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Average Population Exposure

MEDICAL EXPOSURES
TOT: 15% Sources of Radiation Exposure to the US Population

OTHER
TOT: 4%

NATURALBACKGROUND
TOT: 81%




radiation protectio

L imiting Exposures

basic waysto [imit exposure:

Time: limiting or minimizing the exposure time wil
reduce the dose from the radiation source.

Distance: Radiation intensity decreases sharply v
distance, according to an inverse square law.

Shielding: Barriers of lead, concrete, polymersﬂr 4
water give effective protection from radiation forme’d—-‘
of energetic particles such as gamma rays and ..
neutrons.
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Dose Limits

Annual equivalent dose at any point in

the facllity even immediately outside
the shield should be belc

1 mSv(0.5uSv/hour)

Public Workers
Effective dose (mSv/year) 1 20
L ens of the eye (mSv/year) 15 150
Skin (mSv/year) 50 500
Hands and feet (mSv/year) 50 500




An assortment of typical radiation doses (in mSv)

Approximate lethal dose (" L D50") if no treatment and given to the entire body in a short periodl,500

Increase in lifetime dose to most heavily exposeapte living neatCher noby! 430

Radiation level per howutsidethe Fukushima Daiichi Nuclear Power Station in 0.3
Japan on 22 March 2011. (11 days after the reaateirs damaged)

Natural background, Boston, MA, USA (per year)(exiohg rador 1.0z
Additional annual dose if you live inlaick rather than a wood house 0.07
Annual dose in some housesRamsar, |ran ~130
Received by the colon during a barium enema 15
Received by théungs during a typical chest x ray 0.1
Received by each breast during a typical mammogram 2.8
Dose from a typical set of full-body computed tomogr aphy scans 45

Flight crew flying regularly between New York andKijo (per year) 9




Protection Against External
EXxposure

-------------------




lonizing Radiation Hazar ds

Electron beam loss during different stages of
acceleration

Electron beam loss in different parts of mac
Radiation from bending magnets and insertion davice

The radiation field from high energy electron loss depends strongly
on theelectron energyarget materialthickness



Radiation Sources

 Bremsstrahlung

» High Energy Photons
» Gas and Non-Gas

e Neutrons

e Synchrotron radiation

» |ID and BM
» Low Energy Xrays

e |nduced activation



Bremsstrahlung

 Bremsstrahlung is emitted by a high energy electron as it
decelerates due to inelastic radiative interaction wit th
coulomb field of atomic nuclel of the medium

 High-energ' electron product Bremsstrahlun wher
strike residual gas molecules in the vacuahamber or
the accelerator components—__ i

— -ra —
Electron ——_ ) 1'{_

> GaS Bremsstrahlung (Negative charge) "‘}

lan
|Positve charge)



Neutron Production

 Bremsstrahlung photons subsequently interact with the

nucleus of the target material

» photonuclear interaction

target target
gy (V1))
::> . neutron
clectron hoton
X =~ (v,2n)

* neutrons are bounded with the nucleus by binding energy
(5-15 MeV), the photon should have energy above the
threshold.
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Neutron

e Glant Resonance Neutron
7 < Eph < 20 MeV

Average effective energy of about 2 MeV and emitted
Isotropically

 High Energy Neutron
E,,>25Mev

Radiation component that dominates for thick slsield
Forward peaked but not as strongly as BRM photons



Synchrotron Light

e Synchrotron radiation is high intensity (kW)
and lowenergy (keV.

Synchrotron
Radiation

Electron
Beam

 Scattered gas Bremsstrahlung requires far greater
shielding thickness than scattered synchrotron radiation.
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| nduced Activation

« The photoneutron interaction of Bremsstrahlung with
materials leads to the radioactivation of accelerator
components through neutron emission and the production
of radioisotope.

 The amount of activity depends on the electron
energy, beam power, bremsstrahlung production
efficiency, and type of material.



Calculational Tools

 Analytical Methods

e Monte Carlo Methods

» FLUKA andMCNPX Monte Carlo codes are
capable codes which have been used widely In
shielding calculations.




Beam
L 0SS
Estimation

e Linac loss points
* Transfer lines loss points
« Synchrotron accelerators loss points
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Electron L oss Points
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Shielding Materials

concrete The best compromise to shield mixed radiation f€lghmmas +
neutrons)

lead Building hutches walls and for local shielding(nragamma
radiation).

TungsterkExcellent, but relatively expensive

PolyethylendCH2)n Very effective neutron shield.

Ordinary concrete blocks

L ead wall

Heavy concrete blocks 18



Shielding Thicknesses

Ordinary concrete thickness (m)

Linac LTB Booster BTS Storage
ring
e e
Inwarc 1 1 1.2 1.4-1.6 1
Forward 1.6 15 1.6-4 1.6-4.4 1.4-1.6
Upward 1 1 1-1.3 1.3 1.1-1.3

— I

Effective Shielding Thickness
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Monte Carlo Simulation for
Characterization of

Gas Bremsstrahlung in ILSF IDs



Gas bremsstrahlung in Storage Ring

3GeV electron beam

Cylindrical air target of length 15m at a
pressure of 1 atmnd 0.1 atm

 Human tissue with and without beam sto|
20 m distance downstream of straight section

photons

) neutrons
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3GeV

Geometry

gasin straight section

Human Tissue

-

L
Y

L=15m D=20m

v

Lead
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X(cm)

Total and Neutron Dose Equivalent In
Tissueand Lead

pSv/primary
6 T T T T T T 1668 pSv/primary
B T T T 8.1
1688 8,81
i 0.861
0.8001
—_—
= =
= | 1le-85
»
Bal 1e-86
8,01 1e-87
= - le-88
B9 0.001
. -6 ' : : 1e-89
| | | | i i 3590 3680 3610 3628 3630 3640 3650 3660
-6 0.88081
3590 3600 3618 3628 3638 3648 3650 3668 Z(Cﬂl)

Z(cm)
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Neutron Dose Contribution

a 5 10 15 20 25 30 35 40 45 50
. _», Depth (cm)
~ - ~ s
Lead Tissue
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Gas Bremsstrahlung Spectrum

(Rossi Formula)
k dN/dk = 4.a r 2 (2N,/A) Z(Z+) f(v,Z)
f(v,z) = (V2 - 4v/3 + 4/3) In(183 23) + (I-v)/9

a Is fine structure constant = I/13{;i$ classical
electron radius = 2.&101 cm; N, is the
Avogadro constant

dN/dk i1s the number of photons within dk about k when

one electron with energy E passes through an #ir pa
of 1 g cm? thick.



K dN/dK (photon/e)

0.07
0.06 -
0.0t +
0.04 -
0.03 -
0.02 -

0.01 -

FLUKA and Rossi

Air

—o—FLUKA
—i—RosSsi

0
0.00E+00

2.00E-01

4.00E-01

6.00E-01
K/E

8.00E-01

1.00E+00 OEKQ0
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Dose-Pressure

e Ferrari
L P
—27 2.67
D =25x10 (mOCZ) AL+d) P,
e Rindi b
D=17x10%*E?* | L—
Patm

L = effective length of the straight path | = beam current in e/s
(2.5x1018 electrons/s for 400 MAE = electron beam energy

In MeV, P = operating pressure in the vacuum chamber in
nTorr, and =1 nTorr.

d is nominally taken as 20 meters
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Dose-Pressure

P(Torr) | Po(Torr) | D(pSv/e) D(pSv/e) D(pSv/e)
Ferrari Rindi FLUKA
760 1.00 | 1.31E+2 | 4.98E+1| 1.62 E+1
E-09 + 4%
76 1.00 | 1.31E+1 | 4.98E+00 16.8 E+1
E-09 + 7%
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Shielding Calculation for | L SF
Beam Stop, Analytical M ethod
and Monte Carlo Simulation



Beam Dump

Beam Stop controls the beamn synchrotron
accelerator

It Is assumedhll electrons are losh these parts.

Therefore it isthe worst casan radiation shielding
consideratior.

Bremsstrahlung radiatiois produced when electron
beamstrikes stopper.

If the bremsstrahlung photon energy is high
enough, gas bremsstrahlung can produce neutrons via
photo-neutron interaction.
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Electromagnetic shower

Jy+5e=8
Ily+3e:=4
E/8
ly+lex=2 /
Dy+le =1 E,/4 E/8
0
E/2 - - E /8
0
,: Ey/4 F,/8
E/2 \
E,/8
o/t = E,/8
0
E,/8
0 1 2 3 4rl

Key:

e-
et
T
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Electromagnetic shower

 Thedistanceneeded to reduce, by radiation, the
average electron's energylte of its original
valueis called aradiation lengthX,. In the

high-energy limit T16A 1
J & Kﬂg;cmﬂ):mhﬂl (183’
"aﬁ]

 There is also &ansverse developmeof the
shower due to Coulomb scattering of the
electrons and Compton scattering of the
photons. This Is described by th®liere
length X, 21. 2

X -X
TV E(MeV)
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The Optimums

Material Density(g/cc) | Z(eff) | A Critical Radiation Molier
Energy(MeV) | Length(cm) | Length(cm)
Aluminum 2.702 13 | 26 56.33 8.68 3.267
Coppe 8.9¢ 28 | 63 26.49 1.88 1.50
Iron 7.874 26 | 56 29.41 1.77 1.28
Concrete 2.35 12.2 59.7 9.21 3.87
air 0.001 6.83| 29 99.56 84888.64 18075.92




Geometry

Untis in cm

Concrete /

001
-

00T
-
-

Fe target
L 'ﬁj:'
3 GeV Electron Beam R=3.84 1-354
Vacuum U
) 400 >
Beam energy: 3 GeV Concrete thickness: 100 cm

Material of target: Iron



z{cm)

Dose Equivalent

258

Dose equivalent

2688

158

188

a8

_ﬁﬂ -

=188 -

=158 -

=288 -

=258

=3oa

=288

pSv/primary

1668688

1e-85

le-18

1le-15

le=28
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| nvestigation of Radiation Streaming and
Shielding Calculationsfor |LSF Maze
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Simulated Geometry




Width and Thickness
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Detectors
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380

288

188

=188

=280

=388

=488

=588

=688

=788

Total Dose equivalent

USEBIN naze2,.1 usrbin 28

1888

1288

8.881

8.8881

1e-05

1e-86

1e-87
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Beam

Shielding

SVA

>

D S N i Rt

Shielding



Photon and Neutron Doses At several
Locations Along ILSF Maze

L ocation | Photon(pSv/e) |Neutron (pSv/e) |Total (pSv/e)
Det.1 (6.58E-03 2.09E-03 8.67E-03
Det.2 |8.45E-04 4.03E-04 1.25E-03
Det.3 |6.77E-06 2.90E-05 3.57/E-05
Det.4 |9.61E-07 6.28E-06 7.25E-06
Det.5 |2 35E-07 2.86E-06 3.09E-06
Det.6 |3.96E-07 3.12E-06 3.52E-06
Det. 7 (3.02E-06 5.07E-06 8.09E-06
Det.8 |2.12E-06 3.63E-06 5.76E-06
Det. Ref |9 10E-07 3.57E-06 4.48E-06
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Results Comparison

L ocation Total (pSv/e) Total (pSv/e) new design
Det. 1 8.67E-03 8.7E-03

Det. 2 1.25E-03 1.25E-03

Det. 3 3.57E-05 2.4 E-05

Det. 4 7.25E-06 5.9 E-06

Det. 5 3.09E-06 1.9 E-06

Det. 6 3.52E-06 2.6 E-06

Det. 7 8.09E-06 4.2 E-0-6

Det. 8 5.76E-06 3.8 E-06

Det. Ref 4.48E-06 4.48E-06




Shielding considerations for a typical
synchrotron radiation beamline

Shield Wall Mask
twater—cooled Cu)

53 Pipe

(10 cmD, 0635 cm)

0.15cm Ph
+0.34cmSS

0.54 cm S5

111 kel 74 kel

11-1 Hutch Stoppers

0.02 cm Graphite Filier

5.4%5 4%8.3 cm Corb Mask (1—=3)

W Alloy (35% W) Mo Mirrors

(2 1-mrlong Si Crystals)

11-1 Meno
Si{111)

Fb (20 cm) & PE (10 cm) Shadow Wsll

Injection Stoppers
(30 cm Pb, 2 IN WS, Yent P1)

Fb Cellimator (20 cm)

Movable Mask
(water-cooled, MFS)
. Wigaler
Fixed Mask 2935 Winmrad,
fwater-cooled, =8 e
SR sperture) ke =12 ke

3 0] e T ] 3, e W CI
'l
11-2 Hutch
Brernsstrahlung
: 11=0 0476 cmPb
Cellirmator :
Bremssishung 1y 1xatxto orn Pty | M1 Miner Well & Foof
(20%20%20 cm Ph) 11-2 Mone
112 Si (220) -
Hutch Stoppers LsleRm
LZ=21.3M
11-2 Disaster Monitor
3-cm W White Light Beamstop (P1, P2)
1 mSwy
4 m3w/h

1 pswih for SR & GB

9/21/2013

B0cmPb+ 10cm PE

i\

| = 800 ma, E =3 GeW
L=534m
P=10%torr

Pa loss at ring or 18t1S
| loss at ring or SR line
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Personal Safety System

 PSSrestricts and controls the access to forbidden aeas
prevents personnel from being exposed while accelerators
or/and beam lines are in operation

« 1-Radiation Control Systerkeeps radiation away from people
e 2-Access Control Systerkeep people away from radiation
« 3-Interlock Control Systenkeep both away from each others

9/21/2013 47



IEC 61508

International Electrotechnical Commission

It rules the use of electrical and software safety
systems to provide risk reduction up to an
acceptable lev

Safety Integrity Level
SIL1 SIL2 SIL3 SIL4

Based on the experience of similar
Installation, the safety integrity level requires
IS SIL 3

9/21/2013 48



Control Rack

Fig. Block diagram of the Personal safety Interlock System

INPUT/OUTPUT




Forschungszentrum Karlsruhe =
in der Helmholtz-Gemeinschaft _Q‘T‘?

Radiation Monitoring Devices

Gamma Detectors

Neutron Detectors
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