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Abstract

Geodetic astronomy depends to a certain degree on the precision of available
instruments. This investigation covers the instrument errors that effect the de-
termination of a horizontal direction and the effect of these errors on position ac-
curacy determination by horizontal angle ' megsurements and vertical transits, The
following errors were investigated:

1) axis errors; that is, horizontal, tilt and target axis

2) instrument errors; that is, divided circle, micrometer, and level bubble

3) instrument stability errors; that is, substructure rotation, roll error,

and heat deflection of the telescope,

These errors seldom exceed +1", Three common first order instruments, the
Wwild T-4, Kern DKM-3, and the Askania AP70 were investigated. The direct in~
vestigation of the instrumental errors was conducted utilizing very precise auto-
collimation methods, and statistical methods for defining the type and magnitude
of the errors, Instrument errors cannot be ignored but they can be significantly
reduced through the use of an adequate observation program,
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On the Investigation of Instrumental Errors
of Universal and Transit instruments
by Means of Autocollimation

1. INTROD: LTION

The peitormance of geodetic astronomy depends, to a special degree, on .he
precision of available instruments. Although there exist today excelleat special
instruments t » fixd obseyvations, as, for example, the impersonal astrolate of
Danjon or the pnoiogsraphic zenith telescope, whose accuracy hardly leaves any -
thing to be desi "ed; nevertheless, one is constrained to use portable instrunonts
for the truly gecdetic-astronnmic measurements, namely position and azimuth ae-
termination at fieid stutious, These are necessarily somewhat less accurace than
the stationary spe:ia) irgtruinents.

In making precine position and azimuth determinations at field stationsz, the
question arises wheter Ingtruments and methods with or w1 nout scale readings
should be used. T, N othamnmmer (1932) defends the opinion that Yoonly {hose methods
are to be designated ac uwracw, which do not include the measvrement of a vertical
or horizontal angle, so .u} tiie result may not be distorted by the influence of scale
division errors." The du vclrpmers of modern high-performance universal instru-
ments, especially the impr. ¥ement in precisionof scale division, hasg indicatedthat this
viewis not shared today by " ricus authors, as for example, A. Gougenheim andF,
Mugica-Buhigas, evenas coi cerns itiethods of horizontal angle measurement. Incon-

trast with some processesof: rertival angle mneasurement, however; for example, the

(Received for publication 1 D¢ “ember 1869)
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astronomic angle method for determination of latitude, the methods of horizontal angle
measurement have till this day had but little application. Since for a definite stellarar-
rangement the methods of horizontal angle measurement are just as accurate, with re-
spect to errors of transit time and stellar coordinates, as the methods with a transit in-
strument; the supposed or the actual differences in the attainable accuracy can only
be determined experimentally, The present work will therefore investigate how
great the instrumental errors are in universal and transit instruments that affect
the determination of a horizontal direction, and what influence these errors have
on the accuracy of position determination by horizontal angle measurement and
vertical transits.

The treatment of this question by means of astronomic observation seemed
unpromising, since the influence of instrumental errors is overlapped by the in-
fluence of errors in star coordinates, time duration, refraction, etc, The direct
investigation of individual instrumental errors not only gives dependable results,
but also yields information about the origin of the errors and their elimination by
procedural precautions. Aside from the investigation of scale division and level
errors, there are available few dependable statements about individual instrumen-
tal errors in modern precision instruments. Up to now, there has been no com-
prehensive investigation of all instrumental errors, It is therefore not remarkable
that, for example, in Mugica~Buhigas (1960) methods for position and azimuth de-
termination are developed, which partly depend on wildly inappropriate assumptions
about the magnitude and effect of separate instrumental errors, For these reasons
it proves advantageous and necessary to investigate systematically the separate in-
strumental errors one by one, and exclusively by means of laboratory measurements.

The class of errors having to do with targeting (target errors, entrance errors,
personal factor and secondary target axis errors) were excluded from the investiga-
tion, These errors must be considered in conjunction with the performance of the
telescope tube (Michalcak, 1966) and with the methods of targeting (Steinert, 1961)
in astronomic observations, so that their treatment exceeds the scope of a single
work. It may be assumed that in this respect the investigated instruments differ
less widely. In Section 6, the precision considerations werec taken from correspond-
ing quotations in the literature,

The universal instruments Wild T4 and Kern DKM 3* and the transit instrument
Askania AP70 were chosen for the investigation, The Wild T4 and the transit instru-
ment AP70 are more or less equivalent in size and handiness, The Kern DKM3 is
especially suitable for field use because of its compact build and light weight. Since

*The universal instrument Kern DKM3 A of the Geodetic Institute was required
for investigations of stellar motion. Since the DKM3 and the DKM3 A have funda-
mentally the same construction, the results may be considered as applicable also
to the Kern DKM3 A, .

SR > R —— |




it differs essentially from the Wild T4 also in principle, that is, in a diffcrent sys-
tem of axes, the comparison hetween these two instruments is of special interest,
The investigation of both these universal instruments must also be seen in the light
of the appearance of the universal instrument Theo 002 of the JENA optical works,
In the Theo 002, determination of inclination by means of a level is replaced by
stabilization of the target axis against inclination errors by means of a compensator
(Jochmann, 1964), The expected improvement in accuracy depends on the contri-
bution of the error of inclination determination and on the contribution of the azi-
muthal effective error of the tilt axis to the total accuracy of the instrument, and

it will be possible to estimate this on the basis of the present results,

The instrumental errors to be investigated will, as a rule, not significantly
exceed a magnitude of 1", Since measurements have to be reported with an accu-
racy such that their magnitudes are, wherever possible, greater by an order of
magnitude than these error quantities, the development of suitable measurement
methods hecomes decisively important, In the present investigations, a maximum
mcan error of £0,05" in a single measurement of an individual instrumental crror
is strived for. It is further to be noted that the measurement procedures sought
are to be universally applicable, since the instrumental errors to be measured are
of very different nature and three different instrument types must be investigated,
The measurement methods considered are fundamentally only interference and auto-
collimation methods. Interference methods are satisfactory with regard to accuracy,
but demand high instrumental expense and are useful for goniometry only in several
special cases at the present time (Duhmke, 1964), The autocollimation method, on
the otherhand, is universally applicable, but the available autocollimators, accord-

L RN

ing to specifications of manufacturers and the invéstigations of the author, yield no
better accuracy than +£0,2", Since spccifications for the accuracy of angle measure-
ment with collimators of long focal distance of Ochsenhirt (1962) promised a corre-
sponding improvement in accuracy of autocollimation methods, these methods were
chosen over the interference methods, and it was decided to construct an autocolli-
mator of long focal distance. Optical angle measurements with a mean error of
only a few hundredths of a second of arc are of substantial general technological
interest since in principle no apparatus is available more accurate than the accuracy
to which its errors can be measured. Furthermore, methods which apply to highest
demands of precision can be applied to less demanding objects; for example, in the
geodetic field, and to the investigation of second theodolites,

The author knows of no research on the accuracy of autocollimation measure-
ments that goes beyond the determination of accuracy of coincidence (Ochsenhirt, 1962),
Accordingly, the necessary investigation is to be undertaken. A separate section
(Section 2) is devoted to the results and to the esscntial theoretical considerations,
It may be read independently of the rest of the work., The arguments of Section 2,1
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are intended only for those readers who are unfamiliar with the principle of auto-
collimation, The following Section 2, 2 on the technical realization of optical and
electro-optical autlocollimators is included for the sake of completeness, Those
readers who are interested exclusively in autocollimators are referred also to
Sections 4.1 and 4.2, where methods for the investigation of instrumental errors
are described,

At this point, I would like to express my sincerc thanks to Professor Dr, K,
Ramsayer, Director of the Geodetic Institute of TH Stuttgart, for his stimulation
in this work and for his valuable support. My collcagues at the Geodetic Institute
and at the Institute for Technical Optics of TII Stuttgart, as well as Dr. Ochscnhirt
of Staatliche Ingenieurschule fur Bauwesen in Essen stood by me in counsel and in
deed. In spccial degree, I thank master mechanic E, Krause and cngineer K, Rosch
for their valuable collaboration on the construction of the autocollimation system,
Likewise, I thank Messrs., E. Schmidt, H. Waimer, M. Stephani, and P, Vogel,
Y'nder guidance of the author, they have worked on subordinate projects in the frame-
work of their own theses (Schmidt, 1963), (Waimer, 1965), (Stephani, 1965') (Vogel,
1966) and have contributed a substantial amount to the success of this investigation,

2, ANGLE MEASUREMENT WITH AUTOCOLLIMATION

2.1 Principle of Angle Measurement With Reciprocal Collimation and Autocollimution

Collimators are used in many ways in the investigation and adjustment of geo-
detic instruments in the laboratory (Ochsenhirt, 1962), Most often they serve to
supply artificial distant targets, and excell in target definition and insensitivity

against centering errors, and in other respects, In this case, the collimator con-
sists essentially of an objective 0K and an illuminated mark M; locater in the focal
plane of the objective (Fig. 1). The rays from M, leave the ohjective parallel and

§ g ——
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Figure 1, Angle Measurement with Reciprocal Collimation




form an image of the mark at infinity, Thus the collimator fixes a direction in
space, The objective OF of a telescope focused at infinity, that is, of a focal
system with parallel incident and emitted rays, forms an image of the mark, ap-
parently at infinity, as M,’ in the focal plane. The collimator and telescope are
arranged in reciprocal collimation, that is, both systems are so arranged with
respect to each other that the focal plane of one system is formed at the image
in the focal plane of the other. The collimator is targeted by bringing the cross-
hair SF of the telescope into coincidence with the image M,’. The target axes of
collimator and telescope are thereby made three-dimensionally parallel,
Collimators are furthermore set up for the precise measuremeni of small
angles, In Figure 1, the main rays through marks M; and M, and their images
M,’ and M,’ form angles €, and ¢,, ‘1' and e,’. respectively, with the main rays
through the focal points FK and FF' respectively. The following rclations may be
established in connection with the focal distances fK and fF:

e 5 7 4
M, F F .M, M;'F o F. M
tan € =—-K-;tan< =—K——;tane'=—E;tan€'=—u
1 f 2 f 1 f 2 4
K K F
Because of the parallelism of the depicted main rays,
€=¢e (1)

For € < 1° the approximation
tan Gi = Ci'
holds with an error < 0.1% so that

M, M : M; M}
tan€ + tane, =€ + €, =€ =—1f—1; tan € + tan ‘z'=€1’+ e” =€’ =—H.(Za.b)
K F

Equations (1) and (2a, b) may be uscd to make angle measurements with reciprocal
collimation, Measuring the scparation of the marks or the mark images, one can
compute the angles € and €’ formed by the main rays, knowing the focal distances
fK and fF‘ If, for example, the collimator is equipped with an illuminated cross-
hair and the telescope with an ocular and scale, the tilt Ae of the collﬂnator can be
determined by scale measurement of the displacement As of the crosshzir image in
the telescope focal plane, The tilt A€, according to Eq. (2b), is given by

ac = 48,

F




The common variants of angle measurement by means of reciprocal collimation
are summarizedin Table 1, The collimator is equipgfed withan i1luminationdevice and
the telescope with a reading device. The collimator and telescope may each

be further equipped with crosshairs, scale or micrometer,

Direcction changes can

be effected by tilting the collimator, tilting the telescope, dlsplacing the cross-

hairs, or resetting the micrometer, It is to be noted that purallel displacements
of collimator or telescope do not influence the image position or the angle meas-
urement, The possibilities enumerated in Table 1 may he doubled by interchange

of {llumination and reading devices.

Table 1, Variants of Angle Measurement with Reciprocal Collimation

Collimator Telescope Means of Dircction Method of Angle
equipped with equipped with Alteration Mcasurement
Illumination, Ocular-Scale Tilting the Collimator Rcading the Image

Crosshairs Displacement of Coll, Displacement on

Crosshairs the Scale
Tilting the Telescope (IF)*
Nlumination, Ocular- Tilting the Collimat Micrometer
Crosshairs Micrometer Displacement of Coll, Meas, of Image
Crosshairs Displacement
Tilting the Telescope (fF)
Nlumination, Ocular Tilting the Collimator Coincidence of
Crosshairs Crosshairs Displacement of Coll, Crosshairs
-Divided Crosshairs Reading on
Circle Divided Circle
{1lumination, Ocular- Tilting the Collimator Reading the Cross-
Scale Crosshairs Tilting the Telescope hair Displacement|
Displacement of Coll. on the scale (IK)
Nlumination, Ocular- Displacement of Coll, Coincidence of

Micrometer Crosshairs Micrometer Crosshairs and
KArtificial Ocular- Reading on the

Star) Micrometer Micrometer

¢ fF)

*Focal length for conversion of Image Displacement to angle measurement.

A direction change of the collimator can be measured, according to Table 1,
also by means of readings from the divided circle of a theodolite. Rotating the
alidade as required in the measurement procedure causes a three-dimensional

turning of the theodolite telescope.

In angle measurement with a scale or microm-

eter, on the other hand, the position of the telescope is preserved. Such a telescope
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that is equipped with a measuring devicee, and which does not change fts direction
in space during the measurement process, will he designated o measuring 1ele-
scope 1o separate it from a target telegeope,

The condition, im-

poscd until now, that Telescope

the target axes of the

collimator and tele-
Mirror

scope be parallel,

may he dropped if the
beam of parallel rays
is appropriately di-
rected by a flat mirror
(Fig.?2). Here the above
statements onangle
measurement by means
of reciprocal collima-
tion apply unqualificd,
But if the collimator
and telescope are held

fixed, and the flat mir-

Figure 2, Mceasurement of Mirror Rotations with
ror tilted through «, Reciproceal Collimation

the reflected rays are
turned through 2.5 the mark image M goes to the position M7, The image dis-

placement MY M” = s and the mirvor tilt , arc related by the expression

= ;?‘T (3)

where £ means the focal length of the svstem in whose focal plane the image dis-
placement is measured,

The reciprocal stability of collimator and telescope is best guarantceed when
the telescope is identical with the collimator, as is the case in autocollimators,
An autocollimator is a measuring telescope which projects to infinity a mark in
the focal plane of the objective and reforms the image in the focal plane from rays
reflected from a plane mirror, The separation of projected and reflected ray bun-
dles is accomplished by an optical sceparation surface in the vicinity of the focal
point, The autocollimation mirror (AC*-mirror) must be set up perpendicular to
the target axis according to the measurement range., The autocollimator and the
AC-mirror form together an autocollimation system (AC-system), Specifics are
given in the following section on the technical realization of autocollimators, but

*yhe designation AC here and later refers to "autocollimation, "
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only autocollimators with micrometers are considered,

2.2 Technical Renlization of \utocollimutors

There are today numerous poesibilities for the technical realization of the au-
tocollimation principle (Hume, 1064), The two main groups of autocollimators dif-
fer fundamentally in the method by which image displacement is measured. In opti-
cal autocollimators with visual reading, the measurement devices consist essen-
tially of optical and mechanical elements, while in electro-optical autocollimators
the image displacement is measured by photo-electric techniques,

2,2.1 OPTICAL AUTOCOLLIMATORS

According to Eq. (3) the tilt of the AC-mirror o is determined, with knowledge
of the focal length ‘K of the autocollimator, from measurement of image displace-
ment s, If s is in error by ds and fl( by de. then

1
da-a;dl'z—’;(-dfx. (4)

Thus, for example,

f

K*® 500mm, df.

K*® -0.25mm, s =5m., ds = luym: do = 0.4" + 0.5 = 0,0",

An error ds enters directly into the angle measurement with a factor 1/2f,, ; the
error dfx. which is constant for an AC-system, is manifested as a scale error
de/fo’. Accordingly, the largest possible focal lengths are strived for in the
construction of autocollimators; simultaneously, the length of the instrument should
be as small as possible for the sake of handiness. Accordingto Eq.(4), theaccuracyof
angle measurement depends directly on the accuracy of the micrometer measure-
ment, so that special attention should be devoted to the design of the micrometer,
Besides the objective and the micrometer, the incorporation of the AC graduated
dial and the choice of the optical separation surface are other essential aspects to
the construction of the autocollimator, Before the introduction of different produc-
tion line instruments, the technical construction of an optical autocollimator, by
way of example, will be explained in detail.

As an example, the Leitz autocollimation telescope of { = 500 is introduced
(Figs. 3,4) because of the use of the Leitz coordinate measurement ocular, In
Figure 3,the rays go out from the collimator graduated dial 5, meet by way of the de-
flection prism 4onthe separation cube 3 and are thendirected by its optical separation
surfaces to the mirrors 7 and 8, The crosshair plate 5 is located in the focal plane
of the objective 8, so that the rays are parallel upon leaving the objective. The rays
reflected from a plane mirror form an image through the objective by way of mir-
rors8and 7, separstion cube 3 and deflection prism 2 inthe micrometer measurement




planc 10 corresponding to the focal plane of the fine measurement ocular 1, A
scparation cube consists of two equal-sided right-angle prisms; the hypotenuse
surface of one prism is semitransparent, The displacement of the crosshair
image is measured with a fine measurement ocular (App. A). The fine measure-
ment ocular is available in two forms for the direct measurement of one coordi-
nate and for the direct measurement of two coordinates (coordinate ocular), It
carries in the measurement plane a fixed crosshair plate with a 0,5 minute inter-
val; the crosshair image is displaced and measured by means of an optical microm-
eter with a plane plate. In the coordinate ocular, the plane plate is tipped about a
diagonal, so that the crosshair image is movable diagonally in the right angled co-
ordinate system (App. B) After the description of the Leitz autocollimation tele-
scope, specifications will be given in the following about the construction and tech-
nical data of different production line autocollimators (App. C). The optical system,
the measurement devices, and the arrangement of crosshairs and micrometer with
respect to the optical axis, will be treated in detail,

Fine Measurement Ocular
Deflection Prism

Separation Cube

Deflection Prism

Crosshair Plate

Light Source

Deflection Mirror

Deflection Mirror

Objective

Micrometer Measurement Plane

Figure 3, Optical System of\the Leitz Autocollimation Telescope

The optical system consists, in the simplest
case, of objective and ocular (App. C, Nos. 3, 7).
The average focal length of 500mm requires elon-
gated construction, which can be reduced almost
in half by means of folding the ray path with plane
mirrors (Nos. 1, 6, 8), A shortening of the body
length is likewise possible if, in place of an ocular,
amicroscopeis used (Nos. 2, 4, 5); telescopic objec-
tive and microscope objective form a tele-system,
whose equivalent focal length enters into Eq. (3) Figure 4. Leitz Autocollima-
as the effective focal length (Fig. 5). tion Telescope
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Mirror

Ilumination

Separation
Surface

Crosshuir 8 Telvacops Objective

sil

Microscope :':m:ll Plane

Micromuter Objective

Figure 5, Optical System of the Micro-optic Autocollimator of Hilger & Watts

As a rule, a screw micrometer serves as the measuring device; optical mi-
crometers are used in connection with the fixed division of a crosshair plate because
of the required measurement range of scveral millimeters (No, 3, 6), For many
practical tasks it is important to know if the displacement of the crosshair image
can be directly measured in one or two coordinate directions (App.C, column "co-
ordinate directions™). In instruments with which only one coordinate direction can
be measured directly, the micrometer or the telescope may be turned by 80°, so
that in this manner also measurements in another coordinate direction are possible,

The arrangement of crosshair and micrometer with respect to the optical axis
of the objective depends, among other things, on the choice of the optical system,

In systems without tele-objective, the crosshair can be situated laterally, that is,
perpendicular to the optical axis of the objective, and the micrometer can be situ-
ated centrally, that is, on the optical axis (No, 2, 3, 6). Conversely, the crosshair
can be situated centrally and the micrometer laterally {(No. 8). In systems with tele-
objectives, the crosshair and the micrometer are situated, as a rule, centrally

(No. 4, 5, 7), so that crosshairs and crosshair image appear simultaneously in the
field of vision (Fig. 5).

2,2,2 ELECTRO-OPTICAL AUTOCOLLIMATORS

The principle of autocollimation presents itself to automation very conveniently,
since in contrast with other image measurement nrocedures, the shape and manner
of the object to be projected can be broadly det..mined by the designer. In electro-
optical autocollimators, photo-electric measurements replace visual observation
and optical -mechanical measurement of image displacement. The measurement
principle will be demonstrated by way of an example, the "servo operated auto-
collimator” TAS58 of Hilger & Watts (Hume, 1964) (Fig. 6). The model TA58 rep-
resents further development of the TA3, which was adopted by the author in his
investigations for comparison measurements. The laterally situated crosshair S
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forms the image §8' by way of separation cube 1, objective, mirror, objective,
and separation cube 2, A moveable slit, whose width corresponds roughly to the
crosshair image, and which oscillates with a frequency of 50 Hz and an amplitude
of twice the slitwidth, has then the exit arrangement depicted in Figure 6, The
incident rays pass the oscillating slit, according to its instantaneous position, in
variable cross sections, and meet at a photocell, The photocell has a modulated
alternating voltage, which is demodulated in a discriminator, retaining the phases.
The smoothed and amplified direct current, whose sign and magnitude depend on
allocation by the slit, drives a servomotor, which in turn moves the oscillating
slit on a spindle, In the case of coincidence of slit and crosshair image, the photo-
cell generates a sinusoidally alternating voltage of 100 Hz, so that after the de-
modulation thereis no current fedtothe servomotor. At this setting of the oscillat-
ing slit, the potentiometer, which is likewise driven hy the servomotor, gives an
output voltage that is proportional to the position of the oscillating slit, that is, to
the displacement of the crosshair image., The output voltage of the potentiometer
can be further m.inipulated in analog or digital form.

Illumination
Crosshair S
AC-mirror

Separation| Separation Objective
Ocular  Cube 2 | Cube 1 /

Sﬁ SI spi?dl.
Oscillating Slit *) Servomotor Bi%® Voltage
Field Lens : Potentiometer
¢
Photocell gg::tlome er
Servo
Amplifier Amplifier

Dis- Digital -
crim- Voltmeter
inator

Figure 6, Principle of the Electro-Optical Autocollimator TAS58 of Hilger & Watts

As a consequence of the growingdemands of machine constructioninaerospace
and space technology, the development and demand for electro-optical autocollimators
has been strongly catalyzed, so that today a number of electro-optical autocollimators
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are available, which can also be employed advantageously for investigations of ge-

odetic instruments. In Appendix D are presented the production line electro-optical

autocollimators known to thc author, The specifications were partially taken from

! prospectuses and in part conveyed by users, There are two groups to differentiate

, as regards measurement devices:

i 1. Measurement devices with motor-driven parts (Nos, 1-4, 6, 7): The moveable

. part of a micrometer is turned by a servomotor in a measurement, until a pho-~

* ! tocell determines coincidence of object mark and image mark by means of mod~

{ ulated or polarized light,

2. Measurement devices without motor driven parts (Nos, 5, 8): the ray bundle re-
flected from the mirror is split and falls on two photocells; by measurement of
the difference of the two light currents, the position of the image mark is deter-
mined directly with respect to a relative value,

The measurement output may be realized in analog form by means of drum read-
ings, scale readings, or a recorder; the digital output from a digital voltmete: can be
digplayed numerically or taken up by a printer or a data register, Aside from the
wide choice of output possibilities, the following are further advantages of automatic
measurement; High measurement speed, arbitrarily long measurement duration,
remote control and elimination of crude errors, Different electro-optical autocol-
limators have the capacity to take continuous measurements of slow mirror rotations
up to 200"/sec (App. D, column "retrieval speed") and, for example, of steering ro-
tations of the AC mirror by way of feedback according to prescribed rules. The
relative accuracy of the autocollimators lies as a rule between 1% and 5% of the
measurement magnitude, Different models offer the possibility of reducing the ) 3
measurement magnitude by one or two powers of ten, whereby the tolerance brackets '
are reduced correspondingly. As a certain disadvantage of the electro-optical devices :
it may be mentioned that the reference point of the measurements does not remain '
constant (App. D, column "Zero constancy"). The changes in setup due to external , i
influences can nevertheless, according to Section 2, 17,2,2, reach similar values.
Further, the high procurement costs must be mentioned, which makes the install-
ment of electro-optical autocollimators justifiable only for sequential investigations

or for important projects.

2.3 Autocollimation Systems and Their Properties

2.3.1 IMAGE MIGRATION UNDER THREE-DIMENSIONAL ROTATIONS OF
PLANE OPTICAL SURFACES

In the AC systems treated up to now, it was demanded that the AC measuring 5
mirror be set up perpendicularly onthe target line of the autocollimator inaccordance i
withthe measurement range of the autocollimator. This conditionis eliminated
if plane optical surfaces (plane mirrors, prisms) are introduced between the




13

autocollimator and measuring mirror, to deflect the ray path as required, Since
three-dimensional rotations of a deflection element produce a migration of the
AC-crosshair image, it is necessary to derive the relation between vertical and
azimuthal components of image migration and the three-dimensional rotations of

the different optical surfaces. In derivation of the formulas, it is best to resort

to the vectorial formulation of the reflection and refraction laws (Flugge, 1956, 1962).

Law of Reflection

Figure 7, Vectorial Formulation of Reflection and Refraction Laws

If 8 is the vector of an incident ray, T the normal vector of the optical surface and
n and n’ the refraction indices of media I and II (Fig. 7), then for the vector 8’ of

the reflected or refracted ray:

#=35-2(5-DHT, (Reflertion law)  (5)

= -HENDT+ ~/l -(‘%')2 +(‘%’) ] (is.-'f).‘V T. (Refraction law) (6)

w
-~
n

The vectors can be analyzed in a three-dimensional right-handed coordinate system
whose +y axis coincides with the zenith, and whose +x axis coincides with a horizon-
tal reference direction, for example, the meridian, into theirx,y, z components.,
Since AC systems are insensitive to parallel displacements of their elements, the
vectors may be translated to the origin of the coordinate system. At the origin,

the vectors coincide with the coordinate axis or with other reference directions,

as, for example, the vector B of the incident ray (target axis of the autocollimator)
with the +x axis. Turning the vectors % and T each in turn through the angle a
about the +x axis, through the angle 3 about the +y axis and through the angle y
about the +z axis, the components of the rotated vectors can be given as functions

of rotation angle. The rotation angles may be qualified ags small (< 1%, and are
positive if a rotation is made from the reference direction clockwise to the instan-
taneous position. The vectorial calculation proceeds by taking the deflected beam 8’
as the incident beam 8 for the next optical deflection., After the last deflection, the
+y component of the vector 8’ gives the inclination of the beam entering the

Lol

b
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autocollimator with respect to the horizontan and -z component gives the azimuthal
rotation from the reference direction,

2,3.2 SIMPLE AUTOCOLLIMATION

There often arise, in practical applications, aside from direct autocollimation
with a vertical AC measuring mirror (App. E, top), measurement arrangements
with a 90° deflection of the beam path, For a horizontal AC measuring mirror, the
deflection can be executed with a deflection mirror inclined at 45° or, for instance,
with a pentagonal prism, Thereby it is of special interest to what degrece three-
dimensional rotations of the deflection mirror and the pentagonal prism affect the
azimuthal components of image migration, The investigation follows in the formu-
lation, described in Section 2, 3.1, of the reflection and refraction laws, and the
deflection by means of a deflection mirror (App. E, middle) is treated in detail,
The vectors 8, T;, and Ta are depicted in Figure 8 together with their components,
and arc presented in Appendix E.

Ay

F

&

i / €Yy

"}"{/ Notation:
’ cByca, — _ .

s s Vector of ne beam exciting
the autocollimator (index ¢)

Tu Normal vector of the 45°
deflection mirror (index u)

Ta Normal vector of the hori-
zontal AC measurcment
mirror {(index a)

§' Vector of the beam incident
on the autocollimator (i and
a the vertical and azimuthal
components, respectively)

Figure 8, Vector Components on 90° Deflection with Deflection Mirror

The reflection (1) of the incident beam at the deflection mirror, the reflection (2)
at the AC measuring mirror and the reflection (3) at the deflection mirror lead to
the following intermediate results.

o s
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Vector b4 y z
- ->
8, =8 +1 ~ % +Be
By - 2y, + 7, -1 -8, + By * q
s, s 2yt oyt 2y, +1 -Bytay *By-2a
&' =8 -1 4y, -ve-2v, | -28,+ 20 + B, -2q,

The components of the vector 8! after the last reflection are taken up in Appendix E.
The analogous calculation of the beam path for a pentagonal prism gives the results
presented in Appendix E (bottom). According to that, the inclination i of the beam
entering the autocollimator with respect to the horizontal is

with deflection mirror: L, =4% % - 2%, (7a)

with pentagonal prism: ip = -t 2y, (7o)

A tilt % of the deflection mirror about the z axis enters with a four-fold magnitude
while -- as is already known -- small three-dimensional rotations of the pentagonal
prism have no influence on the vertical components of the image position., The azi-
muthal rotation a of the beam entering into the autocollimator with respect to a
reference direction is, according'to Appendix E, independent of deflection method:

Deflection mirror: a, =+ ZBu - z“u - Be + Zaa. (8a)

Pentagonal prism: a, =+ 2BP -2 a, - Bt 2ay. (8b)

If, accordingly, the azimuthal rotation ag of the AC-measuring mirror is necessary,
then the pentagonal prism {or Wollaston prism) offers no advantage over a 45° deflec-
tion mirror. The rotations @, and Bu of the deflection mirror and and B of the
pentagonal prism can, however, according to Section 2. 3, 4, 3, be controlled by means
of multiple autocollimation, where the control with a pentagonal prism is to be con-
sidered the more practical, A prism combination which deflects the beam path by
90° and whose three-dimensional rotations also have no influence on the azimuthal
component a of the image position, would be advantageous for numerous applications
in technical optics. In view of Eqs. (8a,b) and of greater applicability, as, for in-
stance for multiple reflection described in the following section, deflection mirrors
were chosen over deflection prisms in the present work,




2,3,3 MULTIPLE REFLECTION

2,3,3.1 Principle of Multiple Reflectiorn

Multiple reflection represents an extension of simple autocollimation with de-
b flection mirrors. A mirror pair, for example, deflection mirror and AC measur=
i ing mirror, forms the angle 6(5<45°) (Fig. 9). Incident light rays are each multiply -
' reflected on the two mirror surfaces, then, after a certain number of reflections,
change the direction of their path and, after further reflections, leave the mirror
pair. This phenomenon is also called optical multiplication and is employed, in
part, in measurement apparatuses (Flugge, 1956; Janich, 1954), The 90° deflection
| with a deflection mirror represents a limiting case of multiple reflection, For quan-

titative description, angles are defined by the notation of Figure 9.

1 Mirror 1 (Deflection mirror)
[ ]

- — -F.

Figure 9. Principle of Multiple Reflection with a Mirror Pair

If Ye is the vertical angle between the x axis of the coordinate system defined in
Section 2, 3.1 and the incident beam, and % is the vertical angle between the x axis
and mirror 2, (the AC measuring mirror), and the first reflection occurs on mir-
ror 1 (the deflection mirror), then according to Janich (1954), the incident and out-
going angles €1k and ‘lk' ,» and ‘2, k+1 and €2, k+l' are related to the reflection k
of mirror 1 and k+l of mirror 2 as follows:

| e =00 Hy =) -5, €’
€, =(90° + Yo - 'ya) - 26,

‘(90.+Ye-7a)+ 6,
- (90" + 'ye-'ya)i- 26,

(9)

~
]

€1k =(90° + Ye - 79,) - k6, €1y
- - (4
€2, k1 = (90° + 7, = %) -(ktl)e. €y,

- (90" + Ye -'ya) + k§,
- (90" + Y= ya) + (k+1)5,
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For the given 6§, Ye and % there occurs, at a certain number of reflections m, a
sign change of the incidence angle at mirror 1 or 2,

from

80° + ye-ya-m'b-o

can be obtained
90* + Yo =¥,

m’ = ———3-6 s (10)
Rounding m’ off to the nearest whole number m gives the number of reflections
upon which the incidence angle changes sign, The quantity & is determined by
Eq. (17) in Section 2, 3, 3,2, Depending on whether m is odd or even, the sign
change occurs on mirror 1 or mirror 2. For the AC system it is only of interest
to determine the measurement arrangement for which the first and last reflection
takes place on the same mirror (mirror 1), In this case, the number of reflections
at mirror 1 is n = m-1 and at mirror 2, n, = m-2, and the total number of reflec-

tions i8 n = 2m-3, The angle (3_-i), formed by the incident rays and the outgoing
e

rays, is
1o -1 = %~ (€, - (90° -9, - 8)) = 180° + 2y -2y, -(ntl) 6. (11)

()e -i), in autocollimation, may not exceed the mcasurement range of the autocolli-

mator, that is,
Yo =1 =180+ 2y -2y, -(n+1) 6= 0, (12)

Given a definite number of reflections n, the corresponding angle is, according to
Eqs. (11) and (12)

180" + 2y, - 23,

5 = Tl (13)
If the incident ray and mirror 2 both lie exactly on the x axis, then
& @ 180 (13a)

Equation (1 3a) checks with the specifications in Janich (1854), In Table 2 the useful
cases of multiple reflection with a mirror pair in autocollimation are displayed.
The detailed discussions are given in the following section.
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2, 3, 3,2 Image Migration Under ""hree-Dimensional Rotations of a Mirror Pair

The three-dimensional rotation «f the beam entering the autocollimator can be
represented, according to Section 2, 3,1, in analog form as a function of the three-
dimensional rotations of the beam leaving the autocollimator, 8, and the normal,
T, of mirror 2 (AC measuring mirror), The components of the vectors are as

s
follows:
Vector X y ]
' +1 Y + Be
Tu viuy, | u-vy | vf -ua, us=cosé
T, Y -1 ta, v = gin 8

% is the vertical angle between the normal T of the deflection mirror and the vec-
tor Ty, which gives the deficit direction of f:n and is inclined to the xz plane by 80°-§,
(6° = 45°, 30°, 22.5' .. .). The vector calculation for the general case with n re-
flections gives:

Vertical components i of image migration:

e (8 oy 2 () ne st 0o
Azimuthal components a of image migration:
as-28 +2 aq t+ B, -2ca, ns=357%.., (15)

where c is defined by
(n-1)/2

c= 3 sin(2k0). (16)
k=1l

8 is the instantaneous angle between the deflection and AC measuring mirrors:
8= 6°+yu-y‘. (17)

Equations (14) and (15) check with the corresponding specifications in Janich (1854),
In the case

6= 06, = 100°/(n+1)
the identity holds:

(n-1)/2
c, = :};‘ sin (zu%q{-) = cotan 23% n=3517.... (16a)
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With Eq, (16a), Eq. (15) becomcs

1] L[]
as -luu + 2 cotan % o, + uo-a cotanf"?a— o ns35717 ... . (1%a)

Since the actual angle 8 is not a prior{ accurately known, one must he satisfied, }
for many applications, with Eq. (15a) instead of Eq. (15). Further, it is to be noted

that according to Eqs, (16) and (17) the factor c is not constant if there is a lon- = |
gitudinal tilt ("a’ in addition to the transverse tilt ("a) of the AC measuring mir-
ror, The following table shows the affect of a change a, in the factor c on the
measurement of the transversc tilt @ based on a measurement range of 5! and
15! in simple autocollimation,

Measurement Range 5 Measurement Range 15¢
with Simple AC with S8imple AC
8 45° 300 | 22.5| 18 45° 30 | 22.5° 18°
7, max [*] 300 150 100 75 900 450 300 225
e T.0000 [ 1.7321 1 2. 4142730777 | 170000 1 T, 733 2 41421 3.0777 :
¢ 1.0000{ 1.7313|2.4133| 3.0757 | 0.99996( 1.7208| 2.4092| 3.0717
Ac(%o0) | 0.00 [0.46 0.58 | 0.65 0.04 1.13 | 2.07 |1.85
~ a, max (*] 300 173 124 | 97 900 520 373 292
| Aa, [%o]| 0.00 [0.08 [0.07 TB.oZ 1 0.04 0.50 | 0.77 |0.57

The error in ¢ can be eliminated either by limiting the measurement range or by
f simultaneous measurement in both coordinate directions and taking into account,
in the computation, of the measured change in Yo according to Eqs. (17) and (16),
According to Eqs. (14) and (15), the relation between image migration i and a .
with longitudinal tilt a, and transverse tilt is;

; w s 4L, (18)

i In Table 2, column 7, is entered the scale relation w - for 8= ~ According to
!

Eq. (18), it should be noted that the scale criteria for longitudinal and transverse
tilt are different even at 90° deflection, since the deviation Y% of the mirror normal fu
from the reference direction To (8, = 45 can assume greater values with each align-
ment of the mirror and autocollimator,

Besides th: reduction of the measurement range of the vertical and azimuthal image
migration by a factor 2/(n-1). or 1/c (col. 8,9), the required size of the mirror
(col, 10, 11) is also of interest, If the diameter of the image-forming ray bundle is
not to fall under a definite value d_, the diameters of the reflection mirror and the
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AC measurement mirror are constrained to the following values:
é, = (d + d)/sin 8, ¢ " (d°+ d)/sin 28,

where d refers to the minimum separation of the two mirrors. From experience
in practice, it is known that de should, where possible, be greater than 45mm,
Then. for example, for 8o = 22,5 and d = 20mm,

‘u = ‘7°mm. ‘. .9°mm.
The advantages and disadvantages of multiple reflection are treated in S8ection 2, 3. 5.

2.3,4 MULTIPLE AUTOCOLLIMATION

2. 3,4.1 Principle and Technical Realization of Multiple Autocollimation

Multiple autocollimation, like multiple reflection, is a process for the multipli-
cation of the measurement accuracy attainable by simple autocollimation, Multiple
autocollimation offers additional advantages in that the region of applicability is
wider in comparison to muliiple reflection, The method was first applied by Graul
(1852) to the improvement in measurement accuracy in dispersion measurements
with a spectrometer, and was subsequently not applied to the general AC measure-
ment technique, Bringing into the beam path between autocollimator and AC mirror
a semitransparent mirror (T mirror), that is, a plane parallel plate where one sur-
face is coated with a layer of definite reflectivity, the rays between the AC mirror
and the semitransparent mirror, according to Figure 10, are partially multiply-
reflected and enter the autocollimator through the semitransparent mirror,

Order III Image

Order II Image

Order I Image

Zero-Order Image
Incidence Rays

Figure 10, Principle of Multiple Autocollimation
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The resulting image of zero order (di-
reculy reflected on the T mirror), and
I., Il,, «..K, orders appear upon the
corresponding inclination of the mirror
in the field of view of the autocollimator
and can be separated according to their
decreasing brightness (Fig. 11), If de-
sired, the semitransparent mirror can
be set up so that its semitransparent layer
is either facingtowardor facing away
Figure 11, Multiple Autocollimation: from the AC measurement mirror; the
Image Orders 0 to IV former arrangement is optically more
advantageous., Uponturningthe AC mirror
through Y the image of order I migrates by Zya. order II by 473’ order NI by
6y.. and so forth, In the present investigations, images could be observed up to
sixth order, and micrometrically measured up to third order. The realization of
multiple autocollimation essentially depends on the solution of the optical problem,
From previous experience, multiple autocollimation can be achieved only if a slit
is used in place of the collimator crosshair, The intensity of the slit image of the
Kth order depends on the order K, the light source intensity, the geometrical ar-
rangement of the path of the illumination beam, and on the reflectivity of the semi-
transparent mirror,
Letting

‘o be the light current leaving the autocollimator,

‘K the light current entering from the image of Kth order,

a the reflectivity of the AC measurement mirror,

s, the reflectivity, a, the absorptivity, and 7, the transmission factor
of the semitransparent mirror, then, with the semitransparent sur-
face facing the AC measurement mirror,

-1
" "t’”tx "ax°‘o‘

Here it is taken into account that Gta+tTs 1. The optimum brightness of the
image of Kth order, that is, the maximum light current ‘K as a function of the re-
flectivity, is determined by:

?:‘ . con-t((x-l) (1-2a, + a,2) o5+ K (20,-2) ytx" + (K+1) .t") =0. (19)

For K = 2, that is, for the image of second order, which in the present work was
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most often used,
(l-utnt!) + Z(zat-z) "y t (2+1) ,t’ = 0, (19a)

From Eq. (18a) it follows that:
l-l.t
¢ e S

The following table shows that the second order image is roughly at 30% optimal
brightness for reflectivity s, .

¢

a, 0.05|0.10|0.15]0.20
0.32]0.30]/0.28|0. 27
L/ 0.63/0.60]0.57|0.53
o&uMo 0.10{0.08 |0.07 [0.06

Li4

The strong diminution of l{ght intensity may be compensated for by a corresponding
increase in the illumination intensity. Aside from the optical problem, the quality
of the optical surfaces plays an essential role - as in the realization of the simple
autocollimator. The influence of irregularities in the mirror on the image position
and image quality are treated in Sections 2.4, 3.3, 2.5.2, and 2.6.1.

2,3,4,2 Image Migration Under Three-Dimensional Rotations of Fully and
°  Partially Reflecting Mirrors

As in the previously treated AC systems, the areas of interest are the relation
between image migration of an image or order K and the three-dimensional rota-
tions a, B8, and y of the AC measurement mirror (In-
dex a), of the semitransparent mirror (Index t), and of
a possible deflection mirror (Index u). The semitrans-
parent mirror is in actuality not a plane surface, but
rather a prism with a wedge angle o The breaking
edge of the prism forms, in the vertical T mirror, the
angle ¢ with the y axis and with the x axis in the hor-
izontal mirror (Fig. 12). For the derivation of formu-
las, it is recommended that the breaking and reflecting
surfaces of the T mirror be introduced separately with
the vectors Tb and Tr . The symmetry surface of the Ffiﬁuhreplrﬁ DEe{initio;:
prism is denoted by the vector Tt' The components of gf th: s emlrt!:' an:;::::n.t
the vectors Tb' Tr' and Tt are related to the operative Mirror
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prism angle, for example for case a) below, as follows;

%'Yt"‘l‘z’oﬂnv. Bb=ﬁt+‘!29005¢.
(20)
Yo =% ~2gsine, B =8 -2 cose,

The vector calculation with the vector Ta of the AC~-measurement mirror, the
vectors Tb and Tr and the vector 8 of the beam entering the autocollimator,
gives the results for image migration of the Kth order image entered in Table 3
under 1K' and aK' . Converting iK' and aK' to the image migrations 1K and ag
by means of Eqs. (20), there results, for example in case a), that is, for a verti-
cal mirror whose semitransparent side is toward the AC mirror, the following
geparation into vertical components;

Zero-order image 10 3 -y, + (1-2n) . xo-sin v + Z-yt 6
Ist-order image iI = -y + (2-2n) . o sin ¢ + Zya 0 (21a)
Ilnd:-order image 111 2 et (3-2n) . xg 8ine “2y t Ay,
Ktheorder image iK LA + (1+K-2n) . Ris sine + 2 (l-K)'yt + 2K Yo+

Equations (21a) show the following: A tilt Ys of the AC measuring mirror enters
the vertical image displacement with a factor 2K. A tilt % of the semitransparent
mirror has no influence on the Ist-order image and equally affects the zero- and
IInd-order images in magnitude and with different signs, The wedge angle «x b sin ¢,
which is constant for a single setup, causes a constant displacement, A change of
inclination Ve of the incident rays, for example, a tilt of the autocollimator or a
change of refraction, causes a constant displacement of all images, Formula (21b)
for the azimuthal image migration is entered in Table 3 and can be interpreted anal-
ogously. In case b), that is, with a vertical T mirror whose semitransparent sur-
face is turned away from the AC, mirror, there arise further intensity losses from
multiple absorption., With regard to image migration (for formulas, see Table 3),
only the operative wedge angle Xy sing or X, CO8¢ has a different effect than in
case a), Image migration with a 45° deflection mirror (u), a semitransparent mir-
ror, and AC measurement mirror is given under (c). Again the mirror tilt Y, goes
into the vertical components j‘K with a factor of 4, The mirror tilts @, and B,
enter the azimuthal components ay with a double magnitude, whence observations
on ¢ in Eq. (16) are to be noted. In Table 3 only these mirror arrangements are
tabulated, which are employed in the present work, Should the need arise, the
formulas for further combinations of deflection mirrors, semitransparent mirrors,
and AC measurement mirrors may be derived by means of the above methods.

SR SR S
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Table 3, Image Migration of Kth-order Images in Multiple Autocollimation

Case a:
Multiple AC
T -layer facing

)

A1 -n)n)+ Z(r'x-K)'yr-'ye + 2Ky,
21-n)B, +2(n-K)B.-B, + 2K B,

e

2y + (l-Zn)xo sing -y,

o
T-mirror = L =
- il = +(2 Zn)xo sine 'ye+2'ya
I iII = -Zyt + (3-Zn)xo sing -ye+4ya
3 i‘K = .?.(I—K)'yt + (1+K-2n) xg sine “% t 2Ky, (21a)
2 e
H€:minsox ay = 21-K)B, + (1+K-2n) x, cose -8, +2K G, (21b)
Case b: > = 2K(n-1)x +2(1-Kn) y. -y + 2Ky,
MGipleLTE i}'( = ZK(n-l)Yb+ 2(1-Kn) -3, + 2K B,
T-layer turned away o By r Pe a
i, Z'yt + sino-ye
T-mirror - iI = + (2-2n) % sine Syat Z‘ya
iII = -y -I-(3-4n)uo sineg -ye+4ya
I§ j‘K = Z(I-K)-yt+ (K+1-2Kn) X, sine '7e+2K7a (22a)
. a
AC-mirror 2 ay = 2(1-K) B+ (K+1-2Kn) x cose -8+ 2KB, (22b)
Case c: 1 = 2(n-1)y +2(K-n)y + 4y, -7, -2Ky,
ptpie AT with i Z(n-l)%-!-l(l(-n) ~-28 +2a +a-2K
45° deflection mirror | K © % A u’ cqT % %
io = - Z‘yt + (l-Zn)ro sine + 4'yu e
E 11 U-mirror ;LI = + (Z-Zn)xo sinp + 4r'y'.l == B
5E =+ 2y +(3-2n)x  sine + 4y, -7,
0
T-mirror = Z(K-l)'yt + (1+K-2n) x sine + 4y, -7, ~2Ky, (23a)
AC-tHirras ap = Z(K-l)at + (1+K-2n) X, Cosy -Zﬁu-l- Zau+ Be-ZKaa» (23b)

2, 3,4.3 Reduction of Images of Higher Order Because of Unstable Positioning

of Mirrors

The supplementary optical elements - deflection mirrors in multiple reflection
and semitransparent mirrors in multiple autocqllimation - cannot, as a rule, be
positioned so stable that they will not experience displacements over long periods
of time, Multiple autocollimation makes it possible, by simultaneous observation
of images of zero and IInd order, to control and, if necessary, to eliminate rota-
tions % Or o of the semitransparent mirror, Taking as constant the setting of
the autocollimator and the operative prism angle x . sing , and letting io(tl) and
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j’II (tl) be the vertical components of images or order zero and II at time t; and
iy (ty) and 1n(t2) the vertical components at time t,, then according to Eq. (21a)
the following relations hold: '

Time tl:

measured components
measured components
reduced components
Time ta:

measured components
measured components

reduced components

1, ()
ity

i' = io(tl) + in(tl) = -2y, + (4-4n) x, sine + 4'ya(l).

% + (1-2n) o sine¢ + Z'yt(l)
“% (3-2n) Xo sine - Z'yt(l) + 4ya(l)

i (t)
it

A + (1-2n) Xo sineg+ Z'yt(Z)
“Ye t (3-2n) x sine - 2y, (2) + 4y,(2)

ip = io(tz) + in(t,) = -2y, + (4-4n) x, sing + 4ya(2).

error-free inclination difference iy - i)' = Ain' = 4(ya(2) = -ya(l)).

By addition of the components of zero and IInd order images, the inclination
differences Aly = ip(ty) - i(t)) are reduced by the amount of the undesired
mirror rotations Yo Nevertheless it suffices in many cases to hold the semi-

trangparent mirror under control with the zero order image and to use reduction

only when changes of % reach larger values, The zero order image should be

measured only at such time intervals when the tendency of the inclination changes

of the T mirror can be determined with sufficient accuracy (see Section 2. 7.2, 3).

Besides the elimination of vertical and azimuthal rotations of a semitransparent

mirror, plane semitransparent surfaces can be used in connection with the necessary
deflection elements to control the stability of these deflection elements, that is, to

eliminate the instability.

Coupling, for example, according to Table 3c, a 45° de-

flection mirror with a semitransparent mirror, and assuming that both mirrors
execute a common rotation Ay the following equations obtain according to

Eq. (23a) (Table 3c):

Zero order image

time t,
time t,

reduced components

IInd order image

time t,
time t,

reduced components

i(t) = -y, - (2n-1) x, sine -Z'yt(l) + 4y, (1)
1°(t,) 2=y, - (2n-1) Xo sine -Z'yt(l) + 4-yu(1) + 2 Ay,

1" 1(t) - i () = 24y,

in(tl) W - {(2n-3) Xy sine + Z‘yt(l)+ 47u(l) -4'ya(l)
in(t,)= Y - (2n-3) X sine + Zyt(l) + ﬂlu((l) + 6Ayu-4'ya(2)

" =gt - i) = 6 Ay, - 40y, (2) - 3 (1)

error-free inclination change Algr = i - UM = -4y, (2) -9, (1)

| S
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Azimuthal rotations o and 8 of a 90° deflection element can, accordingto Eqs. (8a,b),
only then be fully defined, when the deflection element is equipped with two semi-
transparent surfaces. The fixed coupling of the semitransparent surfaces with
the deflection surfaces is best realized by means .f a prism, If, for example, in
a pentagonal prism (App. E) the surfaces F, and F, are semitransparently mir-
rored, then the azimuthal rotations of the prism can be controlled by means of the
two resulting zero-order images.

Another application of the simultaneous observation of zero- and IInd-order
images is discussed in Section 5.1, A rotation of the intermediate plate P (Fig, 28)
affects the semitransparent and AC measurement mirror equivalently; the rotation
can then be measured with a zero-order image and, if necessary, used as a cor-
rection of the lInd-order image.

2.3.5 EVALUATION OF MULTIPLE REFLECTION AND MULTIPLE AUTO-
COLLIMATION
Multiple reflection and multiple autocollimation are methods by means of which
the deviation of a light ray falling on a rotated AC measurement mirror is multi-
plied with respect to simple autocollimation, According to Section 2,7,2.3 the
multiplication of the angle deflection cancels only indirectly in the measurement
precision of the AC system, Both methods require an additional optical element,
The measurement range, on the other hand, is proportional to angle multiplication,
Multiple reflection can be realized with two fully reflecting AC mirrors without
further precautions in any autocollimator. The following facts can be considered
to be disadvantages of multiple reflection:
1) No control over rotations of the deflection mirror,
2) Different scale factors for vertical and azimuthal rotations of the measurement
nmirror,
3) The deflection mirror and measurement mirror must be arranged as in Figure9,
4) Reduction of the image-forming ray-bundle diameter with increasing angle mul-
tiplication,
5) Change of scale factor for azimuthal rotations on simultaneously occurring ver-
tical rotations. '

Multiple autocollimation offers a series of advantages, which permit a considerable

extension in the field of applicability in comparison with the original target deter-

mination described by Graul (1952), that is, in the enhancement of measurement

precision:

1) Control and elimination of the rotations of the semiiransparent mirror,

2) Control and elimination of rotations of optical deflection elements,

3) Simultaneous measurement of several, serially-arranged measurement objects,
on each of which may be attached a semitransparent mirror,
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4) Investigation of the accuracy autocollimators by means of simultancous obser-
vation of Ist- and IInd-order image displacements (see Section 2,7,1,2),

The disadvantages of multiple autocollimation are:

1) The technical realization necessitates a special illumination device, a collima-
tor slit and a micrometer device fitted to the slit,

2) Limitation of angle multiplication to K 2 3,

3) Differing brightnesses and eventual overlapping of images of different order,

4) Focus differences in images of different order because of residual curvature
of the mirrors (see Section 2.5,2).

If one is able to make the necessary arrangements for multiple autocollimation,
one can, from previous experience, take these disadvantages in stride., May it be
noted in closing that it is possible to combine multiple autocollimation with multiple
reflection directly, In the investigations of Section 2. 7.2. 3, such a measurement
setup was employed in which the rotations of the measurement mirror were multi-
plied 12-times.

2.4 Construction, Adjustment, and Calibration of a 1500mm Autocollimution System

2,4,1 CONSTRUCTION OF THE 1500mm AUTOCOLLIMATION SYSTEM

According to Section 1, a mean error of £0,05" was set as a maximum for the
single measurement of an instrumental error, that is, with use of autocollimation
for the single measurement of the direction of the mirror normals, This precision,
which must apply to the entire mcasurement range (3 -5'), lies considerably above
the customary tolerances of machine construction (Hume, 1964; Janich, 1954) and
above the values given in investigations of the precision of geodetic instruments up
to the present time (Hoffmann, 1965; Janich, 1954), In production-line optical auto-
collimators (App. C) one must rely on a mean error of #0,2" -0,58", Of the electro-
optical autocollimators, according to Appendix D, only the Midarm System of the
Razdow Laboratories, USA, satisfies the highest expectations, The high procure-
ment costs of this system, however, are not justified by the intended investigations.
Therefore a stationary 1500mm autocollimation system was constructed in Measure-
ment Basement II of the Geodetic Institute of the TH Stuttgart according to the spec-
ifications of the author (F'igs. 13,14), All the mechanical parts of the system were
obtained at the machine shop of the Geodetic Institute, The AC system was submitted
to exhaustive testing. The results are presented in Sections 2.5 to 2.7 (Waimer,
1965). In the following sections details will be given on the design and construc-
tion of the autocollimation system and on the adjustment of the autocollimator.
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a) Autocollimator

The construction of the autocollimator i{s shown in Figure 13, The objective (1)
is a double lensed apochromate with a focal length f = 1503, 3mm and a clear ob-
Jective diameter of 100mm. Micrometer (2), can be a screw micrometer
of the Wild plane surface testing apparatus, or the coordinate measurement {
ocular of the Leitz autocollimation telescope. Fach micrometer has iis own cross-

, hair (3) and its own separation cube (4), The measurement magnitude of the auto-

collimato amounts to about 5', The collimator tube (5) rests in two V-beds (6) on

a U-track (7) that can be set vertically and horizontally, The objective is connected

to the collimator tube by means of the connection piece (8) and may be displaced by

small amounts in the plane perpendicular to the tube axis for adjustment of the auto-

collimator, Since, as a rule, both vertical and azimuthal mirror rotations are to be

measured, the image plane, that is, the microineter plane (10), must be adaptable

for vertical or horizontal setting, The crosshair image was observed, normally,

in a separate microscope (13), since ocular observation proved unsuitable, Besides

the normal crosshair illumination (11), there is also a special turnable illumination

device (14) for focusing by illumination parallax (Section 2,5, 3) and for multiple

autocollimation, All parts of ‘he autocollimator are so designed and arranged,

to insure the greatest possible stability of the telescope and its carriage under the

necessary obscrvation of adjustment and setup precautions, f ‘

) In micrometric measurement of image displacement, a mean error of %0, 5um

cannot in principle be improved upon. Leaving other errors out of consideration

| Eq. (4) would lexd to a mean error in a direction measurement of £0.035" with a |

focal length of 1500 mm. The mechanical precision of the micrometer must cor- !

respond to the precision of the visual setting up of the micrometer mark on the

crosshair image. With the eye's symmetrizing precision of about 6%, which is

the controlling factor in the micrometer employed, there results a setup precision

of 0.3um™0,02" for 20~-times ocular magnification.

It is further to be noted that the autocollimator with the Leitz measurement de-

vice may be directly applied as a collimator with a crosshair scale, if the crosshair
of the micrometer scale is {lluminated. Likewise, the autocollimator can be used
as a telescope with a scale or a micrometer, so that, for example, the target line [
of a theodolite can be observed directly., The Wild m~asurement device is less
suitable for such tasks because of the slit-type crosshair,

b) Pillar and Mirror Suspension

The body length of the autocollimator, the heavy weight of the instruments to be
investigated, as well as the large number of different observation arrangements
have necessitated the incorporation of a special pillar (15) in the design (Fig. 14). d
The autocollimator and object of investigation are situated on one and the same
pillar, so that unavoidable motions of the surroundings have the least possible
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influence on the reciprocal position of measurement instrument and object of meas- i
urement, The objects to be investigated must be positioned vertically (horizontally, {

in case of 90° deflection) so that the target line of the autocollimator strikes the

AC measurement mirror roughly in the middle, For this reason, the pillar was
graduated step~wise so that, in conjunction with a transportable set plate of

50 X 50x 10 cm, all required pillar heights could easily be attained, The graduated
pillar is covered withheavy bore plates which can be levelled, Since the separation
between the autocollimator and AC measurement mirror must be kept as small as
possible because of the influence of refraction (Section 2,7, 2.1), the autocollimator
is mountable at different places along the length of the pillar axis. For 90° deflection
of the beam path, and for the investigation of multiple reflection, the deflection mirror
(16) must be arranged perpendicular to the AC mirror at the level of the target axis anc
with corresponding inclination, The deflection mirror is suspended from a mirror
carriage which can be moved on the horizontal carrier (18) and which is
removed from the carrier in the measurement setting. The deflection mirror may
be inclined between 10° and 50° to the horizontal. The greatest possible stability
is demanded in the whole facility for mirror suspension. Because of the strong
temperature sensitivity of the AC system (see Section 2,7,2), the carriers are
equipped with thermal insulation,

c) _Adjustment of the autocollimator

In the adjustment of the autocollimator, the following conditions must be fulfilled;

1) The crosshair (3) must lie in the focal plane of the objective (1) (Fig, 13);

2) The separation dp,, of the micrometer plane (10) from the point T and the sepa-
ration d, of the crosshair from T must be equal. T is the point of intersection
of the target axis through the separation surfaces;

3) The target axis of the autocollimator must be approximately parallel to the
mechanical axis;

4) The optical axes of objective and ocular must be perpendicular to each other and
must run through the point T,

The realization of the first adjustment condition is described exhaustively in Sec-
tion 2,5 (Focusing an AC System on Infinity), The second adjustment condition may
be fulfilled in the following fashion: crosshair and micrometer scale are simultane-
ously observed with a microscope from the opening O in the micrometer head (Fig, 13).
After displacing the crosshair in the direction of the axis until the crosshair and scale
coincide parallax-free, the separations d,, and ds are equal; this condition is sat-
isfied in the present autocollimator with a precision of 20,1 mm,

In the adjustment of the target axis, it is observed through a telescope whether
the crosshair of the autocollimator remains stationary during a rotation of the mi-
crometer head and the tube, that is, whether the crosshair and objective are aligned




3

on the mechanieal axis,  The adjustment {8 executed by means of the displacement
of the crosshair or objective (o the plane perpendicular to the mechaniceal axis, and
was determined with a precisfon of #5*,  The adjustment of the optical axis and the
agsociated investigation of image crrors of the syvstem by Foucault's moethod of de-
flection images of stars (Kondg, Kohler, 18958; Straubel, 1804) could not be applicd,
The quality of the AC images, however, permits a satigfactory mechanical arrange-
ment of the optical axis,

In practical applications, it can be further demanded that
1) The AC mirror and target axis of the autocollimator be arranged perpendicular to

cach other, and that
2) The target axis of the autocollimator be horizontal,

f'he first demand is fulfilled {f the so-called autocollimation point Pu(\a. ya) is
known (sce App. B). Pa glives the position Mo Ya of the crosshair image when the
mirror and target axis arc perpendicular to each other, The courdinates of Pa
are obtained upon deflection of the parallel ray bundle at exactly 180° by, for ex-
ample, a triple prism, and reading the coordinates of the crosshair, The hori-
zontalization of the target axis can then be obtained in the well-known way with a
mercury level, where the beam path is deflected by a pentagonal prism by 90° to
the mercury mirror and the autocollimator is tilted until the crosshair image gives
the vertical components of Pa . Inthe use of the transparent pentagonal prism of
Leitz, the full objective opening for further observations with reciprocal collima-
tion or autocollimation is available,

2.4.2 CALIBRATION OF THE AC SYSTEM

2.4.2,1 Determination of the Focal Length of the Objective

The focal length of the objective is needed, as for the principle of autocollima-
tion, for the expression of image displacement 8 in terms of the angle rotation o
of the AC mirror [Eq. (3)]. For the investigations of focusing and of the calibra-
tion of an AC system (Sections 2.5 and 2. 6) it must, however, be noted that Eq, (3),
that is, the focal length, can be used only approximately for the expression of image
displacement, since the actual conversion factor - denoted the scale factor in Sec~
tion 2,6 - depends additionally nn the residual curvature of the mirror, of the sep-
aration cube, and of the state of adjustment of the autocollimator, Because of the
dependence of focal length on scale factor, the focal length must be determined
with the greatest possible accuracy,

Of the methods for the accurate measurement of mean objective focal lengths,
the determination of object size and image angle are to be considered particularly
suited to the geodeticist (Flugge, 1954; Ochsenhirt, 1962). Scale AlBl with the
known length p is situated, as in Figure 15, in the focal plane of the objective and
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is sct up at right angles and symmetric to the optic axia, ‘The focal length may be
computed from p and the measured image angle ¢ of the main rays through A,
and By:

{fs _LT (24)
2tan i—

The scale length p was determined by a Leitz Universal-Comparator 200 of the
Institute for Technical Optics of the TH Stuttgart; the image angle ¢! was mcas-
ured by means of green light (y s 0.55um) with a Wild T4 theodolite where the
vertical axis D of the theodolite must intersect the optical axis of the objective Q.
In Figure 15, a) denoted the position of the theodolite on aiming at mark A,; b) the
position on aiming at B,.

Theodolobe
Objective O Pusition b ]
ll: A ..-..-""'"'.-'F ‘h"“"“--..... f
S, -
L‘.‘“ - !
Tk = il ne 8
'. ™ £ o e [e— = RS, -.'
-“'""--' - e c ot
'l T 'I"‘-—\—-.._____ "o . - —#-..F.. H \ £
Y | | . ___J
r— ey i
i

Figure 15, Principle and Systematic Errors in Focal Length Determination
of an Objective
Notation: F = focal point on object side
H = main point on object side
f = object focal length
z = focal point separation from the object
M = optical middle point
F' = image=-s8ide focal point
H' = image-side main point
f* = image focal length
2! = focal point separation from the image
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Before going into the accuracy of the focal length determination, the above sum-
mary of the notation of the fundamental optical quantities is pointed out, since it
will be relevant also to the discussions in S8ections 2.5 and 2.6, The separate

\ optical systems will, as a rule, be separated by separate indices. In this sec-
tion, the qualities of the system O, whose focal length is to be determined, will
be unindexed, and the quantities of the theodolite system will be denoted by the
index t,

The precision of focal length determination depends on the precision of the quan-
tities to be measured, on the scale length, and on the influence of the objective
(Fig. 15, scale setting A;B,). The mean coincidental error m, is, from the
| error propagation law applied to Eq. (24):

, m, = & \/(LP)’ mp' + (f-, ; m:, 3 (25)

mp = the mean scale uncertainty; m ¢ ° mean error in the angle

According to Eq. (25), the scale length is to be maximized, Because of the dis-
tortion, it is, however, recommended that the focal length determination be exe-
cuted also for small scale lengths. For a given focus error z, the marks A, and
B, form images A,' and B,'. A, and B,' are each a distance dy from the tar-
get axis, so that the angle ¢' is in error by

de! 8:-%&

t
dy is defined by the triangle MA, 'C

dy ='Mf£2'- - 2.
t t

where

C = intersection point of the axis-parallel beam from A, through the theodolite
objective

h = height of incidence of the main beams on the theodolite objective

z' = focus error of the mark images.

According to Ochsenhirt (1962), z' is obtained from

f3
] t
z =f_0F z,

so that
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de' .2,:.,3',1 z o foblgt (26)

According to Eqs. (24) and (26), the focal length change df is related to angle
change de¢' by

dft = -ti, de' = -(1 -}’r) z. (27)

According to Eq. (26), the focusing error z does not affect the angle measure-
ment if the Incidence height h is equal to half the scale length p. This favor-
able case occurs when the rotation axis D of the theodolite is located on the image-
side focal point F' of the objective, that is, when b = f', In this case, for tele-
centric beam path, that is, for main rays parallel to the axis in the object space,
it is to be noted that the focusing error causes no angle error, only a decrease in
sharpness. Since for a large opening of the collimator objective the capacity of
the telescope objective acts as an aperture blind of the collective system, two dif-
ferent eccentric zones of the collimator objective are used for the determination
of focal length in readings from telecentric beam paths. It is therefore recom-
mended that different scale lengths be used and that the strict fulfillment of Eq.(27)
be abandoned for the sake of an axial focal-length value. Nevertheless it should
here be taken into consideration that the focusing error z may assume larger val-
ues, depending on focusing method and the behavior of the focal lengths { and ‘t'
The focal length was determined with scale lengths of 20mm, The special con-
ditions of the investigation design have necessitated a separation of 650mm between
ohjective and rotation axis of the theodolite. For this reason, the focal length de-
termination was executed for three different scale settings. In the middle setting,
the scale is assumed to lie in the focal plane for the minimization of parallax. The
results are summarized in the following table:

e eh PEm 20 mm # 0.5um 60 mm * 1.0um

s:’;;g; Amm] ¢ m,,(*){ f{mm) [m{mm] € m,("]| f{mm) |m mm]
1485.3 | -0. 4 21710, 487 | £0.18(1503. 48| 20. 04

1484.9 | 0.0 [45' 44.07 [#0.211503.35] £0.12 [2*17'11.13n]|0.15[1503. 36] =0. 04

1484, 2 |+0.7 [45' 44, 27" |£0.1611503. 24| £0.09 ]2°17'13, 14| £0. 2011502. 99] %0. 04

The changes ariging in the focal length in dependence on the focus setting z corre-
spond roughly to the values calculated from Eq, (27), As the result of the focal
length determination, the value f = 1503, 3mm % 0,15mm is retained for further
investigations,
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2.4.2.2 Investigation and Calibratlon of the Micrometer

The accuracey of £0,5um, set as a condition on the micrometric measurement
of image migration, must be manifested also in measurement ranges of several
millimeters in precision micrometers, and, in need,must be attainable by calibration
a) The Wild Screw Micrometer

In the screw micrometer of the Wild firm, in turning the micrometer spindle
(0.4mm per turn), the female piece is displaced with micrometer threads, The
setting of the micrometer thread must correspond exactly to the readings on the
micrometer drum, The investigation is carried out on the Leitz Universal-
Comparator 200, and the micrometer drum is turned through definite intervals
and the actual resulting displacement of the micrometer thread is measured with
the comparator (mean error in the comparator measurement is +0.3um). The
micrometer has a periodical error and one that is progressive with the range set-
ting. The progressive error reaches a maximum of 2.0 micrometers and can be
calculated by a power series of second order with a mean approximation of £0,3um
[defined in Section 4.4.2, (Eq.89)). The periodic error, that is, that which recurs
with each turn of the drum, has an amplitude of 1,8um and is represented by a sine
function with a mean approximation of £0,3um, The values of the coefficients in the
equation are solved for and given in Appendix F. The individual correction values
are bracketed in a mean error of +0.4um, According to the investigations of Section
2.,7.1.2, the precision of the micrometric measurements with the Wild micrometer
is improved by a factor 2.5 by application of the correction,

b) The Leitz Coordinate Ocular

The Leitz coordinate ocular, according to Appendixes A and B, is a micrometer
in which the setting of the crosshair is determined by the main division of a fixed
crosshair plate and the micrometric measurement is executed within the interval of
the main division, The equal separation of the main division can be ascertained
directly by a comparator measurement. The standard deviation of an interval from
the mean value of all intervals amounts to 10.4um for the x and y axes. The errors
of the micrometric measurement cannot be directly investigated by a comparator,
since the crosshair image and not the main division is displaced by tilting the plane
plate. The working precision of the optical micrometer was therefore checked by a
comparision measurement with a precision level tester, where the corresponding
changes of an AC mirror are set on the level tester and measured. The good agree-
ment (mean error from differences +0.02" = 0.3um) permits the unconditional applica-
tion of the optical micrometer. The Leitz coordinate measurement ocular thereby
ylelds a satisfactory precision.

2.4.2.3 Interferometric Testing of the Flatness of the Autocollimation Mirror

According to the principle of autocollimation, the parallel rays emitted from
the autocollimator are reflected from a plane mirror again as parallel rays, Very
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high demands must be made on the flatness of the mirror surfaces, since residual

curvature of the mirrors affects the autocollimation images and, according to Sec~-

tion 2,5 introduce focus errors and changes in the scale factor, Good optical plane

surfaces are tested, as a rule, by interferometric methods, since these offer the
highest precision required, in contrast to a relatively more simple treatment. The
mirrors employed were tested with the Zeiss Michelson Interferometer of the In-
stitute for Technical Optics of TH Stuttgart, The interference mirror and tested
mirror form an air wedge plate so that the interference fringes give curves of equal

thickness,

The deviation from linearity of the parallel fringes, measured in fringe

widths \/2 = 0,27um, gives the deviation from planeness in the tested mirror:
the unevenness is thereby topographically displayed with an accuracy of about 0,05um,

The results of the testing are given in the following table:

Mirror Deflection | Anlocoll, Prism astrolab, | Semitransp. | Autocoll,
mirror U |misror Am mirror PA T mirror mirrer As
- Opt. et Precis,

Firm Moller Moller de Levallois Moller Askania
| Diameter | 180mm 100mm 100mm 110mm 55mm
| Total error 10 _2_5_p_m 0.2pm 0.1pm 0.15pm 0.lpm
Error in sur=-
_ face use 0.1pm 0.15pr_n 0.1pm 0.15um 0.i{pm
Residual cur-
N Aol o 25 km 8 km 18 km 10 km 4 km

The deflection mirror, AC measurement mirror Am, and the semitransparent

mirror manifest within a border zone of about 10mm a border reduction of 0.1 to
0.15um and an additional deformation of 0.1 um at the fastening points of the mount-

ing.

constant, that is, that the mirror surfaces can be approximated as spheres.

The interference pictures show that the general surface curvature is relatively

The

radius R of the sphere can be calculated from the well-known formula from the
diameter d and the average unevenness A of the mirrors:

2.5 Focusing an Autocollimation System on Infinity

In the preceding considerations it was assumed that the autocoliimator is focused
on infinity, that is, that the collimator crosshair lies in the focal plane of the objec~
tive, If the focusing is to be done in a laboratory, one can, according to Ochsenhirt
(1962), favorably apply the principle of autocollimation, In the following paragraphs
the error influences arising in focusing with autocollimation and how the focusing

can be practically realized will be explained.




2.5,1 FOCUSING WITH FLAT AUTOCOLLIMATION MIRRORS

Focusing may be approached in a simple way if the autocollimator is equipped
with a Gauss ocular (App. G), in which crosshair 8 and crosshair 8' can be ob-
served simultaneously. The crosshair is displaced until 8 and S' coincide parallax-
free, Focusing with a Gauss ocular is described in detail in Ochsenhirt (1962),
where the absolute flatness of the surfaces of the separation element and the AC
mirror is assumed, In the following quantitative observations, the projecting
system O_ and the image-forming system Oa are separated., O_ and Oa are
separated by twice the mirror separation 2a (Fig. 16). The notation of Figure 15
for fundamental optical quantities applies to Oa and Op; indices p and a denote
the quantities associated with the projecting and image-forming systems, respec-
tively., The crosshair S is projected into the image space to 8, by Op. The as-
sumed absolutely flat AC mirror causes only a reflection of the light direction, so
that, after the reflection, S; is formed in image space as S' thro’ughoa. Since the sep-
aration surfaces likewise can be assumed absolutely flat, and the same medium lies
on both gides of systems Op and Oa. it holds that:

f =f'=2f ="' = ¢, (28)

Figure 16, Beam Path Upon Focusing at Infinity

If the crosshair 8 is outside the focal plane of O by z, then according to Newton's
law, Eq, (268) sa1 Fignre 16, the following relations hold:

zou, = -ff; wysz' = -f3; uy-u;+2f-22a =0, (29a, b, c)

From (29a,b, c) is derived the separation z' of the crosshair image from the focal
point F':

Zt 33—l e (30)
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With a <2m and z<{, Eq. (30) becomes

z! = z, (30a)

For z =0, the crosshair image lies in the focal plane of the objective. In auto-
collimators with micrometric angle measurement devices, the crosshair or the
micrometer is laterally arranged as a rule, according to AppendixC, so that the
crosshair and crosshair image may not be simultaneously observed. An adjust-
ment of the micrometer is required in the focusing procedure as it is altered by
this. According to Section 2,4, 1 and Figure 13, the separation of the intersection
point of the target axis with the separation surface, from the micrometer surface,
is equal to dm , and from the crosshair, equal to ds » where, on the basis of the
adjustment, dm -d 5= d € 0,.2mm, Focusing on infinity is now achieved by dis-
placing the entire micrometer head along the target axis until the micrometer
scale MS and the crosshair image S' coincide parallax-free,

Micrometer Head
{moveable)

Figure 17, Focusing on Infinity by Means of Displacement of the Micrometer Head

In the initial setting a) the crosshair S is formed as image S', S' is at a distance
from the focal point Fa' of the image-forming system. Because of the adjustment
error d, the nicrometer scale does not have position MS*, but rather the position
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MS. MS* is separated from Fa' by the distance z%*, where z* = z', 8' is sepa-
rated from MS by the distance z! + z*-d = 2z -d, For focusing, the micrometer

head, that is, the crosshair S, is displaced in a direction toward the focal point Fp.
S' and Fa' miagrate thereupon to point A. In the focused position, setting c,

that is, on parallax-free observation of crosshair image and micrometer scale,

2z-d = O,

that ig, the crosshair is a distance z = d/2 from the focal point F_, Thus the rays
between objective and mirror are slightly divergent because of an adjustment error d.

2,5.2 FOCUSING WITH CURVED AUTOCOLLIMATION MIRRORS

2.5.2.1 The Dependence of Axial Image Positi.. . Residual Curvature of the
AC Mirz"o‘r

According to Section 2, 4. 2. 3, the AC mirrors employed have a curvature !/R
with the radius R between 4 km and 25 km, Similarly, the surfaces of the optical
separation elements will have similar residual curvature magnitudes for reasons
of mounting errors. What influence the residual curvature has on the axial posi-
tion of the crosshair image will be investigated in the following paragraphs.

The distinctions, introduced in Section 2,5,1, between the projecting system
Op' and the image-forming system Oa s corre. pond to physical reality. In the
present case, the surfaces E,, E,, E,, and E; of the separation cube form, with
the objective, the projecting equivalent system Op with focal length £ ! and the
surfaces E,, Ey, and E; form the equivalent image-forming system O, of focal
length fa (Fig. 17), Because of the residual curvature of the AC mirror, the rays
are reflected with different angles, which can be represented in the virtual lens
system Oa of focal length fB = R/2 (Fig. 18),

; 4t —wfut-e—- —

Figure 18, Ray Path with a Curved Autocollimation Mirror
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The crosshair S, at a distance zp from the focal point Fp of the projecting sys-
tem Op. is projected by Op to S,. The intermediate image 8, is cast by reflec-
tion on the AC mirror through the mirror system Os from S,. This is in turn cast
by the image-forming system Oa of the autocollimator to S;. 8' is the crosshair
image formed by autocollimation; it lies at distance z a' from the focal point Fa' .
According to Newton's law for image formation, in the notation of Figure 18, the
following relations hold:

Zoeuy = fpi Upety = Mg ugezt o= off (3la,b, c)

Furthermore, with a mirror distance a and with proper accounting for signs:
ul-uz+fp+fs-a=0; u,-u‘+fa+fs-a=0. (32a, b)

Combining the equations, starting with Eq. (31c),one obtains

20 L 2. - L] 20 - . L]
. i zfpf;+afazp f ooz -ffoez
a -f;-fai- a-fp-fp-fs-a-(fa+ fp)-zp-Za-fs.zp+(fa+fp)-fs-z

+ 1 of o . (33
pt fatfprZpe (39
For fs-—oo, that is, for an absolutely plane AC mirror, and for fa =f =f, Eq. (33)
reduces to Eq. (30). With fs>z, fp. fa' and a, Eq. (33), after several manipula-
tions, becomes

z fa"'
zal =fz T - - Z ag =1+ 11, (333)
TE"ZTE’ZP+Z?ZP fs""'fffs* 2-(;}’48

1 corresponds to Eq,(30), while Il gives the influence of residual mirror curvature 1/ Zf8
on the axial position of the crosshair image, With z< fp s & is obtained from Eq.(33a)

i) (33b)

a p p

12

2t =2 - -t-.a'- =2

8

According to Eq. (33b), the image position is independent of the distance of the mir-
ror; the residual curvature 1/2f A affects the image position with the factor f; ; thus
autocollimators with large focal length are sensitive to residual curvature of the
AC mirror. The following table gives some numerical values for g = f;/fs . With
a large focal length, focusing differences of 1-2mm can arise, as proved in Ap-
pendix H. Autocollimators with large local length must therefore provide the facility
for focusing if different AC mirrors are used. Inthe present case, focussing is
accomplished by displacing the micrometer head, similar to a sliding eye piece,
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Residual curvature

Focal length

Focal length autocollimator

radius R [km]} fa [km] £=0.5m[f=1.0m|f=1,5m
20 10 0.03 0.10mm| 0. 22mm

10 5 0.05 0.20mm| 0. 45mm

5 2.5 0.10 0.40mm| 0. 90mm

2 1 0.25 1.00mm| 2. 25mm

Since, in some measurement procedures, for example, using mirror polygons, a
refocusing by interchanging mirrors is not possible, given poor mirror quality, a
large focal length can have a decidedly detrimental effect.
In the further treatment of the focusing process, it is convenient to combine
mirror system Os and the image forming system Oa into the equivalent system Oe
(Fig. 19). The mirror system Os may consist of several mirrors.

A
] ' '
2 RE | ! R R *&
pmag— nOO— ' i T On O
s i—
H, H, HH,

Figure 19, Combination of the Image-forming System O_ of the Autocollimator
with the Mirror System Os into the Equivalent System 0:‘

In Figure 19, the image-forming system Oa is given hy the main plane Ha and the
focal points Fa and Fs" From Konig (1958), the focal length f e' of the equivalent

system Oe is given by:

fl—.L
= T 1 - O
e fs+t'a a

(34)

The separations Sy and sH' of the main planes H & and H e' of the equivalent sys-

tem, from given main planes Hs and Ha’ are given by:

a.f!
s

= HE -
H fa'+fs'-a. H

-a+f!
af' ]
8

(35a,b)

Sy and sH' are positive in the beam direction from Hs and Ha' respectively,
With fa' >fa" Eq. (34) beconies:
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f'
£ =1, <1 -fr +7%-) (34a)
8

The separation Fa' F e' of the image side equivalent focal point Fe' from the
object-gide focal point of the image-forming system Fa' is expressed, accord-
ing to Figure 19:

a.f' £'? a.r! 325
FF T = g tf'zf"! € ptr. 8 8 _ 8 et o0y, S
Fa Fe 'fa' 5y feimty * fs' L+ £ fs' 'fs'(fe fa)+ fs' «36)
With ' = ', the first term of Eq. (36) vanishes, so that
f 12
Riplt.__2 il
Fa Fe = —{s— = -g, (36a)

For z = O, Eq. (33b)is equivalentto Eq.(36a), thatis, anobject at the focal point Fp
of the projecting system Op is imaged in the focal point Fe' of the equivalent sys-
tem O,. Expressing the image width z a' inEq. (33b) in terms of the focalpoint F e"
Eqgs. (33b) and (30a) become equivalent,

2.5,2,2 Dependence of Axial Image Position on Wavelength

The ach..omatics and apochromatics used customarily as collimator objectives
are completely corrected chromatically only for two wavelengths, The residual
secondary spectrum causes the dependence of axial image position on wavelength,
For the apochromatics used here, f = 1500mm gives, according to Konig and Kohler
(1959), an image displacement of 0,5mm with red light (A = 0,656 um) and green
light (A = 0,546pm). The value obtained by measurement amounts to 0, Tmm, It
is therefore recommended that focal length determination, focusing, and scale
determination be referred to the same wavelength,

2,5,2,3 Object and Image Position in Parallax-free Focusing

Focusing at infinity follows in a fashion analogous to Section 2,5.1: The mi-
crometer head is displaced until the micrometer scale MS coincides with the
' crosshair image S' without parallax, In Figure 20, the focusing procedure is
represented in steps a, b, ¢, and d. In the initial setting a), the crosshair 8 is
a distance z_ from the focal point Fp and is imaged at S'. 8' has distance za'
from Fa' and ze' from Fe'. With b = fp - fa and the adjustment error, described
in Section 2,5,1, d = dm - da » the separation e between the crosshair image and
the micrometer plane MS is

LI - L= -
e =2z, b+z; d=za b+zpd. (37)
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d ¢ b a Upon combining with Eq. (33b), Eq. (37)
I I 'i becomes
|1 &
Pl e =2z -7%-b-d. (37a)
| 5
i 5 In the displacement of the micrometer
head, required by focusing, S' and Fe'
i migrate to point A. For e = O, that
\ | | is, for parallax-free focusing (setting c),
| l : . the crosshair is separated by
| § ! 2
F —S | l L f
—— ._?.._?__1 .—._‘_.J--J-—o z = ey + _tl + g (38)
o d p A, T2772
d ¢ b a

from the focal point F_ of the projecting
Figure 20. Focusing Procedure with

Curved Autocollimator Mirrors system., The crosshair image then lies,
from Eq. (33b), a distance

_ b, d
' =-ar tzt (39)

. b,d
ze|_zp'ﬂ;+2+2 (38a)
from the focal point Fe' of the equivalent system.,

2.5,3 EXECUTION AND RESULTS OF FOCUSING

The following discussions show in what way and with what precision the cross-
hair image can be brought into the plane of the micrometer scale, Besides the usu-
al methods of focusing by image sharpness and reading parallax (Konig and Kohler,
1959; Ochsenhirt, 1962), focusing by illumination parallax is also described.

2.5.3,1 Focusing by Image Sharpness

One focuses by axially shifting the 1aicroscope tube on the micrometer scale
and on image sharpness in turn, and the focus difference is determined by meas-
urement of the tube setting at maximum image sharpness, According to Eq. (37a),
the micrometer head of the autocollimator is displaced by half of the focusing
difference. Since, as is well known, the depth of field decreases with the total
magnification of a microscope, its focusing accuracy increases with the magnifi-
cation. With 28-times magnification, the following mean errors were determined
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for a single focus setting in the Wild and Leitz micrometer, each measured
10X 10 times:

, ) Micrometer | Manner of Determination Mean Error in a Focuaigf

i ; on micrometer scale | on crosshair image
, ]

; [, wild Repeated meas, of +0,06mm +0, 15mm

| ! microm. head displ, +0, 24mm

! j Leitz Repeated meas, of +0,08mm 0, 14mm

l' microm. head displ. +0, 26mm

l

P

Besides its determination through repeated measurements, the mean error of fo-
cusing may be determined from the crosshair image by a method involving moving
the micrometer head through definite error-free measurable values and comparing
these values with the measured focusing difference, The results show that focusing

on the micrometer scale is more accurate and that with repeated measurements the

focusing by image sharpness can be assumed to have a mean error of about 0, lmm.

2,5,3.2 Focusing by Illumination Parallax'

The accuracy of focusing by image brightness may be increased, in general,
by focusing on parallax. The precision of focusing on vision parallax is given,
according to Konig (1959) and Ochsenhirt (1962), by

i f
i . ok
z, =35 O (40)
lt z, = residual focus error
d = diameter of exit aperture
% fx = ocular focal length
5 0 = minimum sight angle

According to Eq. (40), the focusing precision can be enhanced by increasing ocular

magnification, The diameter of the exit aperture is reduced thereby and must not
i be permitted to go below 1 mm in focusing applications (Konig and Kohler, 1959),
In the Wild coincidence setup, in which a dark hair is set over the bright slit
' image (see Fig, 11), primarily the photometric properties of the eye are satisfied; jﬂ
: parallax i8 recognized by motion of the eye pupil only very unsatisfactorily, In i
. placing a blind over the slit, on the other hand, or turning the illumination lamp
about an axis perpendicular to the micrometer plane, the mutual brightness varia-

e .

tions can be observed with full coincidence precision with a stationary eye, and the 1
focusing can be measured with high precision, To differentiate normal parallax

\ |
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%
' reading by eye motion, the focusing method applied here will be called focusing by

illumination parallax, With good illumination of the AC image the error of focus-

ing was determined to be +0,03mm from 10X 10 repetition measurements, Also in

. less favorable conditions, a mean focus error of less than £0. lmm can be counted on, .
i Appendix H gives the results of the focusings of all mirror combinations arising ;
in the present work, Each focus setting Ci» that is, the setting of the crosshair
against a fixed reference point on the collimator tube (Fig. 13) obtained in each

3 focusing case, was obtained by means of the Wild micrometer in illumination par-

: allax four times and reduced in focusing setting c o by the Askania mirror (As),
The results confirm that focusing differences of up to 2mm can arise; this can be-
come disturbingly noticeable in multiple autocollimation, It is furthermore empir-
ically asserted that the focusing settings are independent of mirror separations, It
should be noted that focusing can be assumed as unambiguously satisfied only when
the external conditions (see Section 2,7, 2.1) are as ideal as possible., A partial
repetition of the focusing after one year can reveal changes up to 0, 3mm, which

can gesult from alterations in mirror curvature.

2.6 Determination of the Scale Factor of an Autocollimation System

In conversion of image displacement s into mirror rotation « according to
Eq. (3), it is required that image displacement and focal length be given in the same
units. If this condition is not met, then it is advisable to write Eq. (3) in the gen-

e ke e

eral form
a = 11.8. (41)

Here m is to be called the scale factor of the AC system; it differs from the quan-
tity 1/2f by a constant factor,

W 2.6,1 AUTOCOLLIMATION WITH NONPARALLEL BEAMS

: For highest demands of precision, it must be considered that the crosshair is
l a distance zp from the focal point F p of the projecting system, accordingto Eq. (38), ]
and that the image displacement 8 is to be converted into the angle measure with
f the equivalent focal length t; of the system mirror-objective-separation cube,
N The focusing error z_ and the mirror curvature l/Zfs cause the rays between
objective and AC mirror not to run parallel. The influence of the convergence of
the rays on angle measurement by meaus of autocollimation will be investigated
in the following paragraphs. i
Figure 21 depicts an autocollimation system with parallax-free focusing, The ;
AC mirror is at a distance a from the objective of the autocollimator and is set in
the exit setting (0) perpendicular to its target axis. The crosshair S is projected {
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by the projecting system Op to So"'. The rays leaving the objective are reflected
at the AC mirror and form the image So" of S by means of the equivalent system
(0] s in the micrometer plane MS., The rays reflected from the AC mirror seem to
emanate from point S o' » which lies at a distance Z(a.-fp) from point 8 0" « Turn-
ing the mirror through the angle a (setting 1), the rays appear to come from point
S,! and form an image S;" of S. According to an insertion of Waimer (1965), the
relationship between the rotation o of the mirror and the resulting image displace-

ment 8 = § g S," is as given in the following figure:

Objective M ACemirror
s
i3
s ;5:\.'1'-&;‘,’:'
W\
g
,f/ 5:""'~~--. o '.
- - —res
A =
Figure 21, Scale Determination with Nonparallel Rays
In triangle MNS,', according to the sine law:
' - -
fp v+ 2a fp) _ 8in(180-2a) (42)
acos 3 - 8in 6

for small angles a, 3, and y, Eq. (42) becomes

a
8= 20 Fza T’
P

v is computed from Newton's image formation equation v = -f;/ zp , 80 that
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according to Figure 21,

2a.a.z

P
B = 2a-8= ZQ-FT-_-F'
pt 8% iy
and
az,
8 = (fel+zel) 8= (fe|+ze|).2a 1'f‘+2a-z —— .f,) . (43)
p P PP

With {, = fp' = fe' for terms of higher order, after some manipulation of Eq. (43)

2a.2 2a.z .2 " 2a.22 4a2-z”E
8= Zfe"a+ Zze'-a- i; a- & ¥t - a- fs a .,

For zp 5 ze < fp , a the last three terms can be neglected, so that

a-z
8 = 2a (fe' tz --f—rE) . (43a)
e ,

The scale factor m is obtained in conjunction with Eqs. (41) and (43a) as

1 1 z.! 1 z
= Ty - A (1 -f,- (1 -.ff,.)) - o (1 -rf, (1 -1.3,)) (44)
oo )

and with Eq. (38)

m = Z'fl"v (I-ZTL' {g+b+d) (l--{—a,-)) . (44a)
e e e

For a = t‘e' , that is, for the setup of the mirror at the focal point Fe' of the equiv-
alent system, a focusing error z_ of the projection or a focusing error ze' of the
image does not affect the scale, From Appendix I it is seen that in this case the
mirror mount acts as an aperture blind, and the observation is performed in both
cases on telecentric beam path,

In multiple autocollimation with the image of Kth order, the angle (S, N S! ) in
Figure 21 is equal to 2Ka. It can be shown that the scale factor my for the image
of Kth order can be computed from the following formula:

1 Zeg , B°2 k)
= s |1- + T%— . (44b)
K E eﬂc( F;k— ek
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zpk and z'ek are separations of the crosshair and crosshair image, respectively,
from focal points F_ -and Fe , respectively, which arise in the focusing case. Set-
ting in Eq. (44) the values for fe' and ze‘ from Eqs. (34a) and (39a), one obtains,
upon several manipulations, the scale factor as a function of the focal length fa of
the image-forming system:

1 za' a 1 1 ' a
m = - - 5 1- {-g+ b+ d) - . (44c)
(- (2) & (- k cema (-2))

For a = fa , the observation is again on telecentric beam path; for this case, ac-
cording to Eq. (34a), the focal length of the image-forming system corresponds to
that of the equivalent system, Equations (44) and (44b) show that a focusing change
in consequence of residual mirror curvature affects only the scale factor to change
it from its value in the case of error-free optical plane surfaces, This statement
agrees with the specifications on the effect of a focusing error in reciprocal colli-
mation (Ochsenhirt, 1962), since in autocollimation a change of the incidence
height h of the main beam is only proportional to the change of iie measurement
range, The following table gives several numerical values of the change A m[*/mm
image displacement] of the scale factor and its effect A @ on the angle measurement
for a range of 300" (a = 500mm, fe' = 1503 mm).

z, (mm] 0 0.1 0.5 10 | 2.0 3.0

Am ["/mm] -0.003 | -0.015 | -0.030 i -0.061 | <0.091
m ["/mm] | 68.604 | 68.601 | 68.589 | 68,574 | 68.543 | 68.513
a "] 300.00 | 299.99 | 299.93 | 299.87 |299.73 | 299.60
Aa [] 0.00 -0.01 -0.07 | -0.13 | -0.27 -0. 40

Accordingly, for investigations which require great accuracy with a large measure-
ment range, for example, the testing of optical micrometers, the knowledge of the
precise scale factor is required, Since the quantities fe' and ze' in Eq, (44) or the
quantities g, b, and din Eq, (44a) are not directly obtainable, it must be investigated
how a direct determination of the scale factor is assumed.

2,6,2 DIRECT DETERMINATION OF THE SCALE FACTOR ON AN AC SYSTEM

a) Principle

The scale factor m . of an AC system, that is, of an autocollimator with a def-
inite mirror system and mirror separation, can be directly determined from Eq. (41)
in the following way: One fastens the relevant AC measurement mirror on the ali-
dade of a theodolite and arranges the mirror for observation with the autocollimator,
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A rotation o of the alidade can be read off on the divided circle of the theodolite;
the image displacement s is measured with the autocollimator in units of the
niicrometer. The scale factor m  is obtained from Eq. (41)

m = g , (41a)

The direct determination of the scale factor according to Eq. (4la) is superior to

the determination from the focal length of the objective for the following reasons:

1, The direct determinafion gives the actual scale factor of the corresponding AC
éystem, accounting for the curvatures of the mirrors and of the separation cube
and for the misalignment of the micrometer head.

2, The units of the micrometer [MU] are not necessarily units of length,

3, The direct determination is made with the autocollimator in its deployment state
and simultaneously gives information about its function readiness.

4, The determination of the scale factor can be executed with greater accuracy
for the same cost as a focal length determination,

The accuracy of the procedure depends on the accuracy of the theodolite meas-
urement and on the accuracy of the AC measurement, The accuracy of the theodo-
lite measurement is essentially dependent on the precision of the divided circle, the
micrometer, and the coincidence, The long- and short-period divided circle errors
are not manifested in a measurement range of 5'; the incidental divided circle errors
are determined each according to the kind of circle, or they can be eliminated by
shifting the circle, The systematic micrometer errors are eliminated in taking
both readings at the same micrometer setting for corresponding choice of angle
magnitudes, The coincidence accuracy can then be enhanced in multiple coincidence,
In the AC measurement, error in the determination of the scale factor due to inci-
dental or systematic micrometer errors is avoided by varying the angle,

It should be mentioned that other angle measurement apparatuses besides the
theodolite, for example optical tables, can be used, insofar as accuracy conditions
are fulfilled, In the investigations of the author, production line autocollimators
have considerable scale factor errors; these can easily be determined by the user
with the given methods and could be used in scale improvements,

b) Practical Realization and Results

The determination of the scale factor was executed with simple autocollimation
for the theodolite Wild T4 No, 48978, The AC mirror Askania with the focal length
fs was mounted on the horizontal telescope tube of the theodolite. The mirror sep-
aration amounted to 500mm; the wavelength of the light used was A = 0.55um, To
be free from the determination of the micrometer units in units of length (Section
2.4.2.2), and from the residual curvature of the surfaces of the separation cube,

o,

R —




TP N

51 .

the scale factor was determined for the Wild micrometer as well as for the Leitz
micrometer, For the control of possible changes, the scale factor determination
for the Wild micrometer was repeated after a prolonged time, For the Leitz
micrometer the scale factor was determined separately for the x and y directions.
Care must be taken in the measurements that the separate parts of the AC system
be so horizontalized that a full mirror rotation is measured. Because of the de-
sired high accuracy, each relevant scale factor was obtained by a minimum of
thirty independent determinations, The results are displayed in Table 4 and show
that the scale factor can be fixed with a mean error of £0, 2 percent,

Table 4. Results of the Direct Scale Determinations for the 1500mm AC System

Micrometer Wild-Micrometer Leitz=Coord., micr.
1.3.65 |[17.5.66 x y

Measurement range [ mm] 4.8000 4.8000 4.6384 4. 6400
1 Micrometer unit [pm] 4. 0000 4, 0000 4.8315 4.8335
Focus setting [mm] 36.88 37.11 29.00 29.00
No, of scale determinations 32 35 31 30
Minimum angle ["] 258.66 239.10 239.23 239.02
Maximum angle ["] 317.64 301.20 301. 28 301.60
Scale mo[ " /MU) 0.27430 |(0.27445 0. 33188 0. 33194
Scale mo[“/mm] image displ, 68.575 | 68.612 68. 691 68.675
Measurement range ["] 329.16 329, 34 318. 60 318,74
Measurement error, 1 det.["/MU) | 20.00015 |£0.00033 | £0.00032 | 0. 00035
M.E. 1 det [%] #0.57 %1, 25 +0.97 +1.06
M.E. 1 det [Ymm] +0. 04 +0. 08 +0.07 +0.07
M.E, 1 det ["] with 300" range +0.17 +0, 37 +0, 29 +0. 32
M.E. median ["/MU] +0.00003 | £0. 00006 | £0.00006 | £0. 00006
M.E. median [%] £0.10 %0, 21 £0.17 £0.19
M.E., median [*/mm] 0. 01 £0. 01 +0. 01 +0. 01
M.E. median [*"] with 300®" range +0.03 0. 06 +0.06 +0.06

Using the lengths discussed in Section 2, 4, 2.2 and given in Table 4 for the microm-
eter units, the scale factor can be referred to lmm image displacement in both mi-
crometers, Thereisevidenceofa difference between the Wild micrometer and Leitz
micrometer of 0,09%/mm in the image displacement, or 1.3 percent, which is caused
by the different residual curvatures of the Wild and Leitz separation cubes, For the
value, determined in Section 2,4.2.1, of the focal length of the objective,

f = 1503, 3mm, there results a scale factor m = 68,604%/mm image displacement,

B
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2,6.3 DETERMINATION OF THE SCALE FACTOR FROM FOCUS DIFFERENCES

According to Section 2,6.1, the scale factor of an AC system depends on the
residual curvature of the mirror system and its separation from the autocollimator,
! A direct determination of the scale factor for each mirror system and each mirror .
setting is, however, so laborious that it seems desirable to determine the changes
in scale factor in terms of the measurable mirror separations and the measurable
focus differences. For the mirror separations a, and az) » according to Eq. (44c),
it holds that:

i 1
; : 1 Zao nn) l( 1 ( ao)
- i m_= 1 - - = 1 - (-g +b+d)|! -
: rr( e R R
nl
(1 - Z'il" (-g0+b+d)(l 'TE'))
a a

! Assuming the scale factor determinations m and m:) for the mirror separations
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a, and a:) for one and the same mirror system (go), fa.’ and z'ao can be obtained

from the above equations, For a third mirror separation ag, the scale factor is

solvable from Eq. (44c) for given fa and 2i0°
|/ If another mirror system is employed (gi) » the focus setting z'ai of the auto-

| collimator is altered., For the appropriate scale factor m, it holds that: ' h
i . i
| ! %54 ( “i) 1 T ( i )) |
. m, = 1 - 1- = 1« (-g.4b+d){ 1 -5 |
i zr;( T\'n))E\E e T |
Setting m =m + Am, a; =a + Aa, z'ai = z'ao + Az; = z'ao + Ag, change

Am of the scale factor m, relative to the directly determinéd value m 5 is:

z! + Az a + Aa
Zfa fa fa o

Some manipulation gives

1 z;;.o ao+ Aa !
= - - ——— = t '
Am = 27:— —fa— Aa + Azl |1 T = ¢ Aa tc; Az tq Aa Az,

c;» Cg, and cg are constant factors which are ascertained from the two given scale
determinations, Aa and Az'a are directly measurable, On micrometer interchange
not only the focal lengths £ and § " but also the adjustment error of the micrometer
head are changed, so that the direct determination of the new scale factor is advisable,
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2.7 On the Accuracy of Angle Measurement by Means nf Autocollimation

The preceding investigations of the accuracy of autocollimation measurem. ts
i have been referred to separate parts of the AC syster;). aside from the determina-
@ - tion of the scale factor. The internal accuracy that can be attained in the inter-
action of the separate parts and the degree to which external factors affect the
measurement system, will be investigated in the following paragraphs.

2.7.1 INTERNAL ACCURACIES

The internal precision of the measurement system is denoted by the mean

error m_ of a single measurement, that is, by the mean error in a single meas-
urement of the direction of the mirror normals, m is calculated from the dis-
tribution of the measured values under fixed external conditions. On the basis of
the investigations of Section 2.7.2, the influence of the external factors can be
broadly excluded by appropriate experimental arrangement within a small time
! interval, The group of measurements available thereby is used for the determi-
nation of internal accuracy. Since for extremely small mirror rotations (for ex-
ample, see Section 5.1) the internal accuracy is practically identical with the co-

Pk incidence accuracy, the coincidence accuracy will be investigated next for differ-
ent measurement arrangements,

2,7.1,1 Coincidence Accuracy

Coincidence accuracy is characterized by the mean error my of a double co-
incidence; my. may be computed from the distribution of the mean values of any
coincidence from the right and left, Next, the relationship between coincidence

accuracy and the type and magnification of the observation optics will be investigated.
Table 5, top, shows that the coincidence accuracy is essentially independent of the

obgervation optics. In the measurements of the present work, the readings were
taken, as arule, with simple autocollimation with 20-times microscope magnification,
and with multiple autocollimation with 12-times magnification. For the Wild meas-
urement facility there results a mean error between 0. 2 and #0. 3um correspond-

ing to £0.02", For the Leitz measurement facility the mean error lies somewhat
higher at £0.4pm %+0,03", Further, it is of interest to determine what size to
choose for optimum and minimum mirror diameter. Table 5, middle, shows that
coincidence accuracy is very slightly diminished with decreasing mirror diameter,
This is explained in terms of the blinding out of the mirror border zones which, ac-

e e a4 e = e
'

. cording to the interferometric investigation; have extra unevennesses. Although the
m, values for mirror diameters of 50 and 40mm are small, it must be remembered

that the crosshair image is of significantly poorer quality and that coincidence can
be ascertained only with effort. As a rule, one can say that the diameter of
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of the exit aperture, that is, of the mirror mounting, which acts as an aperture

blind on the ocular-side image, must not go below the value of 0,5mm,

Table 5. Dependence of Coincidence Accuracy on Reading Optics, Mirror Size,
and Number of Reflections

Coincidence Accuracy and Reading Optics

No. of |[Mean co- [Corresp.

Reading Magnifi- | series a' |incidence | Tilt of Observations

Optics cation |10 dbl co |error[um] |AC mir.
Micrometer- “ ol

et 15x 6 +0.24 [£0.017 Vert. angle
Microscope 12x 18 +0, 22 +0.015" simple AC
Microscope 20x 36 +0. 25 +0,017" mirror 90mm
Microscope 28x 18 +0. 30 +0, 021" Wild Microsc,
Binocular- .

e 20x 12 £0.17 . {£0.012"
Microscope 20x 6 0. 36 +0.024" |Leitz micr.H. W,
Microscope 20x 6 0. 44 +0.031" lLeitz micr.V. W,

Coincidence Accif" ™M d Mirror Size

Exit Ap- | No. of |Mean co- [Corresp.
Mirror ¢ mm erture |[series a' |incidence | Tilt of Observations
é[mm] (10 dbl co jerror [um]]|AC mir,
90 0.75 33 +0. 28 +0.019"
80 0.67 6 £0.23 |+0.016v || Vert. angle
70 0.58 21 £0.27  [£0.018% {5 P © 20X
60 0.50 6 20.19  |20.013n | [ isrOBSOPE
50 0.42 6 +0.22  |+0.015" G O
40 0. 33 6 +0. 21 +0, 014"
Coincidence Accuracy and Number of Reflections
No, of | No, of |Mean co- [Corresp.,
AC Principle reflec- |series a' [incidence | Tilt of Observations
tions |10 dbl co |error [um]{AC mir.
Simp., AC, AM Mir, * 1 66 +0. 24 +0. 016"
Simp, AC. T-Mir, 1 26 £0.23  |+0.016" g,vgfz "::rl‘;m-
Simp, AC. As-Mir, 1 6 £0.26 |+0.018" . ang
Simp. AC. U-Mir, 3 29 £0.21 |0, 015" ,
Simp. AC.m. U-Mir, [ 3 10 £0.28 [20.019% | Horiz. angle
Mult, AC. 2.0rd. 8 35 +0. 33 %0, 011"
Mult, Reflex. 22.5° 7 15 £0.34  |£0.008" {Ve“- angle

*For abbreviations, see Appendix H
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For multiple reflection and multiple autocollimation, it is important to know
if the coincidence accuracy decreases as a result of the greater number of reflec-

tions (Table 5). The noticeable decrease in image quality affects coincidence accu-
racy only very slightly, so that the theoretical multiplication order of the accuracy
- is manifested almost completely. For multiple autocollimation with the II'nd order

image, a mean error of coincidence of £0.01" is attained. The mirror diameter
should not go below a value of 60-70mm,

2,7.1,2 Accuracy of the Measurement System

As was already mentioned in Section 2, 3,5, multiple autocollimation offers the
possibility to thoroughly ascertain the accuracy of the measurement system by
means of using images of higher order.
through a definite angle A

If, for example, the AC mirror is tilted
a’ then according to Eq. (21a) the displacement Ain
of the image of II'nd order (observation L) must be twice as great as the displace-

ment Ai; of the image of Ist order (observation 1;), The condition equation relat-
ing observations 1; and 1, is:

2(l;+vy) - (1, +vp)) = 0,

For the discrepancey W, = 21, -1,, one obtains the correlate ka by way of the
normalized equation:

a
k, ="%5-

£

The mean error m,' of an observed quantity, that is, of an angle difference,
is obtained from:

-w_ok w.
my = /ﬁy:-‘;l = /__Ql_i. =—~/%:=0,447 LA

The mean error my in the direction of the mirror normal is

e T o e

w
J L W E
| my =g = = 0,316 w, . (45)

e el

e Ac— |

According to Eq.(45), each discrepancy wa gives a value for the accuracy of the meas-
urement system. For a thorough-going testing, the measurement settings are dis-
tributed as equally as possible over the whole range of the micrometer, The distri-
bution for the 110 determinations of w, are shown in Figure 22, The angle changes

A q €20 be set, for example, with the help of a bubble level tester on whose tilting

i table is fastened the AC measurement mirror, The present investigations were

carried out in two experimental arrangements: 30 determinations of w, were made
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No, of measurements

Setting for reading [mm)]

0 1 2 3 4 5

Figure 22, Distribution of Measurement Settings in the Testing of the System of
Measurement, o without deflection, e with deflection

i - ..‘
with a deflection mirror {(Table 3c) and 80 determinations were made without a de-
flection mirror (Table 3a), In the observations with the deflection mirror, reduc-
tions are occasioned in part due to readings of the zero-order image, (Scction 2,3,4,7
the set angle changes lie between 5" and 15®, The measurements were made with
the Wild micrometer, so that micrometer improvements are to be made according
to Appendix F. The root mean square value of the 110 determinations of m,

amounts to:
= #0.56pm & 20,0387 ,

If no micrometer improvements are brought about, m; is given by +0,10"; taking
into account the micrometer error enhances the accuracy by a factor of 2,5, The
value for m; agrees well with the micrometer accuracy given in Section 2,4, 2,2
at 0,4pm, 1if the coincidence accuracy of 0, 25pm is taken into account,
The described investigation methods yield:

Errors of the micrometer,

extra=-axial image errors of the projection and image-forming systems,

scale errors due to focus differences of the images of Ist and IInd orders and

stability error in the measurement system during the determination of Woe
The errors in the determination of the scale factors, which affect the images of
Ist and IInd order equally remain unaccounted for, The obtained value m; must
therefore be combined with the mean error m; in the determination of the scale
factor to a mean error m, in the direction of the mirror normals:

m_ = # \/%(m,’ + (QL) m,’) =+ Jo.03n% 4 iy o052 L

max

Here o means the value of the angle in ["], whose one edge is formed by the direc-
tion. The internal accuracy for simple autocollimation is, corresponding to (46),

dependent on the range as follows:
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afn] 10¢ ' 3o 60" 120% 18_0“ 300"
mo "l +0,038" |+(.040" |+0.042" |[x0,044" |+0.047" |£0.052"
m, [%oo] [£3.8 %o [£1. 3 %00 [#0.7 %oo [£0. 4 %o [£0. 3 %o | £0. 2 %oo

Since in most of the present investigations a measurement range of less than 1! is
required, the mean error in a direction of the mirror normals can be given with
+0,04",

2,7.2 INFLUENCE OF EXTERNAL FACTORS ON THE PRECISION OF AN
AC SYSTEM

Generally it is necessary, in fine measurements, to approximate as much as
possible, the internal precision of the measurement system with the external accu-
racy of the measurements, that is, the accuracy under changing experimental con-
ditions. To this end, the different external factors are now submitfed to extreme
changes, so that the influence of each on the measurement system can be recognized.
The obtained risk factors must be compensated by corresponding countermeasures,
and the measurement procedure must be dictated thereby. Preliminary investiga-
tions sho