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A b s t r a c t  

The methcrd a n d  t h e  r e ! s u l t s  of t h e  p r o t o n  
beam e n e r g y  m e a s u r e m e n t s  r : a r r i e d  ,au t  eun t h e  
Ih lR l inai :  i n , j e c t i o n  line are d e s c r i b e d  . The 
ineasirremeri ts  a rc  made b y  t w o - r a v i t y  b u n c h e r  . 
ille f i r s t  l L a v i t y  is u s e d  f o r  a beam b u n c h i n g  
a n d  t h e  iie,:ond nne s e r v e s  a s  a beam harmonic 
d e t e c t o r  . To f i n d  a p a r t i c l e  e n e r g y  d e s t r i b u - .  
t i o n  a pha:ie d i f f e r e n c e  o f  PF f i e l d s  i n  t h e  
twn cavities is m e a s u r e d  . Tu measure an absn- 
l u t e  value o f  a beam e n e r q y  a m e c h a n i c a l  m o v e -  
ment uf  the Se,:wxJ r a v i t y  is u s e d  . A c a v i t y  
d i s p l a c e m e n t  c o r r e s p o n d s  tm2 2X p h a s e  s h i f t  Of 
t h e  i n d u c e d  field . Rar,donl e r r o r 5  o f  a n  a b s a -  
l u t e  e n e r g y  m e a s u r e m e n t  were d u e  t o  m a i n l y  
e n e r g y  i n s t a b i l i t y  a n d  t h e r e  v a l u e s  were 
i I + L I .  l b 3  d e p e n d i v g  a n  t h e  e x p e r i m e n t a l  <can- 
d i t i o n s  . T h e r e  is a s y s t e m a t i c  e i r n r  b e c a u s e  
a bc-ram e n e r g y  d r i f t  w h i l e  moving  t h e  c a v i t y  . 
T h i s  v a l u e  was r . l C F 3  when special (care t o  de- 
c iease  e n e r g y  d r i f t  w a s  t a k e n  . The a c c u r a c y  
,of t!ie e n e r g y  d i s t r i b u t i o n  measu remen t s  was ,of 
,:,rder a f  ~ C I - ~ .  

I n  t r modw: t i ,on 

A n  a b s o l u t e  value *of energy a n d  e n e r g y  
s o r e a d  a t  t h e  e n t r a n c e  o f  i o n  l i n a c  are usual- 
!Y determined m e a s u r i n g  a pulse t r a n s f o r m e r  
l o l t a g e  . T h e  m e a s u r e m e n t  a c c u r a c y  is c o n f i n e d  
b y  a n  I m p u c t  noise a n d  ai, a c c u r a c y  o f  c a l i b -  
r a t i o n  . The prUtc?rI beam e n e r g y  a n d  an e n e r g y  
seread at t h e  i . n j e c t i o n  l i n e  a f  t h e  INP l i n a , :  
were mea5ur'ed u s i n g  t w o - e a v i  t y  b u n c h e r  . T h e  
method di. f f e r s  f r a m  c o n v e n t i o n a l  *one w h e r e  t h e  
p h a s e  d i f f e r e n c e  m e a s u r e m e n t s  o f  i n d u c e d  RF 
f i e l d  i n  twc, c a v i t i e s  are used'. T h e  f i r s t  
~ a v i t y  as a brrnrher a n d  t h e  s e c o n d  one as a 
beam h a r m n i c  d e t e c t o r  were u s e d  . To, measure 
t h e  energy t h e  Yiecond c a v i t y  is m e c h a n i c a l l y  
moved c n  t h e  distance *of --Px , w h e r e  f3 is t h e  
unknown r e l a t i v e  v e l o c i t y  a n d  r\ is t h e  PF 
. f i e l d  w a v e l e n g t h  . 

E n e r g y  s p r e a d  m e a s u r e m e n t  

'The f unc t i ,z,nal c i I c u i  t u s e d  f ol: measure-- 
m e n t s  is st1m.m j.n F i g . 1 .  T h e  c o n t i n u o u s  prm:a.- 
tcmn beam pas585 ttlr,:.ugh t h e  f i r s t  , c a v i t y  t l  
u h i i h  1s f e d  by PF power a m p l i f i e r  . T h e  se- 
,:rind c a v i t y  C 2  is e x c i t e d  b y  t h e  b u n c h e d  beam. 
T h e  l i n e a r  r e l a t i m  o f  p h a s e  d i f f e r e n c c e  A Q  o f  
PF f i e l d s  i n  t w o  c a v i t i e s  a n d  t h e  r e l a t i v e  
e n e r g y  d i f f e r e n c e  A W / W  is : 

AT=-F .F  7TL AW 

TO measure p h a s e  d i f f e r e n c e  AT t h e  RF s i g n a l s  
irnnr C1 a n d  CZ are a d d e d  on t h e  p h a s e  d e t e c t o r  
PD which  etmsists o f  p h a s e  b r i d g e  , t W C l  a m p l i -  
t U d e  detectm>.rS a n d  d i f f e r e n t i a l  a m D l i f i e r . T h e  
t ~ ~ i t ~ ~ l t  PD z igna l  Upd is p r O p O r t i o n a 1  t - 3  n Pha-  
se difference *:,f i n p u t  ::ignals Up4 = k A Q  . I f  
t h e  ~ h a 5 e  s h i f t e r  is a r ) . j u s t c d  t o  o b t a i n  -era 
, : ,~r tput  FD signal for  a r iurninal  e n e r g y  W t h e n  
t h e  s i g n a l  d u e  t u  e n e r g y  d e f l e c t i o n  A W is : 

F i g . 1  . F u n c t i o n a l  c i r c u i t  o f  a p p a r a t u s  . 
121 , C;2 .- b u n c h e r s  , FS - e h a 5 e  s h i f t e r  , PB - 
phase b r i d g e  , AD - a m p l i t u d e  d e t e c t o r  , DA - 
d i f f e r e n t i a l  a m p l i f i e r  , SH - s a m p l e / h o l d  
c i r c u i t  , OS - o s c i l l u s c a p e  , CC - c o n t r o l  
(computer  . 

T h e  AW/W f u n c t i o n  is o b s e r v e d  wi . th  t h e  
help o f  o s c i l l o s c o p e  a n d  m e a s u r e d  b y  c o n t r o l  
camputer . T h e  s i g n a l  f r o m  PD o u t p u t  e n t e r s '  t o  
t h e  Sampl.e/ t iold c i r c u i t  f o l l o w e d  b y  computev  . 
T h e  c l o c k i n g  o f  sample is  a d j u s t e d  by rcmpL4- 
t e r  t o  a i e t e i t f d  t i m e  w i t h i n  t h e  beam p u l s e  . 
The g a t e  t i m e  is 5 . 1 6 '  6. There are some d e -  
t e r i o r a t i o n  of A W ( t ) / W  b e C a u s e  o f  i n f l u e n c e  u f  
D U ~ S ~  t o  Dulse e n e v g y  i n s t a b i l i t y  . T h e  expe- 
r i m e n t a l  , c u r v e  A W C t ) / W  a n d  rms e n e r g y  i n s t a b l -  
l i t y  are given i n  F i g  .2 . T h e  curves w c v e  re- 
c e i v e d  d u r i n g  n n e  hOur a t  t h e  f i x e d  o p e r a t i o n  
c o n d i t i o n s  . 

F i g . 2 . V a r i a t i n n  a n d  r m s  i n s t a h i l i t y  of e n e r g y  
w i t h i n  t h e  beam pL11se . 
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AhSC~l. ute enerqy m?a!surements 

l-he nhase dl f ference bet ween t WC! 1.. a” 1 ‘- 
ties 15 prc~portional tc:~ a di.s;ta.nc.e L . t+en,:e I 
the absolute vel. 1cac 1 t y a.nd energy Icarl be 
determined bv mE?ac;b.,r 1 nq a p h a c-i e di f -ferenl:.:e 
l:hanue 6 when II2 i 5 met ban 11: al I. y mo*,ed on the 
distance tcOf I! . -rhe energy mca5Liremcnt er r c:Ir 

depends ton the accuracy c~f both dic,tanrrc and 
phase measurements . The error c#f @ measure-- 
ment acan be avoided L f tt1e va 1 i,e 83 f e I. P 
3: hen: i.:ed t 1:~ sat-lsfy cb -=%.E ~:orldlti.on , where 
n:=l, 2,. . . . In thi5 @case the uPd !r;i ynal s be-- 
fore and after mcsvement mud be eq~~al . The 
acc,.,racy of Upd measurement denends ,a~ tl?e RF 
mpl i t ude l;he beam #current stability and the 
beam bunching factor chanqe whi I. e 1::2 is moved. 
TI:S avoid thlc, effect,a the-inltial phase di ffe- 
rerme 15 adjusted by means m:af mechanical phase 
,zhl. fter tc satic5fy Llpd =O lconditic~n befs:,r E the 
movement and the amp 1 i t ctde of F:F field in 1::1 
1 5 rE?qill ated t ~::a 1.1 tr t a i n ma:i~ mum amr:):l i tude i II 

-, I-i. . The aycztemat i I:: er r1sr lclf the measurement:; 
SC<*~I IP<AC ta LL~PI:~L!c~~L~~ l:lf Q, t:a:n FIN of r) is t:odd. 
-r l:i e k c 1 C! (j e t h c 5 ‘2 13 0 5 ~3 i b I. e e i+ t- 0 r (3 f” ~.t ~3 t t3 e ++ ‘/ e ,, , 
e.d. d~~t~Ia~::cmer~t of ~:.a.v~ty mu5 t be multiple 
I:’ f ph . Due t ICI ma]. n I. y J. ns t abi 1 I, t y ,:I f beam el-,er gy 
1 t is lmpos5lble to:3 get the exa,:t equal i ty EOf 
s 1 u r, a I. s b e t- I> r P and after 4: a \’ 1 t y movement . 
Therefc‘re the real valise u:lf llpd is determined 
af,ker statlstiral prciccsc,ing of mu1 ,tipl.e lUpd 
mlr)acjLIr ernent 5 ~ Time displacement c 1:~ r r P 5 p ~z~ n d .i n g 
-I:0 eqi-lality l:lf signals befcsre and after move- 
ment :I s determined by 1 i near 1 n-t er p ~:)1 2 i t i cu-7 
~owlng to linearity of PD characteri5~ic in 
vl.clnlty sr!f zero . 

T h 1.1 s the abw:~l ut e energy mc+iasurclment 1s 
xcompl~shed I” the f~z~llowlng way . Ry ~hsing ~7 

l:iinput er pro:aqr ammab 1 e t 1 mer the moment ,:,f sam-. 
pl I nq is ad.j;!stad tc the most stable p*.21nt x>f 

!J Pd pulse and al 1 measurements are done ln 
this point . The posit ion uf phase shifter is 
ad.juc,ted tcb c~b~tai n LjPd c 1 ose t 8c4 z e r $3 . MultIn-- 
1 e me d !%,A r emen t; s c N=: 1 ()Ct-+3 1) 0 'I ,:, -f IJ p4 d r e d I:3 n e 

t; ,::i 'I alcill ate the average vallue UL q =-:Upd : and 

!J p.+ rms deflecticon EL . IC:avi ty II.2 ic, mechan i-- 

~:a1 ly movrcl unt i I F’D s,tnnal beccorner, apprC:~:~ima-. 
te1y eql.lal tc, UI . 
cL=pA ! , 

The distance of displacement f? 

7:” 
the average val~le s:lf F’D signal !J2= 

Pd ,md r (“5 defl riticn 62 are meacLfr ed . 

The? ,zavity 1:: is mc~vecl at a d?. stanc:e A[ 0~:: 1 

‘J3 and 63 are measured . The accuracy cmf tlhe t’ 
arid At? measLlrement is cc~ual .t;o 11..11:~‘~ m . The 
alns’>lccte vnl i,e ~c~f a lbedm average vel N:BN:T ty is 
cal~~~~~lateci L -I the fIra lr.8w.tng way : 

The ac Icur acy 0 f energy meaF;lrr emen 1; de - 
penr’i; 1r,*r, the errsz3rs 
men t E 3s t,&c /m 

lclf Af! , e and !J; measure- 
, where %“& 1s Student’s ICC- 

effIcl,c?nI; ~ LYL ClEi as!JL,“,e that al 1 a b o v e e I’ - 
r51i5 are Independent , then the t 1.1 t a 1 err or 
1 5 : 

~=[~l~e,‘+~~661j2~~~~ $GJ2+ (,) 

+ dp 4 -L43 ~ tnJ-61 z+ *f 

I 

g ur uz 

i&-U,) w II 

.)!@A 2 

W~$ gi7 J> 

Besides a random error 
mat i 8: error 
dctrinq mechanica: 
minutes! : 

SW4 L SW, 

-=-n-v W 

!about t WCS 

Tis r!en: r ease ,t hl 5 E:JT r i:>7 a r:p ec 1 a 1 c a r e wa5ti -t a - 
l:ei3 . The val ue 0 f drift 1% 2 . 1 (I,-4 
leads tcro systematic error bW~/W=2.1(:)-~. 

wh 1 ‘Z h 
-rl,2 de- 

Errease 8 WL/W the distance I._ mu!;t- be as small 
a5 p*:~?5Eiit)l e . 

‘The advan t ago- 13 f the dexr 1 bed met hod 
l:cmpairing lwi th the l:clnverl-tic8nal 17 n e 1 15 
that a precise mechanxal displ.acement incte- 
ad of phase measurements are used . he sh8zIL&l d 
n~r~ti~re that thEI 
2. I,:)-5 

distance measurement err (or 
m i5 equivalent t12 the phase mear;urement 

er r 4or 0 f 0 . 12’. It i z possib1.e to improzsve this 
error an #order $2 f maqni tude LE*I ng a step mot 8r8r 

for rlIl2Chi3IliCc71 movement 8sf czavi ty . 
Ttle method of absf>‘l ute energy measure-- 

tnent ~::an be extended tlr, higher energy provided 
1-1 -‘. t t1 beam #current Iharmczai 1. i 5 used . Thr? mea- 
suremerlts are pnssi lb].@ 1 f PA /In>la, where pa 
15 a bLln,r h lenqtki . The formula l.1:) remains 

valid ‘flrgr errcer- calc~~latic~n . For example, for 
160 MeV proton beam Iof INF linac .!!s=~h~3C) ,the 
value n ~:an lbe taken 15 and .the 
displacement 15 5. IO 
W =EOCr MeV , [, =pA/51:~-z, 

value of 1:: 2 
m . At the e:.cl$ 8clf li nac 

n-X , e ::& 16 m . 

l?eferencc 

1 a ILinear ion accelerators. Ed. by F.F’.Murln, 
V.:;‘,Atun~zdat , M~~scow , 1’370 L’ln F:ussi an .) 

The dec,drr i bed method was used to meaFiur e 
the InJectlon energy aof pr8r8tl:tns in 
f Sli r. 
6; zt:,. 1 t”l ) Ae:zlf.= mm , i-d:- 1 OU+300 . -rt7e val L,P 

~r~f random err i:gr f 1 ) var i e d f r 8r*rn 

-1 * 1 Cr3 

1 1 Cl- 3 LIP t I> 

ci e a 12 ii ci 1 n (2 u ::: 8::~ n the e~xper xmen tal tr rln d 1 -’ 
t 1 c,,, E- . 
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