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ABSTRACT surface does not exceed 10 mSv. This paper describes the 

The Stanford Synchrotron Radiation Laboratory (SSRL) In- 
shielding and radiation protection at the injector. 

jector is comprised of a linear accelerator (linac) capable of INTRODUCTION 
energies 5 150 MeV, a 3 GeV booster synchrotron, and a 
beam line to transport the electrons into the storage ring Figure 1 shows a layout of the injector. The injector 
SPEAR. The injector is shielded so that under normal op- is comprised of an electron linac capable of energies up to 
crating conditions, the annual dose equivalent at the shield 150 McV, a 3 GeV booster synchrotron, and a beam line 

to transport the electrons into the storage ring SPEAR. 
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Table 1. Operating parameters 

Maximum No. of Pulse Annual 

Electrons/Pulse Rate 
Energy Operating 

Hours 

The linac produces a string of electron bunches within a 
single pulse. The bunches are then injected into the booster 
synchrotron. The booster consists mainly of a racetrack 
array of magnets and an rf accelerating cavity. The elec- 
trons-aye accelerated to 3 GeV by slowly ramping the syn- - - 
chrotron ring magnets to higher fields. At the final energy, 
the electron bunches are transferred from the booster to the 
transport line that carries them to SPEAR. The operat- 
ing parameters, shield design criteria, shielding methodol- 
ogy (including beam losses), and the Personnel Protection 
and Beam Containment Systems are described in this paper. 
Other radiological aspects of the injector have been discussed 
elsewhere.’ 

OPERATING PARAMETERS 

The design parameters for the linac and booster are 
shown in Table 1. The maximum intensity in the linac is 
limited to 3 x 10” e-/set by a beam chopper and a pair of 
beam-current monitoring toroids. A  trip caused by excessive 
current through either toroid will turn the beam off. 

The.,m.aximum intensity in the booster is limited by 
the maximum intensity in the linac. The annual boost,er 
operating hours are much lower than the linac operating 
hours, because the booster is used mainly to fill the storage 
ring SPEAR. It takes about 5 to 15 minutes to fill SPEAR. 
The lifetime of the stored beam is about 8 to 12 hours. 

SHIELD DESIGN CRITERIA 

Shielding for the injector was specified by the SLAC 
Radiation Physics Department. The following shield design 
criteria were used: 

According to the first criterion, the integrated dose 
equivalent for a 2000.hour operating year should not exceed 
10 mSv  at the outer shield surface. This meets the DOE re- 
quirements, according to which the design criterion for any 
shielded facility within an area that can be controlled will 
be one-fifth of the normal operating limit, or 10 mSv/year 
for normal beam losses.* Thus the linac is shielded for 
5-pSv/h, since it operates annually for 2000 hours. The 
booster is shielded for 80 pSv/h, since it operates for only 
120 hours/year. 

The second criterion is an internal guideline set by 
SLAC. This requires that the dose equivalent rate or inte- 
grated dose equivalent at the shield surface, under the worst- 
case scenario, should not exceed 0.25 Sv/h or 30 mSv, re- 
spectively. Inherent in the 0.25 Sv/h criterion is the assump- 
tion that-thts situption will persist only for a few minutes, 
and will be either corrected by an alert operator or termi- 
nated by the Beam Shut Off Ionizat.ion Chamber (to be 

discussed later). An example of the worst-case scenario 
would be the failure of two out of three protective devices. 
such as the Personnel Protection System (PPS) stoppers or 
beam containment devices. For the injector, the first crite- 
rion is more limiting than the second. 

Another guideline used for shielding the booster l imits 
the maximum dose equivalent rate to 4 mSv/h at the shield 
surface, if the entire beam were to be lost at a point due to 
some extreme case of mis-steering. Again this assumes that 
an alert operator will correct the situation within 15 minutes: 
thus, the integrated dose equivalent will not exceed 1 mSv. 
The annual limit for non-radiation workers is 1 mSv.’ 

In addition, since SLAC has many machines, each 
machine-including the injector-has been shielded so that 
under normal operating conditions, the annual boundary 
dose equivalent from external radiation is less than 50 pSv. 

SHIELDING METHODOLOGY 

The shielding calculations were performed using beam- 
loss scenarios provided by the SSRL physicists. Before 
describing the shielding models used. it is appropriate to 
briefly discuss the interaction of high-energy electrons with 
materials. 

Electromagnetic Shower 

When a target is hit by a high-energy electron. only a 
small fraction of the energy is dissipated as a result of colli- 
sion processes. A  large fraction is spent in the production of 
high-energy photons or bremsstrahlung. These photons in- 
teract through pair production or Compton collisions. result- 
ing in the production of electrons. These electrons radiate 
more photons, which in turn interact to produce more elec- 
trons. At each new step, the number of particles increases 
and the average energy decreases. This process continues 
until the electrons fall into the energy range where radiation 
losses can no longer compete with collision losses. Events- 
ally, the energy of the primary electron is completely dissi- 
pated in excitation and ionization of the atoms, resulting in 
heat production. This entire process. resulting in a cascade 
of photons, electrons, and positrons, is called an electromag- 
netic shower. 

The photon field, after passing through a target 
and any intervening shielding. consists essentially of two 
components3: (1) a broad photon field that is peaked in the 
forward direction. but extends t.o backward angles with dr- 
creasing intensity; and (2) a very sharp forward spike. whicll 
contains photons of the highest energy possible for that pri- 
mary energy. 

A  very small fraction of the bremsstrahlung energy in 
the shower goes int.o the production of hadrons, including 
neutrons, protons, and pions. 

Neutrons will be produced in any material struck b! 
the electron or bremsstrahlung beam above threshold ener- 
gies, which vary from 10 to 19 MeV for light nuclei and 3 to 
6 MeV for heavy nuclei.4 For photon energies below 30 Me\‘. 
neutron production result,s mainly from the giant photonu- 
clear resonance. The electric field of the photon transfers its 
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T a b l e  2.  In jector  sh ie ld ing  

1  1  L i nac  1  Boos te r  

C O X l C l Y k  
Thickness  5 5  3 0  5 5  7 5  3 0  6 1  

(cm) 

L  - -  

energy  to the nuc leus  by  induc ing  a n  osci l lat ion, so  that the 
pro tons as  a  g roup  m o v e  in  a  d i rect ion oppos i te  to the neu -  
trons. G ian t  resonance  neut rons  a re  of l ow energy,  wi th a n  
ave rage  ene rgy  of the o rde r  of a  few M e V .’ A t low pho ton  
energ ies  the g iant  resonance  dominates ,  because  of the la rge  
n u m b e r  of l ow-energy  pho tons  a n d  the la rge  cross-sect ions 
at these low energ ies .  

A t energ ies  be tween  3 0  a n d  3 0 0  M e V , the pho ton  inter-  
acts wi th a  neut ron-pro ton  pa i r  wi th in the nuc leus,  ins tead 
of wi th the nuc leus  as  a  who le .3s4  Th is  m e c h a n i s m  is ca l led  
the p s e u d o - d e u t e r o n  or  g u m - d e u t e r o n  effect. T h e  p s e u d o -  
d e u t e r o n  cross sect ion is about  a n  o rde r  of magn i tude  be low  
the g iant  resonance  cross sect ion. 

A b o v e  pho ton  energ ies  of 1 4 0  M e V , the cross sect ion 
r ises aga in  d u e  to pho top ion  product ion,  a n d  goes  th rough a  
n u m b e r  of resonance  peaks.4  These  peaks  a re  on ly  a  fract ion 
of the g iant  resonance  cross sect ion. However ,  the neut rons  
re leased  as  a  product  of pho top ion  react ions a re  m u c h  h igher  
in  energy ,  a n d  therefore m u c h  m o r e  penet ra t ing than g i -  
ant  resonance  neutrons.  For  sh ie ld  th icknesses greater  than 
about  2  m  of concrete,  these neut rons  domina te  a n d  cont inu-  
a l ly  regenera te  a  f ie ld of l ower -energy  neut rons  a n d  neut ron-  
capture  g a m m a  rays.3 Therefore,  the dose  equ iva lent  outs ide 
the sh ie ld  wi l l  have  both  pho ton  a n d  neut ron  components .  

Sh ie ld ine :  M o d e l  

T h e  sh ie ld ing  ca lcu lat ions for thick targets we re  per -  
fo rmed  us ing  a  compute r  p r o g r a m  that puts the two-photon 
a n d  three-neut ron componen ts  together  to g ive  the total 
dose  equ iva lent  outs ide the sh ie ld ing.  T h e  p r o g r a m  is based  
o n  measu remen ts  m a d e  by  Jenkins,’ wi th subsequen t  mod i -  
f ic_at ions to pho ton  te rms based  o n  Mon te  Car lo  calculat ions.  
Detai ls  of this p r o g r a m  can  b e  found in  Ref. 1. 

For  th in targets, the E G S 4  C o d e  was  used’ ( E G S ?  is 
a n  e lec t ron-photon t ransport  code  that ut i l izes Mon te  Car lo  
techniques) .  T h e  resul ts of measu remen ts  a n d  ca lcu lat ions 
by  Dinter  a n d  Tesch  we re  a lso  used  for th in targets.8 

Bo th  loca l  l ead  sh ie ld ing  a n d  externa l  concre te  sh ie ld ing  
have  b e e n  used  to mee t  the des ign  cri t ,er ia for the injector.  
B e a m  l&es  unde r  no rma l  opera t ing  condi t ions,  a n d  cases  
of mis-s teer ing  a n d  acc identa l  b e a m  loss we re  cons idered.  
Tab le  2  shows  the externa l  sh ie ld ing  for the injector.  

Losses  In T h e  L inac  

F igure  2  shows  the l inac, wh ich  is c o m p o s e d  of a n  e lec-  
t ron gun,  the Gun- to -L inac  sect ion (GTL) ,  a n d  three acce l -  
era t ing sect ions. T h e  g u n  is a n  rf g u n  with a  thermion ic  
cathode.  T h e  f requency of the g u n  is 2 8 5 6  Hz, wh ich  is the 
s a m e  as  the l inac. T h e  g u n  p roduces  a  cont . inuous train of 
bunches  sp read  about  3 5 0  psec  apart .  Thus  a  2 .psec-wide rf 
pu lse  wi l l  p roduce  about  6 0 0 0  bunches .  T h e  ene rgy  of the 
e lect rons is about  2.5 M e V . T h e  G T L  sect ion inc ludes  a ~  
a lpha  magnet ,  quadrupo les ,  s teer ing magnets ,  a n d  a  b e a m  
chopper .  T h e  a lpha  magne t  f i l ters out  the low-energy  e lec-  
t rons a n d  compresses  the bunch  length.  The re  a re  about  
3 0 0 0  e lect ron bunches  at the at the exit  of the a lpha  magnet .  
T h e  booster  rf bucket  can  on ly  accept  3  to 5  bunches .  Hence.  
the b e a m  choppe r  selects a  tr iplet of consecut ive  bunches  
f rom the 3 0 0 0  bunches ,  so  that on ly  three bunches  a re  a l -  
l owed  to enter  the first l inac sect ion. 

E a c h  l inac sect ion is d r iven  by  a  separa te  klystron. T h e  
nom ina l  ene rgy  of the b e a m  at the e n d  of the three l inac 
sect ions is about  1 5 0  M e V . O n c e  the e lect rons have  b e e n  ac-  
ce lera ted to 1 5 0  M e V , they can  b e  d i rected into a  sh ie lded  
d u m p  in  the d iagnost ic  r o o m  v ia  the L inac- to-Diagnost ic  
(LTD)  t ransport  l ine, o r  b e  bent  into the booster .  T h e  
L inac- to-Booster  ( LTB)  t ransport  l ine, consis t ing of a  bend -  
ing  magne t  Bl ,  a  quad rupo le  magne t  QFl ,  a n d  two s toppers  
S T - 1  a n d  ST-2 ,  gu ides  the b e a m  into the booster .  

T h e  m a x i m u m  b e a m  power  into the d iagnost ic  r o o m  
a n d  booster  is 0 .75 W a tt (3.1 x 1 0 ” e-/set at 1 5 0  Me\.).  
T h e  l inac was  sh ie lded  assum ing  a  3 %  loss in  l inac Sec t ion  
1, a n d  0 . 2 5 %  losses in  Sec t ions  2  a n d  3. T h e  t ransverse 
wal ls  a n d  roof  of the l inac a re  5 5  a n d  3 0  c m  thick. respec-  
t ively. Loca l  l ead  sh ie ld ing  has  b e e n  used  to supp lemen t  the 
externa l  sh ie ld ing  in  area.s  whe re  loca l  losses a re  expected.  
such  as  in  the vicini ty of the a lpha  magnet ,  the choppe r  a n d  
the downs t ream hal f  of the first l inac sect ion. If the ent i re  
b e a m  (0.75 W a tt) we re  to b e  lost at a  point  at the e n d  of 
the third l inac sect ion, the m a x i m u m  dose  equ iva lent  above  
the roof  a n d  outs ide the west  wal l  wou ld  b e  1.9 mSv /h  a n d  
1 .25 mSv/h ,  respect ively.  T h e  magne t  B l  in  the L T B  l ine 
has  b e e n  local ly  sh ie lded  with lead.  T h e  1 0  c m  of l ead  in  
front of, a n d  o n  the west  s ide  of, the magne t  ensures  that 
any  mis -s teered b e a m  or  b e a m  in  reverse  polar i ty  str ikes 
the lead,  thus p roduc ing  a n  e lec t romagnet ic  shower  c lose to 
the b e a m  pipe.  T h e  wal ls  of the l inac a n d  d iagnost ic  roor l r  
wi l l  then p rov ide  the requ i red  sh ie ld ing.  If the l ead  v.ss not  
in  p lace,  e lect rons cou ld  str ike the b e a m  pipe.  wh ich  acts as  a  
thin target. T h e  e lect rons in  the forward d i rect ion f rom the 
e lec t romagnet ic  shower  cou ld  b e  energet ic  e n o u g h  to p rnpa -  
gate  the shower  in  the concre te  wal ls.  In addi t ion.  the dose  
rates in  the forward d i rect ion can  b e  ex t remely  h igh.  

W h e n e v e r  there is a  potent ia l  for the b e a m  to str ike 
a  thin target a n d  the sh ie ld ing  in  the forward d i rect ion is 
thin, loca l  l ead  sh ie ld ing  has  b e e n  a d d e d  to p rov ide  a  thick 
target c lose to the b e a m  pipe,  thus p ropaga t ion  of the shower  
in  the sh ie ld ing  wal ls  is prevented.  This,  in  a  sense.  is the 
concept  of b e a m  conta inment ,  a  concept  wh ich  has  b e e n  used  
in  sh ie ld ing  the injector.  A l l  poss ib le  beam- loss  scenar ios  for 
the L T B  a n d  L T D  l ines a re  d iscussed in  Ref. 1. 

3  



L -- 
i 

n Polyethylene 

Nl-s 
12-91 
7ceaA4 

Losses In The Booster 

Fig. 2. Linac and diagnostic room layout. 
Lt 

The Linac-to-Booster (LTB) beam transport system- 
consisting of magnets and quadrupoles-guides the beam 
from the linac into the booster, where it is injected by means 
of a septum and a kicker magnet into the booster (Fig. 1). 
The septum magnet is strong enough to accommodate a 
large deflection angle so that the incoming beam need not 
pass through a ring magnet. A pulsed magnetic field from 
the kicker magnet in the booster deflects the incoming beam 
into the booster orbit. The kicker magnet must be turned off 
before the fiist injected particle arrives again at the kicker 
location,.after one turn in the booster. The kicker is there- 
fore on for a very short period, and is synchronized with 
the injector bunch. The injected beam is matched to the 
optical parameters of the booster at the injection point by 
means of bending and focusing magnets. The rf frequency 
for the booster is 358 MHz. The booster circumference is 
133 m. Injection of the beam into the booster occurs near 
the low point of the sinusoidal 10 Hz cycling of the booster 
magnets. As the currents to the magnets increase, the mag- 
nets reach higher fields. At the same time the rf drive to the 
booster klystron is increased, thus increasing the energy of 
the electron bunches, while keeping the effective strength of 
the magnets constant. In other words, as the energy of the 
bunches increases, the magnetic fields increase, so as to keep 
the bending radius constant. The three injected bunches co- 
alesce into a single bunch (due to radiation damping) as they 
circulate into the booster. 

After the beam is accelerated to the storage ring en- 
eFgy (3 GeV), it is ejected and deflected into a transport 
system that guides the beam into SPEAR. A fast full aper- 
ture kicker magnet in the booster deflects the beam into 
the magnetic aperture of the ejection septum magnet. Since 
the kicker kicks the booster bunch out at the peak of the 
cycle, only one pulse (composed of one bunch) at 3 GeV 
can be lost, since the magnets are cycling at 10 Hz. This 
corresponds to 1.5 Watts-set/pulse (3.1 x 10’ e-/pulse 
at 3 GeV). The septum deflects the beam vertically out ..- 
and awgy from the booster components into the Booster- 
to-SPEAR (BTS) transport line. The BTS line consists of a 
system of quadrupoles and bending magnets that steer the 
beam into SPEAR. 

The max imum allowable beam injected into the booster 
from the linac is 0.75 Watt (3.1 x 10” e-/set at 150 1\Ie\‘). 
The booster was originally shielded assuming that. under 
normal operating conditions, 50% of the 150 MeV electron 
beam is likely to be lost in the LTB at the septum during 
injection. The remaining 50% will be accelerated to 3 Ge\‘. 
and 10% of this was expected to be lost during ejection. The 
shielding calculations were done assuming that both these 
losses could occur at the same point, anywhere along the 
ring. The outer and inner walls of the booster are 75 and 
55 cm thick, respectively. The distance between the beam 
pipe and the outer and inner walls is 61 and 168 cm: re- 
spectively. The arcs of the booster have a series of magnets. 
and therefore in this case, some shielding is provided by the 
magnet iron in the vertical direction, so the roof is onI> 
30.cm thick in the arcs. However, in the straight sections. 
there are very few magnets; hence, the roof is 60 cm thick. 
The distance from the beam pipe to the roof is 107 cm. 

In addition to external shielding, local shielding has 
been used in areas where local beam losses are expected. 
For instance, due to timing errors. a 150 MeV beam injected 
into the booster could experience a magnetic field set for the 
wrong energy. This could happen continuously during injec- 
tion. The worst timing error would result in a 150 Ale\’ 
beam experiencing a field set for 3 GeV. The beam would 
be bent, and would strikethe beam pipe. but may not nec- 
essarily be intercepted by the magnet iron. Since the beam 
pipe is a thin target, lead bricks have been placed at the exit 
of the first three-ring magnets. The lead acts as a thick tar- 
get, confining the shower to the proximity of the beam pipe. 
If the entire injected beam (0175 \Vatt) were to strike the 
lead, the max imum dose equivalent rate outside the outer 
wall would be 3 mSv/h. 

All the ring magnets are connected in series to one 
power supply. If the power supply trips the stored energy in 
the magnets or capacitor, banks will discharge in about one 
second. The beam will be lost over thousands of revolutions 
in the focussing quadrupoles, where the beam size is a mas- 
imum. Only one pulse will be lost at 3 GeV. The remaining 
pulses will be lost, at 150 MeV, since the magnet fields are 
decaying or are off. 
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If the linac and booster are misadjusted by more than 
2% compared to each other, the beam will not be captured 
in the booster. In such a case, the beam will be lost in 
one of the 20 focussing quadrupoles in the booster, because 
the dispersion function reaches its largest value in the fo- 
cussing quadrupole. If the entire beam is lost in one of the 
quadrupoles due to energy mismatch between the linac and 
the booster, the dose equivalent rate outside the outer wall 
will be about 0.1 mSv/h. If the rf system is too low, or is 
turned off, when the beam is captured in the booster orbit, 
the beam spirals horizontally inwards over tens-of-thousands 
of turns. This is because of the long damping times at 
150 MeV. The electrons will get scraped off in the focussing 
quadrupoles, where the beam size is a maximum. This will 
result-in a distributed loss around the booster, and this is 
what &%ld be expected under normal operating conditions. 
However, due to poor orbit correction, the beam can be lost 
in a single quadrupole. The dose equivalent rate outside the 
inner wall would be 90 pSv/h. 

During normal operating conditions, the rf system 
could trip at any energy up to 3 GeV. If this happens, 
the beam will spiral inwards and be lost in the focusing 
quadrupoles. The distribution of losses will again depend 
upon the orbit distortions. However in this case, only one 
pulse will be lost at that energy. The remaining pulses will 
be lost at 150 MeV, because the rf is off. 

In the BTS line, it is possible to lose all ten pulses 
at 3 GeV (14.4 Watts), due to mis-steering. The BTS has 
been shielded to limit dose equivalent rat,es under cases of 
mis-steering-to less than 4 mSv/h. All possible beam-loss 
scenariosfor the booster and the BTS line are discussed in 
Reference 1. 

While the machine is operating, the radiation levels in- 
side the beam housing can be extremely high. For instance, 
if 14.4 \V’atts at 3 GeV were to be lost in an iron target of ra- 
dius and length 5 cm, the dose equivalent rate at 90”, at 5 cm 
from the target, would be 140 Sv/h. The dose equivalent 
rate at O”, at 5 cm from the target, would be 1.4 x lo6 Sv/h. 
An acute whole body dose of about 4.5 to 5 Gy could be fa- 
tal to about fifty percent of the persons exposed. Fatalities 
could occur within thirty days. 

In addition to shielding, the Personnel Protection Sys- 
tem and Beam Containment System (BCS) protect people 
from radiation exposure. The PPS and BCS for the injector 
have been described by Yotam et al.’ 

THE PERSONNEL PROTECTION SYSTEM (PPS) 

_ The PPS consists mainly of an access control sys- 
tem which prevents accidental or unauthorized entry into 
the beam housing. lo This includes the following elements: 
PPS security perimeter, entry modules, annunciator/status 

- panels, warning lights, emergency off buttons, flashing lights 
and audible warning, search controls, and stoppers. The 
PPS design includes complete redundancy, high-reliability 
components, and fail-safe circuits. 

The-P.PS security perimeter is essentially an enclosure 
for t.he beam delivefy area, and includes shielding. All move- 
able shielding blocks are interlocked. 

Entry modules are remotely controlled entry facilities 
into a PPS area. An entry module consists typically of two 
interlocked and remotely controlled doors or gates. These 
doors or gates have emergency exit functions, local door con- 
trols, controlled keybank, and audio and video communira- 
tion with the injector control area. There are four entr) 
modules for the injector, one each at the the entrance to the 
linac and diagnostic rooms, and one each at the east and 
west access to the booster (Fig. 1). 

Annunciator/status panels are display panels, usualI>, 
located at the entry module. They show local PPS access 
states, and other status information. The linac has two 
access states: Permitted Access and No Access. The booster 
has five access states: Permitted Access, Controlled .4ccess. 
Restricted Access, Restricted Access Safety Key (RASK). 
and No Access. The transfer of the booster access is always 
done in a sequence starting from Permitted Access to No .4c- 
cess or starting from No Access and proceeding to Permitted 
Access. 

Warning lights are located at the entry modules and on 
top of linac and booster roofs. to indicate the status of the 
beam. 

Emergency off buttons are wall-mounted redundant 
switches, which are primarily used if one finds oneself in 
an area that is ready for beam. Activating the emergent) 
off button will turn the beam off, or inhibit the beam from 
turning on. Emergency off buttons are also located in t,he 
booster and linac control areas. to turn the beam off in case 
of an emergency. 

Flashing lights and audible warning are used to indi- 
cate that an area is ready for beam. All areas have to be 
searched prior to delivering a beam. Search controls are 
located throughout the beam housing, so as to require a prc- 
scribed search route by the search team. 

Stoppers are devices which absorb beam power for short 
periods of time, or change direction of beam delivery when 
required. The LTB stoppers are required to be “IN” and the 
booster rf “OFF” when the booster is in either a permitted. 
controlled, or restricted access state. 

The magnet Bl, and stoppers ST-1 and ST-2 are con- 
sidered to be the “LTB Stoppers.” A worst-case scenario is 
defined as one in which two out of three stoppers fail. In such 
an event, the maximum dose equivalent rate in the nearest 
occupied area should not exceed 0.25 Sv/h. If the booster 
is in “Permitted Access ” , and there is a failure. so that Bl is 
“ON” when it, should be “OFF” and ST-l is ‘.OI’T” wheir 
it should be “IN”, then the beam will strike ST-2. The dose 
equivalent rate in the booster.tunnel would be 0.15 Sv/h. 
which is less than 0.25 Sv/h. Stoppers ST-1 and ST-2 consist 
of 15 cm (10.42 X,) of copper and 2.54 cm (7.26 X0) of tung- 
sten, where X, is the radiation length. A BSOIC S3. (Fig. 1) 
has been placed inside t.he booster t.unnel to detect radiation 
in the event that any two of the LTB stoppers fail. This 
BSOIC is set to trip at 0.1 mGy/h, and is automatically bg- 
passed when the booster is in “NO ACCESS.” 

The BTS stoppers are the ejection septum, magnets 
B2-B6, and a stopper ST-17 (not shown in Fig. 1). The BTS 
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stoppers  a re  requ i red  to b e  “IN ” w h e n  S P E A R  is in  e i ther  
a  permit ted,  cont ro l led o r  restr icted access  state. S topper  
S T - 1 7  is equ ipped  with a  d isaster  mon i to r  that is in ter locked 
to the P P S . A  burn - th rough  det,ected by  the d isaster  mon i to r  
wi l l  put  the L T B  s toppers  in, a n d  turn the booster  rf off. A  
B S O IC S 7  has  b e e n  p laced  above  ST-17 .  A l l  s toppers  a re  
P P S  inter locked.  

T H E  B E A h l  C O N T A I N M E N T  S Y S T E M  IB C S )  

T h e  B C S  has  two ma jo r  components :  

(1 )  B e a m  conta inment  dev ices  l imit  the current;  

(2 )  B e a m  Shu t  O ff Ionizat ion C h a m b e r s  ( B S O ICS)  p re -  
vent  excess ive  b e a m  loss by  detect ing unaccep tab le  

;c&iat ion leve ls  in  occup ied  areas.  

B e a m  Conta inment  Dev ices  

The re  a re  three beam-con ta inmen t  dev ices  in  the l inac, 
a  b e a m  chopper ,  a n d  two ave rage  current,  toroids, wh ich  
l imit  the e lect ron intensity into the booster  to 3.1 x 

1 0 ” e-/sec. T h e  b e a m  choppe r  is in ter locked so  that if the 
h igh  vo l tage pu lse  app l ied  to the choppe r  is too h igh,  the rf 
powe r  to the three l inac sect ions is r e m o v e d  by  in terrupt ing 
t r igger  s igna ls  to the l inac modu la to rs  a n d  rf ampl i f iers.  A  
tr ip caused  by  excess ive  current  th rough e i ther  toro id wi l l  
a lso  turn the b e a m  off in  the s a m e  way.  T h e  add i t ion of a  
th i rd toro id has  b e e n  p roposed.  

B e a m  Shu t  -Off  Ionizat ion C h a m b e r s  ( B S O ICS)  

B S O ICS a re  in ter locked so  that if rad ia t ion leve ls  ex-  
ceed  a  preset  level ,  the b e a m  is tu rned off. B S O ICS have  
b e e n  p laced  at strategic locat ions (Fig. 1 )  whe re  b e a m  losses 
a re  expected,  e i ther  d u e  to no rma l  opera t ing  condi t ions,  
cases  of mis-s teer ing,  o r  fa i lure of P P S  s toppers  o r  B C S  de -  
vices. T h e  B S O ICS S l - S 3  a n d  S 2 1 - S 2 3 ,  at the l inac, tr ip 
the b e a m  by  turn ing off the k lystron h igh-vo l tage power  sup-  
p ly  a n d  remov ing  the t r iggers to the modula tors .  B S O ICS 
S 4 - S i  a n d  S 2 0  tr ip the b e a m  by  remov ing  t r iggers to the 
modu la to rs  a n d  remov ing  the low leve l  rf d r ive  to the m o d -  
ulators.  

A l l  B S O ICS a re  set to p roduce  a n  a l a rm  if rad ia t ion 
leve ls  exceed  0.1 m G y /h, a n d  in  most  cases  (except  Sl ,  S 3  
a n d  S 2 1 - S 2 3 )  turn the b e a m  off if rad ia t ion leve ls  exceed  
0.5 m G y /h. B S O ICS Sl ,  S3 ,  a n d  S 2 1 - S 2 3  a re  set to tr ip at 
0.1 m G y /h. A l l  B S O IC faults a re  latched, a n d  can  b e  reset  
local ly  o r  \r ia the in jector  computer .  B S O ICS turn the b e a m  
off wi th in 5 0  to100 msec,  depend ing  u p o n  the re lay  sys tem 
used.  

A  B S O IC consists of a n  ionizat , ion c h a m b e r  a n d  a  three 
d e c a d e  e lec t rometer  (10  pSv /h  to 1 0  mSv /h )  enc losed  in  

_  a  weather- t ight  conta iner .  T h e  a lum inum-wa l l ed  ion izat ion 
c h a m b e r  is f i l led wi th e thane  at o n e  a tmosphere .  T h e  vol -  
u m e  of the c h a m b e r  is 10 ,000  cm3.  A  sma l l  “S r  source  
moun ted  ins ide  the c h a m b e r  p rov ides  a  constant  current  to 
the e lect rometer ,  thus act. ing as  a  cont inuous in ternal  check.  
Because-&th is ,  the B S O IC wi l l  a lways  show  a  readout  of 
1 0  to 3 0  pSv/h.  ‘Loss  of power  to the B S O ICS wi l l  resul t  
in  a  b e a m  trip. T h e  e thane  in  the c h a m b e r  enhances  the 

response  to fast neutrons.  T h e  B S O IC responds  o n  a n  equa l  
dose  bas is  to both  pho tons  a n d  neutrons:  however .  o n  a  c loses-  
equ iva lent  basis,  the neu t ron  response  is about  1 0 %  to 3 0 %  
of the pho ton  response,  depend ing  u p o n  the inc ident  neu -  
t ron spect rum.  

C O N C L U S I O N S  

In add i t ion to the sh ie ld ing,  the Pe rsonne l  Pro tec-  
t ion System,  a n d  the B e a m  Conta inment  Sys tem d iscuss& 
above,  there a re  o ther  admin is t ra t ive contro ls  a n d  p roce-  
du res  used  to ensu re  safe opera t ion  of the injector.  
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