra here given were made within
eight months of starting work on the spectrograph, the instru
ment during that period having been investigated and corrected
in the manner detailed above

It gives me pleasure to acknowledge here the able part
taken by Mr. W. E. Harper in the observation of some and the
measurement and reduction of many of the spectra and I am
glad also of this opportunity of signifyving my appreciation of the

help and encouragement so readily given by Dr. W, F. King

Director of the Observatory, in the prosecution of the work




