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I n  the planning of a very l a rge  a l t e r n a t i n g  grad- 

i e n t  type accelera tor ,  it i s  genera l ly  expected t h a t  

some means f o r  checking the  geometrical a l i g m n t  a t  

r egu la r  i n t e r v a l s  of time, and of making the  indicated 

mechanical cor rec t ions  w i l l  have t o  be provided. If a  

means can be devised such t h a t  we can look forward t o  

being able  t o  co r r ec t  the a l i g w e n t  e a s i l y  and with 

l i t t l e  l o s s  i n  machine running time, the e f f o r t  of 

f ind ing  a  s i t e  w i t h  su i t ab l e  s t ruc tu re ,  of t e s t i n g  the  

s t a b i l i t y  of the  s i t e  and of designing a  foundation f o r  

the  machine w i l l  be very much l ightened* 

To t r y  t o  put  i n t o  more quan t i t a t i ve  terms what we 

m i g h t  be w l l l i ng  t o  accept  a s  s a t i s f a c t o r y  p~rformance 

i n  an alignment scheme, l e t  us  adopt the  following 

statements,  which, although a r b i t r a r y ,  seem t o  be rea- 

sonable. (1) We w i l l  be wi l l ing  t o  devote up t o  ha l f  

a  day every second week t o  rou t ine  checking and adjus t -  

ment. T h i s  amount of time w i l l  be ava i lab le  i n  the  
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normal course of scheduling i n  such a  way t h a t  no l o s s  

w i l l  be caused s p e c i f i c a l l y  by the  alignment operation. 

(2)  The amount of misalignment t h a t  we can allow t o  

accumulate between adjustments w i l l  be .02". Theory 

ind ica tes  t h a t  this  i s  a  reasonably safe  guess. The 

f igure  .02" app l ies  t o  the  constancy of the  radius ,  

i n  going around the machine, and t o  a l t i t u d e ,  or  the 

degree o f  f l a t n e s s .  .02" per  two weeks w i l l  amount 

t o  h a l f  an inch a  year. This may seem a t  f i r s t  s igh t  

t o  be a  very l a rge  amount of movement, but ac tua l ly ,  

i t  i s  j u s t  the amount which h a s  been recorded i n  the 

measurements on the  CERN s i t e  a t  Geneva (CE~N-PS/AFD 

2, Ju ly  195'5 and CERN-PS/AED 3, Sept.  1955). While i t  

i s  a l toge ther  poss ib le  t h a t  the s i t e  se lec ted  by MURA 

w i l l  be more s t ab l e  than the  CERN s i t e ,  i t  w i l l  not  be 

wise t o  count on more than one order of magnitude l e s s  

motion. The alignment mechanism w i l l  have t o  have an 

i n t r i n s i c  p rec i s ion  considerably b e t t e r  than the .02". 

It should be capable of observing changes a t  l e a s t  f i v e  

times a s  small, o r  .004". 

Our object  i n  t h i s  paper w i l l  be t o  look, i n  some 

d e t a i l ,  i n t o  the  ques t ion of the f e a s i b i l i t y  of deter -  

mining changes i n  lengths  and a l t i t u d e s  wi th  the speed 

and accuracy j u s t  prescribed,  and t o  l a y  out preliminary 

ou t l i ne s  f o r  the instrumentat ion which w i l l  have t o  be 

incorporated i n t o  the  acce le ra to r  i n  order t o  do the job. 



The magnet of the acce le ra to r  w i l l  have the form 

of a  r i n g  which i s  c u t  up i n t o  a  number (40 or so)  

independent segments, w i t h  f i e l d - f r e e  spaces between 

them. Each segment of the  magnet w l 1 1  be b u i l t  on a  

r i g i d  bed p l a t e .  The adjacent  ends of the  bed p l a t e s  

w i l l  be kept i n  alignment r e l a t i v e  t o  one another,  so 

we w i l l  have i n  e f f e c t  a  f l e x i b l e ,  c i r c u l a r  t r a i n .  

Bscause the shor t  range alignment w i l l  be maintained 

by the accurate matching of one segment end t o  the 

next,  i t  w i l l  be necessary t o  apply absolute radius  

and a l t i t u d e  measurements only a t  i n t e r v a l s  of severa l  

segments, say a t  a t  l e a s t  8 but a t  not more than 16, 

p laces  in  the c i r c l e .  Radius measurements w i l l  of 

course be made from a  c e n t r a l  hub, which w i l l  cons is t  

of a  f ixed concrete p i e r .  

Al t i tude ,  o r  f l a t n e s s  - 
It i s  not  required t h a t  the machine be l e v e l ,  but 

only t h a t  i t  l i e  i n  a  plane. There a r e  two standard 

and obvious l i n e s  of approach: an op t i ca l  method, 

and the  use of the f r e e  surface of a  l i qu id .  Tho op- 

t i c a l  method would employ a  telescope of acme kind, 

mounted on a  ro t a t ab l e ,  v e r t i c a l  spindle a t  the cen te r  

of the  machine. Making the spindle and i t s  p ier  good 

enough mechanically would probably not be d i f f i c u l t .  

The e r r o r s  introduced by the varying gradient  i n  the 

index of refract ion of the  a i r  would, according t o  

the recent  experience of the CERN group, not  be se r ious ,  



providing the  measurements were made a t  the optimum 

time of day and i n  favorable weather. Their measuFe- 

ments indicated t h a t  under se lec ted  condit ions the 

rad ius  of curvature introduced by the r e f r a c t i o n  

e f f e c t  was 50,000 Km, which makes an e r r o r  of only 

10-4 mm a t  500 f t .  A more ser ious  problem l i e s  i n  

d i f f r ac t i on .  I f  a 3" lens. were used i n  the t e le -  

scope, the d i f f r a c t i o n  p a t t e r n  of a l i n e  viewed 500 

f t .  away would be such a s  t o  g ive  the l i n e  a n  apparent 

width of somewhat more than 1 mill imeter .  Further ,  i n  

order t o  be ab l e  t o  resolve,  v i sua l l y ,  .02" a t  500 f t . ,  

a magnif icat ion of about 2500 would be necessary. 

These f i g u r e s  ind ica te  t h a t  the  op t i ca l  apparatus 

would have to be more e labora te  than a simple telescope. 

However, the  design of su i t ab l e  o p t i c a l  equipment would 

not be a t  a11 impossible. 

The f r e e  surface of a l i qu id ,  a s  a reference f o r  

a l t i t u d e ,  seems t o  o f f e r  a t t r a c t i v e  p o s s i b i l i t i e s .  For 

example a g l a s s  tube, say one inch i n  d i a m e t e ~ ,  i n  the  

form of a c i r c l e  the diameter of the machine, and f i l l e d  

ha l f  f u l l  of clean mercury would provide the necessary 

continuous f r e e  surface. The tube would be supported 

on the bed p l a t e s  o r  jus t  a t  the s ide .  Simple screw 

micrometer heads, mounted on the  bed p l a t e s  extending 

jus t  t o  the mercury surface would e a s i l y  give the  e l e -  

va t ions  t o  wi th in  l e s s  than .001 inch. I f  g rea te r  

s e n s i t i v i t y  o r  r a p i d i t y  i n  reading should be desired,  



e lec t ron ic  or e l e c t r i c a l  sensing devices would be 

avai lable .  A more p r a c t i c a l  const ruct ion might be 

t o  have a f r e e  surface only a t  each measuring s t a t i on ,  

and t o  have a11 the measuring s t a t i o n s  interconnected 

by means of small, f i l l e d  tubes. The p i t f a l l  t o  avoid 

here  would be i n  allowing too much va r i a t i on  i n  eleva- 

t i o n  i n  the plumbing between s t a t i ons .  The l i n e a r  

expansion coe f f i c i en t  of mercury i s  6x10m5/deg C. A 

U-tube of mercury 4 cm i n  height  w i l l  show a .001 inch 

di f ference  i n  e leva t ion  between i t s  two surfaces  i f  

the two columns d i f f e r  I n  temperature by 10' C. There- 

fo re  i f  i n  the  leveMng system suggested the f r e e  sur- 

faces  and the interconnecting tubes were kept within - 
an a l t i t u d e  v a r i a t i o n  of 4 cm, the  e f f e c t s  of tempera- 

t u r e  va r i a t i ons  would be avoided t o  a s u f f i c i e n t  extent  

Smn11 ups and downs i n  the  interconnecting tubes would 

contr ibute  some add i t i ona l  e r r o r ,  but i f  t h e i r  tempera- 

t u r e  va r i a t i ons  were random, t h e i r  e f f e c t s  would come 

i n  only a s  the square r o o t  of the sum of t h e i r  squares. 

The time aonstant  of such a mercury system can be 

made t o  have any des i red  value, e i t h e r  through the 

choice of the  s i z e  of the  tubing connecting the s t a t i o n s  

w i t h  one another,  or  by means of adjus table  cons t r i c t ions .  

Enough flow f r i c t i o n  can e a s i l y  be introduced, i f  needed, 

t o  render the system c r i t i c a l l y  damped. 

A s  a prel iminary guess, a favorable value f o r  the 

time constant  might l i e  i n  the  range between 10 min- 

u t e s  and one hour. Such a time constant  would f i l t e r  



out a11 e l a s t i c  e a r t h  waves, which would be of no 

i n t e r e s t  f n  any case,  and would produce a steady mer- 

cury surface f o r  measurement, If the  measurements 

were t o  be ca r r ied  out  manually, an h o u r Q s  time 

might ac tua l l y  be needed f o r  a complete run since 

the  l eve l s  of qu i t e  a large  number of indfvidusl 

s t a t i ons  would have t o  be determined and reported. 

Electronfc sensfng devices,  wired i n  t o  a c e n t r a l  

s t a t i on ,  would, of course, reduce the  time required 

f o r  a measurement t o  dmos t  nothing, i n  which case 

a time constant  of a few minutes, i n  the mercury system, 

would be adequate. 

Tide e f f e c t s  caused by the moon would probably be 

observed, We assume tha t  we would not want t o  t r y  t o  

average over these e f f e c t s  by means of the  mercury 

time constant ,  but t h a t  we would want t o  p l o t  them, 

and take them i n t o  account i n  t h a t  way. This would 

place an upper l i m i t  of the o rder  of an hour on the  

time constant .  By p l o t t i n g  the t i d e  e f f e c t s  over a 

long period of time we would be ab l e  t o  take them i n t o  

account qu i t e  exact ly .  

The accuraey w i t h  whfeh the l e v e l  of the machine 

could be determined would depend l a rge ly  upon the  

length  of time used f o r  the measurement, a s  f s  the 

case i n  an "signal-to-noiseH problem. We would be 

deal ing wfth a combination of random and periodic 

d i s t u r b ~ n c e s ,  The known per iodic  disturbances,  mainly 



from the moon, could c e r t a i n l y  be correc ted  out of 

the data ,  t o  within . O O l n  o r  l e s s ,  on the bas is  of ac- 

cumulated observations. Passing wavcs-trains ( e l a s t i c  

waves) would be f i l t e r e d  out by the  long time constant 

of the mercury system. There i s  no way t o  est imate i n  

advance the "random noise", but it seems reasonable t o  

expect t ha t ,  i n  an  hour ' s  average, th is  would not  in-  

troduce an e r r o r  of more than .00lW. However, t h i s  

point  would have t o  be ve r i f i ed  i n  a preliminary experi- 

ment i n  the area  chosen f o r  the loca t ion  of the machine. 

Radius Measurements -- 
For maintaining the  constancy of the radius  of 

the  machine, i n  8 t o  16  d i r ec t i ons  from the center ,  a 

type of g l o r i f i e d  measufing rod seems t o  give promise 

of f u l f i l l i n g  the  rsqufrement. The problems associa ted  

w i t h  a measuring rod a re  ( a )  temperature control  and 

( b )  force  control .  To get i n t o  perspect ive,  consider  

the following f i g u r e s  which e re  worked out  f o r  a rod 

1/4 inch i n  diameter end 500 f t .  long. 

Materf a1  Change i n  Change i n  ~ t / f t  W t .  of 500 f t .  
length pe r  length  per  
D e g ~ e e  C kilogram 

tension 

S t e e l  .06" .0098 .093kg 4% 
Fuzed s f l i c a  .003" .026" .02Skg 13kg 

Tungsten -026" .0053" .22kg lo9kg 

Invar .003" .0088'~ .22kg 4% 



Bath invar and s i l i c a  a r e  exce l len t  from the stand- 

point  of temperature coe f f i c i en t  of expansion. However, 

i n  almost any method of supporting a long rod, the un- 

c e r t a i n t y  i n  the  tens ion w i l l  be about proport ional  t o  

the  weight of the rod per  un i t  length.  For t h i s  reason 

the  f igure  of merit, i n  regard t o  the problem of main- 

ta in ing constant  tension,  w i l l  be the Young's Modulus 

divided by the densi ty.  Because of i t s  low densi ty,  

s i l i c a  wins over a l l  the  o ther  i n  t h i s  respect .  

Since it  i s  a l s o  just  a s  good a s  invar  i n  i t s  tempera- 

tu re  expansion coe f f i c i en t ,  s i l i c a  seems t o  be the bes t  

choice. There i s  one other  property which may be of 

some s igni f icance ,  but  on which we have very l i t t l e  

information, and t h a t  i s  the slow change i n  dimensions 

with time a f t e r  manufacture, t h a t  i s ,  the  aging e f f e c t .  

We sha l l ,  however, proceed f o r  the  present  using s i l i c a  

a s  our mater ia l .  

In  designing the measuring rod  we s h a l l  aim t o  keep 

the va r i a t i on  i n  length  t o  wi th in  - + .OOl l '  due t o  temp- 

e ra tu re  v a r i a t i o n  and t o  wi th in  the same l i m i t s  due t o  

va r i a t i on  o f  tension. The compound prec i s ion  w i l l  then 

be about - q6r .00l4". This w i l l  mean t h a t  the temperature 

of the s i l i c a  w i l l  have t o  be held  wi th in  & . ~ O C  and 

t h a t  the tens ion w i l l  have t o  be held  within - -A 40 grams. 

To maintain an e n t i r e  500 f t .  length of rod a t  

constant temperature t o  wi th in  =& . ~ O C  would require  

a r a t h e r  e labora te  thermostat system and housing. I t  

w i l l  be much e a s i e r ,  instead,  t o  devise a  method of 



measuring, and maintaining, the  co r r ec t  e f f ec t i ve ,  - 
or  average, temperature over the length  of rod, and t o  

allow it to  vary i n  temperature from one point  t o  

another. To do th is  we w i l l  wind insula ted  wire on 

the  rod, spaced unlfonnly a t ,  say 1/8" per t u rn ,  We 

know t h a t  the wire,  everywhere, w i l l  change i t s  re-  

s i s tance  w i t h  temperature i n  a near ly  s t r a i g h t  l i n e  

se la t ionsh ip ,  provided the ternperatura range i s  not 

l a rge .  Likewise, the rod W i l l  change I t s  length with 

temperature i n  a near ly  s t r a i g h t  l i n e  re la t ionsh ip .  

Over any small l oca l  p a r t  of the rod the  res i s tance  of 

the  wire w i l l  be r e l a t e d  i n  a precise  way t o  the  langth 

of the same p a r t ,  since both the res i s tance  and the 

1~n;tlegh change w i t h  the  temperature approximately l i n -  

ear ly .  Therefore, f f  we add a l l  the  p a r t s  together ,  

the t o t a l  r es i s tance  w i l l  g ive u s  the t o t a l  length.  

I f  the res is tance  vs temperature and the  length  vs 

temperatura were both prevfse ly  l i n e a r  r e l a t i o n s ,  we 

would then be able t o  determine the t o t a l  l sngth  from 

the  t o t a l  r e s i s t ance  without regard t o  va r i a t i on  i n  

temperature along the  rod. The rela  t ionships  a re ,  of 

course, not  exac t ly  l i nea r .  However, while l i n e a r i t y  

i s  a s u f f i c i e n t  condit ion,  i t  i s  not the only condi- 

t i o n  which w i l l  permit an exact  measurement. If i n  

the  two formulas, f o r  expansion and change i n  r e s i s -  

t i v i t y ,  

L = Lo (1 J-d T +a1 T~ /-/-"'I 



there  w i l l  be a previso r e l a t i o n  between L and R,  

independently of l o c a l  va r ia t ions  of temperature 

along the rod. We would hope, the re fore , . to  f i n d  a 

metal f o r  the wire -vch t ha t  the d and 3 f o r  re -  

s i s tance  change would match t h e d  a n d 4  f o r  the 

expansion of the rod, over the  range of temperature 

t o  be used. We w i l l  show t h a t  i t  w i l l  be very easy 

t o  achieve t h i s ,  t o  such a degree t h a t  the e r r o r  in -  

troduced i n t o  the  measurement by the non- l lne . r i tg  

w i l l  be not  more than r few t e n t h s  of . O O l n  i n  a 

temperature range o f ,  say 5 dog. C .  

A way t o  est imate the  e f f e c t  of non- l inear i ty  

i s  the  following. we want t o  measure, by reading the 

resistance of the wirep the e f f e c t i v e  temperature of 

the rod,  t o  within . ~ O C ,  while l oca l  p a r t s  of the rod 

vary i n  temperature over a range of a t  l m b t  SOc. If, 

i n  the  equation 

L = L ( 1 + d T  7 6 ~ ~ 2 )  
0 

2 o ( 5 )  i s  m a l l  compared t o  0( (  .3), we w i l l  be j u s t i f i ~ d  

i n  neglect ing thar e f f e c t  of the quadrat ic  term over 

the range. We do not  have the  value of 9 f o r  s i l i c a ,  

but we do have it f o r  tungsten, which can be  taken a s  

t yp i ca l  a t  l e a s t  i n  order  of magnitude. fi i s  6 x 10-lo 

while d I s  4.3 x lom6. l ' h u s ~ t ~ ) ~  = 1*5 x lo-' and 

6 d(.3) = 1.3 x 10" The value of fi i n  the temperature 

coe f f i c i en t  of r e s i s t i v i t y  of copper i s  not  accura te ly  

known t o  us ,  but some meas-ents mad. by us  indicate  

t h a t  p<10-~& ~ h u s / ( ~ ) ~ ( <  ( . 3 ) ,  meaning t h a t  



here again the  e f f e c t  of the  non-l ineari ty,  i n  the  

S°C temperature range, i s  f a r  below our required 

l i m i t s  of' e r ro r .  Thus, i t  appears t h a t ,  i f  we keep 

the  temperatures a t  the various po in t s  along the rod 

within a bracket of So, o r  even lo0 ,  the  matching of 

the  higher  terms i n  t h e  equations f o r  expansion of 

the rod and change of r e s i s t l v l t y  of the  wire i s  an 

unnecessary refinemant. O r ,  t o  approach from the 

o ther  d i rec t ion ,  wa may expect t h a t  i f  a very appro- 

ximate match ware made, and the problem wera looked 

i n t o  more ca re fu l l y ,  it would be found t h a t  a 20 or 

30 degree v a r i a t i o n  i n  temperature along the rod could 

be nllowed. 

The prec i s ion  with which the  r e s i s t ance  of the 

wire must be read i n  order  t o  determine the length of 

the rod t o &  . O O l n  i s  r e a d i l y  computed and, i f  i t  i s  

copper, the r e s u l t  i s  & .14%. This l a  a mild require-  

ment f o r  evm a simple bridge c i r c u i t .  

Now l e t  us t a l k  about fo rces  on the  rod. The 

weight of the  1/4" s i l i c a  rod i s  13 kilograms and the 

tension necessary t o  change i t s  length  ,001" i s  40 

grams. If the  rod were r e s t e d  on a surface o r  a s e r i e s  

of r o l l e r s ,  the coe f f i c i en t  of f r i c t i o n  would have t o  be 

of the order  of 1 0 ' ~ ~  Therefore a b e t t e r  means of sup- 

p o r t  w i l l  have t o  be devised. Suppose we suspend the rod 

by a s e r i e s  of threads ,  spaced, say, a t  i n t e rva l s  of one 

foo t .  Let the rod run along the  ax i s  of a copper pipe. 



Let the  suspending threads by 1" long, a t tached to  

the "roofn i n  the  pipe. Now we have t o  consider the 

hor izon ta l  component of fo rce  put  i n to  the rod by the 

threads,  whose d i r ec t i ons  with respect  t o  the v e r t i c a l  

w i l l  change a s  the copper pipe and the  rod expand by 

d i f f e r e n t  amounts. I n  an a c t u a l  case, the  copper pipe 

w i l l  expand as the ea r th  does, because it w i l l  be 

securely fastened down. However, l e t  u s  t a k e  the more 

unfavorable case and say t h a t  i t  expands f r ee ly ,  which 

w i l l  be .1 inch pe r  deg. C i n  500 f t .  By how much w i l l  

this cause the  rod t o  s t r e t c h ,  due t o  the changes i n  

d i rec t ions  of the suspending threads? By evaluat ing a 

simple double i n t e g r a l ,  which we w i l l  not bother  with 

presenting here ,  the r e s u l t  i s  .0035". This i s  not 

good enough. We note ,  however, t h a t  the s i l i c a  rod 

changes by only .035 aa  much a s  the pipe from whhich 

it i s  suspended does. We therefore  repeat  the process 

and suspend a second rod below the f i r s t  one. The 

change i n  length of the second rod i s  then only .001 

a s  much a s  the change i n  length  of the pipe, or  . O O O I M  

f o r  a 1°c change of temperature of the pipe. The f i r s t  

rod ~$21 have t o  have the same temperature a s  the second, 

bu t  the  requirement here  i s  not  severe. For the  tempera- 

t u r e  d i f f e r e n t i a l  between the  f i rs t  and second rods t o  

produco a .00lW e r r o r  i n  the  l e n ~ t h  of the second, the 

average temperatures of the  rods w i l l  have to d i f f e r  

by 10' C .  This requirement w i l l  e a s i l y  be s a t i s f i e d  by 

using a copper tube f o r  the  enclosure.  



To put a l l  t h a t  we have computed together ,  the  

design f o r  a "measuring s t i ck"  t o  measure 500 f t  with 

f e0014" p rec i s ion  shapes up a s  follows. The enclosure 

cons i s t s  of a copper pipe, 1/8" wall  thickness,  and 3" 

i n  diameter, insula ted  with steam-pipe asbestos lagging 

mater ia l .  Heating wires and thormostata a r e  placed 

under the asbes tos ,  i n  independent lengths  of 10 f t .  

each. The l a t t e r  requirements a r e  brought about by 

the f a c t  t h a t  p a r t  of the pipe w i l l  be out-of-doors, 

where the  seasonal,  and even d iurna l ,  temperature 

change may be very large .  The temperature control  can 

be a r e l a t i v e l y  crude one--about 5 degrees precision.  

The pipe i s  supported on concre tepiers ,  a t  i n t e r v a l s  of 

10 f t .  TWO s i l i c a  rods,  1An i n  diameter a r e  suspended 

in the  pipe, one from the  other  on 1" threads spaced 

1 f t .  The second rod i s  wound with #30 enameled copper 

wire, 8 t u rns  t o  the  inch, lacquered down. The assembly, 

500 f t .  long, can be made ( a s  a rough guess)  f o r  $5000. 

We may v i sua l ize  an e n t i r e  a l ign ing  system a s  follows: 

Each sec to r  of the  machine i s  b u i l t  on a r i g i d  bed p l a t e .  

Each bed p l a t e  i s  supported a t  four  po in t s  by l eve l l i ng  

screws, and there  i s  a hor izonta l  ( r a d i a l )  adjustment 

screw a t  each end. Provision i s  made, l oca l l y ,  a t  each 

s t r a i g h t  sect ion,  t o  keep the  two neighboring sec to r  

ends i n  alignment with each other .  I n  the  mercury system 

there  a r e  two masu r ing  s t a t i o n s  ( a  f r e e  surface and a 

sensing dovice) a t  each s t r a i g h t  sec t ion;  one a t  the 



outer  r ad ius  and one a t  the inner  radius.  

There a r e  8 ( o r  possibly 16) "measuring s t i cks"  run- 

ning l i k e  the spokes of a wheel from a cen t r a l  monu- 

ment, and the aensing equipment f o r  the  measuring s t i c k s  

i s  located a t  the  inner ,  common point .  

l'he i n i t i a l  c a l i b r a t i o n  of t h e  measuring s t i c k s  

would be ca r r ied  out a s  follows: The 500 f t. asaem- 

b l i e s  would be b u i l t  i n  sec t ions  of about 10 f t .  The 

10 f t .  p ieces  of s i l i c a  would a t t ach  t o  one another by 

means of p rec i s ion  metal f e r r u l s .  Disassembly and 

reassembly would not  change the ca l i b r a t i on ,  because 

the three  important e lenen ts ,  the  rods,  the  res i s tance  

wire, and the thread suspensions, would never be separated, 

but would be l e f t  i n t a c t  i n  each 10 f t .  length. I n i t i a l l y ,  

a l l  the 'measuring s t icks '  would be assembled side by s ide  

and ca l i b r a t ed  aga ins t  one another over a s  g rea t  a range 

of temperature a s  would be expected i n  p rac t i ce .  Each 

rod would then have a c a l l b r a t i o n  curve r e l a t i n g  r e s i s -  

tance t o  length.  I n  using the rods f o r  ac tua l  checking 

of the machine, no attempt would be ma de t o  bring each 

rod to a standard temperature, but r a t h e r  the  res i s tance  

would be measured and the length read from the ca l i b r a t i on  

curve. 

The concluslon of t h i s  study i s  t h a t  i t  w i l l  be 

poss ib le  t o  check both a l t i t u d e  and radius  i n  a machine 

of 500 f t ,  radius  t o  well within .0014", and t o  do the 

checking and readjustment operat ion wi th in  a half  day's 

t imkr . 


