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Summary 

Techniques of aligning linear accelerators are 
discussed with specific reference to the alignment 
system of the two-mile accelerator. This system 
uses a "three-point" method by which a point which 
is to be aligned is brought into coincidence with 
the line as defined by its end points. The end 

_ points;ye a laser and a photo-el-ctril debecior. 
A rectangular Fresnel lens is 1oc;ted at each pc'nt 
to be aligned to define the "third point." 

Introduction 

The basic tolerance for the alignment of the 
Stanford two-mile accelerator is + 0.5 mm over the 
total length of 3050 meters. This requirement is 
derived from the difference between the 16 mm aper- 
ture of the beam-scraping collimators and the mall- 
est aperture in the 3-meter-long disk-loaded wave- 
guide which is 18 mm. The difference of 2 mm car 
be divided evenly between the alignment and the 
functions of steering and focusing, thus leaving 
1.0 mm, or + 0.5 mm, for alignment. 

Although the geological stability of the base 
of the accelerator housing is generally expected to 
be very good, estimates indicate that it may be 
necessary to check the alignment as frequently as 
once eve-ry one or two months. In order to prevent 
long shutdowns for surverying, the system is de- 
signed so that the alignment can be checked remote- 
ly while the accelerator is operating, without re- 
quiring personnel to enter the accelerator housing. 
Any indicated corrections to the alignment can then 
be planned in advance and made during a routine 
maintenance shutdown. 

It is interesting to consider how two conven- 
tional alignment techniques would fare in view of 
the above requirements. 

The method of optical tooling which involves 
aiming a telescope at a target is used for the a- 
lignment of the components on each of the 273 pre- 
fabricated segments from which the accelerator is 
assembled. The angular tolerances for the align- 
ment of these segments, which range in length from 
3 to 12 meters, is approximately lo-' radians. 

t??~le this accuracy is attainable, extending this 
method to the alignment of the entire accelerator 
would require that the telescope be aimed and held 
stable to within less than lo- radians (about 0.02 
seconds of arc). This is impossible because of the 
vibrations from all the associated activities, in- 
cluding traffic on a nearby highway. 

The conventional stretched wire tec'rnique has 
been used for alignment to similar tolerences over 
lengths of a few hundred meters at most. To extend 
it to 3050 meters , presumably by using overlapping 
segments, appears both uncertain and impractical in 
view of the requirement for remote survey. 
*Work supported by U.S. Atomic Energy Ccmmission. 

The method which has been adopted for the 
final alignment system is illustrated in Fig. 1. .- 
A straight line is defined between a point source 
of light L and a detector D. The light source is 
a ht!i-al-neon laser. The detector consists of a 
me 2mi.: sr?. 273 :ni;:g system and a photcmultiplier 
wit;1 ;ui-able J"tsut tquipment capable of resolv- 
irg 3 shift of 0.02~ mm at any of the 274 support 
points. At each support point, a target T is 
supported on a remotely actuated hinge. Three ad- 
ditional targets are mounted on monuments, such as 
the one at M, which are 60-cm-diameter pillars 
supported by rock below the accelerator foundation. 
To check the alignment at a desired point, the tar- 
get at that point is inserted into the light beam 
by actuating the hinge mechanism. The target is 
actually a rectangular Fresnel lens with the cor- 
rrct fosal length so that an image of the iight 
source is formed on t‘he plane of the detector. 
'This image is then scanned by the detector in both 
the vertical and the horizontal directions to de- 
termine the displacement of the target fran the 
predetermined line. 

The targets are mounted in a 60-cm-diameter 
aluminum pipe (see Fig. 2) which is the basic 
support girder for the accelerator. The support 
girder is evacuated to about 10 microns of Hg to 
prevent air refraction effects from distorting or 
deflecting the alignment image. If any adjust- - 
ments are required, the support girder is moved 
by means of a pair of vertical screw jacks and a 
side wall screw jack. 

The accelerator proper is mounted about 68 cm 
above the center of the support girder. Because 
the optical alignment system is oniy intended to 
align the support girder in the horizontal and ver- 
tical directions, it is necessary to provide an 
auxiliary system of levels to prevent azimuthal mis- 
alignment of the support girder which,to first order, 
would have the effect of horizontal misalignment of 
the accelerator. The azimuthal tolerance is about 
1 minute of arc. Figure 3 is a photograph of an 
installed accelerator segment before the next pre- 
ceding segment was moved in place. 

Overali .!?esc;i-;tion of the Alignment System 

The accelerator is assembled from prefabricated 
segments which are approximately 12 meters long. 
The standard accelerator segment consists of four 
3-meter-long sections of disk-loaded waveguide 
mounted on top of a 12-meter-long section of the 
60-cm-diameter aluminum support girder. At the end 
of each sector, which consists of eight l2-meter- 
long segments, there is a special 3-meter-long drift 
section used for steering, focusing, and instrumen- 
tation. The standard drift section consists of 
focusing and steering magnets, beam monitoring de- 
vices and a l&mm-diameter collimator mounted on a 
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y-meter-long segment of support pipe. There is a 
total of 30 such sectors, i.e., 240 of the 12-meter 
segments and 30 of the j-meter drift sections, plus 
three extra segments for the injector and the pos- 
itron source. As described above, each segment 
is supported at the input end by a pair of pre- 
cision screw jacks from the floor and by a third 
jack from the wall, as shown in Fig. 2. The output 
end of a se@nent is attached to the beginning of 
the next segment by a pair of heavy guide pins 
which ailow for thermal expansion. Both the au>- 
port girders themselves and the four 3-meter-lot; 
accelerator sections supported cn ea;h of them are 
jtined enc to-end by heliarc-welded "ellow,. A 
7.5 cm aluminum end flange i; welded to the inbat 
end of each segment of support pipe. The connect- 
ing pins from the three jacks are fastened to the 
outside of this flange. The target hinge assembly 
is mounted on the top of the inside surface of the 
flange. The accelerator sections are supported on 
adjustable brackets along the support pipe, except 
that the first support bracket for the section 
which begins above the flange is pinned in place. 
The whole design at the input flange is intended 
to provide the maximum rigidity for the support 
between the accelerator sections and the alignment 
target. 

The alignment target is mounted on a ho-cm- 
square stainless steel frame. The hinged target 
support plate is spring-loaded to hold the target 
firmly against the lower stop when it is inserted 
in the light beam. A compressed air actuator holds 
the target horizontally against the top of the 
support girder when it is not being used. In this 
position the target is hidden behind a square 
baffle which is mounted in the output end of the 
adjacent segment of the support girder. One target 
at a time is to be inserted in the light beam pro- 
duced by the laser. The target is inserted by op- 
erating the bellows actuator which is mounted in 
an opening on the top of the support girder. The 
control panel for the target actuator is in the 
two-mile-long klystron gallery located on the sur- 
face directly above the accelerator. Indicator 
lights wired to microswitches within the support 
girder show the position of the target to the oper- 
ator in the klystron gallery. In addition, the 
operator of the detection equipment at the end of 
the accelerator has an indicator showing if any 
target in the entire system is not fully retracted. 
This indicator assures the operator that only one 
ta,rget at a time is affecting the pattern. The 
operator also has control switches to permit him 
to rrrstely insert one target at each drift section 
in order to make a quick survey of the key points 
along the accelerator. 

A switching mirror system at the detector per- 
mits the operator to view the image on a ground 
glass or to direct it into either the vertical or 
the horizontal detection system. 

The optical alignment system, as just described, 
is only as long as the accelerator; thds it does 
not aid in determining the location of slits, col- 
limators, magnets and other components which com- 
prise the Beam Switchyard (or "BSY"). Nor does it 

allow the alignment of equipment located in the ex- 
perimental areas beyond the BSY. To aid in survey- 
ing the positions of the components in the BSY, an 
extension of the accelerator alignment system past 
the end of the accelerator has been provided. The 
extension consists of a 25-cm-diameter pipe tangent 
to the bottom of the 60-cm support girder. If all 
the accelerator targets are removed, the light beam 
can shine down the 25-cm pipe. The BSY system is 
tied to the accelerator aiignment system by two 
double targets, one on the last monument, as des- 
crlbed ahove, and tine at the end of the accelerator. 
One u;'per r;a'.:6-.-,1 in the double targets is centered 
'n in; Lrge. i';%.,e just like any other target 
pat:e-n. Tt- lcwer pattern is positioned so that 
its image shines down the smaller extension pipe. 
The focal length of the Fresnel lens in the lower 
pattern is adjusted for the total length of the 
two systems combined. 

In addition to the drift section targets, the 
operator at the detection station will also be able 
to control the three targets which are located on 
the reinforced concrete monuments supported on rock 
beneath the foundation of the accelerator. The 
monuments are isolated frcm the floor of the accel- 
erator. The targets are supported in the evacuated 
pipe through bellows connections which permit the 
accelerator to be moved relative to the monument 
without moving the monument target. The last of 
the three monuments is located 5 meters ahead of 
the mirror at the end of the accelerator. One of 
the double targets for the BSY is mounted on this 
monument, and the other double target is mounted 
at the very last accelerator target position. 
Either of these targets, together with the laser 
point source, are the two points which determine 
the basic straight line for the alignment of the 
accelerator and the BSY. 

The design of the precision screw jacks per- 
mits the optional installation of remote actuating 
devices. These actuators would permit an operator 
directly above the support point to make small 
alignment corrections without entering the acceler- 
ator housing. The complexity of the rf waveguides, 
which must move with the accelerator structure, and 
the distances involved rule out any attempt to 
construct a fully automatic alignment system. The 
remote actuators will initially be installed only 
at selected points where they are required. 

The jacks are limited in travel to a range of 
+ 25 mm by incremental stops. In order to exceed 
this limit, a technician must enter the accelerator 
housing to change the stops. In principle, it is 
possible to move the accelerator by as much as 
+ 15 cm without hitting the walls of the housing. 
However, several complicated mechanical changes 
would have to occur before such a large adjustment 
could be made. 

The alignment of the accelerator is dependent 
on keeping the support girder level in the trans- 
verse direction. Where remote jack actuators are 
used, it is also necessary to provide a means for 
remotely monitoring the transverse leveling. This 
is done with a remote-reading pendulum device. The 
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image pattern also provides an indication of azi- 
muthal position. It will be shown below that the 
actual image pattern from the rectangular Fresnel 
lens is a cross with a bright center spot. The 
arms of the cross are intense enough to be used 
with the detector to determine azimuthal position. 
However, the sensitivity of the azimuthal deter- 
mination is not sufficient over the entire length 
of the accelerator to enable the target pattern to 
be used throughout for this purpose. The loss of 
azimuthal sensitivity is due to the fact that while 
there is a magnification ratio of t/r for all 
transverse displacements (see F 5. l),there is no 
equivalent arimuthal magnification. The animuthal 
sensitivLty for the la&t two-thirus of Lhe lt,,gth 
of the accelerator is expected to be adequate be- 
cause the resolution of the system only varies by 
a factor of three over that length. 

Alignment System Components 

The three basic elements of the alignment sys- 
tem are -the light source, the target, and the de- 
tector. These are described below. 

Light Source 

The light source of the alignment system is a 
commercial He-Ne laser. The targets are designed 
for the fundamental visible wavelength of 6328 Ang- 
stroms. The laser is assembled using one spherical 
mirror and one plane mirror. The wavefront can be 
approximated by a sp'herical wave from a point source 
since the wave can be considered to emanate from a 
point whose size is determined by the diffraction- 
limited image of the illuminated part of the spher- 
ical mirror. Using Airy's law, the radius of the 
spot is 1.22 A L/D, where L is the length of the 
laser, 60 cm, D is the diameter of the illuminated 
part of the spherical mirror, 0.6 cm, and h = 6328 
Angstroms. Thus the "point" is about 0.15 mm in 
diameter. The beam spreads to about 1.6 of the 
distance from the laser so that at 100 meters it 
would cover a spot 100 cm in diameter. To insure 
even illumination of the targets, especially the 
one closest to the laser, a diverging lens has been 
mounted in the laser beam. The lens does reduce 
the intensity of illumination of the targets, but 
it also greatly reduces the accuracy to which the 
laser must be pointed. The laser is designed to 
emit 1.0 mw of power which is expected to be suffi- 
cient for the detection system to operate with a 
signal-to-noise ratio well above the threshold for 
maximum sensitivity. 

AlJgnrnent Targets 

The targets are rectangular Fresnel-zone plates. 
The rectangular design is preferred over the clas- 
sical circular zone plate primarily for reasons of 
fabrication. It is easier to rule straight lines 
than circles,and the circular zones would require 
special spiders for supports. 

The one-dimensional Fresnel pattern is shown 
in Fig. 4. The distance from the center line of 
the target to the center of the nth slot is 

Xn = (hrs/&)+ (4n)+ . (1) 

This is the same expression that is derived for the 
radius of the 2n Fresnel zone in most standard op- 
tics texts.i In it, A is the wavelength, r and 
s are respectively the distances from the target 
to the laser and to the detector, and 8 = r f s. 
The edges of the nth slot are at 

and 

X (4n + c - ,)f 

a 
(2) - 

(4n + C + l)$. 

The L..bs,ripts "i" arid "0" denote the inner and 
outer edges of a slot, respectiveljr. The arbitrary 
constant C selects the point at which the slot edge 
will be located in each Fresnel zone. For example, 
the values 0.0 and 2.0 for C have the effect of 
making two patterns which are the inverse or nega- 
tives of each other. 

The targets are formed by chemically milling 
the array of rectangular holes into a copper sheet 
which ia sbouL 35 cm square and 0.5 mm thick. The 
follotiing step-by-step manufacturing process is 
used: 

1. Rule the corn@-te one-dimensional pattern 
on a coated glass plate with an automatic diamond- 
tipped ruling engine controlled by punched paper 
tape, generated from computer magnetic tape output. 

2. Strip the coating from the area between 
the edges of the open slots to form the pattern 
shown in Fig. 4. 

3. By a succession of photographic steps, all _ 
using contact printing, form a master pattern con- 
sisting of crossed images of the one-dimensional 
pattern as shown in Fig. 5. 

4. Transfer the master pattern to the copper 
sheet by applying a light-sensitive coating known 
as photo-resist and by exposing the coated copper 
to the master pattern. The nature of the photo- 
resist coating is such that, after developing and 
fixing, it is possible to use a suitable solvent 
to wash away the coating where the copper has not 
been exposed. The resulting areas cf clean copper 
may then be used for subsequent plating or etching 
operations. 

5. Electroplate an 0.05~mm-thick layer of 
nickel on the clean copper to form the actual pat- 
tern of the target. 

6. Ey cncziccl milling, remove the unplated 
copper to form the required pattern of holes as in 
Fig. 5. The chemical milling process is controlled 
to retain the copper behind the nickel plating 
wherever possible. Generally, some copper will re- 
main if the width of the ribbon is greater than 
the thickness of the copper sheet. 

7. Apply a thin flash-coating of nickel for 
protection to the target which now resembles the 
cross section view shown in Fig. 6. 

8. Mount the target to the stainless steel 
frame by match drilling the target and the frame. 
The frame has a pair of holes which fit over 
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locating pins on the target hinge, thus ccanpleting 
the connection from the target to the accelerator. 

Errors in the position of the edges of the 
apertures can always be divided into symmetric and 
asymmetric errors. The maximum error that can oc- 
cur in finding the center of the target is essen- 
tially the magnitude of the asyrrmetric shift of the 
aperture edges. The tolerance for the aaerture 
edges is 0.025 mm which is the same as the criteria 
for the sensitivity of alignment of each target. 

Symmetric errors can only affec' the intensstv 
and sharpross of the image, never its posl'io... 
The only important type of symmetric error is that 
which is proportional to the distance of the edge 
of the aperture from the center of the target. 
This error is equivalent to having the wrong focal 
length for the target as calculated from Eq. (2) 
where the focal length f is given by f = rs/&. The 
longitudinal distance by which each target can be 
moved without causing a reduction in alignment 
sensitivity greater than lO$ has been calculated 
by a digital computer program. In many cases it 
was found possible to let one target pattern be 
used in two or more positions without exceeding the 
10% limitation. In addition, it is frequently pos- 
sible to use the same target at an exactly symmet- 
rically located position relative to the center of 
the accelerator. This is equivalent to exchanging 
r and s in Eq. (2). As a result, a total of only 
121 different patterns are required for the 274 
target locations. 

Most of the patterns are 30 cm square. How- 
ever, a limit of 250 slots was set and, as a result, 
at the ends of the accelerator the targets have 
250 lines in less than 30 cm. The smallest of the 
targets, which is the very last one, is only about 
10 cm square. The smallest slot in this last tar- 
get is about 0.1 mm wide. The target with the 
longest focal length, whic‘h is located at the cen- 
ter of the accelerator, has only 46 slots in each 
direction of the 30 cm square. 

Detector 

The spot or line width of the image at the de- 
tection station will vary from about 0.1 mm for the 
last target to about 10.0 mm for the target nearest 
the light source. Figure 7 shows a photograph of 
a typical image pattern. The point to be aligned 
is the spot at the intersection of the crossed 
lines. The most difficult targets to align will be 
thr CG?S in the center of the accelerator. In this 
region, line widths are about 4.0 mm. The desired 
resolution of the alignment system is 0.025 mm. 
With a 2-to-1 enlargement ratio of a lens in the 
center of the accelerator, it is necessary to find 
the center of the spot to within 0.05 mm, or 1 
part in 80 of the line width. This is better than 
a human operator could be expected to do routinely. 
Tnerefore an electronic scanning system has been 
devised which displays the derivative of the spot 
intensity as a function of detector position in 
the horizontal or vertical directions. Figure 8 
shows the intensity curve of the central spot and 
the derivative of the intensity curve. The center 
of the spot is defined by the point where the 

derivative is zero. The advantage of using this 
method is that the steep line intersecting the axis 
gives an unambiguous determination of the image 
center. Figure 9 shows the actual plots of the 
differentiated alignment image as obtained from an 
x-y recorder. Each curve was traced twice to es- 
tablish the reproducibility of the results. The 
target was moved 0.1 mm between taking the two 
mrve s . 

The second derivative of the peak, dzI/dX2, 
wbiph is %he slope of the line as it intersects 
-: he i ris, is u=rd as a measure of the sharpness of 
the imsc:. ilh..,n the aecfnd derivative of the in- 
tensity ~ur\r is muitiplicd by the peak intensity 
I o, we obtain a measure of the error signal as a 
function of displacement of the image. When the 
square root of this quantity is multiplied by the 
magnification of the system, L/r, the resulting 
product is proportional to the signal obtained by 
displacing the target, thus giving as a measure of 
the alignment sensitivity 

)I 
+ & 0 ; . (3) 

x=0 

Image PatLern 

The calculation of the image intensity from a 
pattern of holes in a target plate involves the 
use of Fresnel integrals. Both Taylor series ap- 
proximations of the integrals and digital computer 
programs have been used for calculating the ex- 
pected images. The analytical approximations will 
be presented below for the rectangular Fresnel lens. 

The intensity at the image plane of light 
which has passed through an arbitrary hole pattern 
is 

I(P) = /U(P)('. (4) 

For a point source S, the amplitude U(P) is given 
by the Fresnel-Kirchoff diffraction integral which, 
to second order to the variables E and Q des- 
cribing the surface, is 

iti 
U(P) = -Ae 

JY 

i Z (p + V2) 

2t 
e ' di.ldV (5) 

target 

where p and V are the normalized distances 
from the origin P on the target and are given by 

$4 52 and $ = & 
Ars 92 . 

The wave number :? k = 2n/h and, as in Fig. 10, 2‘ 
and s are the target and image distances respective- 
ly and&= r f s. The source intensity is A2 units- 
of-power/steradian. 

By taking coordinates 5 and Q parallel to 
the edges of the holes,we can separate the integrals 
in Eq. (5) and write 



u(p) = -iAe 
iti i $ u2 i II. V2 

---3F- e & e s 
2 dV . (7) 

P v 

By substituting Eq. (7) back into Eq. (4),we have 
2 

I(P) = $, i )i c2 [p(P)3 + s2 WI/ (8) 

i c2 [V(P)1 + s2 [V(P)] = (5 2 I&, 
1 1 

There are a variety of ways to de-ign the tar& 
within +he me:hanical limitations. A sJ-npla i>lus- 
tration is to attempt LO maximize the "C" inte&,rals 
while minimizing the "S" integrals. If we write 

C =Jcos($ p2 dq) and S =J sin(g p2)du (9) 

and allow slots at 4n - 1 < us < 4n + 1 and rib- 
bons at 4n + 1< u2 < 4n + 3, the co4n/2) ~2 
function will always be positive during intervals 
of contribution to the integral while the sin(d2)p2 
function will oscillate in a manner that causes 
the integral to be small. The nth slot will then 
have edges at 

The addition of a constant C under the radical, 
as in Eq. (2), permits the arbitrary choice of 
phase such as we made in optimizing the cosine in- 
tegrals. In the case of the targets for the main 
part of the accelerator, a support strip was re- 
quired through the middle of each target. This 
prevented us from including the center or n = 0 
slot. The best alternative was to make the central 
ribbon the same width (1 cm) in all targets. Since 

M/a is different for each target, it is necessary 
to calculate C from the expression in Eq. (2) for 
the inner edge of the first slot, X:-=(Af/s) (3 +C), 
yielding 

c22L.3. 
Of/a) 

(11) 

For this example we will continue to consider the 
case for C = 0, but without the center slot. 

Having defined the target pattern as alter- 
nating slots and ribbons, we can rewrite the in- 
tegrals as sums of integrals over the successive 
;:',is. Thus we can write 

C(E) = f J 

h+(E) 

cos ($ t2) at (12) 
n=-N h-(a) 

n#o 

and 

S(E) = t J- 
h+(E) 

sin ($ t') dt, 

n;;; pn-( e) 

(13) 

where E is the normalized displacement from P 
at the point where the line from L to the point 
of interest on the image plance crosses the target. 
Thus for the intensity at the peak,the integrals 
are evaluated for E = 0. By measuring E in the 
normalized coordinates, as in Eq. (6), the slot 
edges, which are the limits of integration, become 

PJE) =hZ -E and p?+(e) / 

for n > 0 and 

add p n+ (c 

= J4n+l -e 

(14) 

)=-J4In\-l-e, 

for n < 0. 

To analyze the intensity of the image near 
the central maximum we express the one-dimensional 
$t;;enzty of E+(8) as a power series in e. Thus 

1,(e) = c2(o) + s2(o) + E 2c $$ + 2s g I 1 g=o 
+ $ p$ + 2C z + 2(gq2 + 2s z],=; .i? 

where 

g = -1 [sin ($ p:+) - sin (g Pz-)l , and E 
n 

$ = fi 1 [lln+cos($ PZ+) - Pn-cos($ IL;-)] . 
n 

For the range of boundaries of interest, good 
approximations for the integrals are2 

jcos ($ t') dt = $ - -& [cos~f2p2' - sin(z F2)j (16) 
0 

and 

Ssin(g t2) dt G $ - -$ 
0 

Using Eq. (16), we have 



- 

c(0) = e j?os(g 3) at + -f p”os(; t2jdt 
1 1Jn- -1 Pn- 

N (4n+1)i 
l--- n =- 

I 

4 

-- 
cos($)p2 + sin($)p' 

n 2 
1 flP3 P 

i (4n-i)' 

-N - 
+ 

:i 

;r _ cos(g g2) + sin($ p2jr4'n'-l)'l n 

-1 w3 ' J-(4/n/ +1)&J 

N 

(4n+l) -h + (pn&] cz 5 f n-+. (18) 

Similarly, we can &now that 

N 
i[ (4n+l) (4J 1 

N - 
s( 0) = $2 -2 

- 3 - + z-1 ) n-F. (19) 
2x2 - 7 i i 

Except for small values of N, the contribution of 
S2(0) to IP(0) is negligible. The sum for 
C(0) can be approximated by 

N Nil - 1 
1 ;; r 

N+l 1 1 
n-' dn + (n-l)-' dr I +1 1 L : 2 I 

(20) = (N+l+ + N’ - 2+ . 
Thus we have 

c2(o) = ; (N+l)+ + Nk - 2’ 2 1 (21) 

which aFrees with computer calculations of I(0) 
within h $ for N > 25. 

Incompleting the expansion to second order for 
Eq. (15), ;e 

E 

The only non-zero term for second order is 

find, using-the above method, 

N 
a2c -1 - = -2x 
i3E2 7 1 L = -8s n2 

= -4n n 

Substituting Eqs. (21), (22), and (23) into Eq.(l5) 
we have 

I- 2 

4rr2 

(N+l)g 

+ Nz - 1 

E + ... 1 
(24) 

For an alignment target formed by superimposing 
identical patterns at right angles to each other, 
we can use 

IJO) = Iv(O) (25) 

T:len, from Eq.(S),with N>>l, we have 

I(E) = (%j2 y p - e2 F + . ..] (26) 

which describes the intensity near the peak along 
one of the axis lines through the center, as in 
Fig. 7. 

Vacuum System 

The light pipe must be evacuated to eliminate 
refractive effects due to the air. At a pressure 
of 1000 microns the curvature of the light beam due 
to the pressure gradient induced by gravity becomes 
negligible. However, reasonable estimates of the 
temperature gradient from top to bottom of the li&t 
pipe are such that the pressure must be reduced to 
about 10 microns to eliminate curvature due to the 
temperature gradient in the residual gas. A large 
pumping system is located at one end of the light 
pipe. It should be capable of evacuating the en- 
tire light pipe to 10 microns or less in 16 hours. 

ILLcctor Signals 

The methods used to analyze the image intensity 
from the rectangular Fresnel lens will not be ex- 
tended to study the signal from the detector. The 
image is scanned in one direction at a time by a 
linearly oscillating aperture which moves parallel 
to the direction in which the scanning motion is 
made. A phase-sensitive detector is used to analyse 



the signal. To get an analytical conception of the 
signal amplitude, slope, and line width, we will ex- 
pand the image in a Taylor series. 

If H(x:y) describes an aperture located at x 
and y on the image plane, the power into a photo- 
multipiier tube placed behind the aperture is 

As defined in Eq. (i;), 5 and 
target plane. I(5) and I(q) 
Taylor series as 

I(q) dtdrl . (27) 

q are measured in the 
can ':e expand,d yn a 

I(t) = I(0) + I(l) + $ d2) + . . . (28) 

where I (n) _ a"1 - - 

It is convenient to calculate using a rectangular 
apertare with dimensions 2a wide by 2b high. Then 
the integral in Eq. (27) becomes 

xia 

i 

+b 

j- I(t) I(Q) dSdrl =(i)'l I(S) dEci I(?)dil 

H(x,Y) x-a y-b 
(29j 

where the r/a factors come from measuring 5 and q 
at the image plane. 

If the scan is made in the x-direction right 
through the peak of the image at y = 0, we have 

s 

b 

ii I(Q) dq = 2I(O)b + 5 I(2)b3+...= G(0) (30) 
-b 

and 

xia 

I(5) d5 = 2I(O)a + $ ((x+a)2 - (x-a)'] I(i) 

x-a 
+ 6 ((x+a)3 - (x-a)3] I(s) 

+ & [(~+a)~ - (x-a)"] I(3) 

+ 5 i(x+a)" - (x-a)5] I(4) 

+ . . . 

= 2I(O)a + 2xaI(l) + 
( 
ax2 

+ y (x2+a2) I (3 ) 

+ 9 (5x4+10x2a2+a4) + .,. 

= F(x) (31) 

The motion of the aperture is described by 

x=x + d sin wt 
0 

(32) 

where xo is the position of the center of oscilla- 
tion at time -I and the amplitude of oscillation is 
a. From Eq. (32) we have 

x2 = xE + 2xod sin wt + d" sin‘%, 

X 
3 

=x z + 3x3 sin wt + 3xod2sin% + d3sin3wt, and 

x4 = x4 - 
0 

+ 4xzd sin wt + 6x~d'sinSt + 4xod3sin3 wt 

+ d4sin4 wt (33) 

The 'utpu~ signal can be obtained in terms of 
the - ~ im-py L'S"; ilatL,lg frequency and harmonics by 
using the fullowing standard trigonometric identi- 
ties: 

sin%t = $ - i cos 2wt, 

sin3-& = 2 4 sin wt - 1 4 sin 3wt, and 

cos 2wt + L cos 4wt. 8 (34) 

The Fourier analysis can then be made by com- 
bining Eqs. (31) through (j4) and grouping terms 
with the same harmonic number. When this is done, 
the terms with the furraamental frequency are 

-t ;F,ixo) = 21 (1) ad + 21(')ar3xo + I(3)a $d+aq+$ 
I 

+ $ I( xzd + 2 xod3 
I 

+ xoa2d + . . . (35) 
I 

To evaluate Eq. (35) we use the result that (by 
comparing Eqs. (21) and (24) 

From the definition in Eq. (6) we have, from Eq.(28) 

where the derivatives are found by successive dif- 
ferentiation of Eq. (36). 

The derivatives of the C(E) integrals follow 
the patte:%ased after Eq. (15). If we use the 
same model target that was assumed in the analysis 
of the rectangular Fresnel lens the limits of in- 
tegration are the same as given by Eq. (14). 

Predictably, we find that the odd derivatives 
are 

For the even derivatives; C(0) and &2C/?Is2) - 
are given by Eqs. (21) and (231, respective?;? 
Continuing to the forth derivative from Eq. (15), 
we obtain, 



h4C 32 z3 -= 1 
ck4 

-y- [(N + 1)5/2+ N5'2 - 1) . (39 

Combining Eqs. (35) through (39), we find the 
coefficient of the fundamental frequency is 

Fl(xo) = - 2 (2adxo) 

f $ d2 + a2 ) 
16112w 
-E-+--. * 1 (40) 

The width of the image can be define! as the iis- 
tance between mavimum and minimum of F,(x,). As 
su;Ch, it is ,pproximately the distznc, betw-en t! 
positive and negative peaks in Figs. 8 and 9, and 
is about equal to the full width at half maximum. 
If we assume a and d are small compared to the dis- 
tance to the maximum or minimum, x,, we have 

&F (x 1 
= 0, by setting 1 = 0. dx 

0 

From this we find 
-+ 

X * m 1 
Thus th? line width, xmax-xmin, 
(Nr/s)-2. 

is proportional to 

In practice the light pipe is a constant dia- 
meter, thus limiting the targets to a fixed maximum 
width. If we let p2 = 4N in Eq. (6), 5 would equal 
the half width of a target so that the effective 
width of a target is 

Combining Eqs. (41) and (42), the width of the image 
is found to be 

which, in the middle of the acceleratcr, is 4.5 mm. 

The detection sensitivity is equal to the der- 
ivative of the first harmonic coefficient at x,=0. 
Combining Eqs. (27) and (30) and differentiating, 
we have 

whi-h: when we substitute from Eqs. (30) and (40) 
is 

zIx =; - (sr (y 2,) [$-) (y ad) . (44) 

0 

If we let the dimensions of the aperture be propor- 
tional to the image width such that b = 2a = fw, 
where f is a constant of proportionality, Eq. (44) 
reduces to 

With a laser source that emits 1 mw into a solid 
angle of krc<10m4 steradians, (A/&)2 ^ 2~10~l2 
watts/cm2 for & = 3X105cm. If we assume the sweep 
amplitude d of the scanner is equal to w/2, we find 

= 1.7 x lo-= N2f% watts/cm. 

In the center of the accelerator the targets 
only have 46 lines or N = 23. If we let f = l/10, 
IW~l cz 4 X lOwi watts cm. However, since the 

image from the center target moves twice as far as 
the target, the alignment sensitivity is 

(46) 

which for the center target is about 8 X 10-l' 
watts/cm. To detect a shift of 0.025 mm in the 
target requires a differentiation of 

z/ dP - 
I I 
1 

dx 
= 4 x 10-l* N2f2 d/r watts (47) 

r 

or lo-l2 watts for the middle target. The peak 
intensity, which is the energy striking the photo- 
multiplier at the center of the -image, is, from 
Eqs. (26) and (30), 

(48) 

At the center of the accelerator this is about 
a.5 x lo-l2 watts. 

Acknowledgment 

Dr. Kenneth R. Trigger originally developed 
and formulated the concepts of the SLAC alignment 
system. Had he remained at SLAC, he would have 
presented this paper. We gratefully acknowledge 
Dr. Trigger's contributions to the entire project. 

List of References 

1. E.g., F. Jenkins and H. White, Fundamen- 
tals of Optics, 3rd edition (McGraw)-Hill, New 
York, 1957). 

2. M. Born and E. Wolf, Principles cf Optics 
(Macmillan, New York, 1964). 

I 

q, =,= -17 (g$ N2f2d. 

0 



T ---- ,*1 / I 
\ / I 

% \ 
. 

L - LASER M 

T -TARGET ( TYPICAL ) 
M-MONUMENT TARGET 
D - DETECTOR 

233-S-A 

FIG. I - THE ALIGNMENT SYSTEM, SCHEMATIC D1AGRA.M 
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FIG.5-INSTALLED SEGMENT OF ACCELERATOR 
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FIG.4-- ONE DIMENSIONAL FRESNEL ZONE PATTERN 
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FIG.5-- COMPLETE RECTANGULAR FRESNEL PATTERN 
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248-2-A 
FIG.7-- PHOTOGRAPH OF ALIGNMENT TARGET IMAGE 
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FIG.8- ILLUSTRATION OF THE RELATION BETWEEN THE 
INTENSITY CURVE AND THE DERIVATIVE CURVE. 
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FIG.9- X-Y RECORDER OUTPUT OF ALIGNMENT DETECTION 
SYSTEM. EACH TRACE WAS TAKEN TWICE AND THE 
TARGET WAS MOVED 0.1 mm BETWEEN TRACES I AND 2 
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