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A B S T R A C T  

The  E G S b  compu te r  code ,  d eve l o ped  for the Mon t e  Ca r l o  
s imu la t i on  of the t ranspor t  of e lec t rons  a n d  photons,  h as  b e e n  
u sed  s ince  1 9 7 0  in  the des i gn  of acce le ra to rs  a n d  detectors  for 
h i gh - ene r gy  phys ics.  In th is p ape r  w e  p resen t  th ree  e xamp l e s  
demons t ra t i ng  h o w  the cu r ren t  vers ion,  E G S 4 ,’ is u sed  to de -  
t e rm ine  ene rgy - l oss  pat te rns a n d  sou rce  te rms a l o ng  b e a m  
p i pes  (i.e., i nc l ud i ng  f langes,  co l l imators,  etc.). Th is  in for -  
ma t i on  is usefu l  for fur ther  sh i e l d i ng  a n d  dos imet ry  stud ies.  
T he  ca lcu la ted  resu l ts  f r om the ana lys is  a r e  i n  c l ose  ag r ee -  
men t  wi th the m e a s u r e d  va lues.  To  faci l i tate th is rev iew,  a  
n e w  add - o n  package  ca l l ed  S H O W G R A F ,2 is u sed  in  o r de r  
to d i sp lay  showe r  t ra jector ies for the th ree  examp les .  

INTRODUCTIbN  

The  E G S 4  C o d e  Sys t em1  is a  set of p r o g r ams  des i g ned  
to s imu la te  e l ec t romagne t i c  cascade  showe rs  at ene r g i es  u p  
to a  few t housand  G e V  a n d  d o w n  to cutoff k inet ic ene r g i es  
of 1  k e V  (7 )  a n d  1 0  k e V  (e*). Us i ng  a n  aux i l i a ry  c ode  ca l l ed  
P E G S 4 , c  rad ia t i on  t ranspor t  is ach i evab l e  i n  a ny  of 1 0 0  e l -  
ements ,  o r  a ny  c o m p o u n d  o r  m ix tu re  of these  e lements .  B e -  
cause  of its versat i l i ty a n d  re la t ive ease-o f -use ,  a n d  because  it 
h as  b e e n  checked  aga ins t  m a n y  expe r iments ,  E G S 4  has  b e e n  
u sed  ra the r  ex tens ive ly  by  the par t ic le  phys ics  commun i t y  
i n  the deve l opmen t  of s howe r  coun te rs  a n d  re la ted  detectors.  
The r e  has  a l so  b e e n  a  g r ow i ng  use  of E G S 4  by  the med i ca l  
phys ics  commun i t y  for mode l i n g  the t ranspor t  of e lec t rons  
a n d  pho tons  d o w n  to a  few k e V  in  c omp l e x  geomet r i es ,  i n -  
c l ud i ng  the h u m a n  body .  

T he  use r  is expec ted  to wr i te  a n  E G S 4  Use r  C o d e  in  
a n  ex tended  F O R T R A N  l a n guage  k nown  as  Mor t r an3 .3  The  
Use r  C o d e  is p r imar i l y  a  MAIN  (d r i ve r )  p r o g r a m  a n d  two  
s u b r o u t i n e s - A U S G A B  a n d  HOWFAR -bu t ,  it c an  i nc l ude  
use r -aux i l i a ry  s ubp r o g r ams  as  wel l .  Sub r ou t i n e  H O W F A R  
a l l ows  the use r  to spec i fy  the geome t r y  for a ny  g i ven  p r ob -  
l em,  a n d  to ass i gn  m e d i a  da ta  (c rea ted  by  P E G S 4 )  to va r i ous  

- r eg i ons  i n  the geomet ry .  T he  use r  m  a n d  outnuts in for -  
ma t i on  by  m e a n s  of sub rou t i ne  A U S G A B . T ranspo r t  c an  b e  
in i t ia ted f r om sou rces  hav i ng  spat ia l ,  angu la r ,  o r  e ne r gy  d is -  
t r ibut ions. E ff ic iency a n d  va r i ance  reduc t i on  techn iques  a r e  
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’ W o r k  suppo r t ed  by  the D O E , cont ract  D G A C 0 3 - 7 6 S F 0 0 5 1 5 .  
b  E lec t ron  G a m m a  Showe r .  
c  &p r ocesso r  for m . 

not  bu i l t  in to E G S 4  pe r  se, but  c an  b e  imp l emen t ed4  by  
m e a n s  of a  mac r o  faci l i ty ava i l ab l e  t h rough  Mor t ran3 .  

P H Y S ICS P R O C E S S E S  IN T H E  E G S 4  C O D E  S Y S T E M  
The  fo l l ow ing  phys ics  p rocesses  a r e  taken  into accoun t  by  the 
system: 

E lec t ron  (zt) b remss t rah lung .  
Pos i t r on  ann ih i l a t i on  at rest a n d  i n  f l ight (ann ih i l a t i on  
quan ta  fo l l owed to comp le t i on ) .  
Mu l t i p l e  C o u l o m b  scat ter ing of e lec t rons  (rt) f r om nu -  
c le i  (Mo l i e r e  mode l ) .  

De l ta - ray  p roduc t i on  by  m e a n s  of e - e -  (Me l l e r )  a n d  
e + e -  ( B h a b ha )  scatter ing. 
Con t i nuous  ene r gy  loss app l i e d  to e lec t ron  ( i )  t racks 
be tween  d iscre te  in te ract ion s i tes us i ng  arest r ic ted stop-  
p i n g  p owe r  (i.e., Be t he -B l o ch  f o rmu la  i nc l ud i ng  S tern-  
h e ime r  densi ty-ef fect cor rect ion) .  

Pa i r  p roduct ion .  
Comp t on  scatter ing. 

Cohe ren t  (Ray le i gh )  scatter ing. 
l Photoe lec t r i c  effect ( i nc l ud i ng  K - e d g e  f luo rescent  p ho -  

ton p roduct ion ) .  

G R A P H ICS C A P A B ILITIES IN E G S 4  
E G S 4  h a s  b e e n  c o u p l e d  w i th  t he  S L A C  Un i f i ed  G r a p h i c s  

Sys t em  ( U G S 7 7 ) 5  for d i sp l ay i ng  par t ic le  t racks o n  U G S 7 7 -  

suppo r t ed  dev ices!  It h as  a l so  b e e n  mod i f i ed  to d i sp lay  the 

d is t r ibut ion of i n duced  rad ioact iv i ty  i n  b e a m  targets.’ Th is  

is accomp l i s hed  by  inser t ing  the S H O W G R A F  package2  into 
t he  Use r  C o d e  a n d  t h e n  m a k i n g  t he  C A L L  sta tements i n  
the app rop r i a te  p l aces  in  A U S G A B . d  The  g raph i ca l  output  
m a y  b e  d i sp l ayed  d i rect ly  on to  a n  IB M  5 0 8 0  co lo r  t e rm ina l  
wh i ch  suppo r ts  t h r ee -d imens i ona l  rotat ions, t rans lat ions,  a n d  
zoom ing .  S H O W G R A F  can  a l so  output  g raph i cs  in to f i les for 
p r in t ing  o n  a  P C  d isp lay  us i ng  a  pos t -p rocesso r  sys tem ca l l ed  
E G S 4 P L .2 In the r ema i n de r  of th is p ape r  w e  wi l l  m a k e  use  
of S H O W G R A F  to g raph ica l l y  demons t ra te  rad ia t i on  sou rce  
d is t r ibut ions a l o ng  acce le ra to r  b e a m  p ipes.  

d  A  s im i l a r  p ackage  ca l l ed  M O B S G R A F ’ has  a l so  b e e n  c rea ted  
for u se  wi th the M O R S E - C G  code.  

P r e s e n te d  a t th e  Ame r i c a n  Nuc l ea r  Soc ie ty  Top i ca l  M e e tin g  o n  N e w  Ho r i zons  
i n  R a d i a tio n  P r o tec t ion  a n d  S h ie ld ing ,  P asco , W A , Ap r i l  2 6 - M a y  1 , 1 9 9 2 . 



EXAMPLES OF EGS6GENERATED SHOWER SOURCES 

A. Multiole Scattering and Bremsstrahlung Production 
bv a 220 MeV Positron Beam. 

The SLAC Linear Collider is an electron-positron ma- 
chine system designed to accelerate and collide two 50 GeV 
beams. Electrons are emitted from a thermionic gun and ac- 
celerated by the SLAC Two-Mile Accelerator. In order to 
produce positrons a pulse of electrons is extracted at the 2/3 
point of the Two-Mile Accelerator and is incident on a tar- 
get. Low energy (2-20 MeV) positrons are produced in the 
shower, captured, accelerated to 220 MeV and returned to 
the front section of the Two-Mile Accelerator for further ac- 
celeration. Figure 1 shows a schematic of the Positron Return 
Line (PRL) and the front section of the Two-Mile Accelera- 
tor. 

EAST 

Fig. 2. Photon dose rate at shielding wall location, as a func- 
tion of both the distance (radius) from the beam pipe 
and the tagging distance (Z-pipe) along it. 

220 MeV Profile Monitor Positron Return Line 
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Fig. 1. Positron Return Line: A 2-inch O.D. (0.065-inch thick) stainless-steel beam pipe runs along 
the ceiling of the tunnel, makes a 180’ turn, and joins the Two-Mile Accelerator. 

A recent radiation survey in the injector control room 
showed radiation levels as high as 10 mSv/hr (1 Rem/hr), in 
Em& localized areas, whenever a beam profile monitor was 
inserted. This profile monitor (0.323 cm CEI) was located 
60 meters upbeam (East) of the shielding wall. The high- 
radiation levels at the injector control room were caused by 
multiple scattering of 220 MeV positrons in the profile mon- 
itor, leading to electromagnetic showering in the PRL beam 
pipe itself. AS a result, the shielding for the injector control 
room was not adequate. In order to understand the spatial 
distribution of the shower along the beam pipe, EGS4 was 
used together with a tagging scheme to score where particles 
exit the beam pipe; that is, this position (Z-pipe) was noted 
and carried along with the other particle properties (e.g., en- 
ergy, direction cosines, etc.) in the subsequent Monte Carlo 
transport. Figure 2 was then obtained by scoring the dose 
rate as the photons cross the shielding wah location as a func- 
tion of both the distance (radius) from the beam pipe and the 

- tagged distance along the beam pipe (Z-pipe). 

A contour slice of Fig. 2 is provided in Fig. 3, which 
clearly shows that radiation reaching the shielding wall 60 
meters downbeam comes from showers produced along the 
PRL beam pipe within 500 cm of the profile-monitor target. 
This provides insight as to how to best shield the source; e.g., 
as opposed to constructing a thick shielding wall down beam. 

&PIPE (CM) 

Fig. 3. Contour plot (slice) of Fig 2. 
..- 

For example, adding a relatively thin layer (0.5 inch) of 
lead around the first 500 cm of beam pipe results in the con- 
tour plot shown in Fig. 4, corresponding to a dose rate re- 
duction factor of about l/1300. 
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Fig. 4. Contour plot after adding 0.5inch layer of lead around 
the beam pipe. 

B. Radiation Source Produced by Multiule Scattering 
With 2-10 GeV Electrons 

Recently the SLAC End Station A (ESA) beam line has 
been used to study deep-inelastic electron-proton and electron- 
deuteron scattering. The layout of ESA is shown in Fig. 5. 

2-10 GeV.electrons from the Two-Mi le Accelerator are 
incident onvar ious targets which are located at a common 
pivot point. Spectrometers in ESA measure both the an- 
gle and the momentum of var ious particles coming from the 
target. Electrons hit the target, produce bremsstrahlung, 
scatter and spread out, producing electromagnetic showers 
in beam pipes, f langes and col l imators downstream. General 
radiation shielding is provided by the thick walls and the roof 
of ESA, as well as stacked concrete shielding b locks around 
the beam pipes. 

- Ill 
- I 

A Line 

1.6 Gevlc 
20 GeVk 

Spectrometer 

l To control the radiation levels around ESA and the SLAC 
boundary, the amount of beam that str ikes the beam pipes 
can be limited by means of a current comparator. The cur- 
rent comparator consists of two average current monitors, 11 
and 12, that measure beam currents entering the pivot and 
going to the dump, respectively. The beam-loss pattern varies 
with beam energy and target thickness, and EGS4 was used 
to determine this. Based on calculations and initial measure- 
ments, the total al lowable beam loss had to be kept below 10 
k W  for the ESA experiments. The compar ison of the amount 
of beam loss calculated by EGS4 with measured data is listed 
in Table 1. 

Table 1. Beam loss between average current monitor 11 and 12 

A 500 k W  coll imator (9 feet long, 16- inch O.D., IO-inch 
I.D.) located near the beginning of the tunnel (see Fig. 5) 
helps keep target-scattered radiation from striking the pipe 
downbeam of the coll imator. Verv high radiation levels in the 
occupied areas opposite the tunnel are therefore prevented. 
However, s ince electrons impinge at such smal l  glancing an- 
gles upon the inside surface of the coll imator, it is still very 
easy for high-energy shower particles to escape down the pipe. 
These secondary particles themselves produce showers in the 
downstream pipe, which then cause radiation levels to in- 
crease in the occupied areas opposite the tunnel. This is 
clearly demonstrated in the SHOWGRAF plot given in Fig. 6, 
where shower radiation from a single high-energy (< 5.1 GeV) 
electron is observed to leak out of the coll imator section and 
m-shower in the downstream pipe. Only 14-ft of about lOO- 
ft of beam pipe between the well-shielded coll imator and the 
beam dump is shown in this figure. 

Spectrometer 

End Station A 

Beam Dump Yard ‘. 
‘\. ..‘o. 

Fig. 5. Plan view of End Station A showing beam line, shielding, and tunnel to the beam dump. 
..- 
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Collimator (9 ft) Beam Pipe (14 ft) 

e*=solid lines 

r=dotted lines 

I .Eig. 6. A single (target-scattered) electron strikes the collimator from the left. Additional showers 
are produced in the beam pipe from leakage of the high-energy component. 

C. Spatial Distribution of Induced Radioactivitv 

The induced activity produced in high-energy accelera- 
tor beam devices (e.g., targets, stoppers, collimators, etc.) 
is largely due to photonuclear reactions, primarily through 
excitation of the giant resonance. When a photon in the 
EM shower interacts with a nucleus via the giant resonance 
mechanism, it may knock out one or more charged and/or 
uncharged nucleons. Typical giant resonance reactions are 
(-y,n), (7,2n), (r,pn), etc. While it is true that these nucle- 
ens may then interact with other nuclei, creating additional 
activity in the target, the majority of the induced activity is 
assumed to be created in the initial interaction. Based on 
this assumption, EGS4 was used to estimate the spatial dis- 
tribution of the induced activity by scoring the yields and the 
locations of giant resonance neutron production. 

The giant resonance neutron yield can be determined an- 
alytically for each reaction using 

E 

Y 
6.02 x 10-4pfN, m”= 

GRN= A 
u(k)dz(k) 

dkdk 
.%I 

(de-1 , 

where 

u = giant resonance cross section (mb),’ 

$ = differential photon track length (cm/MeV), 

p = density (g/cm3), 

A = atomic weight (g/mol), 

f = isotope abundance, 

_ Nn = number of neutrons per reaction, 

E,,, = upper limit of resonance cross section (MeV), 

Eth = threshold energy (MeV). 

This integration can also be done using the EGS4 Monte 
Carlo code, which will provide not only the total yield, YGRN, 
but also the spatial distribution of the interactions within the 
target. The differential yield is calculated within EGS4 using 
an estimato~deterqrined by multiplying each photon track 
length by the appropriate GRN cross section. This is done 
for photons with Eth < k < E,,, using a rejection scheme 
to properly account for the cross section shape. 

Table 2 compares the neutron yields calculated by EGS4, 
using (-y,n), (7,2n) and (y,3n) cross sections, with experimen- 
tal results presented by 

10 
Swanson. 

Table 2. Neutron Yields from Thick Targets (34 MeV) 
(1012 n/kWs) 

This paper 
[EGS4] 

0.2 
0.5 
1.4 
1.7 

1.3* 

*Note: Photo-fission not included. 

Except for uranium, the EGS4 results are well within the 
f20% experimental uncertainties. The photofission cross sec- 
tion was not included in this EGS4 calculation, but it could 
have been. 

The spatial distribution of the induced radioactivity can 
also be easily determined. The activity is assumed to be pro- 
duced randomly along each photon track, but is only scored if 
the photon energy is within the giant resonance energy limits. 

Figures 7 and 8 show representations of the induced ac- 
tivity produced in a 4 cm long by 2 cm radius cylinder of 
tantalum. Electromagnetic shower theory 

11 tells us that the 
number of particles produced in a shower is directly propor- 
tional to the incident electron energy. Therefore, going from 
1000 incident electrons at 34 MeV/e- to 10 incident electrons 
at 3.4 GeV/e- is expected to give approximately the same 
induced-activity yield. However, the spatial distribution of 
the induced activity changes with different incident energies 
because the shower profile changes. This is clearly shown in 
these figures. 
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Fig. 7. Activity produced by 1000 incident e- at 34 MeV/e- 7. 

Fig. 8. Activity produced by 10 incident e- at 3.4 GeV/e-. 

- In this paper we have provided a brief glimpse of the 
capability of the EGS4 code to determine radiation sources 
along beam lines at electron accelerator facilities. The versa- 
tility of the system has been demonstrated by a few examples 

- that represent practical problems of interest to high-energy 
physics, medical physics and industry, as weII as radiation 
protection in general. 
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