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Summary 

This paper describes three monitors and the 
associated opt ica l  system used t o  observe the pro- 
f i l e  of the high-power electron beam i n  the switch- 
yard of the  two-mile l i n e a r  accelerator .  One de- 
v ice  i s  based on the  observation of synchrotron 
l i g h t  emitted by the beam when def lected i n  the 
analyzing magnets. The second type uses the 
Cerenkov l i g h t  produced i n  a gas c e l l  which i s  in-  
ser ted i n t o  the beam path when needed. The t h i r d  
type uses conventional zinc su l f ide  screens with a 
mechanism f o r  replacing a screen which has become 
inact ive,  with a new screen. Reflective opt ics  
systems and closed c i r c u i t  t e lev is ion  a r e  used t o  
transmit the images of the beam spots t o  T.V. 
monitors i n  the control  room. 

Introduct ion 

Before describing the  beam prof i le  monitors 
a s  individual  devices, we would l i k e  t o  discuss 
some general  aspects underlying the choice of 
these instruments and the fac tors  that influenced 
t h e i r  design. 1 

Previous experience has shown that a p r a c t i c a l  
overa l l  mag.iification from beam spot s ize  t o  image 
s i z e  i s  betveen x 1 and x 2, and t h i s  i s  the range 
of magnification used i n  the  switchyard. Two of 
the monitors described have t o  be inser ted i n t o  
the beam path during an observation, i n  both cases 
the thickness of mater ia l  along the beam path has 
been made as small as possible and when re t rac ted  
the devices leave the beam aperture f r e e  of ob- 
s t ruc t ion .  Although non-intercepting microwave 
beam pos i t ion  monitors2 a re  used i n  the switchyard, 
posi t ion reference marks aligned t o  an accuracy of 
1 mm a re  provided on the prof i le  monitors a s  a 
back-up system. 

The devices have been designed f o r  a long 
l i fe t ime i n  the beam and since the radiat ion leve ls  
i n  the switchyard w i l l  be very high, components 
have been chosen which a re  e i t h e r  r e s i s t a n t  t o  
damage by rad ia t ion  or  which can be replaced e a s i l y  
(and eventual ly  by remote manipulators). 
ac id  corrosion may become a problem, p a r t i c u l a r l y  
with aluminized mirrors,  and a l te rna t ive  mirror 
coatings a r e  being investigated.  

N i t r i c  

Of the three devices described, the synchro- 
t ron  l i g h t  monitor i s  t h e  only one t h a t  i s  non-in- 
tercept ing and from t h i s  point of view it i s  high- 
l y  desirable .  
f o r  various reasons, t o  one s t a t i o n  i n  each of the 
t w o  beams i n  the switchyard. 

I t s  appl icat ion has been l imited,  

The Cerenkov c e l l  presents  a r e l a t i v e l y  large 
amount of mater ia l  t o  the beam ( 2  x 10-3 rad ia t ion  
lengths when helium i s  used).  Due t o  beam blowup 
caused by multiple sca t te r ing  the use of the c e l l  
i n  high-power beams i s  therefore  l imited by the 
amount of power deposited i n  downstream protect ion 
col l imators .2  
c e l l  i s  another l imi ta t ion ;  however, i t s  exce l len t  
performance and good resis tance t o  rad ia t ion  dam- 
age make it an i d e a l  monitor f o r  the conditions i n  
the switchyard. 

The three-inch aperture  of the 

Zinc su l f ide  screens a r e  used extensively i n  
the switchyard, p a r t i c u l a r l y  at  locat ions where 
the beam spot may be large.  Apart from l imi ted  
l i f e ,  d i f f i c u l t y  is  sometimes encountered i n  re -  
l a t i n g  image spot  s i z e  t o  a c t u a l  beam s ize ,  using 
these screens,  p a r t i c u l a r l y  a t  high current  densi-  
t i e s .  

The o p t i c a l  and T.V. system i s  b a s i c a l l y  the 
same f o r  each of the three monitors. The l i g h t  is  
re f lec ted  by a s e r i e s  of mirrors from i t s  source 
i n  the lower ha l f  of the double tunnel  s t ruc ture  
of the switchyard t o  a rad ia t ion  r e s i s t a n t  t e l e -  
scope and te lev is ion  camera mounted i n  a shielded 
alcove i n  the upper part of the tunnel .  

Synchrotron Light 

Electromagnetic rad ia t ion  i s  emitted tan-  
g e n t i a l l y  t o  the  path of an e lec t ron  def lected i n  
a magnetic f i e l d .  For most of the magnets i n  the 
beam switchyard, the wavelength of t h i s  rad ia t ion  
covers the v i s i b l e  spectrum. This phenomenon has 
been used a f t e r  the f i r s t  bending magnet B-10 i n  
the A-Beam of the switchyard as a non-interce t i n g  

The rad ia t ion  covers a wide frequency spectrum 
which i s  dependent on the bending radius  i n  the  
magnet and which s h i f t s  toward s h o r t e r  wavelengths 
with the t h i r d  power of the beam energy: 

means of v i s u a l  observation of the  beam spot.  5 

Ac = 5.59 R ( 2 ) 3  
0 

where Ac = shor tes t  wavelength radiated ( A ) ,  

E = e lec t ron  energy (GeV), R = bending radius ( m ) .  

The bending magnet has a bending radius  
meters, and the synchrotron rad ia t ion  i s  therefore  
i n  the v i s i b l e  spectrum i f  the beam energy 

R = 57 
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The photons a re  emitted i n  a forward cone with an 
angular d i s t r ibu t ion  extending t o  1.5 m r  ( ha l f -  
angle)3, the number of photons i n  the  v i s i b l e  
range emitted per second f o r  each micrcamp of beam 
current being, 

12 ~ 2 / 3  L photons/sec/pA N = 2.4 10 

where L = length of the path the e lec t rons  
t r a v e l  i n  the magnetic f i e l d .  The op t i ca l  system 
i s  arranged t o  accept l i g h t  from the  f i r s t  twelve 
inches of the  e f f ec t ive  magnetic length of bending 
magnet B-10 (Figure 1). 
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Figure 1. 

The theo re t i ca l  l i g h t  production i n  t h i s  
section i s  4.9 x 101o photon/sec/pA and a l l  of the  
transmitted l i g h t  w i l l  be collected by a 4" d i -  
ameter mirror a t  a distance of 7 meters. The 
l i g h t  i s  re f lec ted  by four  f ron t  surface alumi- 
nized mirrors ( r e f l e c t i v i t y  = go$), and passes 
through one 318 inch quartz window (transmission 
95%). Assuming a beam spot s i ze  i n  B-10 of 2 mm 
x 1.5 mm and a demagnification f rm the beam t o  
the  vidicon face p la te  of 1/30, we f ind  a l i g h t  
l eve l  on the  photo cathode of approximately 
18.5 x 1011 photon/cm2/sec/lJA. 
vidicon tube, when adjusted f o r  maximum sens i t i v -  
i t y ,  operates with a faceplate i l lumination (high- 
l i g h t )  of 0 .1  foot candle 
(according t o  the manufacturer's brochure). 
corresponds t o  a beam current of 0.22 4. For our 
purposes, a usable image can be obtained with lower 
l i g h t  l eve l s  and we have observed experimentally 
t h a t  the  beam i s  s t i l l  v i s ib l e  a t  average currents 
of l e s s  than 0.01 pA. 

The RCA 7735A 

= 4 x 1011 photon/cm2 
This 

The spec ia l  V-shaped vacuum chamber located 
a f t e r  B-10 contains a mirror which i s  adjustable 
manually v i a  a three-point support from outside 
the  vacuum box. I n i t i a l  alignment of the mirror 
is  accomplished by using the opt ica l  t a rge t  OT-10 
i n  f ront  of B-10 and the  reference marks (c ross  
wires) f ixed inside the V-shaped chamber (see 
Figure 1). The mirror cons is t s  of a 1/4" t h i ck  

piece of polished high-purity fused s i l i c a ,  t he  
f r o n t  surface of which i s  aluminized. The shor t e r  
wavelength part of t,he synchrotron rad ia t ion  a s  
we l l  a s  t he  v i s i b l e  l i g h t ,  representing a t o t a l  of 
about 21 wat t s  a t  maximum beam power i s  i n t e r -  
cepted by the  mirror and it was thought t h a t  t he re  
was some r i s k  of damaging it. However, an e l ec -  
t r o n  beam with an average power of over 1 kW, has 
been d i rec ted  a t  the  mirror (acc identa l ly)  and 
damaged the  downstream vacuum coupling of the  de- 
v ice  without a f f ec t ing  the mirror. A 12-inch 
quick disconnect vacuum flange enables the  sec t ion  
containing the mirror and quartz viewing window t o  
be replaced easi&. 

Cerenkov Light 

Cerenkov l i g h t  is  emitted by charged p a r t i -  
c l e s  moving through a medium with a speed g rea t e r  
than  the  phase ve loc i ty  of l i g h t  i n  t h a t  m d i m .  
I n  the  p r o f i l e  monitors for the  switchyardt t h e  
Cerenkov l i g h t  i s  observed when the  e lec t rons  pass 
through a gas a t  atmospheric pressure. The number 
of Cerenkov photons produced i n  a gas and t h e i r  
angle of emission a r e  given by, 

N = 900 (ne-1) ph/cm; CP 

where n = r e f r ac t ive  index, p = v- 
s o  that a l i g h t  cone i s  developed i n  the gas with 
an  opening angle cy = 2 8.  The beam image is 
observed by looking along one p a r t  of the  cone. 
This introduces a d i s to r t ion  along one ax i s  equal 
t o  4 s i n  8 ,  where 4 i s  the e f f ec t ive  length  of 
t h e  gas c e l l .  The construction of the  Cerenkov 
p r o f i l e  monitor i s  s h m  schematically i n  Fig. 2. 
The gas i n  the  c e l l  flows through when the  monitor 
i s  i n  the beam a t  a flow r a t e  of 1 cc/sec. As a 
gas f i l l i n g  both argon and helium have been used 
a t  d i f f e r e n t  times. Argon produces more l i g h t ,  
bu t  helium reduces the d i s to r t ion  as we l l  as the  
beam sca t te r ing .  
gases is  made below: 

A comparison between the  two 

_ _ ~  ~ 

N / e lec t ron  s i n  e 
Gas n I = 12 cm e ( m r )  Error 

Argon 1.000 281 3. 24 2.88 mm 

Helium 1.000 036 0.39 8.3 1.02 

The gas c e l l  i s  b u i l t  i n  a tubular  hammerhead con- 
f igu ra t ion  and has 0.003 inch thick,hard aluminum 
beam entrance and e x i t  windows. The l i g h t  cone i s  
r e f l ec t ed  v e r t i c a l l y  by a mirror placed i n  the  
beam a t  47 degrees. The mirror cons is t s  of a 
0.001 inch th i ck  mechanically and chemically 
polished f o i l  stretched over a ring, using a drum- 
head t igh ten ing  principle.  The gas c e l l  swings 
about a p ivot  ax i s  and i s  moved i n t o  the  beam by 
the  app l i ca t ion  of a i r  pressure t o  a small cylinder.  
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k n s i t i v i t y  

A Counterweight (see Figure 3)  moves the c e l l  o u t  
of the  beam when the a i r  pressure i s  released. 
Except f o r  a beam posi t ion reference cross the in-  
put window is blackened using a graphite spray 
(Aquadag, ammonium hydroxide and water)5. The 
cross can be i l luminated with a lamp mounted out- 
s ide the viewing window, Table 1 compares the 
charac te r i s t ics  of the Cerenkov prof i le  monitor 
t o  those of zinc su l f ide  screens. Due t o  d i rec-  
t i o n a l  propert ies  of the Cerenkov l i g h t  consider- 
able  care  i s  required when al igning the opt ica l  
system, however, our experience has shown t h a t  
once the system i s  cor rec t ly  aligned the operation 
of the monitor i s  very sa t i s fac tory .  

Zinc Sulfide Screens 

Zinc su l f ide  screens a r e  easy t o  make and 
have good s e n s i t i v i t y ,  however, they have the d is -  
advantage of losing luminescense a f t e r  exposure t o  
an integrated beam current of about 10 pA hr/cm2. 
The replacement of suchscreens is  a d i f f i c u l t  
t a s k  i n  the switchyard because of the severely 
l imited access. 
vice has been developed that w i l l  replace the 
screens a f t e r  they have become inact ive.  Several  
possible mechanisms have been considered, among 
which a re  a large d isc  with i t s  ax is  of r o t a t i o n  
t i l t e d  45 degrees with respect t o  the beam, and 
the f i lm r o l l  pr inciple .  The mechanism adopted 
f o r  the switchyard i s  a carousel with 48 indepen- 
dent screens, shown i n  Figure 4. Tne 48 screen 
arms hang on b a l l s  i n  the s l o t t e d  rim of a 10-inch 
wheel. The screen frames can be raised i n t o  the 
beam by the blade l i f t  mechanism. 
the screen ensures t h a t  the beam i s  intercepted 
only by the .002 inch thick,  zinc-sulfide-coated 
aluminum f o i l .  The index dr ive mechanism r o t a t e s  
the wheel 7.5 degrees so that a new screen comes 
i n t o  the l i f t  posit ion.  The carousel can be re -  
moved from i t s  housing when a l l  the screens have 
been used. The individual screen frames can then 
be l i f t e d  out of the s l o t t e d  r i m  f o r  replacement. 
The image of the beam spot on the screen and 
posi t ion reference marks a re  observed through a 
fused s i l i c a  vacuum window a t  the top of the  l i g h t  
pipe and a f ront  surface mirror, a t  the l m e r  end 
of the l i g h t  pipe. The adjustable  mirror on top 
of the l i g h t  pipe and the two dr ive motors s h m  
i n  Figure 5,protrude i n t o  a s l o t  i n  the 2-foot 
t h i c k  concrete shielding floor. I n  t h i s  way they 
a r e  shielded from radia t ion  and e a s i l y  accessible.  
Figure 5 shows various other d e t a i l s  designed t o  
make remote replacement possible:  
nect plug, two plug-in type dr ive motors, assembly 
guide rods, a 12-inch f a s t  disconnect vacuum 
flange, and l i f t  eyes. Two types of the multi-  
screen prof i le  monitors described above have been 
b u i l t ,  the  carousel being i d e n t i c a l  i n  each case. 
One i s  f o r  a 6-inch beam pipe (4-inch wide screen) 
and the other  i s  f o r  a 12-inch beam pipe (8-inch 
wide screen). 
tiypes being i n  the angle a t  which the screen i s  
presented t o  the beam (see Table 1). The screens 
a r e  sprayed a t  a temperature of about 80°, using 
a suspension of 10 micron P-4 phosphor i n  glycer in ,  

For t h i s  reason, an automatic de- 

The u-shape of 

A f a s t  discon- 

The only difference i n  the two 

ZnS SCREEN - CERENKOV CELL 

(He)lO-'amp/cm 2 

TABLE 1. 

( Ar) 3xlO-l; 
amp/cm 

lO-'amp/cm 2 

0.001'' and 0.004" 
t h i c k  zinc sulf ide 
Sylvanis (P-402) 

bad. Length i n  rad. & 1.3 t o  3 . 5 ~ 1 0 ' ~  
3eam rad. X 

rad.  X 

oved i n t o  beam Selected and 
y a i r  pres- operated by 

rav i ty .  
out by e l e c t r i c  motors 

'dechanical 

2 

pA hr/cm 

Optics and T.V. System 

A 735 scan l i n e  I.T.T. closed c i r c u i t  t e l e -  
v i s ion  system i s  used, i t s  optimum resolut ion of 
520 l i n e s  both hor izonta l  and v e r t i c a l  being below 
t h a t  of the opt ica l  system. There a r e  a t o t a l  of 
8 cameras i n  the switchyard, the video s ignals  and 
the controls  f o r  t h e  instruments being multiplexed 
i n t o  2 display channels. The vidicon tube selected 
f o r  the te lev is ion  cameras i s  the RCA 7735A, which 
i s  avai lable  with a standard, o r  a t  a much higher 
pr ice ,  with a non-browning faceplate .  
l eve ls  i n  the switchyard a r e  s t i l l  l o w  and the 
standard tubes w i l l  be used until faceplate  brown- 
ing r a t h e r  than photo-cathode degradation l i m i t s  
tube l i f e .  The photo cathode of t h i s  tube has a 
f a i r l y  sharpospectral  s e n s i t i v i t y  curve with a 
peak a t  5500A, the other op t ica l  components i n  the 
system being chosen where possible t o  match t h i s  
wavelength. The l i g h t  i s  focused on the vidicon 
tube with a r e f l e c t o r  telescope using spherical  
f ront  surface aluminized mirrors (Liberty Mirror 
No. 756). The advantages of the telescope a r e  
t h a t  the mirrors a r e  l e s s  expensive, a re  b e t t e r  
r e s i s t a n t  t o  rad ia t ion  than non-browning lenses 
and, using the Newtonian arrangement with the 
camera perpendicular t o  the telescope, the camera 
can e a s i l y  be shielded from radiat ion.  Light from 
the  monitors Wsses in each case through a radia-  
t ion- res i s tan t  vacuum window (Corning pure fused 

Radiation 

sodium s i l i c a t e  and water5. ~ s i l i c a ,  code 7940) and is  directed i n t o  the 
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telescope by a remotely ad!ustable f ron t  surface 
mirror. This mirror can be ro ta ted  through small 
angles about tiio axes by e h c t r i c  motors driving 
cams, t he  chms beine contoured t o  give two speeds. 
The f ron t  surface aluminized mirrors a re  unaffected 
by rad ia t ion  but a r e  very sens i t i ve  t o  n i t r i c  ac id  
corrosion. Other meta l l ic  coatings such as gold, 
titanium,and chromium a r e  r e s i s t a n t  t o  n i t r i c  ac id  
corrosion, bu t  have a low r e f l e c t i v i t y .  
f l e c t i v i t y  of a f ron t  surface chromium onoglass 
mirror w a s  increased t o  about 90% a t  5500A by the  
appl ica t ion  of severa l  1/4"thick layers  of mag- 
nesium f l u o r i d e  and t i tanium dioxide. This mirror 
w a s  found t o  be unaffected by n i t r i c  ac id  and no 
s ign i f i can t  changes i n  r e f l e c t i v i t y  could be found 
after exposure t o  a rad ia t ion  dose of 1010 ergs/gm. 
Due t o  the uncertainty i n  estimating the  n i t r i c  
ac id  vapor concentration i n  the  switchyard, it w a s  
f e l t  t h a t  the  expense of these mirrors could not 
be ju s t i f i ed .  However, a f u l l y  d i e l e c t r i c  commer- 
c i a l  mirror (Liberty Mirror No. 90-500) has been 
purchased and i n s t a l l e d  on one of the Cerenkov 
c e l l s  f o r  fu r the r  evaluation. 

The re -  

The telescopes a r e  designed t o  give an  over- 
a l l  magnification on the l7-inch T.V. monitor 
between one and two times the  a c t u a l  beam s ize .  
The spher ica l  mirrors vary i n  foca l  length be- 
tween 10 and 20 inches f o r  t h e  d i f f e ren t  moni- 
t o r s  i n  the  switchyard. The telescopes are con- 
s t ruc ted  i n  such a way t h a t  they w i l l  accept any 
4-1/4 inch-diameter mirror i n  t h i s  range. 
focusing i s  provided by means of a thumbscrew on 
each telescope; f i ne  focusing i s  provided by re- 
mote cont ro l  of t he  pos i t ion  of the  vidicon tube 
ins ide  the T.V. camera. 

Coarse 

I n  the  case of the  zinc su l f ide  screen 
changers, where viewing angles introduce d i f f e r -  
e n t  d i s to r t ions  along the  two axes, an  e l l i p t i c a l  
d i s c  i s  mounted ju s t  out of the  beam path i n  such 
a way t h a t  it corresponds t o  a c i r cu la r  beam spot 
and can be seen on the  T.V. monitor when there  is  

no screen i n  the  beam. By ad jus t ing  the  T.V. 
monitor so t h a t  t h i s  d i sc  appears c i r c u l a r ,  t h e  
d i s t o r t i o n  of the  systen can be corrected.  
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