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A DEVICE AND TECHNIQUE FOR OPTICALLY ALIGNING A LIGHT BEAM 
RELATIVE TO A REFERENCE AXIS 

ABSTRACT 

An optical tool has been developed for aligning a bea: . of parallel 
light with respect to a reference axis. The tool was designed speci­
fically for use with the yawsonde calibration system at BRL, where the 
requirement was to align the light beam so that it was at an angle of 
90° ± .017° with respect to the reference axis. However, the principles 
and techniques can be adapted to other applications. This report 
describes the optical tool and presents an alignment scheme for using it. 
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the width of the entrance and exit channels of the optical 
alignment tool 

length of the optical arm of the alignment system 

the distance, measured on a viewing screen, between the 
position of the primary image and the true position 
for exact alignment 

orthogonal coordinates used for the analysis of the 
geometry of the optical alignment tool 

the length of the entrance and exit channels of the 
optical alignment tool 

the distance from the center of rotation of the alignment 
tool to the center of the reflecting mirror 
(See Figure 12) 

angle of misalignment 

cut off angle, the angle at which the width of the primary 
beam is zero 

error angle, represents an error in the alignment of the 
light beam 

widths of the primary beam and the two secondary beams, 
measured at the exit of the alignment tool 

the distance from the left edge of beam D to the left 
wall of the exit channel (See Figure 8) 

the distance from the right edge of beam D to the right 
wall of the exit channel (See Figure 8) 
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I. INTRODUCTION 

Yawsondes, together with on-board electronics and a telemeter system 
provide " means for studying the dynamic behavior of artillery shell over 
long fli ght paths. Yawsondes have been used routinely for the past 
several years to study the free-flight behavior of a variety of 

• • 1 l , 2 Th d . . proJ ect1 es . e yawson e 1s an instrument that measures solar aspect 
angle during the flight of a projectile. The sol~r aspect angle is the 
angle between the longitudinal axis of the projectile and a ve~tor 
directed from the pro jectile to the sun. The measurement is made using 
light-sensitive silicon cells (solar cells) that are mounted in fixtures 
that provide narrow fields of view in two planes. Several types of 
yaws ondes are described in references l*, 2, and 3. 

Reduction of yawsonde data requires that the sensors be physically 
calibrated in the laboratory prior to use. The calibration consists of 
simulating the yawing and pitching motion of the shell while illuminating 
its yawsonde with a collimated beam of light. As the angle between the 
shell's axis and the light beam is varied (that is, as the shell is yawed 
with respect to the beam), the voltage signals from the solar cells are 
monitored and recorded. The calibration procedure is described in detail 
1n reference 3. 

The angle between the axis of the shell and the light beam is 
measured with respect to the reference condition wherein the beam is 
perpendicular to the longitudinal axis of the shell. In order to assure 
accuracy in the calibration procedure, it is necessary that this reference 
condition be determined accurately and precis ely. This report describes 
a device designed to optically align the light beam perpendicular to the 
longitudinal axis of the shell. Although the tool was developed 
specifically for the yawsonde calibration system, the instrument and 
the technique could be adapted to other applications. 

II. YAWSONDE CALIBRATION SYSTEM 

A schematic of the yawsonde calibration system used at the Ballistic 
Research Laboratories (BRL) is shown in Figure 1. The system includes 
a zirconium-arc, point light source and a collimating lens to produce a 
beam of parallel light. A mechanism is provided to yaw the projectile 
with respect to the light beam, and to roll the projectile about its 
longitudinal axis. 

The yaw angle is measured with respect to the reference condition 
that the light beam is perpendicular to the axis of the shell. This 
reference condition occurs when the angle cr in Figure 1 is zero. The n 
optical alignment tool is used to obtain a precise setting of the 
reference o . 

n 

*Re ferences are listed on page 31. 
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I I I. THE OPTICAL ALIGNMENT TOOL 

A. Oesc r i ption 

The optical alignment tool is sketched in Figure 2 and consists of 
a pai r of mutually perpendicular channels milled into a block of aluminum. 
Each channel i s 4. 375 i nches l ong and .1 25 inch wide and 0.3 inch deep. 
A plane , front -surfaced mi rror is mounted at the intersection of the two 
ch~nne l s so that each channel makes an angle of 45° with re spect to the 
front surface of t he mirror. The threaded section of the tool is designed 
so that the fixt ure can be i nstalled in the pl ace of th e conventional nose 
fuse of an arti ll ery shell. Thu s th e axis xx' i n Figure 2, is colinear 
wit h th e r ol l axis of th e shel l. Photographs of the alignment tool, as 
uscJ in a t ypical appli cat ion, are shown in Figure 3. The top cover has 
been r emoved i n the low •r view exposing the two channel s . 

The tool work s on t he principle of opt ica l r eflection. If the 
collimated beam of li gh t is parallel to the wall s of the entrance channel, 
th en the beam is refl ected only by t he mirror . This single reflection 
leaves t he too l through the exit channel. A singl e image of the slit 
formed by the walls of the exit channel can be observed on a screen 
placed oppos ite the ex i t. Tf, however, the light beam i s misaligned by 
some small angl e , a , wi th r espect, to th e wall s of th e entrance channel, 
th en multiple images ar e observed on the screen. In thi s case, the 
light beam is reflect ed by the channel wall s as well as by the mirror 
be for e it exit s th e fixture. Thus more than one image is produced. For 
va lues of mis a lignmznt angle within the interval O <a< a (where a is 

C C 
the cutoff angl e of t he device) only three images of the exit slit are 
observed. The brightest image is due to the reflection by the mirror. 
The oth er two images ar e of equal intensity, but less bright than the 
fi r st. They r esult from r efl ections of the light beam from both the 
h ell l s of the channels as well as by the mirror. The conditions of 
a 1 ignment (a = 0) and misalignment (0 < a < o. ) arc shown schematically 

f• • 4 C 1n ·1gurc . 

B. Analysis 

The ana lysis of the optics of the alignment tool is based on the 
asswnp t ion that the beam of l i ght is perfectly collimated and that the 
diameter of th e beam is l arge enough to fully illuminate the entrance 
s lit . The second cr iterion i s important for the yawsonde calibration 
t echniqu e . 

A sketch of the geometry of the perpendicular channels in the 
ali gnment tool is shown in Figure 5. The tool i s oriented so that the 
light beam makes a small angle , a , with respect to the walls of the 
entrance channel. The numbered rays divide th e incident beam into 
var ious regions determined by the Vdrious possible internal reflections. 
The angl e a is kept smaller than a cutoff angle a so that no more than 

C 
two r eflections can occur. 
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Four regions in the beam need to be considered: 
Region A. The region included between rays (1) and (2+). 

Light entering the tool is reflected only from the mirror before leaving the tool. This reflected beam is referred to as the primary beam and is easily distinguished from secondary beams by its greater intensity. 

Region 8. That part of the light beam included between rays (2-) and (3+). Light is reflected first from the mirror and then from the wall of the exit channel. This reflected beam is called a secondary beam. 

Region C. The region between rays (3-) and (4+). Light is 
reflected back from the mirror to the walls of the entrance channel. Since the light does not leave the tool, this region is not considered. 

Region D. The region between rays (4-) and (5). Light enter­ing the tool is reflected fir st from the walls of the entrance channel and then from the mirror before leaving the tool. This reflected beam 
is also called a secondary beam. 

Three images of the exit slit are observed on a screen placed 
opposite the exit channel. The primary image is the brightest; the 
two secondary images are of lower intensity and are displaced from the 
primary image. The analysis is simplified if each region is considered separately. For a given misalignment, a, the parameters to be determined are the angle that the exiting beam makes with respect to the channel wall and the width of the beam. 

Figure 6 shows the geometry associated with region A. From the 
geometry in the figure, 

d - L tan a 
xl = Y1 = 1 + tan a 

= (L + d) tan a 
1 + tan a (1) 

where the subscripts refer to the labels on the light rays bounding 
region A. As a approaches O (that j s , as alignment is approached) y2+ 
approaches O and y1 approaches d. The width of beam A at the exit is 

6A = [d - (2L + d) tan a] cos a (2) 

As a approaches zero, 6A approaches d. That is, for the aligned condi­
tion, beam A, the primary beam, fills the entire channel. The primary beam vanishes when the misalignment angle is at cutoff: 

d tan a= tan ac = ~2-L-•-d~ (3) 



The appropriate equations for region 8 are obtained from the geometry 
shown in Figure 7: 

L tan a 
( 4) x2_ = y 2- = 

1 + tan a 

X + = y + = 3 3 1 
d tan a 

(5) + tan a 

6 = L B 
tan a cos a (6) 

At a= 0, y2_, y3+, and 68 are zero so that, as alignment is approached, 
th e secondary beam di sappears. At a = a, the width of beam 8 at the 

C 
exit is 

= 

L tan a 

Ld • d 
2L + d 2 

C 

The final region of interest, region D, is shown in Figure 8. 
The i mportant relationships for this region are 

L tan a 
xs = Y5 = 1 - tan a 

61 • (L + d) tan a 

62 = d - (2L + d) tan a 

(7) 

(8) 

(9) 

(10) 

(11) 

If Equation (11) is compared with Equation (6), it is seen that 60 = 6~. 
Beth secondary beams Band D exit at angle !al but in an opposite sense 
r elative to the primary heam. When a= O, 61 = 62 = 60 = 0 and when 
a = a , 

C 

Ld d (60/cos ac) = --~ ~ 2L + d 2 (12) 

The position of the lef t edge of beam (D) at the exit is given by 
Equation (9). The position of the right edge of beam 8 is given by 
Equation (6). The separation between the two secondary beams at the 
exit is given by 

14 



~l - ~B = (L + d) tan a - L tan a 

= d tan a (13) 

This shows that the two secondary beams do not overlap. 

In swnmary, then, the following statements can be made concerning the optical alignment tool. 
1. The aligned condition is a = 0. That is, the light beam is perpendicular to the axis xx' of the alignment tool. A single bright image is \isible on a screen placed at the exit. 
2. For a within the range, 0 <a< a, the axis of the tool is not C 

perpendicular to the light beam. There exist three images of the slit on a screen placed at the exit, the brightest due to the primary beam and the other two due to secondary beruns less intense than the primary. The primary beam is at an angle a corresponding to the misaligrunent with respect to the channel wal 1. The direction of this angle for the primary beam is in the srune sense as the misalignment of the tool with respect to the light beam. The two secondary beams are parallel and also at the same angle a with respect to the channel wall, but in an opposite sense to that of the primary beam. 
3. At the cutoff angle, a = a, the primary beam disappears and only C 

the two secondary beams can exit the tool. The width of each of the two beams at exit are the same and slightly less than one-half the width of the exit channel. For a larger than a , additional secondary beams are C 
generated due to multiple reflect i ons; the analysis becomes more difficult. It is, however, sufficient to consider only the range O <a< a since, 

- - C in practice, a can easily be kept within this range. Figure 9 shows a plot of the widths of the three beams as a function of the misalignment angle a. 

If the tool is misaligned by an angle a within the rangP, 0 <a< a, 
C three images of the exi t slit are observed on a screen at the exit. These images are located at the points A, B, and D shown in Figure 10. Point Pin Figure 10 is the location of the single image observed for the case when a= 0. It can be shown that if the tool is -misaligned by an a whose sense is the opposite of that considered above, then a similar analysis can be made with similar results. The i mages are now at 

points A', B', and D' in Figure 10. 

C. Alignment Procedure 

The above properties of the alignment tool can be used to provide a fast, simple, and accurate method of aligning the light beam perpendicular to the axis, xx', of the tool (and, hence, perpendicular to the axis of the projectile to be calibrated). 

15 



At the start of the alignment procedure, he tool will be at some 
angle a with respect to the light beam. The position of point Pon the 
screen (Figure 10) is unknown but the images at A, B, and D (or A', B' , 
and D') are visible. As a changes within the limits O <a< a , the 

- - C 
positions of the secondary images at Band D change very little. In 
practice, it is difficult to detect any motion in t he secondary images. 
The prima 0 ·y image, A, however, moves a considerable distance across the 
screen. This, together with the fact that the primary image is brighter 
than the secondary images, allows the images to be easily identified. 

A possible technique to determine point P (that is, a= 0) would be 
to rotate the tool until a singl e image is observed. As a approaches 
zero, however, the secondary beams vanish and it is difficult to judge 
precisely when the secondary images disappear and a single image remains. 
Several alternative techniques can be used. The easiest can be 
demonstrated by considering the situation shown in Figure 10 and the 
images observed on the screen as shown in Figure 11. The position of 
image Dis marked on the screen and the tool is rotated until the primary 
image is centered on the mark. This is considered the aligned position 
with the light beam nearly perpendicular to the axis of the tool. It 
differs from exact alignment by a small error angle oE. 

The magnitude of the error angle oE can be estimated by considering 
Figure 12. The distance between position D and the unknown point P or. 
the screen is shown as the distance sE. The error angle is approximately 

1 (SE) oE = tan- r (14) 

whe.;e r is the optical ann of the exit channel, and is approximately 
equal to the distance between the viewing screen and the mirror of the 
tool. It can be shown, using Figure 12, that 

sE = (L + d/2) sin a + R (1 - cos ac) - ~ cos a (15) 

where R is t~1e distance between the center of rotation of the tool and 
the center of the mirror (see Figure 12), and 6 is the distance from the 
centerline of exit channel to the center of beam D. When the secondary 
image Dis marked on the screen, the only thing known about the angle 
a is that it lies within O <a< a. An upper bound to the error angle C 

oE can be obtained by letting a= a . Then 
C 

{ L + % } sin + R (1 - cos a ) d a - - cos a -1 C C 4 C oE - tan 
r max 

. -1 R 
(1 a ) d tan - cos + - cos a r C 4r C (16) 
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Equation (16) shows that if the optical arm of the exiting beam is 
large (that is, if R/r << 1) and if the tool is designed so that a is 

C 
small (that is, if d/L << 1), then the maximum error inherent in using 
the opt ical alignment tool as described can be made small. For the 
arrangement used in calibrating at BRL, d/L = 1/35. External mirrors, 
shown in Figure 13, were used to increase the optical arm to 40 feet. 
Th f R/ . 1 2 1 k . ere ore, r was approximate y 40 x 12 = 240 , ma 1ng 

max 
about 0.004 degree or less than 15 seconds of arc. 

This analysis of the error in alignment assumed a perfectly collimated 
light b,~am and parallel channel walls with the two channels perpendicular. 
The light beam, of course, is not perfectly collimated and the dimensions 
of the alignment tool are accurate onl y to within certain machining 
tolerances. An analysis of these sources of error adds an error of about 
1 minut e of arc, which at present is insignificant for the purpose of 
yawsonde calibration. 

IV. SUMMARY 

A method of aligning a beam of parallel light perpendicular to the 
longitudinal axis of an artillery shell ·has been developed. The method 
provides an accurate beam alignment for the calibration of yawsondes and 
can be adapted to other applications. 

An optical alignment tool has been designed and consist s of a mirror 
placed at the intersection of two mutually perpendicular channels. If 
the bear.1 is in alignment, light is reflected only off the mirror and a 
single image of the slit formed by the exit channel is observed. If the 
beam is not in alignment, then light is reflected off both the mirror and 
the channel walls and multiple images are observed. Additional mirrors 
are used in order to extend th~ optical arm of the system. The alignment 
tool and technique have been used to align a beam of light at an angle of 
90° ± .017° with respect to the longitudinal axis of a projectile. 
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Ii);ure 3. Photograph of the Optical Alignment Tool
Top; Front View Showing tlie hntrajicc Slit
Bottom; Top Plate Removed Showing the Two Perpendicular Channels
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A B D 

... 

PRIMARY IMAGE SECONDARY IMAGE 
A) LIGHT BEAM IS ~ISALIGNED AT ANGLE ca (0< • < •c>, 

POSITION OF BEAM D IS MARKED ON SCREEN. 

A 

B) TOOL IS ROTATED UNTIL IMAGE A IS CENTER ED ON 
THE MARK. LIGHT BEAM IS NOW ALIGNED: ca' 0 

Fi gure 11. A Sketch Illustrating the Technique Used 
to Align the Light Beam 

28 



N
 

<.
n 

r 

p 
L

+
d

/2
 

1-
-

-
-

-t
-

-
-

•}
R

U
-c

o
a

a
) 

--, 
S

E
 

' 
D

1
J

 
~
 

B
 

t 
...,...

 ;.
-

.,, 
.,, 

A
 

SC
RE

EN
 

.....
.. 

.,, 
.....

.. 

.....
.. 

.....
... 

.,, 

.....
... 

.....
... 

F
ig

u
re

 
1

2
. 

T
he

 
G

eo
m

et
ry

 U
se

d 
fo

r 
C

a
lc

u
la

ti
n

g
 
th

e
 
E

rr
o

r 
in

 
th

e
 A

li
gn

m
en

t 
o

f 
th

e
 

L
ig

h
t 

B
ea

m
 



(.
,.

I 

0 

~
 

~
o

, 
~

~
+

0
· 

,,,,,
,,,o

,, 
N

o
.2

 

S
C

R
E

E
N

 

I I 
~
 ,. 

L I 
I ~ I 

i 

/
'-

,
'-

IM
A

G
E

 O
F

 E
X

IT
 S

L
IT

 

x
-
-
-
-
-

C
O

L
L

IM
A

T
O

R
 

f I 
t 

P
A

R
A

L
L

E
L

 
L

IG
H

T
 

f 
f 

D
 

Z
IR

C
O

N
IU

M
 A

R
C

 
* 

F
ig

u
re

 1
3

. 
A

 S
k

et
ch

 
S

ho
w

in
g 

th
e
 A

li
gn

m
en

t 
T

oo
l 

an
d 

th
e
 T

w
o 

A
d

d
it

io
n

al
 

M
ir

ro
rs

 U
se

d 
to

 
E

xt
en

d 
th

e
 O

p
ti

ca
l 

A
rm

 
o

f 
th

e
 

S
ys

te
m

 



REFERENCES 

l. W.11. Mermagen, "Measurements of the Dynamical Behavior of Projectiles Over Long Flight Paths ," Journal of Spacecraft and Rockets, Vol. 8, No. 4, April 1971, pp. 380-385; also published as Ballistic Research Laboratories Memorandwn Report No. 2079, November 1970, AD 717002. 
2. R. E. Elmore, "HDL Yawsonde Instrwnentation," Harry Diamond Laboratory Report No. HDL-Tif-71-19, September 1971, AD 732342. 

:; . W.11. Clay, "A P!'eci sion Yawsonde Calibration Technique," Ballisti c Research Laboratori es Memorandum Report No. 2263, January 1973, AD 758158. 

31 


	0001
	0002
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029



