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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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Jack Hohenstein
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University of California

Berkeley, California

January 3, 1966

ABSTRACT

'Apparatus and techniques were developed for accufately measuring
azimuthal distor_tioﬁ in camera ienses. -Grevat care was 'take‘n in fabricating
the c.amera, which was made cylindrical so that the lens could be rotated.
The experimental setup included a collimating telescope, the cylindrical -
camera containihg the lens to be tested, and the test pattern. By rotation of
the cylindriéal camera, the same portion of the test pattern could be used for

checking azimuthal distortion in different sectors of the lens. The distortion

was recorded on film plates, which were then measured with a linear microm-

eter. Results were obtained to an accuracy of 1 part in 100, 000. Causes for

distortion were investigated but not quantized.
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INTRODUCTION

Previous tests for azimuthal distortion were accurate to about 1
1-3 R '
With the purchase of new lenses for the stereo cameras of
the 72-inch LRL and 80-inch Brookhaven National Laboratory’s hydrogen bubble
. P ; : " " .

chambers, we wanted to obtain better accuracy and precisely 'map ' the dis-
tortions in the lenses. Some methods of distortion analysis involve indirect
measurements. As we wanted to avoid such measurements, we developed a
technique for measuring the distortions directly.

The testing of the new lenses required a precision test pattern, a
precision camera, and a precision set-up.  The idea for the camera and'set up:was:
initiatéed and designed by Duane Norgren. The lenses were tested for sym-

metry (azimuthal distortion) only. Other lens parameters such as resolution

- and astigmatism were given a gross examination but were not investigated.

INSTRUMENTATION

The test pattern was a grid of 105 illumiﬁated Cross iméii‘s-(S rows
of 21 columns) set in a flat aluminum plate. The measu'_rome‘nts between
cross héirs are recorded by Eckman. 4 The aluminum plate, sﬁown in Fig. 1,
is 84 by 30 by 1-1/2 inches. The 72-inch bubble chamber has a viewing area

roﬁghly 72 by 16 inches, and the 80-inch bubble chamber has a viewing area

- roughly 80 by 25 inches. Each cross hair was made by depositing an alumi-

num {ilm on a sandblasted Lucite disk on which an 0,008-inch wire cross

- : ) - . . - .
hair had been placed. With the wire removed, an aluminum-free cross re-

mained to transmit li'ght from behind. The Lucite disks were imbedded in

the aluminum plate and precisely measured. Each disk was lit from behind

'by:a General Electric No. 327 lamp which shoneithrough holes in the back of

=
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" the plate. A thermometer, mounted on the front surface d_fzthe plate, made it

¢

possible to determine expansion of the plate due to heat from the 'lamps.

- The camera was made with the least number of adjustments possible

" in order to avoid setting errors. Lens-to-image distance was determined

from the required lens-~to-object distance. The camera was made cylindrical

so that the lens could be rotated and the same portion of the test pattern used

" for checking distortions in different sectors of the lens. The camera rotated

on two rails set into a brass plate, as shown in Fig. 2. The brass plate
rotated bo£h ho.rizontally and vertically with respect to the base by means of
di‘ff'erential‘threads (Fig. 3); turning the adjustment screw 90° .rotated the
camera only 30 sec.:

“The base of the camera stand (Fig. . 1) was an alﬁm_inum tube 8 inches
in diameter and 27 inches high, set upon a triangular aluminum plate 1 inch
thick and 16 inches on a side. Three leveling bolts were used in thé foot.
The entire assembly weighed about 200 lbs, to which 75 pounds of léad'bricks
were added for toe-stubbing stability.

The set-up was done in the following manner: The test pattern,
because of its bulk, was left stationary, and a collimating telescope was
placed 120 inches away and adjusted so that its axis was normal to the sur-
face of the test pattern; thgn the camera and test stand were "placed”.‘in posi-
tion and adjusted so that the film plane was normal to the axis of the tele-

scope and therefore parallel to the ‘test pattern.

The collimating telescope (Brunson model 83, accurate to £1 sec)
had an internal light source and a reference cross hair that was projected
onto a mirror. By reflection, the displacement of the reflected cross hair

represented twice the angular displacement. A precision mirror with ground
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feet was placed against the test pattern and moved in a snﬂal} circle to aver-
age surface deviations. The tclescope was moved until thci xé'efl’ec‘tcd Cross
hair. c.oincided with the reference cross hair.

The film used, Kodak GHb649 high-resolution emulsion on special
1/4-inch micro-flat giass, was develbped in Kodak D-19 developer for 6 min-
utes at 68°F.

Variation in the lamp.s and in the translucence of the Lucite disks
cagsed a great variation in the quality of the cross hair on film. Light in-
tensity was measured with a spot photometer; by means of neutral density
filters placed over the Lucite disks, the intensities of the middl‘e three rows
were brought to within 25% of each other. Due to the high-resolutionv quality

of the film, the film "speed" was extremely low and exposures were made on

- the toe of the exposure curve. Thus the variation in light intensity became an

important correction factor.
PROCEDURE

A lens was mounted in the camera and the camera was moved until

the real image of the target cross hair was centered in the telescope. The

camera was then collimated with a micro-'flé_t mirror placed in the film plane

(Fig. 3).. These two procedures \;/ere repeated until the ¢amera was cente.red
and coll_imated at the same time. | |

' After the camera was positioned and collimated, a filfn plate @as
mounted in it. The surface of the platé was used as a mirror to check'plate‘ :
collimation. Deépite careful alignment, there was almost alwavys vsom'e .dis-‘

placement, usually 2 to 4 seconds. If the displacement was greater than four

~seconds, the film plate was turned 90° in its mounting until the displacement

was less than 4 sec when the camera was rotated; if this 90° rotation did not

result in a displacement less than 4 seconds, the camera was recollimated.
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The exposure was made with the lens in one posit}qn;, then rotated

90° fof another éxposure,- until four exposures were on th é;late. For each

.exposure, the lens nufnber, displacement, light voltage, time, and ternpef—
ature were recorded. The film plates \ve.re then de\;'eloped and measured.

g ' '~ Tests were done in two scncs on 11 Schneider -Krauznach 18 121mm
Super Angulon lenses. Eight, recently purchased from the fe‘.ctvory, were made
to our specificifications, but three were purchased "'off the shelf' and used for
6 years in the 72-inch bubble chamber.

The first series of tests was done on five new lenses and the three old.
ones. The measurcments shown in Table I werec made with a Bowers linear
micrometer ztccui'ate to' 1 micron in 5 inc.hes over the range used. Measure-
ments, made be_iween the axial cross hair and the cross hair rloughl.y corre-
sponding to 30° of coverage, were done in each of the four directions. In the
second series, the three lenses were not measured on the micrometer.

The measurements in Table I were made in order to help select the
best lenses for use in the bubble chamber. When the lenses were svelected,

. they Werve. oriented with respect to the test pattern so that they.would dupliévateAb
.exactiy their predetermined positions in the bubble chamber. With the lenses
selg—:cted from the first and second series of tests, exposures were then made
for distance from beam level to the first principal péint of fhe lens. This
pfovided accurate ''maps'’ of the distortion the lens delivers to the film used
in the bubble chamber. ‘A comprehensive measvuring program will be done on
these maps by" Frank T. Solmitz to coordinate the distortion with measurements
of the bubble clxémber déta on film.

. o Two of the ‘neva./ llvenses gave double imagev_é of equal density and reso-

[ IR » lution. ’lfhe ‘separati()n of the image centers was‘apertu_re dependent, i.e.,

the image centers moved closer as the size of the aperture decreased. At
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about {22, the twb images weré indistinguishable and the léxfg‘ses were useable
at this or smaller apertures., A further study will be d.or\e;:'t:o determine the
cause of this particular aberration.

By placing the lens in the _c.amcra and reflecting light off the surface
of the lens elements with the collimating telescope, we could sce if the ele- -
ments were mechanically centered. Most of the elements wer‘e not centered
and some varied by as much as sevc-,ral minutes, despite the factorv's espe-
cially fitting the .c.:lc-:; rent scats to each individual element in the eight new
lenses tested. The new lenses apparcently varied less than the three ''off the
shelf'! lenses. Not enough time was available to de&clop a systebm of quantizing
this ecqexutx'icity, but future study should make this parameter meaningful in

terms of distortion, contrast, and resolution.
ERRORS

Expansion of Test Pattern

The coefficient of expansion of the aluminum plate is 23.86X 10-6
cm/cm/C°. If the change were coordinated—i.e., if the cross hairs moved
in only one direction—a cross hair at the edge of field would move 24 p/C°

in space, or 1.4 p on the film plate (demagnification_‘fac‘c'or of 18 from object

to film).

Keystoning

A keystoning eifect came about from the slight ebccentric.ity of the

‘camera perimeter. The fact that the film plane was out of parallel by 4

seconds causked an image displacement of 1.02 , at.:vthe extréme edge qf field,
or abo.utl 1 part in 75000. | |

| The lens mounting surface was off—axis‘gyi 15 seconds. The approxi-
ma‘t.c: error Io.'r_-s.mall angles is 1/1(2, where K is the error from keystoning,

=y -8 . : _
as above, or 1 partin 56X10 S at edge of field (negligible).



L %, UGRL-16260 Rev.

.';v.‘. _' " Nonflatness of Plate :

'_ - | 'I‘he aluminnm plate contaimng the crosahairs ‘was surveyed for ﬂatneas -‘

“

| . i-:".‘..:
. and found to have not. only an "S" shape, but a vertica.l twist as well. " This would ;'
not affect the tests for symmetry, but would affect the maps. ' the worst case ,: , %
o 2 TR A S T 08 ¢

Vo ';""._"i,_ v ’..:'. o, o - :‘.‘ v . l'!.‘
“square i ey

) :‘r 3 ; . ) ' X. .,l_
12.25 ‘l;*- " - . . e

.04 - 0 Lol

Y'I‘he error in the dxsplacement fxgure is thus t.he square root of 13,29 or 3, 65 p..

For the map exposures,’ two errors were reduced The plates were L

:'a.dJustedl 80 that there was no keystoning. and the temperature change waa're-_,-;;'?f
3 duced to 0. 5 C. .Thus the maxtmum_ errqr for‘ thes'e exposureq would bg_.; ; :i
: stplacement due to : : Coo Square - O o "
-Tgmperature 0.7 p R (. o ‘ ' 0.49 A
: Nonflatness 1.61 p ( h & | 2.59 . it
;) i . e ‘ 3 08, i

: o The, author thanks Frank Solmxtz and Duane Norgren for thexr sug- '
gesuona. Specxal apprecxatxon is gwen to Roland chhaelis and William

Wainnght. and to:the rest of t,he atai( ot Technical Photography, for their
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Table I. Measurements of distance from axial cross hair tg cross hair S3
in each of the four directions.

- :
Temp change Maximum

Lens No. 0° () 190° () 480° (n) 270° (u) in plat.e difference
(*C) (1)
262 (new) 73787 73757 73764 73767 2.5 . 30
268 " 73799 73812 73804 73799 2.5 13
276 " 73622 73659 73666 73613 . 1.0 53
'348 " 73644 73631 73650 73658 1,4’ - 27
326 " 73664 73644 73621 73624 1.8 43
69012(old) 85440 85428 85464 85501 0.5 73
68902 " 85469 85463 85508 85388 0,6 120
69022 " 85512 ‘85531 85562 85547 0,8 50

4Axial cross hair to U3,
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FIGURE CAPTIONS

Fzg 1. E_xperirhental set-up: (from left) the collimating -':ce;.’lesc'ope, the. camera
| and stand, and the test pattern, .
Fig. '2.v _The lens in posi;cion in the camera. Note the two 1"ails.lon which the
- cylindrical camera rotates.
Fig. 3. Thé caméra from rear, showing adjustment screws and collimating |

" mirror.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A

Makes any warranty or representation, expressed or -
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in

-this report.

As used 1in the above, "person actihg on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








