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RADIOLOGICAL ASPECTS OF THE SSRL 3 GeV INJECTOR

Nisy Ipe
September 24, 1991

INTRODUCTION

The Stanford Synchrotron Radiation Laboratory (SSRL)
completed in 1990 the construction of an injector for the
storage ring SPEAR from which they operate synchrotron
beamlines. The injector is comprised of a linear accelerator
(linac) capable of energies > 120 MeV, a 3 GeV slow cycling
synchrotron and a beam transport line for transporting and
injecting the electrons into SPEAR.

The linac produces a string of electron bunches within a
single pulse. The bunches are injected into the synchrotron
and can be accelerated to 3 GeV by slowly ramping the
synchrotron ring magnets to higher fields. At the final energy
the bunches are transferred from the synchrotron to the

transport line which carries them to SPEAR.

Responsibility  for safety at SLAC is a line
responsibility. - The SLAC Radiation Physics Department (RPD)
and the Operational Health Physics Department (OHP) act as
advisory and oversight organizations in matters of radiation
safety pertaining to the injector.

The shielding for the injector was completed over a period
of three years. The injector was tested phase by phase, and
prior to each phase, approval for the shielding, beam
containment and personnel protection systems was obtained from
the SLAC Radiation Safety Committee. The SSRL machine
physicists and engineers ©provided the beam operating
parameters, loss scenarios and ray traces. RPD performed
calculations and specified the shielding and together with the
SLAC Accelerator Department Safety Office (ADSO) provided the



authorization for beam operation at each phase. This
authorization is referred to as Beam Authorization Sheet (BAS),
and specifies the conditions under which the injector may be
operated. Operators were trained to operate the machine
safely. RPD performed radiation surveys initially to.check the
integrity of the shielding. Additional shielding was specified
when regquired. Radiation areas were posted and roped off.
Initially the immediate vicinity of the injector was restricted
to radiation workers, and all workers were pocket ionization
chambers (PICs) and logged exposures daily. Administrative
controls and procedures were instituted to ensure that the dose
equivalent rates in occupied areas during injector operation
were within acceptable limits. PICs were installed at
strategic locations around the injector and read out by
operators once every shift. Operators also performed radiation

surveys once every shift.

A monitoring system consisting of discrete ion chambers
known as Beam Shut Off 1Ionization Chambers (BSOICS) were
.installed at strategic locations to turn the beam off if
undesirable radiation levels were encountered. A passive area
monitoring program was instituted to determine integrated dose
equivalents outside the shielding during 1long periods of
injector operation. Warning lights were installed on the roof
of the injector to indicate the statué of the beam. RPD made
frequent checks to ensure that procedures and administrative

controls were followed.

This document describes the shielding of the injector,
results of radiation measuremenés, the personnel protection
system, the beam containment system, the area monitoring,
administrative  controls and procedures, operator training and
personnel dosimetry. In addition, other radiological aspects
of the injector such as muons, air activation, toxic gases,

induced activity and skyshine are discussed.



1. SHIELD DESIGN CRITERIA

The shielding for the injector was specified by the SLAC
Radiation Physics Department. The following two design

criteria were mainly used(l):

According to the first criterion the integrated dose
equivalent for a 2000 hour operating year should not exceed 1
rem (10 mSv) at the outer surface of the shield. This meets
the D.0O.E. requirements according to which the design criteria
for any shielded facility within an area that can be controlled
will be 1/5th of the nominal operating limit or 1 rem/y (10
mSv/y) for normal beam losses.

The second criterion is an internal guideline set by SLAC.
This requires that the dose equivalent rate at the shield
surface under the worst-case scenario should not exceed 25
rem/hour. - Inherent in this is the assumption that this
situation will not persist for more than ten minutes or so. An
exampie of the worst case scenario could be the failure of two
out of three protective devices such as PPS stoppers or beam
containment devices. The loss of the maximum allowable beam at
a point anywhere along the dinjector was initially also

considered as a worst-case scenario.

For the booster another criterion was used for conditions
of mis-steering. This limits the maximum dose equivalent rate
to 400 mrem/h (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.



2. SHIELDING METHODOLOGY

[ 4

The shielding model used for thick targets is based on

measurements made by Jenkins(z)

with subsequent modifications
to photon terms based on further Monte Carlo calculations. The
model uses an electron beam striking a thick target and

considers radiation patterns outside the shielding.

2-1 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
collision processes. A large fraction is spent in the
production of high energy photons or bremsstrahlung. These
photons interact through pair production or Compton collisions
resulting in the production of electrons. These electrons
radiate more photons which in turn .interact to produce more
electrons. 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. Eventually the
energy of the primary electron is completely dissipated 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 electromagnetic

shower.

The average or characteristic angle of photons and
electrons emitted by bremsstrahlung and pair production is
given by:

ec = me/E°



where 6 is in radians, m_ and E are the rest mass and energy

e
of the electron. This angle is so small that the shower is
peaked in the forward direction. However, there is also a

lateral spread in the shower due to Coulomb scattering of the
electrons and Compton scattering of the photons. -

An electromagnetic shower is produced when the primary beam
energy greatly exceeds the critical energy of the target

material(3).

The critical energy (Ec) is the energy of the
electron at which the average energy loss due to radiation is

equal to that due to ionization and is given by

Ec (MeV) = B00/(Z2 + 1.2)

where Z is the atomic number of the target material.

At the depth in the target at which the average electron
energy is near the critical energy, the shower essentially
reaches a maximum. After this the electron energy is so low that
it can no longer propagate the shower. Photons are then the
principal particles which propagate the shower. The photon
energy at which the minimum attenuation coefficient occurs 1is
called the Compton minimum and is typically 1/2 to 1/3 Ec for all
materials. The Compton minimum is reached at the photon energy
at which the cross-sections for the Compton effect and
electron-positron pair production are about egqual. Below Ec the
probability for Compton scattering increases. When Compton
scattering occurs the electron and photon have energies well
below Ec, thus the photons in the tail of the shower cannot
effectively replenish the shower. In this region the attenuation
coefficient of the shower is close to the minimum photon

attenuation coefficient of the material.

At this point it is useful to define some additional
quantities that are used to describe the interaction of high

energy electrons with targets.
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These definitions have been taken from reference 3.

"The radiation length X is the distance an electron must
travel so that its energy is reduced by an average factor of e by
radiation at the high-energy limit: -

X, = TL6A[Z(Z + 1) 1n(183271/3) "1
where A and 2 are the mass number and atomic number of the
medium, respectively, and Xq is expressed in units of grams per
centimeter squared.”

Target widths or radii are expressed in terms of the Moliere
length.

"The Moliere length XM is used to describe the transverse

development of a shower:

Xy = xo(Es/Ec)
where Eg is a constant equal to 21.2 MeV."

The photon field after passing through a target and any
intervening shielding consists essentially of two components(3):
a broad photon field that is peaked in the forward direction, but
extends to backward angles with decreasing intensity;
and a very sharp forward spike which contains photons of the

highest energy possible for that primary energy.

2-2 Neutron Production Mechanisms

A very small fraction of the bremsstrahlung energy in the
shower goes into the production of hadrons including neutrons,
protons and pions. There are three neutron production
mechanisms, as shown in Figure 1.
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Neutrons will be produced in any material struck by the
electron or bremsstrahlung beam above threshold energies which
vary from 10-19 MeV for 1light nuclei and 4-6 MeV for heavy

(3) | The threshold energy for deuterium is 2.2 MeV and 1.6

nuclei
MeV for beryllium. For photon energies below 30 *MeV neutron

production results mainly from the giant photonuclear resonance.

The electric field of the photon transfers its energy to the
nucleus by inducing an oscillation such that the protons as a

group move in a direction opposite to the neutrons. The giant

-resonance cross-section reaches a maximum at photon energies of

about 20-23 MeV for light nuclei (A<40) and 13-18 MeV for heavier
nuclei. Giant resonance neutrons are of low energy, with an

average energy of the order of a few MeV.

The electromagnetic shower contains photons of all energies

from zero up to the primary particle energy(B).

2

The photon
spectrum exhibits a k ¢ distribution where k is the energy of the
photon. At low photon energies the giant resonance dominates
because of the large numbers of low-energy photons and the large

cross-sections at these low energies.

At energies between 30 and 300 MeV the photon interacts with
a2 neutron-proton pair within the nucleus, instead of the nucleus

(5)

as a whole This mechanism is called the "pseudodeuteron" or

"quasi deuteron" effect.

The "pseudodeuteron" cross-section cQD(k) is related to the

deuteron phctodisintegration cross-section oD(k) as shown:

UQD(k) = LNZUD(k)

A
where L is a dimensionless quantity, N is the number of neutrons,

Z is the atomic number and A the mass number. The "pseudo-
deuteron" cross-section is about an order of magnitude below the

giant resonance cross-section.

i1



Above photon energies of 140 MeV the cross-section rises
again due to photopion production and goes through a number of
resonance peaks. These peaks are only a fraction of the giant
resonance cross-sections, however the neutrons released as a
product of photopion reactions are much higher in eneré}, and
therefore much more penetrating than giant resonance neutrons. For
shield thicknesses greater than about 2 m of concrete, these
neutrons dominate and continually regenerate a field of lower
energy neutrons and neutron capture gamma rays. Thus the dose
egquivalent outside the shield will have both neutron and photo
components.

2-3 Shielding Codes

The shielding calculations were performed using a computer
program which puts the two photon and three neutron components
together to give the total dose-equivalent outside the shielding.
The preliminary shielding analysis was done with SHIELDOO MORTRAN
and subsequent analysis with modified versions (SEIELDOZ2, SHIELD1O,
SHIELD1l) of this program(s).

Figure 2 shows the typical shield geometry uséd in the
program. The model uses a cylindrical target of radius r such that
r/Aay > 1.18, where Ay is the minimum attenuation length for
photons, in the target. The target length must be greater than
0.01xo for photons and greater than 10Xo for neutrons. The target

radius must be greater than 1 xm for neutrons.

The photon components consist of a direct component from the
electromagnetic cascade and from bremsstrahlung; and an indirect
component which consists of photons in equilibrium with the
hadronic caécade(7). These photons originate in such processes as
neutron capture and the decay of neutral pions. The assumption is
that charged particles which are generated are stopped in the
shielding. The direct component of the photon dose egquivalent at

large angles (from = 5-10° to 180°) is given by:

12



€1

T TR

7 2an3t4



2
cosp _ _a0.6
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-
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The direct component of the photon dose egquivalent for

forward directed photons (6< 5°) is given by:

cosp 2 5 0.6 uzd

x [1.26 x 10° E_ e Pty 70 -

] e
a+d cosp

where HyL and HyF are in rem/e ,

E_ = energy of the primary electron beam in GeV

6 = production angle in degrees

p =a - 6
o = angle which normal to the shield makes with beam
direction (in degrees)
u, = attenuation coefficient of target at Compton minimum
in em™?
t, = thickness of target in cm



= attenuation coefficient of shield at Compton minimum

u
2
in cm—1
p = density of shield in g/cm3 v
d = thickness of shield in cm

a = target to shield distance in cm

radius of target in cm

a
fl

Ay= minimum attenuation length of photons in target in cm

The neutron dose egquivalent components (Hn) are made up of

a high energy (HEN), a mid energy (MID) and a giant resonance

(GRN) term.
Hn = Hyppy + Hyrp + Egry

cosp\  13.69  _sdp
o x 0.65 °©
a+d AT ().lcosﬁ

where HHEN = 10 E

‘ (1-0.72 cose)2

-11 cosp 2 _f dp
HMID 10 Eo x 44.3 e |—mm
a+d lzcosﬁ
0

A -37 (1-0.75 cos8)

_ cosp\2 dp
e = 107HES x 4.9429°%% 1 ———
a+d 13cosﬁ

2]
|
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where Hn is in rem/e,
A is the mass number of the target. -

Z is the atomic number of the target.

2

xl, A for

high energy neutrons, mid energy neutrons and giant resonance

or and 13 are the attenuation lengths in g/cm

neutrons in the shield. These expressions are used for Eo > 1
GeV. Below 1 GeV the high energy and mid energy terms are
modified in the program to fit existing measurements.
According to this expression the giant resonance neutron yield

is isotropic.

The indirect gamma dose equivalent HIy from the hadronic

cascade is

HIy = 0.27H gy
In this expression only photons from the high energy
neutrons are included because other terms are masked by direct

photons until the shield becomes very thick.

The dose equivalent in rem/e can be converted to rem/Kw-h

by using a multiplication factor of

2.25 x 10%% &~

E Kw-h
Te)

where Eo is in GeV.

16



The attenuation lengths used in this program are shown in
Table 1.

TABLE 1
Attenuation

Length Concrete Iron Lead

(g/cm?)
11 120 145 200
12 55 145 200
13 30 47* 97=*
AY 42 33.6 24

*x These values are based on measurements which assume that
there is a certain amount of hydrogenous material
(concrete, polyethylene) following the iron or lead.

The computer program allows one to easily change the
various input variables such as source to shield distance,
shield thickness, the angle which the shield normal makes with
the beam direction, the electron beam energy, the production

angle etc.

SHIELDOO MORTRAN and its modified versions were used to
determine radiation levels from electron beams impinging on
thick targets. For thin targets, the EGS4 code (8) was used.
EGS4 is an electron-photon transport code that utilizes Monte
Carlo techniques. The EGS program was designed to simulate
electromagnetic showers in various materials with different
geometries. The dynamic range of charged particles extends
from a few tens of keV up to a few thousand GeV. For photons
the lower limit is 1 keV.

Sections 3 and 4 describe the preliminary and f£final
shielding analyses. During the preliminary shielding analysis
the external shielding thicknesses were determined based on

some initial beam loss scenarios. However, with time more

17




realistic beam loss scenarios were established, which allowed
for addition of local shielding. The final shielding analysis

take these into consideration. The side walls of the linac

1 rem/y
were shielded for 0.5 mrem/h |—— }Jor 5 pSv/h in*
2000 h/y
occupiable areas under normal operating conditions. Since the

roof was to be administratively controlled, higher levels were

allowed on the roof

1l rem/y
The booster was shielded for 8 mrem/h or 80 uSv/h in
120 h/y
occupiable areas (excluding roof). Normal operating conditions

and all possible beam loss scenarios are addressed in the

section on final shielding analysis.

In keeping with the SLAC ALARA (As Low As Reasonably
Achievable) policy, the immediate vicinity of the injector will
be monitored on an ongoing basis and considerable efforts will
be made to eliminate "hot spots" with local shielding. If
radiation measurements indicate that there is a potential for
exceedingvthe 1 rem/y (10 mSv/y) in occupiable areas or the
personnel dose equivalent for radiation workers exceeds 100
mrem/quarter (1 mSv/quarter) - or for non-radiation workers
exceeds 100 mrem/year (1 mSv/year) additional measures will be
taken. These additional measures could include limiting annual
operating hours for the booster by administrative controls,
addition of shielding, and/or restriction of access to areas

with higher radiation levels.

18



3. PRELIMINARY SHIELDING ANALYSIS

The shielding for the linac housing was determined by SSRL

and the shielding for the booster was determined by the SLAC

Radiation Physics Department. Details of this can be found in

reference 9.

Assumed Operating Parameters:

Maximum achievable electron intensity from linac
11
=1 x 10

e /sec

Energy of beam injected from linac to booster = 150 MeV.
Energy of beam injected from booster into SPEAR = 3 GeV.
Current reguired in SPEAR/fill = 100 mA.

[Circumference of SPEAR = 234 m
Velocity of light = 3 x 10° m/s]

100 x 107> A/f£ill  1C 234m 4 -
— — X X 5 = 4.9 x 10 e /fill
1.6 x 10 C/e s-A 3 x 10°m/s
Number of fills/year = 467.
1
[700 shifts/year x B8h/shift x ————— = 467]
12h/£ill

Note: The time between £fills in SPEAR is typically about
12 hours.

Number of electrons stored per year in SPEAR =
= 467 £ills x 4.9 x 1071 e7/£i11

= 2.3 x 10 &

Overall efficiency of linac - booster for injection (and
accumulation) into SPEAR = 4.5%.

19



3-1 ASSUMED BEAM LOSSES
Figure 3 shows a layout of the injector.

3-1-1 Linac

Due to various restraints SSRL had specified that the
transverse walls of the ainac housing would be two feet (~61 cm)
thick and the roof one foot (~30 cm) thick. Some preliminary
estimates were made‘of radiation levels outside the shielding.
For normal operations the assumption was that 3% of the beam
could be lost in a thick target anywhere along the linac at 150
MeV. Under these conditions the linac could operate for 500
hours so that the annual dose equivalent at the shield surface
[source to shield distance = 4 feet (~122 cm)] would be less than
1 rem (10 mSv). This was derived using the computer program
SHIELDOO in which the target is an iron cylinder of length
17.3X (12 inches or 30.48 cm) and radius 3.7 Xm (2 inches or
5.08 cm)(lo). For a source-to-shield distance of 2 feet,
additional local shielding (1.5 inches or 3.8l cm of lead) would
be required.

341-2 Booster

It was expected that about 50% of the electrons delivered
at 150 MeV from the linac will be accepted in the booster(ll).
The losses may be local at the injection point and/or around the
ring in the first few turns. Since the electrons gain only
about 20 keV in the first few turns, for shielding purposes we
assumed that 0.5N electrons, all of energy 150 MeV, are lost at
a point in the booster ring (N is the number of electrons/year
that are injected into the booster). 0.5N electrons are

transmitted.
There is little 1loss during the acceleration in the

booster but during the last 10 to 20 turns as much as 10% of the
energy in the ring may be lost. Some of this loss can also

20
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occur locally during injection into SPEAR (i.e.; in the booster
ejection line). The shielding for these losses will be
addressed in another section. Again for shielding purposes, we
assumed that 10% of the electrons all of energy 3.0"Gev, are
lost at a point in the ring. Thus, 0.1 x 0.3N = 0.05N electrons
of energy 3.0 GeV are lost and 0.9 x 0.5N = 0.45N are
transmitted at this stage.

There will also be accumulation losses in SPEAR of about
90% of the incoming beam. Thus the number of electrons per
year that arrive at SPEAR is 0.1 x 0.45N = 0.045N. We know
that the number of electrons to be stored in SPEAR per year is
2.3 x 10*%. Thus N ~ 5 z 10%°
per year into the booster under this beam loss scenario in
order to obtain 5 x 1011 electrons (100 mA) per £fill in SPEAR.

electrons have to be injected

To summarize, the following beam loss scenario was

assumed:
1. 50% of 5 x lolse-/year of energy 150 MeV are lost at a
point in the booster ring (2.5 x 1015e-/year).

2. 10% of the remainder i.e. 2.5 x 101

GeV are also lost at a point in the booster ring.

4e_/year of energy 3.0

Both point sources were added together in arriving at the
shield thickness necessary to keep the annual integrated dose
equivalent below 1 rem (10 mSv) at the outer surface of the -
shielding. The shielding thicknesses specified are shown in
the following table:

22
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TABLE 2

Transverse Source-to-Shield Shield Thickness (cm)
wWalls *
Distance (cm) No Fe Fe
Outer Wall 61 76 (30") 64
Inner Wall 168 57 (22") 43
Roof 107 67 (26") 35

*
2.1 inches or ~ 5.3 cm (inner/outer walls), 5.9 inches
or ~ 15 em (roof). This is iron in the existing magnets.

The north and south arcs of the booster ring have a series
of magnets and therefore in most of this area there is extra magnet
iron in the wvertical direction, which would provide some attenu-
ation. Hence the specified roof thickness in these areas was 35
cm. Since there are very few magnets in the east and west straight

sections, the specified roof thickness in these areas was 67 cm.

If the beam losses occurred such that they were uniformly
distributed around the ring, the dose equivalent rates would be
lower by a factor of 55 for the outer wall and a factor of 33 for
the inner wall. These results were obtained using the computer
program SHIELDO MORTRAN, which is a modified version of SHIELDOO
MORTRAN(lz) that allows calculation of dose equivalent rates from
distributed sources.

The -linac and ring enclosures consist of poured in place
concrete walls and precast concrete roof blocks. The roof is 1
foot (~30 cm) thick for the linac and for the north and south arcs
of the booster ring tunnel. The roof is two feet (~61 cm) thick in
the east and west straight sections of the booster ring. The

23



transverse walls of the linac are physically 2 feet (~61 cm) thick.
The inner and outer walls of the booster are physically 24 (~61 cm)
and 32 (~81 cm) inches thick, respectively.

The transverse walls of the linac and booster are made of
two rows of light masonry blocks (specified density = 105 pcf or
1.68 g/cc) and the space between the two rows dis filled with
concrete (specified density = 150 pcf or 2.4 g/cc). However the
measured density of the masonry block was only 89 pcf, or 1.42
g/cc, and therefore the concrete equivalent shielding of the inner
and outer walls are about 21.5 (~55 cm) and 29.5 (~ 75 cm) inches

respectively(13).

All further shielding calculations were done
using the equivalent concrete thicknesses for the linac and booster
walls of ~ 21.5 inches (~ b55cm) and 29.5 inches (~ 75cm),

respectively.

24



4. FINAL SEIELDING ANALYSIS

4-1 LINAC

Figure 4 shows a layout of the linac and diagnostic
room. The 1linac is comprised of an electron gun, the
Gun-To-Linac section (GTL), and three accelerating sections.

The gun is an RF gun with a thermionic cathode(l4).
Electrons emitted from the cathode are quickly accelerated to
relativistic energies because the cathode reaches directly into
the high field of a microwave cavity. The operating fregquency
of the gun is 2856 MHz, which is the same as the linac. The gun
produces a continuous train of bunches spread about 350 psec
apart. Thus a 1.4 psec wide RF pulse will produce about 4,000
bunches. The gun is designed to produce a maximum of 1.5 A peak
current during the RF pulse with about 2.5 MeV/c momentum for
the electrons.

The section between the gun and the first accelerating
section is known as the GTL section. This section includes an
alpha magnet, five quadrupoles, four steering magnets and a beam
chopper. The alpha magnet filters out the low energy electrons
by means of slotted absorbers located within the gap of the
(15). In addition the
alpha magnet compresses the bunch length. Electrons at the head

magnet at the point of maximum dispersion

of the bunch are more energetic than those at the tail. The
alpha magnet' causes the higher-energy electrons to travel longer
paths than the lower-energy electrons, thus allowing the
lower-energy electrons to catch up with the higher-energy ones.
Compression of the bunch length results in a reduction in the
spread in the linac, thus reducing losses in the

linac-to-booster transport line.
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SHIELD ITEM §#

LINAC ROOM

DESCRIPTION

ON LINAC ROOF : LEAD COVERING RF WAVEGUIDE PENETRATIONS.

ON LINAC ROOF : ONE CONCRETE BLOCK AND A FEW Pb BRICKS FILLING THE GAP
BETWEEN THE ROOF AND WALL BLOCKS OF LINAC ROOM.

6" LEAD + 12" POLYETHYLENE IN UNAC-BOOSTER HOLE.

4" LEAD ON FRONT AND WEST SIDE OF BI MAGNET.

LEAD WOOL PLUGGING FIVE CABLE HOLES IN WEST WALL

2" LEAD ON WEST SIDE OF LINAC SECTION f1.

2" LEAD ON TOP AND WEST SIDE OF CHOPPER.

2" LEAD IN SIDE ALPHA MAGNET COILS.

2" LEAD ON WEST SIDE OF ALPHA MAGNET.

2° LEAD AT UNAC ROLLING DOOR CRACK.

LEAD AND CONCRETE BLOCKS SURROUND FARADAY CUP,

4" LEAD IN UNAC~DIAGNOSTIC ROOM HOLE.

4" LEAD IN MAGNET COIL OF LTOMI,

2" LEAD AT DIAGNOSTIC ROOM ROLLING DOOR CRACK.

LEGEND

s_/\ = BSOIC LOCATION

DLWG = DISK LOADED WAVEGUIDE

MOD = MODULATOR

B = DENDING MAGNET

QD/QF = QUADRUPOLE

ST—_ = STOPPER

LTOMI = LINAC TO DIAGNOSTIC BEND MAGNET
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The booster RF bucket can only accept 3 - 5 bunches.
Hence a beam chopper selects a triplet of consecutive bunches
from the continuous train of bunches. The beam chopper also
prevents injection of large currents into the booster. In order
to prevent accidental injection of continuous current into the
linac, the chopper has two permanent magnet deflectors and a 4
mm aperture through which the bunches pass in order to enter the

.
FlaYerore e 18

linac. The chopper a parallel plate t ine. An
electromagnetic wave is sent along the line in such a manner as
to deflect the electron beam in a direction opposite to that
caused by the permanent magnets. When the chopper is pulsed the
beam is swept onto the slit/aperture to permit the 3 bunches to
enter the first linac accelerating section. Each linac section
is driven by a separate klystron, and is capable of accelerating
the beam up to 58 MeV, provided there is no beam loading. The
second klystron supplies RF power to both the second 1linac
section and the RF gun. It can accelerate the electrons up to
energies of 51 MeV. The nominal energy of the beam at the end

of the three linac sections is about 150 MeV.

The two quadrupoles located between the first and second
linac sections reduce beam Jlosses downstream and help in
matching the injected beam to the booster.

At the end of the third linac section, the beam can be
directed straight ahead into the diagnostic room via the
Linac-To-Diagnostic (LTD) line or be bent into the booster

through the Linac-To-Booster (LTB) transport system.

The LTD line consists of two quadrupoles, a
phosphorescent screen for emittance measurements, a bending
magnet for energy measurements and a Faraday cup for measurement
of total charge. The LTB transport system in the linac housing
consists of a bending magnet, Bl, a guadrupole, QFl, and two
stoppers, ST-1 and ST-2.
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4-1-~1 Assumed Beam Operating Parameters and Losses

The assumed operating beam parameters and beam losses

are as follows(ls): *

Energy of electrons from RF gun = 2.5 MeV
Maximum intensity from RF gun = 1.4 x 1014e-/sec

Maximum intensity at exit of alpha magnet = 7.3 x 1013e_/sec(~50%)
10

Maximum intensity through linac = 3.1 x 10 e /sec

(Limited by two average current toroids.)

Loss in linac section 1 3%

Loss in linac section 2 = 0.25%

Loss in linac section 3 0.25%

Maximum beam power to diagnostic room dump at 150 Mev.= 0.75
watt

Maximum beam power to booster at 150 MeV = 0.75 watt

Average occupancy time for workers = 2000 h/year

4-1-2 Beam Containment Electronics

The electron intensity in the linac sections is limited
to 3.1 x 1010

LT1 located between linac sections 1 and 2, and LT2 located
(17)

e /sec by two beam current monitoring toroids,

downstream of section 3 The toroids are connected to
SLAC-type Average Current Monitor Module (ACM). A beam

containment trip caused by excessive current through either
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toroid will interrupt the triggers to the three modulators as
well as the triggers to the pulsed RF amplifier which feeds
the RF gun. If the chopper fails, beam cannot be injected

into the linac. However, if the amplitude of the cho;per high
voltage is too low, the unchopped beam may enter the linac.
Hence a chopper high voltage interlock has been added to
ensure that an unchopped beam does not enter the 1linac.
Recently it has been demonstrated that certain steering and
focussing configurations of the GTL section can result in too
much beam going through even a properly functioning

(76’77). Thus, more than 3 bunches could enter the

chopper
linac sections. The beam could be lost in the first section
without tripping the first toroid, or be lost after the first
section after tripping the first toroid. It is also remotely
possible that a largé fraction of beam can pass through the
chopper due to mis-steering of beam components upstream of the
chopper. The transmitted fraction could be 10 percent or
higher. Calculations by Benson indicate that if the entire
beam (all 3000 bunches) were lost at a point in the first
section (at 50 MeV) the dose equivalent rate outside the roof
and west Qall will be 64 rem/h (0.64 Sv/h) and 5 rem/h (50

(78). For a loss of the entire beam (3000

mSv/h) respectively
bunches) at 150 MeV in the third linac section the
corresponding dose equivalent rates are 194 rem/h (1.94 Sv/h)

and 126 rem/h (1.26 Sv/h).

Hence, the addition of a third toroid between 1linac
sections 1 and 2 has been proposed with the proviso that if
the beam is lost in the first section before it can be
detected by ACM1 (connected to LT1l) and the new ACM (connected
to new toroid), the maximum dose eguivalent rate in occupiable
areas cannot exceed 400 mrem/h (guideline for loss of entire

beam during mis-steering). If the beam is lost after linac
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section 1 without tripping the first two ACMS, the maximum
dose equivalent rate in occupiable areas cannot exceed 25
rem/h (guideline for accident case in which two out of three
beam containment devices fail). .

In addition to radiation measurements already made,
additional measurements: will be made to analyze the failure
modes of the beam containment electronics. Three Beam-Shut-
Off-Ionization-Chambers (BSOICS) S1, 821 and 822 have been
placed outside the linac west wall by modulators 1, 2 and 3,
respectively, to detect the failure of any of these beam
containment devices (Figure 17). These BSOICS are all set to
trip at 10 mR/h (DR = 0.1 mGy/h, using 1 R = 1 rad and 1 rad =
0.01 Gy).

4-1-3 Linac Housing

In order to meet the 1 rem/year or 10 mSv/y (0.5 mrem/h or

5 nSv/h) criterion the following local shielding was specified

(Figure 4)(16):

1. Two inches of lead inside the alpha magnet coils

2. Two inches of lead on west side of alpha magnet

3. Two inches of lead on top of and on the west side of the
chopper

4. Two inches of lead on the west side (downstream half) of

linac section 1

If the entire beam were to be lost at 150 MeV (0.75
watt), the maximum dose equivalent rate (DER) on the linac
roof will be 194 mrem/h (1.94 mSv/h) and outside the west wall
will be 125 mrem/h (1.25 mSv/h).
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4-1-4 LTD Beamline

The beam will enter the LTD beamline when magnet Bl is
off. The port, through which the beampipe enEers the
diagnostic room from the linac housing, is lined with 4 inches
(10.16 cm) of 1lead. The walls of the diagnostic room are
about 21.5 inches (~55 cm) thick. The roof is 1 foot (~30 cm)
thick.

Any mis-steering of the beam will cause it to strike the
4 inches (10.16 cm) of lead in the coil of magnet rrom1 (18)
This will result in a dose equivalent rate (DER) of 58 mrem/h
or 0.58 mSv/h (at 0.75 watt) outside the west wall. If the
beam is mis-steered slightly so that it is stopped by a flange
or the magnet steel, the highest radiation level outside the
roof will be 280 mrem/h (2.8 mSv/h). If LTDM1l is in reverse
polarity the beam will strike the magnet iron and the maximum
DER will occur outside the east wall (i.e. inside the booster
tunnel). This DER will be 2.5 rém/h (25 mSv/h).

The maximum angle an LTD quad could bend a 150 MeV beam
is 4.8°. Any mis-steered beam would strike the 4-inch (10.16
cm) thick lead wall in the linac-diagnostic room port. The
DER outside the north wall of the diagnostic room would be 53
mrem/h (0.53 mSv/h).

The Faraday cup in the diagnostic room was shielded with
a combination of lead and concrete to ensure that the DER-
outside the walls of the diagnostic room were less than 0.5
mrem/h (5 pSv/h) for a beam power of 0.75 watt(lg).

4-1~5 LTE Beamline

When magnet Bl is on, the beam is bent into the LTB line.
The 4 inches (10.16 cm) of lead in front of the magnet ensures
that any mis-steered beam strikes the lead, thus producing a
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shower in the proximity of the beampipe. If the lead was not
in place the beam could strike the beampipe, which is a thin
target. Electrons from the shower (produced in the thin
target) in the forward direction may be energetic enough to
propagate the shower in the concrete shielding walls. Thus
the lead acts as a thick target. The lead wall in the
linac~diagnostic room port and the north wall of the
diagnostic room will provide the neceésary shielding. If Bl
is in reverse polarity the beam will strike the 4 inches
(10.16 cm) of lead on the west side of the magnet. The west
walls of the linac housing and the diagnostic room will
provide the required shielding. Any mis-steering along the
LTB line up to the two stoppers will cause the beam to hit the
magnets downstream or the wall in the linac-booster port. A
BSOIC, 82, (Figure 17) is located on the roof so that it can
respond to radiation losses along the LTB and a BSOIC 823 is
located on the roof above the LTD line to detect losses in
this 1line. These BSOICs are set to trip at 50 mR/h (0.5
mGy/h) .

The magnet Bl, and stoppers ST-1 and ST-2 are considered
to be the "LTB stoppers." An accident situation is defined as
one in which two out of three stoppers fail. 1In such an event
the maximum dose equivalent rate in the nearest occupied area
can not exceed 25 rem/h (0.25 Sv/h). If the booster is in
"Permitted Access", and there is a failure such that Bl is on
when it should be off and ST-1 is out when it should be in the
"IN" position, then the beam will strike ST-2. The DER in the
booster tunnel will be less than 25 rem/h (0.25 Sv/h).
Stoppers S8ST-1 and ST-2 have been designed to meet this
criterion and consist of 5.91 inches or 15 cm (10.42 Xo) of
copper and 1 inch or 2.54 cm (7.26 Xo) of tungsten (20). The

depth at which shower maximum occurs is given by:

2.0 - 2/340 + (0.664 - 2/340) 1nE

0.634 - (0.0021 x 2)
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where E is the beam energy (GeV) and Z is the atomic number of
the material.

For Z = 29 and E = 0.15 GeV
L = 1.425 cm

Assuming a target of 10.42 xo of copper and 7.26 Xo of
tungsten, the DER in the forward direction at a distance of
about 1 m from ST-2, for 0.75 watt (using SHIELDll) is less
than 15 rem/h (0.15 Sv/h) ¥},  a Bsorc, s3, (Figure 17) has
been placed inside the booster tunnel to detect radiation in
the event that any two of the LTB stoppers fail. This BSOIC is
set to trip at 10 mR/h (DR = 0.1 mGy/h) and is automatically
bypassed when the booster is in a "NO ACCESS" state. If Bl is
on and ST-1 is in the "IN" position and ST-2 in the "OUT"
position, the DER in the booster tunnel will be less than 15
rem/h (0.15 Sv/h) because the distance from ST-1 to the tunnel

is greater than from ST-2 to the tunnel.

4~-1-6 Linac~-Booster Port

The linac booster port is shielded with 6 inches (15.24
cm) of lead followed by 12 inches (30.48 cm) of concrete.
Since photons and giant resonance neutrons are the major
contributors to the dose equivalent rate outside the shielding,
this combination of shielding is more than the equivalent of
21.5 inches (~55 cm) of concrete, as can be seen from the

following calculation.

The attenuation provided by X inches of a material of
density p (g/cc) and attenuation length A (g/cmz) is:
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X(in) x 2.54 (em/in) x p (g/cc)

> (g/cm?)

-

Hence the thickness of lead X (inches) required to provide

the same

photon attenuation as 21.5 inches (~55 cm) of concrete

can be obtained from the following equation:

_ X x 2.54cm/in x 11.35 g/cc _ 21.5 in x 2.54 cm/in x 2.35 g/cc

X = 2.54 in

The
attenuation

follows:

The
concrete is

tenth-value

= e

24g/cm2 42 g/cm2

(6.45 cm)

thickness of polyethylene required to provide the same
as 21.5 inches (~55 cm) of concrete can be determined as

attenuation length A for giant resonance neutrons in
30 g/cm2 or 12.77 ecm. The half-value layer (HVL) and the
layer (TVL) are the thicknesses which attenuate the

radiation intensity by one-half and one-tenth, respectively.

1 HVL
1 TVL

0.683 &
3.32 HVL

T™L for concrete = 3.32 x 0.693 x 12.77 cm

= 29.4 cm (11.57 in)

The energy of the neutrons will be degraded after passing

through lead and the average energy is given by

(22)

_ 1\ *
E=E. ; HEL
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where E__ is the average energy before passing through lead, X

is the thickness of the lead and HEL is the half energy layer for

neutrons in lead.

[ 4

For Eav = 2.5 MeV, HEL = 18 cm (7.09 in)

For X = 6 inches
N f 6 x 2.54
E=2.5]-

5 18
E=1.4 MeV

The TVL for neutrons (E

1.4 Mev) is 12 cm (4.72 in).

Therefore thickness of polyethylene Y (cm) required to produce

the same attenuation as 21.5 inches (~55 cm) of concrete is given by

Y (cm) 21.5 in x 2.54 em/in

12 (cm) 29.4 cm

Y (cm)

Number of TVLs = 1.86

12 (cm)

Therefore, Y = 22 cm (8.66 in)

Thus the required shielding combination is 2.54 inches (6.45 cm)

of lead followed by 8.66 inches (22 cm) of polyethylene. The actual
shielding combination that was used was 6 inches (15.24 cm) of lead

followed by 12 inches (30.48 cm) of polyethylene.
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4-2 BOOSTER

After construction of the booster the shielding was
(23)
. The

linac to Dbooster (LTs) beam transport system consisting of

re-analyzed due to more realistic beam loss scenarios

magnets and gquadrupoles guides the beam from the linac into the
! tum and a kicker
magnet into the booster (Figure 5 The septum magnet is
strong enough to accommodate a large deflection angle such 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 first injected particle
arrives again at the kicker location after one turn in the
booster. The kicker is therefore 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.

Injection of the beam into the booster occurs near the low
point of the sinusoidal 10 H cycling of the booster

A
(14). As the currents to the magnets increase, the

magnets
magnets 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
coalesce into a2 single bunch (due to radiation damping) as they
circulate into the booster. A kicker magnet kicks the booster
bunch into the BTS (Booster-to SPEAR) transport line, at the
peak of the cycle. Therefore at 3 GeV only one pulse (composed
of one bunch) can be lost since the magnets are cycling at 10

HZ.
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Tables 3, 4, and 5 1list the booster ring shielding,

operating parameters and design criteria. The maximum
allowable beam injected into the booster from the linac is 0.75
watts (3.12 x 1010 &7 /sec at 150 MeV) The maximum electron

intensity is limited by a pair of average current toroids in
the linac. The worst case scenario occurs when all of the 0.75
watt are lost at a point in the booster during injection. At 3
GeV, only one pulse can be lost at a point. This corresponds
to 1.5 watt-sec/pulse (3.12 x 10° e /pulse at 3 GeV).

During normal operating conditions it was expected that
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 GeV and 10% of this was expected to be lost
during ejection. Most of these losses will occur in the
ejection area. Very little loss was expected during
acceleration in the booster. For shielding purposes we assumed
that a 1% loss is likely at any location in the LTB during
normal operating conditions, except at the injection septum
where a 50% loss is expected. Unless otherwise stated all dose
equivalent rates are for the worst case (0.75 watt).

The differences between the preliminary shielding analysis
and the final shielding analysis are found in Table 6. The
next section describes all possible beam loss scenarios in the
LTB line. Radiation levels have been calculated for the worst

case which assumes that all 3.1 x 1010

e/sec. are accelerated
to 150 MeV and lost at a point. This is a very conservative
approach since normally losses do not take place at a point,
but are distributed. In addition, the next section describes
the beam containment which consists essentially of local lead
shielding; The local lead shielding will ensure that the beam
will initiate an electromagnetic shower in a thick target

close to the beam pipe, thus preventing the propagation of the

shower in the concrete shielding walls.
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TABLE 3

BOOSTER RING SHIELDING

[ 4

Equivalent Thickness Thickness
of Concrete (inches) {cm)
Outer Wall 29.5 ~75
Inner Wall 21.5 ~55
Roof (Straight Sections) 24.0 ~61
Roof (Arcs) 12.0 ~30
TABLE 4

OPERATING PARAMETERS

Maximum No. of

e ' Electrons/Pulse Pulse Rate ‘ Energy
Linac 3.12 x 109 10 Pulses/sec 150 MeV
Booster 3.12 x 109 10 Pulses/sec 3 GeVv
TABLE 5

SHIELDING DESIGN CRITERIA

Dose Equivalent Rate

Worst Case* < 25 rem/h
Normal Operating Conditions < 1 rem/y
or

< B8 mrem/h**

*Losing the maximum allowable beam at a point.
**Annual operating hours = 467 fills/y x 15 min/fill,
approximately 120 h.
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TABLE 6

Differences Between Preliminary and
Final Shielding Analyses

RELATIVE
PRELIMINARY FINAL DECREASE
Maximum 1 x 10! e /s 3.12 x 101% e~ /s ~1/3
electron
intensity
Losses for | Always in a thick Thin targets were —

shielding

target (Fe cylinder,
L=30 cm, R=2 cm)

also considered

Worst. casel

1 x 101 e~ /s at 3 GeV

3.12 x 10!% e~ /s

~ 1/60. Can only

loss (at a | == 50 watts at 150 MeV lose 1 pulse at
point) = 0.75 watts 3 GeV at a point
Normal |a) Based on injecting Based on injecting —_

losses 5 x 101° e~ /y 3.12 x 101% ¢~ /s
into booster into booster
b) 50% loss at 150 MeV |50% loss at 150 MeV —
at a point in the ring |at injection septum
(2.5 x 10'° e~ [y)
c) 10% of remainder at |10% of remainder at —
3 GeV lost at same |3 GeV lost at ejectioq
point in the ring
(2.5 x 101 e~ /y)
d) — 1% loss at any —
location in LTB
Booster | (5x10%e~/y)/(10' e~ /s)| 15 min/fill x 467 —
operating | => ~ 14hr fills/y => ~ 120 hr
time
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3 LOSSES IN THE LTB (LINAC TO BOOSTER)

4-3-1 Quadrupole QF4

[ 4

It is likely, that due to mis-steering, the beam could hit
the beam pipe in the focussing quad QF4(24). The beam pipe in
this area is 0.05 inches (0.127 cm) thick. 1In order to prevent
any forward directed thin target bremsstrahlung from showering
in the concrete wall downstream, local lead shielding has been
added as shown in Figure 6. The dose equivalent rate (DER) at
K’ for this instance will be less than 130 mrem/ha (1.3 mSv/h)
in the worst case. The lead shielding is one inch (2.54 cm)
thick in the vertical direction. The DER outside the 2-foot
(~61 cm) thick roof will be less than 25 mrem/ha, or 0.25
mSv/h, (0.75 watt) for losses in the lead.

If, due to mis-steering, the beam can hit the beam pipe

between QD3 and QF4, the DER outside the roof will be less than
300 mrem/hb, or 3 mSv/h (0.75 watt).

4-3-2 Magnets B2 and B3

Magnets B2 and B3 are both shielded with lead such that if
the magnets are on, off or in reverse polarity, the DER in the
worst case will be significantly less than 25 rem/h, or 0.25
Sv/h (Figure 6).

B2-reverse, maximum bend, AB’, DER = 180 mrem/h® (1.8 mSv/h)
B2-0ff, AA’, DER = 2.4 mrem/h® (24 pSv/h)

B2-on, maximum bend, EE’, DER = 84 mrem/h® (0.84 mSv/h)
B3-reverse, maximum bend, H’, DER = 1802 mrem/h (1.8 mSv/h)
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Figure 6
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If B2 is in reverse polarity and the beam hits the trimmer
magnet steel downstream of B2 the maximum photon DER outside
the outer wall between FO and F" will be 375 mrem/h€ or 3.75
mSv/h (0.75 watt). A BSOIC, S4, (Figure 17) has been mounted
outside the outer wall to detect radiation losses during
injection. This BSOIC is set to trip at 50 mR/h (DR = 0.5
mGy/h). If the entire beam were to hit the beam pipe at point
G the maximum photon DER between G’ and G" will be less than
150 mrem/h®(1.5 mSv/h). Any beam that escapes the lead around

B3 is intercepted by a lead collimator downstream of B3.

4-3-3 Injection Septum

The energy of the beam injected from the linac is 150 MeV.
If the septum is set to the wrong energy the beam will hit the
vacuum chamber. Under normal operating conditions about 50%
loss is expected in the injection septum. Since the septum
magnet iron is very thin (0.5 inch or 1.27 cm), the septum is
enclosed on the sides and on the top with 2 inches (5.08 cm) of
lead (Figure 7). The photon DER at N’ will be approximately
55mrem/h® (0.55 mSv/h) for a 50% less loss and 110 mrem/h® (1.1
mSv/h) in the worst case. The photon DER at N’’ will be 37
mrem/hc (0.37 mSv/h) in the worst case, and 38 mrem/h (0.38
mSv/h) at N ',

_FOOTNOTES:
a Using SHIELD1O MORTRAN
b Using results from reference 25

c Using results from computer code EGS4.
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4-4 LOSSES IN THE RING

This section addresses losses in the ring. Since the
arrangement of magnets in the booster is symmetriEal, only
general cases are considered except in a few special cases.
Again, a very conservative approach of loss at a point has been
taken. In addition, the worst case assumes all 3.1 x 10lo
e/sec are accelerated to 3 GeV and injected into the booster.
However, there will be losses during injection so in practice,

the worst case is never achieved.

4-4-1 Ring Magnets

Due to timing errors, a 150 MeV beam entering the first ring
magnet could experience a B field set for the wrong energy. This
could happen continuously during injection. The worst timing
error would result in a 150 MeV beam experiencing a field set for
3 GeV. In addition, if the first ring magnet is in reverse
polarity, the ray would be bent as shown (00’ in Figure 7)(24).
The DER at O’ will be about 320 mrem/h® or 3.2 mSv/h (0.75 watt).
If the beam was bent in the opposite direction, the DER outside
the inner wall (O") will be approximately 365 mrem/h® (3.65
mSv/h) .

If there is a small mismatch between the B field and the
incoming beam energy, it is likely that the beam can follow the
extreme ray 2z’ (which is not intercepted by magnet iron) as
shown in Figure 7. Since this scenario could happen only in the
first few ring magnets, these magnets have been locally shielded
with lead on the outside as shown in Figures 7 and 8. The DER at
the outer wall from the extreme ray hitting the 1lead is
approximately 4 mrem/h or 40 pSv/h (Q’)® and on the exit side
approximately 7 mrem/h or 70 pSv/h (Q")® at the inner wall. The
beam pipe in the ring is 0.012 inches (.03 cm) thick. Once the
beam has been accelerated to 3 GeV, if one or all the magnets
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trip, 3.1 x 109 electrons (i.e. 1 pulse) are lost. If this was
assumed to take place at a point, the integrated photon dose
equivalent outside the shield due to an extreme ray XX’ (Figure
8) will be about 1 mrem (10 pSv). &At 150 MeV all 10 Eplses could
be lost at a point (extreme ray XX’). This will result in a
photon DER of about 300 mrem/h (3 mSv/h) outside the outer wall.
The DER outside the roof (1 foot or ~30 cm thick) for an extreme
ray which produces thin target bremsstrahlung will be less than
1.8 rem/h® (18 mSv/h) in the worst case. A BSOIC, S5, (Figure
17) has been placed on the booster roof where the roof is one
foot (~30 cm) thick. This is set to trip at 50 mR/h (DR = 0.5
mGy/h) . Under normal operating conditions no losses are expected

during acceleration in the booster.

All the ring magnets are connected in series to one power
supply(zs).
magnets or capacitor banks will discharge in about one second.

If the power supply trips the stored inergy in the

The beam will be 1lost over thousand of revolutions in the

focussing quadrupoles where beam size is a maximum. 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.

Since an extreme ray from the ring magnet in section 38 will
go through less concrete shielding (point C) than those from
other ring magnets, this magnet has also been locally shielded
with lead. The DER at C’ for the worst case will be less than 30
mrem/h® (0.3 mSv/h).

4-4-2 Ring Quadrupoles

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 wvalue in the focussing quadru-

pole(23).
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If the beam is lost in one of the quadrupoles due to energy
mismatch between the linac and the booster, the DER outside the
outer wall will be about 10 mrem/h® (0.1 mSv/h) a»n the worst
case. If the RF system is too low or 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 gquadrupoles where the beam size is a
maximum. This will result in a distributed loss around the
booster, and this is what would be expected under normal
operating conditions. However, due to poor orbit correction, the
beam can beam can be lost in a single quadrupole. The DER
outside the inner wall will be about 9 mrem/hZ (90 pSv/h) in the

worst case.

During normal operating conditions, the RF system could trip
at any energy up to 3 GeV. 1If this happens, the beam will spiral
inwards and be 1lost in the focusing quadrupoles. The
distribution of losses will again depend upon the orbit
distortions. However in this case, only 1 pulse will be lost at
that energy. The remaining pulses will be lost at 150 MeV
because the RF is off.

FOOTNOTES:
a Using SHIELDO MORTRAN

b Using results from reference 25
¢ Using results from EGS4
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4-5 LOSSES IN THE EJECTION AND BOOSTER TO SPEAR TRANSPORT
LINES

In this section losses in the ejection and BTS lines are
considered. Again, a conservative approach of 1losing the
maximum possible beam at a point is taken.

After the beam is accelerated to the storage ring energy
(3 GeV) it is ejected and deflected into a transport system
y (33) A fast full
aperture kicker magnet in the booster deflects the beam into

which guides the beam into SPEAR (Figure 5

+the magnetic aperture of the lambertson septum magnet. The

septum deflects the beam wvertically out and away from the
booster components into the BTS (booster to SPEAR transport
line). The BTS consists of a system of gquadrupoles and bending
magnets which steer the beam into SPEAR. The beam containment
system, consisting of local lead shielding has been designed to
ensure that any mis-steered beam will hit the lead close to the
beam pipe, thus preventing the propagation of shower in the
concrete shielding walls. The beam loss mechanisms for the
ejection and BTS system are described in reference 26. All the
following calculations assume the 1loss of 14.4 watts (3.12

%1020 e /sec at 3 GeV) unless otherwise stated.

4-5-1 Ejection Kicker

Due to a timing error, the beam could be ejected at the
wrong energy, in which case it would strike the quadrupole or
bending magnet downstream of it. If the kicker is set for 3
GeV and the incoming beam energy is 0.12 GeV, the beam (0.56
watt) will hit the magnet at A as shown in Figure 9(27). The
DER outside the shielding at A’ will be less than 10 mrem/h
(0.1 mSv/h).
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If the kicker is set for 3 GeV and the beam energy is 1
GeV the beam (4.4 watts) will hit the lead at C. The DER at C’
outside the shielding will be 54 mrem/hZ (0.54 mSv/h). Above
the 2 foot (~61 cm) roof at C", the DER will be 67 mrem/h (0.67
mSv/h). If there is no timing error and the magnet is off the
beam (14.4 watts) will hit the magnet at B. The DER at B will
be 105 mrem/h® (1.05 mSv/h).

4-5-2 Edection Septum

If the septum were set at too low a field or at reverse
polarity the beam would strike the ring magnets downstream of
the septum. If the septum were set too high the beam would
strike the lead collimator downstream of the septum for angles
of mis-steering that are 1.2° greater than the design angle.
For a beam mis-steered by less than 1.2°, the beam strikes the
quadrupole or BIV downstream. If the beam (14.4 watts) hits
the quadrupole at D, the DER on the roof at D" will be 600
mrem/h or 6 mSv/h (Figure 9). A BSOIC, S6, (Figure 17) has
been placed in this location and is set to trip at 50 mR/h (DR
= 0.5 mGy/h).

FOOTNOTES:
a Using SHIELDO MORTRAN
b Using results from reference 25

c Using results from EGS4
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If B1lV was set for 3 GeV and the ejected beam energy was 1
GeV the beam would be deflected by 2.7° and strike QIF down-
stream (Figure 10). At ejected energies lower than 1 GeV the

beam would never reach BlV.

]

4-5-4 BTS - General

Along the BTS there are several sections where the beam
pipe (stainless steel) is 60 mils (0.15 cm) thick. The beam
can hit the beam pipe at any one of these locations due to
energy mismatch or mis-steering. If the beam (14.4 watts) hits
the beam pipe at an angle of 1° at E (Figure 10) the DER at
E’ (90°) will be 7.5 mrem/h (75 uSv/h) and the maximum DER will
be 75 mrem/h (0.75 mSv/h) at E’ (max).

The DER above the 2 foot (~61 cm) roof will be 36 mrem/h

(0.36 mSv/h) at E" (90°) and 250 mrem/h (2.5 mSv/h) at E"

(max) .

4-5-5 BTS Quadrupoles

The maximum angle that the quadrupole could steer a 1 GeV

beam is 2.2°. Mis-steering of Q2D could cause the beam (4.8
watts) to strike BTS-B3 at F. The DER at F’ would be 362
mrem/h or 3.62 mSv/h (Figure 10). The DER above the 2 foot

(~61 cm) roof at F" would be 533 mrem/h (5.33 mSv/h).

4-5-6 BTS B2-6
Lead collimators at the exit side of magnets B2 - B6

intercept any beam that is mis-steered by more than 2.2°. For

mis-steered beams that miss the lead, the downstream magnets
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become the target or in the case of B6, the lead wall behind
stopper 17 becomes the target.

[ 4

If the beam hits the lead at the exit of magnet B6 (M) the
DER at M’ will be 485 mrem/h (4.85 mSv/h).

If the beam hits the lead at the exit of B3H at G, the DER
at G’ will be 380 mrem/h or 3.8 mSv/h (Figure 11). The DER
above the 2 foot (~61 cm) roof at G" will be 480 mrem/h (4.8
mSv/h) .

If any of the magnets are off or in reverse polarity the
beam (14.4 watts) will hit the magnet iron. The DERs produced

as a result of this for some of these magnets are listed below:

B2 -~ reverse bend, PP’ (0°), DER = 5 mrem/h (50 pSv/h),
Figure 10
PP’ (80°), DER = 340 mrem/h (3.4 mSv/h),
Figure 10

B3 - reverse bend, HH’ (0°), DER = 23 rem/h (0.23 Sv/h),
Figure 11

HH’ (90°), DER = 300 mrem/b (3 mSv/h),
Figure 11

B5 - reverse bend, II’, DER = 6.6 rem/h (66 mSv/h),
Figure 11

B5 - off, JJ’, DER = 54 mrem/h (0.54 mSv/h),
Figure 12

B6 - reverse bend, KK’, DER = 316 mrem/h (3.16 mSv/h),
Figure 13
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Magnets B2-B6 are connected in series with a solid buss.
Once the magnets are connected it is extremely difficult to
reconnect them. Hence the probability of these magnets being
in reverse polarity is extremely small. Since these magnets
are in series, if they are in reverse polarity, B2 being the
first magnet in the saries, will cause the beam to strike the
magnet at P. The DER is only 340 mrem/h (3.4 mSv/h) at P’ in
this case. Hence if only B3 or B5 were in reverse polarity
this could be considered an "accident"™ and the DER should be
less than 25 rem/h in either of these cases. This criterion
has been met. If the beam (14.4 watts) hits the lead between
magnets B4 and B5 or BS and B6, the DER above the 2 foot (~ 61
cm) concrete roof will be about 480 mrem/h or 4.8 mSv/h (Figure
12). A BSOIC, S20, has been placed on the roof in this area to
detect losses in the BTS line (Figure 17). This BSOIC is set
to trip at 50 mR/h (DR = 0.5 mGy/h). If the beam hits the lead
at K at the exit of magnet B6, the DER at K’ will be 316 mrem/h
or 3.16 mSv/h (Figure 13). If the beam hits the beam pipe
between B6 and ST-17, the levels are slightly higher than the
DER at E’ and E" (Figure 10) since the beam pipe is closer to

the roof in this case.
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4-5-7 ST-17

While the booster is operating the PPS system allows
access in SPEAR as long as the 3 BTS stoppers arebin place.
This means that the ejection septum and magnets B2-B6 should be
off while the stopper (ST-17) is in the "IN" position. The
nearest point of access is barrier gate E (Figure 14). A
failure in the BTS transport system could result in the septum
and magnets B2-B6 being "ON" when they are supposed to be
"OFF". For radiation protection purposes the maximum dose
equivalent rate in the nearest occupiable area should be less
than 25 rem/h (0.25 Sv/h) when two out of three PPS stoppers
fail. If the septum and B2-B6 were "ON" the beam would hit
ST-17, in which case the DER at barrier gate E should be less
than 25 rem/h (0.25 Sv/h). ST-17 was designed to keep the DER
at barrier gate E below 25 rem/h (0.25 Sv/h), for a beam of 50
watts(zs), because the initial beam loss scenarios were based
on a maximum intensity of 1 x 1011 e /sec from the linac. The
maximum intensity in the linac, however, is limited to 3.1 x

1010 e /sec.

ST~-17 consists of 5.44 inches (9.6 xo) of bopper and 2
inches (14.5 Xo) of tungsten(zg).
9.6 Xo of copper and 14.5 Xo of tungsten the DER in the
forward direction at barrier gate E (at a distance ~ 9.5 m) is
less than 11 rem/h (0.11 Sv/h) for 14.4 watts (using

SHIELD11) (43) .

Assuming a target of length

In the event that the magnets are "ON" and the beam is
being badly mis-steered the beam could hit the lead (4 inches
or 10.16 .cm thick) mounted behind ST-17. The DER at O will be
4 rem/h or 40 mSv/h (14.4 watts) If the beam hits the lead at
N, the DER at N’ (above the 2-foot, or ~61 cm, concrete roof)
will be 1.5 rem/h (15 mSv/h) (Figure 13). A BSOIC, S7, (Figure
17) has been placed in this location and is set to trip at 50
mR/h (DR = 0.5 mGy/h).
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4-5-8 Permissible Stand-by Modes for the Booster

When the booster is not injecting into SPEAR, the beam
from the linac is parked in the diagndstic room Faragay cup or
is allowed to be lost over several thousands of turns in the
booster, by turning the ejection kicker off(79). In the latter
case, since the losses are distributed around the ring, the
radiation levels outside the shielding are much lower than

losing the entire beam locally.
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4-6 SHIELDING OF PENETRATIONS AND THIN SPOTS

All penetrations and thin spots in the enclosures of the
linac and booster have been supplemented with* additional
shielding. These shielding items are checked off on the BAS
(Section 8).

4-6-~1 Linac

All waveguide penetrations on the linac roof have been
covered with lead bricks, so that the gaps between the
waveguides and the roof are minimized.

The gap between the roof and wall blocks of the linac has
been filled with concrete blocks and lead bricks.

All cable holes in the walls of the linac housing have
been filled with lead wool. Cracks between the rolling doors
and the walls for both the linac and diagnostic room have been
filled with lead.

4-6-2 Booster

The shielding at the intersection of the booster tunnel
and BL-17 (Barrier A in Figure 3) consists of 4 inches (10.16
cm) of lead followed by 20 inches (~51 cm) of concrete. This
combination is about the equivalent of 29.5 inches (~75 cm) of
concrete (thickness of outer wall)(BO). Barriers B, C, and E
(Figure 3) are just physical barriers. Barrier D consists of 2
feet (~61 cm) of concrete.

The portions of the BL-17 beam pipe that crossed the
booster tunnel (perpendicular to the booster beam pipe) have

. been removed and the ends have been capped with solid aluminum

plugs(31).
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The waveguide penetrations in the booster roof (sections
27, 29 and 32) have been blocked with concrete blocks, 2 feet
(~61 cm) thick. These blocks are secured in place. The
opening around the waveguide (in section 30) has been blocked
with a combination of plywood (1/2 inch or 1.27 cm thick)
followed by 1lead (1/4 inch or 0.63 cm thick), followed by
plywood (1/2 inch or 1.27 cm thick)(32).
chained and locked in place. The 6 inch (15.24 cm) wide cable

This shielding is

penetrations (sections 18-20, 36-44) in the booster roof have
been covered with 2 inches (5.08 cm) of lead, followed by

fiberglass, and caulked in place(33).

The cable penetrations
(sections 10, 45, 46 and 48) are blocked with 1/2 inch (1.27

cm) thick steel plates, which are bolted and welded in place.

The cable and pipe penetrations along the outer wall have
been left unfilled because the holes are very small and do not
provide a line-of-sight to the beam pipe. Shield blocks (10 x
1.5 x 1 ft) have been bolted and welded into place on the
booster roof over sections 26 and 28 where there are thin spots
in the shielding. A concrete block chained in place has been
placed on the roof of BL-17 on top of ST-17 where there is a
thin spot in the shielding.
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5. RADIATION MEASUREMENTS

Since the injector was constructed phase Dy phase,
radiation measurements were made at each phase for the linac
(34, 33) and booster (36, 37, 38). Based on these measurements
additional shielding wes specified in some cases. In addition,
SSRL operators performed radiation surveys once every shift.
Records of these surveys are maintained in the booster control
area. Once an optimum beam (for injection into SPEAR) had been
established, Radiation Physics performed a comprehensive
radiation survey under both normal operating conditions and

mis-steering conditions(BB).

Figure 15 shows the radiation levels around the linac

(38)

under normal operating conditions The beam parameters for

this measurement are as follows:

Linac Energy = 126 MeV
0

Linac Intensity = 2 x 102 e /s

The radiation levels outside the west wall range from 0.15
to 1.4 mrem/h (1.5 to 14 pSv/h). These measurements were made
at about a few inches away from the wall. The occupiable areas

are beyond the klystrons which are roped off.

Outside the east wall, in the booster tunnel, only photon
measurements were made. These numbers range from 0.1 to 1.8
mR/h. Normally the booster tunnel is not occupied unless there
is some maintenance work in the tunnel. The measurements on
the roof range from 0.8 to about 29.5 mrem/h (8 uSv/h to 0.29
mSv/h) . The 1linac zroof is roped off and the access is
restricted to radiation workers. The Victoreen 440 and 450P
ionization survey meters were used for the photon measurements.
The Victoreen 488 neutron survey meter was used for neutron
measurements. This is a portable meter designed to measure

neutrons below 10 MeV(39). The detector consists of a boron
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Figure 15

RADIATION LEVELS AROUND LINAC DIAGNOSTIC ROOMS DURING NORMAL OPERATION
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lined proportioned counter which is inserted into a cylindrical
moderator. The moderator is only one inch thick and therefore
the detector has an energy-dependent response. The reading in
counts per minute was corrected to dose equivalent assuming a
neutron spectrum outside the shielding with an avefage energy
of 1 MeV.

10 e /sec and the

The linac intensity is limited to 3 x 10
maximum linac energy is 150 MeV. Hence, the radiation levels

around the linac should be scaled by a factor of

150 3 x 1010
—_— X . = 1.55
126 2.3 x 1030

in order to compare the radiation measurements with the

calculated values.

Figure 16 shows the radiation levels around the injector

(38). The radiation levels in

under normal operating conditions
most areas around the booster were less than 0.5 mrem/h (5
pSv/h) . Only radiation levels greater than 0.5 mrem/h (5

pSv/h) are shown in Figure 16.

The radiation levels around the booster should be scaled

by

3 3 x 1030
—_— X —_— .= 1.70
2.3 2.3 x 1010

~

in order to compare them with calculated values, except at
injection where the energy is 150 MeV. Table 7 summarizes the
radiation measurement performed under various beam conditions.
The maximum radiation levels for each condition are listed in
the table. The first condition is the normal operating
condition. The other conditions are cases of mis-steering. In
general, the radiation levels around the booster during normal

operating conditions are less than 5 mrem/h or 50 pSv/h (design
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RADIATION MEASUREMENTS AROUND THE INJECTOR UNDER NORMAL OPERATING CONDITIONS

Figure
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TABLE 7

[ 4

Radiation Measurements For Booster Under Different Beam Conditions

normalized to a Linac intensity of 2 x 100 e/s
]

Maximum Dose
Beam Equivalent Rate
Condition H,, (mrem/h) Remarks
5 n
Normal Operation 10 3 H,, is on roof between blocks 22
and beam ejected and 23. The other radiation area
to SPEAR is on roof block 10 (~8 mrem/h)
(All other areas < 5 mrem/h)
BTS B2 Max 800 A 26 - Hy is in the inner ring of block 11.
BTS B2 Min 300 A 45 4.5 H,, is on the roof between blocks 11
and 12.
Ejection Septum Max 260 V 13 4 H,, is on the roof block 10.
Ejection Septum Min 100 V 19 5 H,, is between roof blocks 49 & 10.
Ejection Kicker Max 24 kV 20 4 H, is between roof blocks 49 & 48.
Ejection Kicker Min 0 V 8 2 | Hp, is between roof blocks 49 & 10.
Injection Kicker Min 0 V - - All less than 1 mrem/h.
Injection Septurm Max 300 A] 1.8 0.5 H,, is on roof block 12.
Injection Septum Min 0 A 1 - Hy, is around East Entry Gate.
LTB B2 Max 250 A 2 0.4 H,, is on the roof block 11.
LTBB2Min 0 A 1 - H,, is in the outer ring,
opposite to LTB B2.

Note: The energy is 126 MeV for the Linac and 2.3 GeV for the Booster.
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level = 8 mrem/h or 80 usSv/h at 3 GeV and 3.1 x 1010 e7/s) .

Higher levels were allowed on the roof and the highest levels
observed were 13 rem/h (0.13 mSv/h). Since then 1local
shielding consisting of 2 inches of lead has reduced the photon
component to 2 mR/h (DR = 20 pGy/h). *

Under conditions of mis-steering the maximum levels
observed were below 50 mrem/h (0.5 mSv/h). These levels were
measured on the roof. There is good agreement between these
radiation measurements under normal operating conditions and

those performed by operations once every shift.

The Victoreen 450P pressurized ionization survey meter was
used for the photon measurements and the SLAC neutron remmeter
was used for the neutron measurements. The SLAC remmeter is

(39) and

similar to the commercially available SNOOPY remmeter
is calibrated to read the dose equivalent directly. The energy
response of the remmeter is very similar to the Anderson-Braun
remmeter. The Radiation Physics Department is currently
analyzing the data from the measurements and will eventually
provide a document which compares the measured values to the

calculated ones.
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6. THE PERSONNEL PROTECTION SYSTEM/BEAM CONTAINMENT SYSTEMS

While the machine is operating the radiation levels inside
the beam housing can be extremely high. For instange, if 14.4
watts at 3 GeV were to be lost in an iron target of radius and
length, 2 inches (5.08 cm), the DER at 90°, at 2 inches (5.08
cm) from the target would be 1.4 x 104 rem/h (140 Sv/h). The
DER at 0° at 2 inches (5.08 cm) from the target will be 1.4 x
10% rem/h (1.4 x 10% sv/h). An acute whole body dose of about
450-500 rads (4.5 - 5 Gy) could be fatal to about fifty percent
of the persons exposed. Fatalities could occur within thirty
days.)

In addition to shielding, the personnel protection system
(PPS) and beam containment system (BCS) protect people from
radiation exposure. The PPS and BCS for the injector are
described in reference 40.

6-1 THE PERSONNEL PROTECTION SYSTEM (PPS)

The PPS consists mainly of an access control system which
prevents accidental or unauthorized entry into the beam

housing. This includes the following elements (41) .

PPS security perimeter, entry modules, annunuator/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. '

6-1-1 PPS Security Perimeter

This is essentially an enclosure for the beam delivery
area and includes shielding. All moveable shielding blocks are
interlocked.
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6-1-2 Entry Modules

These are remotely controlled entry facilities into a PPS
area. An entry module consists typically of two interlocked
and remotely controlled doors or gates. These doord or gates
have emergency exit functions, local door controls, controlled
keybank, and audio and video communication with the injector
control console area. There are four entry modules for the
injector, one each at the entrance to the linac and diagnostic
room, one each at the east and west access to the booster

(Figure 3).

6-1-3 Annuniator/Status Panels

These are display panels usually located at the entry
module that show local PPS access status and other status

information.

6-1-4 Warning Lights

Warning lights are also located at the entry modules and
indicate the status of the beam as follows:

Yellow - no beam, but possible residual radiation levels
Steady Magenta - beam ready to operate

Flashing Magenta - beam on
The implications of the status lights are as follows(42):

Linac/Diagnostic Rooms

Yellow = Linac modulators 1, 2 and 3 high voltage and
triggers off.
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Steady Magenta = Modulator 1 and/or 3 on.

Flashing Magenta = Modulator 2 on.

Booster
Yellow = Booster ring RF off and LTB stoppers in or linac
RF off.
Steady Magenta = Booster ring RF permitted but not on and
LTB stoppers in or linac RF off.
Flashing Magenta = LTB stoppers off or booster ring RF

on.

Warning lights are also located on top of the linac roof and on

top of the booster roof to indicate the status of the beam.

6-1-5 Emergency Off Buttons

These are wall mounted redundant éwitches which are
primarily used if one finds oneself in an area which is ready
for beam. Activating the emergency off button will turn the
beam off, or inhibit the beam from turning on. Emergency off
buttons are alsc located in SPEAR, booster and linac control

areas, to turn the beam off in case of an emergency.

6-1-6 Flashing Lights and Audible Warning

These are used to indicate that an area is ready to beam.

6-1-7 Search Controls

All areas have to be searched prior to delivering a beam.
Search controls are located throughout the beam housing so as

to require a prescribed search route by the search team.
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6~-1-8 Stoppers

Stoppers are devices which absorb beam power for short
periods of time, or change direction of beam deljvery when
required. The LTB stoppers are magnets Bl and stoppers, ST-1
and ST-2. The LTB stoppers are required to be "IN" and the
booster RF "OFF" when the booster is in permitted, controlled
or restricted access. Stoppers St-1 and ST-2 are equipped with
disaster monitors. However, these disaster moniters are not
connected to the PPS.

The BTS stoppers are the ejection septum, magnets B2-B6
and a stopper ST417. The BTS stoppers are required to be "IN"
when SPEAR is in a permitted, controlled or restricted access.
Stopper ST-17 is equipped with a disaster monitor which is
interlocked to the PPS. A burn-through detected by the
disaster monitor will put the LTB stoppers in and turn the
booster RF off. All stoppers are PPS interlocked.
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6-2 THE BEAM CONTAINMENT SYSTEM (BCS)
The BCS has two major components:
1) Beam containment devices limit the current.

2) Beam Shut-0ff Ionization Chambers (BSOICS) prevent

excessive beam loss by detecting radiation in occupied areas.

6-2-1 Beam Containment Devices

There are three beam containment devices in the linac, a
beam chopper and two average current toroids, which limit the

10 ~/sec. The

electron intensity into the booster to 3.1 x 10
beam chopper is interlocked such that if the high voltage pulse
applied to the chopper is too high, the RF power to the three
linac sections is removed by interrupting trigger signals to

the linac modulators and RF amplifiers(4o).

A trip caused by
excessive current through either toroid will also turn the beam
off in the same way. As stated in section 4-1-2, the addition

of a third toroid has been proposed.

6-2-2 Beam Shut Off Ionization Chambers (BSQICS)

Beam Shut Off Ionization Chambers (BSOICS) are interlocked
such that if radiation levels exceed a pre-set level the beam
is turned off. BSOICS have been placed at strategic locations
(Figure 17) where beam losses are expected, either due to
normal operating conditions, cases of mis-steering, or failure
of PPS stoppers or BCS devices. The BSOICS S1-S3, and S21-S23
trip the beam by turning off the klystron high voltage power
supply and removing the triggers to the modulators. BSOICS
S4-S7 and S20-S23 trip the beam by removing triggers to the
modulators and removing the low level RF drive to the

modulators.

74



St

- s/t i B G Y=
N T N
.ﬂl
= SEIR2 LINAC
=5 b= o
' ’ //(f Sy !' ASZZ ASZI X
L.’ AN SR A | A%
; —
:/ ! - S
. | TI=F
! |
S A T T T T
\- |
\ BOOSTER :
\65 !
\ |
N i
N i
NOTE : ] gy i =

§7 IS ABOVE ST-17

53 IS INSIDE BOOSTER TUNNEL

3\ BL-16
\\\
. N\
\\% <
i\
Y 40
) 5 T~
/ BL-15
4

L1 21n814

5210s48 40 dVW



S S

Table 8 summarizes the BSOIC locations, trip 1level and
trip mechanism. All BSOICS are set to produce an alarm if
radiation levels exceed 10 mR/h (DR = 0.1 mGy/h) and in most
cases (except 8S1, S3 and 821-523) turn the begg off if
radiation levels exceed 50 mR/h (DR = 0.5 mGy/h). 211 RSOIC
faults are latched and can be reset locally or via the injector
computer. BSOICs turn the beam off within 50-100 milliseconds
depending upon the relay system used.

A BSOQIC consists of an ionization chamber and a three
decade electrometer (1 mR/h to 1R/h) enclosed in a

(43)

weather-tight container The aluminum-walled ionization

chamber is filled with ethane at 1 atmosphere. The volume of
the chamber is 10 liters. A small 90Sr source, mounted inside
the chamber provides a constant current to the electrometer,
this acting as a continuous internal check. Because of this
the BSOIC will always show a readout of 1-3 mR/h. Unplugging

the BSOICs will result in a beam trip.

The ethane in the chamber enhances the response to fast
neutrons. The BSOIC responds on an equal dose basis to both
photons and neutrons. However, on a dose-equivalent basis the
neutron response is about 10% to 30% of the photon response

depending upon the incident neutron spectrum(sg).
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TABLE 8

BSOIC TRIP
# LOCATION LEVEL TRIP MECHANISM
S1- | Outside linac 10 mR/h | a) Removes triggers
west wall by to modulators
modulator #1 b) Turns off klystron
high voltage
S2 | On linac roof down- |50 mR/h Same as S1
stream of LTBB1
S3 |Inside booster 10 mR/h Same as S1
tunnel adjacent (Bypassed when booster
to LTB Line tunnel is in “No Access”)
S4 | East wall 50 mR/h | a) Removes triggers
to modulators
b) Removes low level
RF drive to modulators
S5 | North arc, between 50 mR/h Same as 54
booster roof
blocks 22 and 23
S6 |Between booster roof |50 mR/h Same as S4
blocks 10 and 49
S7 | Above ST-17 on 50 mR/h Same as S4
on roof block 25
S20 {Roof of 50 mR/h Same as S4
BTS Section
521 | Outside linac west wall| 10 mR/h Same as S1
by modulator #2
S22 [Outside linac west wallj 10 mR/h Same as S1
by modulator #3
S23 | On diagnostic roof 50 mR/h Same as S1

above LTD beamline
downstream of LTDM1

77



7. AREA MONITORING

Area monitors consisting of bare and moderated
thermoluminescent dosimeters have been placed at strategic
locations around the injector, where beam losses are expected
and in areas which are occupiable. The thermoluminescent
dosimeters used at SLAC are lithium fluoride (LiF) phosphors.
When these phosphors are irradiated with ionizing radiation,
free electrons are transferred from the conduction band to the

d(44). These electrons migrate about until they are

valence ban
trapped by lattice defects in the material. Free positive
holes are also produced when the electrons are transferred from
the valence band. These free positive holes may also migrate
and be trapped by lattice defects. The trapped electrons will
remain in their traps as long as they are not provided with
sufficient energy to escape the traps. If the material is
heated, the trapped electrons may acquire sufficient energy to
be released. The released electrons may then recombine with
trapped holes radiating visible or ultraviolet photons. The

amount of light released is a measure of the radiation dose.

2 pair of thermoluminescent dosimeters, consisting of Li-7
(99.9% Li-7) and Li-6 (96.5% Li-6) is used to determine the
photon and neutron components of the dose. LiF has a photon
effective atomic number Zoes of 2 compared with Zoss of 7.6 for
tissue. For most practical applications, LiF can be considered
tissue equivalent. The Li-7 responds mainly to photons while
the Li-6 responds to both photons and thermal neutrons. The
Li-7 and ii-G have a similar response to photons. However, the
Li-6 thermal neutron sensitivity is orders of magnitude greater
than that of Li-7. Thus the Li-7 response gives a measure of
the photon dose, while the difference in response between Li-6

and Li-7 gives a measure of the thermal neutron dose.

78



If the TLDs are moderated (surrounded by a hydrogeneous
material such as polyethylene), fast neutrons incident on the
moderator are thermalized in the moderator and the thermal
neutrons are then registered by Li-6. A cylindrical cadmium
covered polyethylene moderator is used to moderate the fast

neutrons(45). The cadmium lining absorbs the incident thermal
neutrons. Thus moderated TLDs can be used to measure the fast
neutron dose. The moderated TLDs have a fluence respomnse

fairly independent of energy between a few KeV and 10 MeV.
Usually the photon component is much greater than the neutrons
produced by the injector. Since the Li-7 reading is subtracted
from the Li-6, a large number must be subtracted from the total
reading. This introduces a large uncertainty and so the
minimum detection limits for photons and neutrons are about 30

mrad and 40 mrem respectively.

Figure 18 shows the location of the TLDs placed around the
injector and the accumulated doses (after background
subtraction) for the time period of. 7/30/90 to 11/30/90(46).
Since the actual number of operating hours nor the integrated
currents during this operating périod are not well known, it is
not possible to project future doses based on this data.
However, this time period was the commissioning period, hence
the normal hours of operation should be much less than that
during this time period. Area monitoring at the injector will
continue and area monitors will be read out at the end of each

ruan.
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Figure 18

RESULTS OF AREA MONITORING. 7/30/80 - 11/30/80

¥ = Photons (mR/h) \
N = Neutrons (mrem/h)

1 -7 Li-B 7/ Li-7 PAIR LOCATION

8 . 9 MODERATED Li-6 7 Li-7 PAIR LOCATION
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8. BEAM AUTHORIZATION SHEETS/ADMINISTRATIVE
CONTROLS AND PROCEDURES

8-1 BEAM AUTHORIZATION SHEETS

In order to ensure radiation safety at the injector,
auvthorization sheets, administrative controls and procedures
are used. The SLAC Radiation Physics Department (RPD) and the
Accelerator Department Safety Office (ADSO) Jjointly issue Beam
Authorization Sheets (BAS) for operation of the injector. A
separate BAS is issued for both the linac and the booster. The
BAS specifies the time period and the experiments for which the
authorization is valid. Only the specific individuals from RPD
and ADSO, listed on the front page of the BAS, can issue and
approve the BAS. The BAS becomes official only when these
individuals sign the front page of the BAS. The official copy
of the BAS is located at the injector. Copies of the BAS are
kept by RPD, SPEAR, Operational Health Physics (OHP) and Main
Control Center (M.C.C.).

Only the official copy is signed by individuals from RPD
and ADSO, and initialled by operators. The operators for the
injector have been approved by the SSRL Accelerator Research
and Operations Division (AROD). The names of these individuals
appear in the relevant appendices of the SLAC Radiation Rule

Book(47).

The BAS consists of check-off boxes, changes or additions,
running conditions, initial checkout, pre-running conditions,
and verification of safety checklist completion. The operators
_initial the check-off boxes when they come in on shift, thus
acknowledging that they have read the BAS, are familiar with
its contents, and that 21l running conditions have been met.
The operators are reguired to read the "changes or additions"
page daily.
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If changes or additions are needed (such as extension of
time, changes in operating conditions, additional adminis-
trative controls), the individuals from RPD and ADSO must agree
on the change. This agreement may be reach by prne. The
change or addition is then entered on the relevant page of the
BAS, dated and initialed by RPD, ADSO and the operator. The
change or addition is not wvalid until all three individuals

have initialled the respective columns.

The running conditions list all conditions which need to
be in effect while the machine is operating. The operators are
responsible for ensuring that all running conditions have been

met.

The initial check-out items include special check-out
items which need to be carried out when the machine is first
turned on. These items are usually completed and signed off
when the machine is first turned on. An example of an initial
check-out item would be the radiation measurements performed by
Radiation Physics to check the integrity of the shielding, when
the beam is first delivered.

Pre-running conditions include all the requirements that
need to be met prior to first operating the machine. This
includes shielding items, areas being roped off, posting of
warning signs, calibration and check-out of BSOICS and PPS
certification.

In addition, whenever the booster has been in the
"Permitted Access" state, operators are required to £ill out a
safety checklist prior to beam operation which includes
critical shielding items. The operators are then required to
initial a page in the BAS entitled "Verification of Safety
Checklist Completion.”
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8-2 PROCEDURES

All areas have to be searched prior to beam delivery.
Operators follow written search procedures. These procedures
are written, and maintained, by the SSRL Accelerat&; Research
and Operations Division. Copies of search procedures for the
linac and booster can be found in the SLAC Radiation Safety

Procedures Manual (48)
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9. OPERATOR TRAINING

-

The SSRL AROD is responsible for approving individuals as
operators and providing the nedessary training. The SLAC
Radiation Rule Book requires that an operator must be a
radiation worker. DOE Order 5480.11 defines a radiation worker

as follows:

"An occupational worker whose job assignment requires work
on, with, or in proximity of radiation producing machines or
radicactive materials, and/or who has the potential of being
routinely exposed above 0.1 rem (0.001 sievert) per year, which
is the sum of the annual effective dose equivalent from
external irradiation and the committed dose equivalent from

internal radiation."

At SLAC, radiation workers are badged on a guarterly basis
and are required: to undergo Radiation Worker Training (RWT).
This training is provided by the Operational Health Physics
Group (OHP).A Individuals are required to take a test at the
end of the training. Upon successful completion of the
training, the individual receives a certificate of completion

and is then eligible to receive a quarterly badge.

In addition to being radiation workers, the Radiation Rule
Book also requires that the operator must be certified by the
Radiation Safety Officer (or his designate) as being familiar
with the radiation rules. This certification includes testing
of the igdividual’s knowledge of the SLAC Radiation Rulebook
(except items that are SLAC-specific and hence not related to
SSRL) . This testing is done by a member of the Radiation
Physics Department (RPD). The RPD notifies the SSRL AROD once
the individual has successfully completed this certification.
The individual’s name is then listed in Appendix A-1 of the
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Radiation Rule Book. The SSRL AROD maintains an injector

operator qualifications checklist for radiation safety which

includes:
1. Radiation Worker Training I
2. Survey Meter Training
3. Search Procedure Training (Linac and Booster)
4. Radiation Survey Training (Linac and Booster)
5. BAS Orientation (Linac and Booster)
6. Injector PPS Training
7. Operator Radiation Certification.

A description of each item on this list can be found in the
SSRL Injector Operator Qualification Checklist. Each of these
items are signed off and dated by the responsible person after
completion of training on the checklist. Upon completion of
the injector operator qualification program (this includes
items besides radiation safety), the AROD notifies Radiation
Physics and the individual’s name then appears in Appendix E/F
in the SLAC Radiation Rule Book.
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10. PERSONNEL DOSIMETRY

Initially all workers in the immediate vicinity of the
injector were classifipd as radiation workers. The DOE annual

1imit for radiation workers is 5 rem (50 mSv), however the SLAC

internal guideline is 1.5 rem (15 mSv). The DOE annual limit
for non-radiation workers is 100 mrem/y (0.1 mSv/y). The SLAC
OHP group provides the dosimetry service for SSRL. The

personnel dosimeters are typically carried in the wallet or
worn somewhere on the upper torso. Pairs of TLDs composed of
Li-7 and Li-6 teflon loaded discs are wrapped in black plastic
(to protect them from 1light) and sealed in a plastic badge
holder. The badge indicates the name, social security number,
group number, and mail stop of the individual. In addition,
the date of the badge exchange and level of training, RWT
(Radiation Worker Training) or GET (General Employee Training)
are indicated on the badge. Since radiation workers are badged
on a quarterly basis, their badge is marked with a "Q". Annual
badge holders at SSRL have badges marked with an "S8S".

As described in section 7, the Li~7 detects photons and
the Li-6 detects photons and thermal neutrons. Thus the
responses of the Li-7 is a measure of the photon dose while the
difference in response between the Li-7 and Li-6 is a measure
of the thermal neutron dose. In order to obtain the fast
neutron dose equivalent, the assumption is made that there is a
correlation between thermal neutron fluences and fast neutron
fluences in the immediate vicinity of the injector. Based on
measurements at locations 8 and 9 (Figure 18) the ratio of the
fast to the thermal neutrons ranges from 2.2 - 2.7(49). This
would correspond to a fast neutron sensitivity of 3.4 - 6
mV/mrem. However at SLAC, a conservative wvalue of 1
mV/mrem(45) has been used. This same level of conservatism is

‘also used for determining the neutron dose equivalent for the
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SSRL personnel. The personnel dosimetry records for the last
two quarters of 1990 and the first quarter of 1991, indicate
that out of the 62 radiation workers, only 15 had a positive
dose equivalent (i.e. .above background). The cumulative dose
equivalent for three quarters was less than 100 millirem

(1 mSv) for each of these 15 workers. However, since the
actual number of operating hours and the integrated current for
this time period are not known, it is not possible to correlate
these doses with beam operating parameters, or to project doses
for future operation. Future personnel doses will be monitored

and correlated with beam operating conditions.
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11. MUONS

Muon pair production (p+, ¥ ) by photons become$ possible
at energies greater than about 211 MeV (2 x 105.66 MeV)(S).
This process is very similar to the electron positron pair
production, except that the cross-sections scale by the ratio
of the particle masses [(me/mp)2 = 40,000)]. Thus the
cross-section for muon pair production is orders of magnitude
smaller than electron-positron pair production. The dominant
process is the coherent production, in which the nucleus
remains intact as it recoils from the interaction of the
photons with the target nucleus.

Muons are also produced during the decay of Iﬁ: and k*
mesons (photo produced) but depending on the decay path, these
fluences are much smaller than those from direct muon pair

-production(B).

The muon fluence is very highly peaked in the
forward direction. The typical beam diameters outside thick

shielding are about 10-20 cm.

Because of their large masses, muons do not readily
radiate energy by bremsstrahlung except at very high energies
(> 50 GeV)(SO).

lose their energy by ionization, and hence have a fairly

Muons with energies below about 50 GeV mainly
well-defined range associated with each energy.

For most accelerator facilities which are well shielded,.
muons do not pose a problem until the beam energy exceeds 1
GeV. Since the muons are very highly peaked in the forward
direction, they are rarely a problem for transverse shielding.
However because of their weakly interacting nature, they are a

problem in the forward direction.
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Under normal operating conditions, losses in the booster
are distributed around the ring, unless there is an RF trip in
which case the beam could be lost in the focussing quadrupoles.
Since muons are strongly peaked in the forward direction, they
are not of a concern for the transverse shielding of the
booster.

In the event of a ring magnet trip, only one pulse could
be lost at 3 GeV, the remaining pulses would be lost at 150
MeV. So, in the case of the exreme ray XX’ (Figure 8), muons
would not be a concern. However, in the BTS line all 10 pulses
at 3 GeV could be lost. Consider the worst case scenario when
the BTS magnet B3H is in reverse polarity (ray HH’ in Figure
11). This ray goes through 12.7 cm of iron, 81 cm of air and
117 cm of concrete. The following two methods are used to

estimate the dose equivalent rates:
METHOD 1

Using the method of Swanson(s) the muon DER at 3 GeV is

5 rem-—m2
for iron (from Figure 43, reference 5)
h-kw

Maximum beam power = 14.4 watts
Distance to point X’ = 12.7 cm + 81 cm + 117 cm = 211 cm

Total density thickness = 12.7 cm x 7.87 g/cm2 + 117 em x 2.35
g/cm2

= 375 g/cm2
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375 g/cm?

Iron egquivalent thickness (p = 7.87 g/cc for iron)

7.87 g/cc

47.6 cm -
Therefore the unshielded DER is:

5 rem-m? 14.4 x 10 >kw 103mrem

— - X —_—
h-kw (2.11m) rem

s
"
»

16 mrem/h (0.16 mSv/h)

Swanson suggests the use of a correction factor (to take
into account the scattering effect of an existing shield of
thickness X (cm)) to be applied to the unshielded DER.
Therefore, the corrected DER is:

. X(E) -
H =
25 + X/X X(E )

X = 47.6 cm (shield thickness)

Xo(Fe) 1.76 ecm

X (Eo)

230 cm (Figure 41, reference 5)
X(Eo) is the maximum possible muon range at the primary energy E_

Eo = 3 GeV.)
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The first factor in the correction accounts for multiple
Coulomb scattering of muons in the shield. The second factor
accounts for the fraction of muons which is stopped. This
correction is usually applied in cases where the shield is very
close to the target, and the distance to the point at which the
DER is to be determined is much greater than the shield thickness.
It must be pointed out that this is really not the case for ray

XX .
. [/ 25 230-47.6
H = % - x 16 mrem/h
25 + 230/1.76 230
= 2 mrem/h (20 uSv/h)
METHOD 2

Muon B89 is a computer program used to calculate the
production and transport of muons produced by a high-energy
electron beam striking a beam dump. This program is based on work

done by Nelson et al(Sl).

Using the equivalent iron thickness of 47.6 cm the muon

fluence rate is

1.23 x 104 ¢

Vi at 1 m
cm” - s - kw
X 1.23 x 104 ¢ 14.4 % 10 3kw 11 mrem/h x(1 m)?
H= - X - b4 -
cm® - s - kw 10 p/cm”-s (2.11 m)

= 4 mrem/h (40 (uSv/h)
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Method 2 yields a higher dose equivalent rate (by a factor of
2) than method 1. Based on these results it is clear that muons
are not a concern in this case.

Another area where muons could be of concern is at barrier
gate E, when the BTS sjoppers fail (section 4-5-7). ST-17

- consists of 13.82 cm of copper (p=8.96 g/cc)and 5.08 cm of

tungsten (p=19.3 g/cc). The iron equivalent thickness is

13.82cm x 8.96 g/cc + 5.08cm x 19.3g/cc

7.87 g/cc
= 28 cm
5 rem - m? 14.4 x 1073 xw 10° mrem

H = b4 - x

h - kw (9.5 m) rem

= 0.8 mrem/h (8 usSv/h)

Using Method 2(52):
H = 0.28 mrem/h (2.8 wuSv/h)

In this case, Method 1 yields a higher dose equivalent rate.
Based on these results muons are not of concern at barrier gate E.
Thus it has been demonstrated that muons are not of concern for
the injector shielding.
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12. AIR ACTIVATION

Air activation becomes a concern when the emergy of the
primary beam (Eo) exceeds the production threshold of 10.55 MeV in
air(s). Radiocactive gases are produced mainly by the interaction
of electrons and photons with nitrogen, oxygen, argon and carbon

(50). An electron beam without

nuclei that are present in the air
bremsstrahlung will not cause significant air activation because
the nuclear cross-section of electrons are 1/137 of those of
photons. It is a common experience at accelerator facilities that
external exposure from activated machine components is the
limiting factor as opposed to air activation. The reason is that
the total amount of activation in solids is much greater than in
air. The air mass absorbs much less beam energy than the many

radiation lengths of solid beamline components.

Air activation is reduced by a factor of the order of X/Xo
where X is the bremsstrahlung pathlength in air and X is the
radiation 1length of air (Xo = 30.38 cm). Since the activated air
mixes rapidly with the inert air, and coupled with the fact that
radiocactive decay. takes place, radiocactive concentrations decay
away rapidly. Activated air products with half lives of less than
one minute are of negligible concern, as they away decay rapidly
before personnel enter the beam housing.

Initial air activation estimations were made by Donahue(53).
Since then, the maximum intensity available from the 1linac has

been reduced by a factor of 3. Table 9 summarizes the revised
calculations.
The calculations for all radionuclides except 1pr  were

performed using the saturation activity per unit pathlength per

unit beam power (As) from Swansons.
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TABLE 9

Saturation Concentration
Half Threshols | Activity uCi/cc DAC
Radionuclide| Life Reaction | (MeV) |[uCi/m/kw| Linac | Diagnostic| Booster pCi/cc
SH 1226y | “N(y,sp) | 22.73 140 1.0 x107% | 1.2 x10~% { 2.5 x10~% | 2 x10~%°
150(v,sp) | 25.02 140 1.0 x10~% | 1.2 x10-% | 1.5 x10-8| 0.5°
"Be 53.6d | 14N(y,sp) | 2781 30 2.2 x107% | 2.5 x10~° | 5.5 x10~° {8.1 x10~%°
160(~,sp) | 31.86 30 2.2 x10~? | 2.5 x10~ | 5.5 x10~?
g 20.34 min| 12C(y,n) | 18.72 0.5 3.7 x10~1 [4.2 x10-11|9.1 x10-11| 4 x10~%*
UN(y,sp) | 22.73 300 2.2 x107% | 2.5 x10~% | 5.5 x10~®
160(~,sp) | 25.88 300 2.2 x1078 | 5.5 x107% | 5.5 x10~®
13N 9.96 min | ¥“N(y,n) | 10.55 2800 2.1 x10~7 | 2.3 x10~7 | 5.5 x10-7 | 4 x10~%*
150 123s | %0(y,n) | 15.67 1500 | 1.1 x10-7 | 1.2 x10~7 | 2.7 x10~7 | 4 x10~¢°
16N 7145 | 180(y,np) | 21.81 0.5 3.7 x10~11|4.2 x10-11 |9.1 x10-!!| 7 x10~"*
3C1  {37.29 min|1®Ar(v,np) | 20.59 6 4.5 x10719 4.8 x10-1°| 1.1 x10~° | 3 x10-**
3¢1 55.5 min | Ar(y,p) | 12.52 40 3 x107? |3.3 x10°%| 7.3 x10~% | 2 x10~%
YA 1.83h | “%(n,7) 1.5 x10-° | 4.8 x10~? | 6.2 x10~° | 3 x10-%*

NOTE: sp = spallation

ng, = thermal neutron

a = water

b .= elemental
¢ = inhalation
d = submersion




Activity (pci)
Concentration (pci/cc) =

Volume (cc)

pci
Activity = As P (kw) x L (m) .
m-kw

where P is the beam power and L is the bremsstrahlung pathlength.

Inherent in the calculations is the assumption that the
injector is on for a sufficient time such that all radionuclides

reach their saturation activities.
The following parameters were used:
Percentage of energy escaping beampipe = 100% (All this energy is

assumed to be above the production threshold for the various

radionuclides.)

3 8 c(54)

= 1.0 x 10" ¢

3 = 2.7 % :LO.7 cec

3 = 7.9 % 108 cc

Total surface area of linac room = 2.1 x 10% en? (59
Total surface area of diagnostic room = 6.6 x 105 cm2

Total surface area of booster tunnel = $.8 x 106 cm2

Linac room volume = 3,560 ft.
Diagnostic room volume = 8960 ft
Booster tunnel volume = 28,051 ft

Maximum beam power in linac and diagnostic room = 0.75 watt
Maximum beam power in booster = 14.4 watts

Bremsstrahlung pathlength in linac = 10 m

Bremsstrahlung pathlength in diagnostic room = 3 m

Bremsstrahlung pathlength in booster = 10 m

(These pathlengths were chosen so that they were less than fhe
maximum dimensions and more than the minimum dimension for the
linac and diagnostic zrooms. In the beam direction there are
always sufficient beamline components which will absorb the

bremsstrahlung.)
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The data in columns 2, 3, 4 and 5 are taken from reference 5,

13N, which is taken from

except the saturation activity for
reference 56. The last column lists the Derived Air
Concentrations (DAC). According to ICRP30(57):

"The DAC for any radionuclide is <defined as that
concentration in air ((3q m-B) which, if breathed by Reference Man
for a working year of 2000 h (50 weeks at 40 h per week) under
conditions of "light activity", would result in the ALI by

inhalation.

DAC = ALI/ (2000 x 60 x 0.02)
= ALI/ (2.4 x 10°) Bg m >

where 0.02 m3

is the volume of air breathed at work by Reference
Man per minute under conditions of "light activity" (ICRP
Publication 23)."

3

(Note: 1 Bgm -~ =2.7 x 10”11

pci/ec)

The annual 1imit on intake (ALI) of radionuclide is a
secondary limit which has been designed to meet the basic limits
for occupational exposure recommended by the ICRP.

For some of the radionuclides such as 11C, 13N, 15O, and 4lA.r
the contribution to dose equivalent from external exposure is
greater than inhalation. Hence for these radionuclides the DACS
for submersion being more restrictive are listed, while for the
others the DACs for inhalation are listed. The DACs (listed in
the last column) have been taken from DOE Order 5480-11 (%8,
However, it should be pointed out that the DACs for submersion are

based on a semi-infinite cloud.
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These DAC values are valid only for gamma radiation and/or
for the annihilation components which penetrate a body submerged
in a large radioactive cloud. Hdfert has suggested that for cloud
radii of up to 10 m the DACs should be based on dose to the skin
from B emitters, and these DACs would be much higher'(at least an

order of magnitude) than those listed in Table 9(59).

Since 41Ar is produced £from a thermal neutron capture

reaction, the thermal neutron fluence rate °th must first be

estimated. Neutrons produced from beam losses are moderated by
the concrete shielding. The neutron yield as given by Swanson
(57) is

Y(n/s-kw) = 1.21 x 10%% 20-66

2

For iron targets the yield is 1 x 102 n/s~kw.

According to Patterson and Wallace(so) the thermal neutron fluence

can be estimated knowing the fast neutron yield Q (n/s) and the

surface area S (cm2) of the beam housing.

For the linac and diagnostic rooms

n n
0= 102 x 0.75 x 10”2 kw = 7.5 x 105 ___
s-kw s
For the booster
n n
.o = 10%2 x 14.4 x 10”3 kw = 1.44 x 1029
s-kw s

97



Therefore,

1.25 x 7.5 % 10° n/s

n
2 .
)] = = 4.5 x 10 (linac)
th 2.1 x 106 cm2 cmz—s *
1.25 x 7.5 x 108 n/s 3 n
o = = 1.42 x 10 (diagnostic)
th 6.6 x 105 cm2 cm2-s
1.25 x 1.44 x 100 n/s 5 ©
¢ = = 1.84 x 10 (booster)
th 9.8 x 106 cm2 cm2-s
The saturation activity
As = ¢thoN
_ - . 40 -24 2
o= thermal neutron cross-section for Ar = 0.53 x 10 cm”/atom

40

N = number of Ar atoms in air

Npf

A
where

23 atoms
N, = Avogadro’s Number = 6.02 x 10 -_
. g-molecule
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density of dry air = 1.205 x 1073 g/cc

©
L]

f = fraction by weight of 40A: in air = 0.013(5) v
40
A = mass number of Ar = 40
-5 atoms
A, = 5.6 x 10 = 1.5 x 10-9 pci/cc (linac)
cc-s
-4 atoms -9
A, = 1.77 x 10 = 4.8 x 10 pci/cc (diagnostic room)
cc-s
-4 atoms -9
As = 2.3 x 10 = 6.2 x 10 pci/cc (booster)
cc-s

These calculations are extremely conservative as they assume
that 100 percent of the beam energy escapes the beampipe at the
maximum possible beam power, and that all energy escaping is above
the threshold for the pfoduction of the various radionuclides. 1In
reality only a few percent of the beam energy will escape the
beampipe during beam losses. Hence, these concentrations are
conservative at least by two orders of magnitude. These
concentrations are at least one to three orders of magnitude lower
than the DACS.

In addition, the calculated values are concentrations in the
beam housing while the machine is on. When the machine is off the
concentrations will decay with time. No one is allowed to be in
the beam housing during machine operation. Thus air activation is
not a concern for the injector.
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13. TOXIC GASES

Toxic gases can be produced by the interaction of ionizing

radiation with air(s’ 61).

These gases are ozone, fitric oxide,
nitrogen dioxide, nitrogen trioxide, nitrogen tetroxide, nitric
anhydride, and nitrous oxide. Ozone and nictric acid formed Dby
the interaction of nitrogen oxides and water vapor present in the

atmosphere may cause gradual corrosion of beamline egquipment.

Toxic gas production. occurs by a chemical transformation,
whose reaction rate is almost proportional to the integral dose to
the air. Hence an electron beam without bremsstrahlung can cause
significant toxic gas production. 2Among all the toxic gases,
ozone production is the 1limiting factor because of its lower
threshold limit wvalue (TLV) of 0.1 ppm(62).

be discussed in this section.

Hence only ozone will

The G value or radiolytic yield is defined as the number of
molecules produced per unit energy deposited. The G value for
ozone in pure oxygen is around 13 molecules per 100 ev. However,
in air, because of an efficient charge transfer mechanism of
positive charge transfer from N2+ ions to oxygen, the ozone yield
is enhanced, and the G value ranges from about 7.4 - 10. Since
the W value for air is about 34 ev per ion pair formed, more than
one ozone molecule is formed for every ion pair formed. The
yields for other toxic gases are smaller.

Ozone  decomposes spontaneously and is decomposed . by
radiation. It reacts chemically with air impurities and other
materials. The effective decomposition time will therefore depend

on room size, wall material, temperature, impurities and the ozone

concentration itself. The effective decomposition time for ozone
is about 50 minutes. Since ozone can be detected by smell at
concentration levels of about 0.02 - 0.05 ppm, any room that is

free of its characteristic odor may be regarded as safe from toxic
gases.
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Ozone calculations were done using the EGS4 code(63’ 64, 63)

to determine the energy deposition in air. ESG4 calculations were
done for 3 GeV electrons (3.1 x 1010 e /s) striking the inside of

a 6-cm diameter, 0.3 mm thick iron beam pipe in the middle of a

tunnel (133m x 3m x 2.5m). -
Fraction of energy deposited in air = 0.021 (from EGS)
Maximum beam intensity = 3.1 x 1010 e /s
Total energy deposition rate =
10 © 3GeV 1000 MeV
= 0.021 x 3.1 x 10 — X — X —
s e GeV
MeV
=1.95 x 10%% __
s
Ozone production rate =
12 MeV molecules 6 eV sec
p= 1.95 x 10 -—_ x 10.3 —  _ x 107 — x 60 —
s 100 ev MeV min

molecules
1.2 x 10%°

min

The saturation concentration

=1

<l

where'E = 50 min

9

V=133 x3 x2.5m « 1 x 10° ¢
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1.2 x 1019 molecules/min

c = x 50 min
S 1l x 109 cc
molecules
= 6x10%t -
cc

]
Therefore the ozone concentration =

6 x 1011 molecules 2.4 x 104 cc
= x 23
cc 6.02 x 10 molecules
= 0.024 ppm

(At NTP 6.02 x 1023 molecules occupy 24 liters.)

This concentration is much less than the TLV of 0.1 ppm.
Under normal operating conditions the entire beam at 3 GeV is
not lost. These calculations are very conservative since they
assume that the entire beam at 3 GeV is lost at a point.
However they also indicate that ozone production and therefore

toxic gas production is not a problem for the booster.
Similar calculations can be carried out for the linac and
diagnostic rooms where the energy deposition at 150 MeV is

2.8% (from EGS).

Ozone concentration for linac (volume = 1.0 x 108cc)

MeV 10 e molecules 10° ev
= 0.028 x 150 — X 3.1 x 10 — x 10.3 b4
e s 100 ev MeV
4
s 1 2.4 x 10" cc
x 60 — x 50 min x B X 53
min 1.0 x 10~ cc 6.02 x 10 molecules
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= 1.6 x 10”8

= 0.016 ppm

For the diagnostic room (volume = 3.2 x 10'7 ce)

1.6 x 2078 x 1.0 x 10° cc
Ozone concentration = 5
3.2 x 10" cc
= 5 x 1078
= .05 ppm

These concentrations are below the TLV (0.1 ppm), and
since the calculations assume loss of the entire beam, these
values are very conservative. Thus ozone production, and
hence toxic gas production is not a problem for the iinac or

diagnostic rooms.
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14. INDUCED ACTIVITY

As described in section 2-1, when a high energy.;lectron
interacts with a material, an electromagnetic shower
consisting of electrons, positrons and photons is developed.
The development of the shower continues until the energy of

the photons falls below the Compton minimum.

When a high energy photon (> 10 MeV) interacts with a
nucleus, the photon is absorbed, with the subsequent emission
of one or more nucleons by the excited nucleus(se). Thus the
element is changed to a different isotope. This new isotope
may be radioactive, and it is the production of these types
of isotopes which result in induced or residual radioactivity
in electron accelerators. In addition, ©photonuclear
reactions will result in the production of high energy
particles which may interact with other nuclei producing
radioactive isotopes. Very high energy particles are also

capable of initiating nuclear cascades.

Thus radioactivity may be induced in beamline components

by an electron or bremsstrahlung beam. The amount of
activity will depend on the energy, beam power and type of
material(s).

Most of the activity is produced by the photon-induced
reactions, namely the giant photonuclear resonance, the
pseudo-deuteron effect and high-~energy photospallation
reactions. The beamline components that are most susceptible
to activation are beam dumps, and components in areas where
beam losses are normally expected. If the beam power is
sufficiently high to produce large neutron fluences, then
neutron activation becomes possible.
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Materials which are highly susceptible to activation are
stainless steel, tungsten, tantalum, zinc, gold, manganese,
cobalt and nickel. Materials which are moderately
susceptible to activation are iron and copper. Msterials
which are relatively insusceptible to activation are 1lead
(antimony-free), ordinary concrete, aluminum, ﬁood and

plastics.

The linac waveguides are made of copper and losses along
the linac can cause activation. Since the Faraday cup in the
diagnostic room acts as a dump for the linac when the booster
is not operating, it will also be activated. However because
it is made of 1lead, the activation will not be of much
concern. The vacuum chambers of the 1linac and booster
transport lines are made of stainless steel (#304) . Some
estimation of induced activity can be made assuming that the
machine has been operating steadily for time periods which
are long compared with the half-lives of the produced
radionuclides (typically 2-3 half-lives), so that the

radionuclides have built up to saturation activity.

14-1 ACTIVATION OF COPPER

Pure copper is composed of 63Cu (69.1%) and 65Cu
(30.9%) . Table 10 1lists the reactions producing the
radionuclides, the half-lifes, the threshold, and the
saturation exposure rate obtained from Swanson(s). For 58Co

and 63Cu the exposure rates from McCa11(67) were used to
obtain saturation exposure rates. Since half-lifes for 60Co
and 63Ni are very large, these will not build up to

saturation during normal machine operation, so they will be
neglected in the calculations. Exposure rates have been
converted to dose rates (PR) using 1 R ~ 1 rad (actually 1 R
= 0.95 rads in tissue) and 1 rad = 0.01 Gy.
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TABLE 10

-

Reaction Half Life | Threshold (MeV) | Saturation exposure rate
Xs [(R-m?)/(h-kw)]
63Cu(v,sp)%8Co | 71.3d 41.75 0.18¢
83Cu(y,sp)**™Co| 921 41.75 0.21
63Cu(,n2p)*Co| 5.263 y 9.05 0.83
65Cu(y, np)5Ni 92y 17.11 no vy
63Cu(v,2n)52Cu | 3.321h 19.73 0.61
63Cu(v,n)2Cu [9.76 min 10.84 6.5
6Cu(y,n)®Cu | 12.81h 9.91 0.6°
$Cu(n,~)*Cu {5.10 min — —

a) using ' = 0.55 [(R-m?)/(h-Ci))
b) using T' = 0.12 [(R-m?)/(b-Ci))
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Typically during normal operations there may be about 3%
loss along linac section 1. Assuming this is all at 50 MeV,

the beam power will be:

4

3 e C
% 3.1 x10%% __ x 50 Mev x 105 ev x 1.6 x 10729 —_
100 s e
_3 Ve -3
= 7.44 x 10 — = T7.44 x 10 watt
s

The exposure rate from activation of 1linac section 1
immediately after shutdown at time t = 0 will be

R-m? P -5 R-m?
8.1 x 7.44 x 10 kw = 6 x 10 —
h-kWw , h
Exposure rate at 1 foot (~ 30 cm) from linac section = 0.65
mR/h  (D.R. = 6.5 pGy/h).
62

After approximately one hour
the exposure rate would be about 10 pR/h (0.1 npSv/h).

Cu would have decayed away and

14-2 ACTIVATION OF LEAD
Pure lead is composed of <9%p (1.4%), 29%pp (25.1%),
207pp (21.7%) and 2%8pp (52.3%).

Table 11 1lists the wvarious reactions producing the
radionuclides, the half-life, threshold and saturation rate for

each radionuclide(5).
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TABLE 11

Reaction Half Life | Threshold (MeV) {Saturation exposure rate
. X, [(R-m?)/(h-kw)]

206 Pb(,np)®®TI | 3.8y 14.83 no

207 Pb(v,p)**°T1 | 4.19 min 7.46 no vy

208 pp(, p)20"™T] 1.3s 8.04 0.91

208 pp(,p)20"T1 | 4.79 min 8.04 0.001
204 pp(~, 2n)202™ P 3.62 15.32 0.03

204 pp(~,2n)202Pb 13.0 x10% y 15.32 —

204 pp(,n)203m Py 6.1s 8.38 0.13

204 pp(y,n)?*%3 P 521h 8.38 0.07
206 pp(y,2n)2%4m Pb | 66.9 min 14.85 1.4

206 Pp(y, 2n)2%4 Pb stable 14.85 —
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The major contribution to the exposure rate from induced
activity are 207®py, 202mpy  203mpy  203pp ang 294%py.  1f the
entire beam at' 150 Mev (0.75 watt) were dumped in the
diagnostic zroom Faraday cup, the external exposure rate
immediately after shut down (at time t = 0) would be:

R-m2 3

2.5 x 0.75 x 10

kw = 1.9 mR/h at 1 m (D.R. = 19 uGy/h)
h-kw

The exposure rate at one foot (~ 30 cm) would be 20 mR/h
(D.R. = 0.2 mGy/h).

3

After ‘one hour only 202me, 20 Pb and 204me will remain.

The exposure rate after one hour will be

L]
R-m2 3

0.85 x 0.75 x 10~ = 0.6 mR/h at 1 m

h-kw

The exposure rate at one foot (~ 30 cm) = 6.8 mR/h (68 pGy/h).

14-3 ACTIVATION OF STAINLESS STEEL

Stainless steel (#304) is composed of iron (68%), carbon
(0.08%), manganese (2%), phosphorous (0.04%), sulphur (0.030%),
silicon (1%), chromium (18-20%) and nickel (8-12%). Stainless
steel is highly susceptible to activation. Calculations are
currently being performed to provide an estimate of induced
radioactiﬁity in stainless steel.
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14-4 INDUCED ACTIVITY MEASUREMENTS

Tables 12 and 13 show the result of induced activity
measurements (at one foot [~ 30 cm] away from the beam pipe)
in the booster. These results indicate that there is loss
along the LTB transport line and along the BTS transport lines.
This is to be expected as there are losses at injection and
ejection. The vacuum chamber in both the LTB and BTS transport

lines is made of stainless steel.
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TABLE 12

Induced Radiation Survey - 5/29/91

Booster Shutdown at 2041

Time | Reading (mR/h) Location

2105 0.115 G45

2105 0.240 G46

2106 0.520 G49 - BTS Septum
2107 11.0 G10 - BTS Bl
2108 0.440 G11

2109 0.280 G12 Injection Septum
2110 0.014 G14

Less than 0.010 mR/h elsewhere.

G = Girder
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TABLE 13

Induced Radiation Survey - 5/31/91

Booster Shutdown at 1304

Time | Reading (mR/h) Location
1324 1.0 PED 47
1330 0.9 BTS Kicker
1331 0.9 Between G11 and G46
1331 0.6 G48
1335 3.0 BTS Septum (downstream end)
1336 1.5 PED 10 - Quad
1336 1.5 BTS B1
1338 0.6 LTB Q4
1338 5.0 Between LTB B2 and LTB Q5
1339 0.6 Gl1
1341 1.8 PED 23 - BPM #11
G = Girder

PED = Pedestal

BPM = Beam Profile Monitor
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15. SKYSHINE

Skyshine refers to secondary radiation which first
proceeds upwards and then is scattered back to the earth’s
surface after one or more collisions with air nuclei. In a
broad sense, skyshine includes all radiation reaching some
point in the wvicinity of an accelerator facility. This
radiation includes direct as well as scattered radiation,
radiation scattered by the air, ground and neighboring

buildings(sg).

Usually the point of interest is far away such
that the radiation reaching it is dominated by particles that
have undergone elastic and inelastic scattering with air
nuclei. At large distances neutrons are the dominant
contribution. Several studies have been done to formulate
expressions for skyshine dose. A summary of these studies can

be found in reference 69.

Jenkins has written a program called "Skyshine Mortran”
which is based on theoretical work and measurements(7o’7l).
This program can be used for points of interest within 200 to

300 m of the accelerator facility.

The dose equivalent (in rem/electron) in this program is
given by

me-(R/l40)

E
o - (px/30) - (px/55) - (px/120)
= YGRN e + YMID e + YHEN e
-(R/140)
E, e ¢ o (px/20)
R sC
where

E, = energy of primary electron beam in GeV
©w = solid angle subtended by the roof
R

= distance to point of interest (in m)
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x = thickness of roof shield in cm
p = density of roof shield in g/cc

YerN

yield of giant resonance neutrons (GRN)
1.48 x 1072 7g_20-%°

The attenuation length for GRN is 30 g/cm2

YMID = yield of mid energy neutrons (MID) = 1.33 10-16 EO/AO’37

The attenuation length, for MIDN is 35 g/cm2

-

17 /AO.GS

R ¢ = yield of high energy neutrons (HEN) = 4.49 x 10° Eo

HEN
The attenuation length of HEN is 120 g/cm

Yyu1p and Y,.. are the 90° yields. Angular dependence has been

neglected.

2

Yoo = vield of scattered neutrons (SCN)

The attenuation length for SCN is 20 g/cm2

The assumptions made in this program are:

1) Scattered dose is twice the GRN dose.

2) All non-scattered doses vary according to solid angle.

3) MIDN yields are 1/4 of GRN yields.

4) HEN yields are 1/20th of MIDN yields. (This is a factor of
2 lower than in the SHIELD program.)

5) HEN produce 1 evaporation neutron each.

6) All neutrons vary as exp-R/140.

rh) Roof shield thickness is at least 1 foot.

Using R = 3.0 m for the boundary and using a roof shield
thickness of 2 feet (~ 61 cm), calculations for the boundary
dose from skyshine were performed using the computer program.
If all 3.1 x 10%°
thick target) in the booster, the annual dose equivalent (for
120 hours of operation) will be 4 prem (0.04 pSv)(72). If all
3.1 x 10%°
boundary dose egquivalent will be 82 urem (0.82 usSv). This

e /s at 150 MeV are lost at a point (in a

e /s at 3 GeV are lost in the booster the annual

represents an upper bound on the boundary dose equivalent for

120 hours of operation.
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Operational experience indicates that there is about
10-20% loss in the LTB line and also 30% loss during injection
at 150 MeV. The injection losses take place at the septum and
during the first three turns in the booster. Losses in the BTS
line during ejection vary from about 30% to higher levels. A
typical loss may be about 50% in the BTS line. These losses
would correspond to a boundary dose equivalent of about 40 prem
or 0.4 usSv (for 120 hours of operation).

SLAC has peripheral monitoring stations along its boundary
(71’73). Each

station consists of a neutron monitor (moderated BF3 counter)

which continuously measure the boundary dose

and a gamma monitor (Geiger counter), and their associated
electronics enclosed inside a wooden enclosure. The moderated
BF3 counter measures the neutron fluence rate. The outputs

from these monitors are computerized.

The monitoring station closest to the SSRL injector is
PRM#1, which is located about 3.6 m away from the center of the
booster. The typical neutron background is about 6-11 mrem/y
(60-110 pSv/y). Measurements indicate that SPEAR injection (6
hours/day for 365 days/year) contributes an increase of 0.2

mrem/y (2 pSv/y)(74).

The booster can be operated in the booster stand-by mode,
i.e., the ejection kicker is turned off, so that the beam is
lost around the booster ring. Measurements indicate that this
mode of operation (18 hours/day for 365 days/year) contributes
an additional 0.1 mrem/y (1 pSv/y). The linac parameters for
these measurements were:

Intensity = 2 x loloe-/s
Linac energy = 126 MeV

"Booster energy = 2.3 GeV
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Calculations indicate that under these conditions the
boundary dose eguivalent would be about 2.3 mrem/year (23
nsv/y) . At SLAC each machine has been shielded so that its
contribution to the boundary dose equivalent does not exceed 5
mrem/y (50 pSv/y). These calculations are very conservative
and assume that in the stand-by mode all the electrons are lost
at 2.3 GeV at a point. In reality the energy at which the
electrons may be lost may be more 1like 1 GeV. While the
booster magnets are cycling at 10 Hz,'they are re-energized,
and the instability caused by this re-energizing causes the
electrons to be lost over several thousands of turns. Since
these losses are distributed, 1local shielding in several
locations around the booster will cause further reduction, thus
the measured boundary doses will be always less than the

calculated values.
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