U

as__. Part C. Radiation shielding

1.Electron accelerators
2.Proton accelerators
3.Synchrotron radiation facilities
4.5Specific:
a.Beam dumper
b.Induced Activity
c.RF generator plants
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Juas_

1. Electron accelerators

Prompt radiation fields around accelerators:
1. Electron accelerators

photons (bremsstrahlung)
neutrons

2. Proton accelerators

neutrons

3. Synchrotron radiation facilities

accelerators

be a m I i n e S & Science & Technology Facilities Council
— ISIS 2 /51



was . 1. Electron accelerators

Examples of neutron spectra
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Example 1: calculated neutron spectra for the 1.7 GeV BESSY
storage ring (Courtesy of Klaus Ott)

& Science & Technology Facilities Council

3 /51



las_. 2. Proton accelerators
Examples of neutron spectra
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Source: Compendium of Neutron Spectra and Detector Responses for Radiation
Protection Purposes — Technical Reports Series no. 403 , IAEA, 2001
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las . 2. Proton accelerators

Examples of neutron spectra

- 12 GeV synchrotron
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Inive 25 Accels

. 3. Synchrotron radiation facilities

» The Ott’s code allows to compute the effective annual dose
D, at the following directions:

* Front / Back
* Front / Side
 Inside / Outside

» Roof / Floor

« Skyshine

(For a given: ie (§) , tUser(g) s Unfachine (S) , E, and shielding conditions)

& Science & Technology Facilities Council
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juas__ 3. Synchrotron radiation facilities

»>e-Loss Points:

Machine Point

LINAC prebuncher
LINAC-1

LINAC-2
Transferline LINAC->Boostel|
Transferline LINAC->Boostel
Injection Septum
Extraction Septum
Point Sources-Booster

25 loss points along
the booster

OO0 N O~ WNd—O

N & .u'\ 0
/:X A\ 27 loss points along Extractlor_1 Septum
SRR the storage ring Transferline Booster->SR-1
R/ 10 Transferline Booster->SR-2
AN

11 Injection Septum
12 Point Sources-Storage Rin

& Science & Technology Facilities Council
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juas___ 3. Synchrotron radiation facilities

» Electron losses estimation during injection:

Electron per second

Machine Point %loss| LOSS IN ouT E[Z'Zr\’}’]y
0 LINAC prebuncher - 7.02E+10|9.24E+10| 0,00009
1 LINAC-1 10% |9.24E+09|9.24E+10|8.32E+10 0,05
2 LINAC-2 10% |8.32E+09|8.32E+10|7.49E+10 0,1
3 Transferline LINAC->Booster-1 5% |3.74E+09|7.49E+10|7.11E+10 0,1
4 Transferline LINAC->Booster-2 5% |3.56E+09|7.11E+10|6.76E+10 0,1
5 Injection Septum 20% |1.35E+10(6.76E+10|3.38E+10| 0,110 3
6 Extraction Septum 15% [1.01E+10|3.38E+10({3.38E+10| 0,1t0 3
7 Point Sources-Booster 15% |1.01E+10|3.38E+10|3.38E+10| 0,11t0 3
8 Extraction Septum 15% [5.07E+09|3.38E+10(2.87E+10 3
9 Transferline Booster->SR-1 5% |[1.44E+09(2.87E+10(2.73E+10 3
10 Transferline Booster->SR-2 5% |1.36E+09|2.73E+10(2.59E+10 3
11 Injection Septum 40% |6.48E+09|2.59E+10|1.30E+10 3
12 Point Sources-Storage Ring 30% [6.48E+09(1.30E+10[1.30E+10 3

Science & Technology Facilities Council

ISIS
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.. 3. Synchrotron radiation facilities

» Operation time, depending on the machine mode:

User mode Machine Test mode
8perat!ng t!me JeleY) 24 hours Machine test weeks / year 12 hours
perating time/year (250 days/year) = 6000 hours ——

Storage time ffilling 5 hours Inj_ect!ons/ day 10 hours
Injections / day 5 Injections / year 600 hours
Injections / year 1200

Synchrotron operation / injection 48 minutes
Booster operation / injection 12 minutes Synchrotron operation / year 476 hours
Booster operation / year 250 hours Min. injection time / injection 169 seconds
Min. injection time/ injection 169 seconds Min. injection time / year 28 hours
Min. injection time/ year 59 hours Max. injection time / injection 2535 seconds
Max. injection time/ injection 507 seconds Max. injection time / year 422 hours
Max. injection time/ year 176 hours

» The dose limit objective at ALBA (following the
ALARA principle) is 1 mSv/a in all the site

& Science & Technology Facilities Council
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juss__ 3. Synchrotron radiation facilities

> Annual Dose:

D ZD D —ray Dgiant— neutron + Dfast— neutron

Where D, is given by:
D, (5)=i,(s)-t(s)- H,(5)

S : accelerator point

1 (S): is the electron loss rate at s-point
€

t(S) =ty (S) T Lacnind S): is the time that the e-loss occurs (at s-point)

. |S|S 10/ 51

H.(S): is the dose rate (at s-point) for i-particle



juas__ 3. Synchrotron radiation facilities
» Shielding Scheme Drawing: » Inthe ALBA case:
Source (for the Storage Ring):
le = 400 mA
E, Ee = 3.0 GeV
fe ] Target:

d; [cm]: depends on the machine point
¢: depends on the machine point
o7 [g/cm3] : stain steel

Shielding:

r [cm]. depends on the machine point
Ps¢ [9/cm3]: lead

dg;=5cm

Ps» [9/cm3] : concrete (normal & heavy)
dg, =1 m (side) & 1.5 m (front) & 1.4 m
(roof)

©@: depends on machine point

Concrete

» Dose at P,, (per incident electron at P,):

H = H(Ee; W (dTa(P)7 Pts s Ps1s dsp Pgos dsza 0)

& Science & Technology Facilities Council
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juas___ 3. Synchrotron radiation facilities

Analytical model (for photons):

Hy X e[_(u/p)ipiXd]

H:Z
p ; r. 2

b

Hp: Dose rate equivalent rate (in Sv/h) in a given point-p, out of the shielding area

HO: Dose rate equivalent rate (in Sv/h) at 1 m from the source, without the shielding

d : Shield thickness (in cm)
(Wp);: mass attenuation coefficient (in cm) for the material-i

r,: distance from the source point to the dose point-p (in m)

I: sum over different materials

cience & Technology Facilities Council

ISIS 125



juss__ 3. Synchrotron radiation facilities

Example (in_air): a 1 Sv/h (at 1 meter in vacuum) 100 keV photon

source, at 10 m?
1 X e[— (0.1541 X 0.00123)X1000]

Hp — . —= 8.3 mSv/h

Buildup factor effect: how the shielding ‘unshield’ the source




juas__ 3. Synchrotron radiation facilities

tor Sc

Monte-Carlo codes

Examples: MCNPX
PENELOPE
FLUKA
MARS

Aspect ratio 10” 10® 107 10® 10® 10* 10® 10% 10" 10° 10_110721ﬂ—310"4[mremlh]

1:2

5kW @
beam
dump

FEE NEH

<0.0025 mreulh

Example: MARS calculation for the electron dump line
Of The LCLS fGCi“TY - CourTesy Of T' Sanami' Science & Technology Facilities Council

ISIS 1451



juas__ 3. Synchrotron radiation facilities

» Concrete structures:

@®

\ d

Top view of accelerator
shielding structures

')
[
»

Inner and side walls thickness im
Inner wall thickness at injection 1.65m
Side wall thickness at injection 1.25m
Roof thickness 1m
Roof thickness at injection 1.4 m
Linac walls thickness 1m
Labyrinths walls thickness 0.7m
Front walls thickness 1.5m
Number of side/front walls 19
Concrete density 2.4 g/cm?




juas__ 3. Synchrotron radiation facilities

int Universities Accelerator Sc

» Front wall: final option

Science & Technology Faciliti



3. Synchrotron radiation facilities

> Most critical areas

0.1-0.5 mSv/y
0.5-1.0 mSv/y
Bl -1.0mSvy

& Science & Technology Facilities Council
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Iniversities Accelé

3. EL SINCROTRO ALBA: LES LINIES EXPERIMENTALS

. 3. Synchrotron radiation facilities

p A\~
<




juas__. 3. Synchrotron radiation facilities

tor Sc

Radiation fields
Accelerator tunnels:
photons, neutrons
Beamlines:
X-rays, photons, neutrons

00 front end ID vessel

photons

© neutrons concrete wall

cience & Technology Facilities Council

ISIS  49/5;



juas__ 3. Synchrotron radiation facilities
2. BEAMLINES SHIELDING - SOURCE TERM
>GaS bl’emSS'[rahlu ng : Frontend bremsstrahlung shutter
E. 1 P o «—
Y PP PRSPPI ]
L d
Do =25x107 [%) | 'd(LL+ d)-l- ;)O I50 :is the dose rate at O-point (Energy/Mass/Time)
\/If 700: Machine working Point
A eooé
o|_ — 4 m ; d — 18 m 500; & [ ALBA short straight section
| = 400 mA D, =0.6Gy/h ¢~ -
'P = 14 10-9 mbar ) 200 /\
I). | 10: ALBA long straight section | M
O_SGeV _ 32'67 ~3 1,00E-10 - “1,‘0‘0‘E-09 - “‘1,‘0‘0‘E-08 - “1,‘0‘0E-07
o | 22.67 Pressure [mbar]
DO
42 GeV
v'Strong dependence with the machine condition & Science & Technology Facilities Council
(E. I and P) < ISIS /51



juas__ 3. Synchrotron radiation facilities
— Bend — SC-W31 MPW-80 — IVU-21 EU-62 — EU-71
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Inive 25 Accels

. 3. Synchrotron radiation facilities

<*Source term

v'Internal rules: I 0.5 uySv/h

1 mSv/year 1 (2000 hour / year)

v'Order of the radiation source term

1 Sv/h

v'Shielding elements required:

> 106 times reduction

« Hutch walls
 Stopper & Shutter

Science & Technology Facilities Counci



juas__. 3. Synchrotron radiation facilities

2. BEAMLINES SHIELDING - SAFETY ELEMENTS
Sidle W | |

Beamline layout Shutter

2nd mirror

Sichan cutmono, gap 4 mm

1stcryst@M9.3 x 6.4 x 5.5 ¢cm

X_ray source 2nd crys 10 cm
term + suppo I

1Simirror
1120 x 12 x 7 cm

E+ support Stopperé

Screen_

20 m .8 m

Side wall

& Science & Technology Facilities Council
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jua

. 3. Synchrotron radiation facilities

2. BEAMLINES SHIELDING - SAFETY ELEMENTS
“*Shielding against gas bremsstrahlung

»Backwall thickness (for the HRPD case):

seamste 6 M Of P

photon ambient dose equivalent rate

(uSv/h)
1.E+02 F
Pb thickness:
1.E+01 T “e_0cm
—m—1cm
—&—2Cm
1.E+00 + —»x—3cm
i —%—4cm
—e—5Ccm
——6cm
1.E-01 4 .7
: A om
0.05 USV/h C \u\\:} ——8cm
i —+—9cm
A \\\\% —=—10 cm «—+ (6 + 5) cm at centre
1.E-03

200 -150 -100 -50 0 50 100 150 200 250
horizontal distance from beam axis (cm)

1 m2
central reinforcement ——» 5 cm Of P

& Science & Technology Facilities Council
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Jas . 4a. Beam dumper

versities Accele

LINAC BUNKER - Baritated concrete 3.2 g 1 m thick

LINAC TRENCHES

CONTROL ROOM
ENCLOSURE




jua

4a. Beam dumper

Moliere radius (py,): it is the radius of a cylinder containing on average 90% of the
shower's energy deposition.

py[cm] = 0.0265 [cm3/g] X, (£ + 1.2)
Where:
X, [g/cm?]: Radiation length (for Cu: 12.86 g/cm2)

Z: atomic number (for Cu: 29)

oy = 10.29 cm

& Science & Technology Facilities Council
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Jas . 4a. Beam dumper

LTB Transfer Line
4 F :Huﬂ \.\‘\.\ -
E\t . a0
= |

Local Shielding Structures

DO NOT REMOVE THEM!!!

zilities Council
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jua

- 4b. Induced Activity

« radiation remains after accelerator switched off

« work permits for people entering tunnels

« radiation protection: personnel and environment

« management of activated accelerator components
« decommissioning of facilities

« thermal and slow neutron reactions

* medium energy neutron reactions

* nuclear reactions at high energy (spallation)
e photonuclear reactions

relatively insensitive to | moderately susceptible | highly susceptible to | fissionable

activation to activation activation
ordinary concrete, Pb, | Fe (steel, ferrites), Cu Stainless steel, W, U, Pu, Th
Al, wood, plastics Ta, Zn, Au, Mn, Co,

N “

& Science & Technology Facilities Council
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Jas . 4b. Induced Activity

Number of protons

LT B
R
. iEt # 4
s I
! x gL %? Decay Q-value Range
$ 7 . ] Q(77)
& i [ Qip-=0
B L] Q31540
: ﬁ ." B Qip-1=0+ Q(EC)=0
" Stable to Beta Decay
] Q(EC)=0

B Q(EC)-s,=0
B opy-0
| Maturally Abundant

Number of neutrons

=T =1 — e e

. e
pquEEE

"
'II

—

Science & Technology Facilities Council
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vas . 4b. Induced Activity
Activation from electron beam ~.\

&-& “e-¢

s

Te. /7 .
C @ — v@E-@

photonuclear reactions \é] 8&%

(V!n)s (V!p)s (V!np)! 70 -

1.E-02

, > Mn

0 e

50 - | i

1.E-03

cross section [mbarn
D
o

cross section [1/cm]
m
o
e

1.E-05

"a““J A

e & Technology Facilities Council
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Jas . 4b. Induced Activity

Activation from electron beam ' \
?r - (x" r,{?’r;: - {{?}
*‘*’:f A

. . . ' = , - :
' {?ﬁ e ¢ +‘f{r - (‘}? :
y "\

e
inelastic reactions (n,p), (n,a), ... %0Ni(n,p)%°Co
0.04
N\ "
R 0.04 \ o /’\
c 0.03 \ 50.107
;:, 0.03 - g 0.08 - / \
IR
f 0.02 - 02 7
g 0.01 - 0-000 5 10 15 20

0.01
0.00 / 63Cu (n ,8.)6000

0 5 10

15 ce & Technology Facilities Council
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Jas . 4b. Induced Activity

Activation from electron beam S

B-F  e-@

- X 2 T D r

e @ @@

1 Ee0s ) e
2y
g 1.£400 | Radioactive
5 1E0 151Eu(n,g)52EU capture

1E02 |

LE@3§ A R IR W

I I I I I I
1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08

energy (eV)

& ce & Technology Facilities Council
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was . 4b, Induced Activity

Activation from electron beam

1.E+03 |

Example: cooling down
curve of irradiated steel

_1.E+02 |

1.E+01 |

specific activity (Bq.g"

1.E+00 |

1.E-01 . . H \ Mo .
0.001 0.01 0.1 1 10

cooling time (y)

& Science & Technology Facilities Council
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juss _ 4Db. Interactlon of protons with matter

inter-nuclear cascades

8

incident proton
(GeV range)

intra-

% spallatlon product

XZ )
fissio
/// Ko on o/
® -5 - =

fission product$ v fission products (n,n’), (n,xr:% Y
/ (n,y),... reactions

Science & Technology Facilities Council

Activation from proton beam =/ISIS 34/ 51



was . 4b. Induced Activity

Activation from proton beam
Isotope Halflife Decay  fSv.h'.Bq'at1

mode m
'Be 53d EC 7.8
"C  20min B* 140
18F 18h B 132
“Na 26y B 298
2Na 15h B* 560
4°Sc 84d B* 283
B3c 18d B* 455
8y 16 d B* 397
>1Cr 28 d EC 4.3
>2Mn 5.7d B* 326
*Mn 303d EC 114
*%Co 77d B 350
®Co 53y B* 340
Zn 245d EC 76
Principal radioactive isotopes
produced in accelerator structures & SO e L
by spallation reactions < ISI5 35/ 51



vas . 4b. Particular case: 89Co = 69,,C0aq,4

24+ 5850 10.467 M6 A 60
60
275033 \
Oig=)=2822 8 kel 2 k%)  Logft 2 7
B-:025%3 . 2 -

— 2158.6
826.1 |

s N =33

00086 7.4

oz4 72 13325

1133:25 60 .
26Ni3o

& Science & Technology Facilities Council
— ISIS 36 /51




vas .. 4b. 80Co Radiation term

Radionuclide activity [A]: number of decays per unit
time.

International Unit: becquerel [Bq], one nucleus decay
per second [s7].

Nuclide half-life radiation principal energies - | gamma dose rate at
1 metre
- (uSv/h/GBq)
Co-60 527y B 0.32 MeV (100%)
Y 1.17 MeV (100%)
1.33 MeV (100%) 357

Therefore the dose rate of a 60Co source of 1 Bgat 1 m
in air is: 3.57-10"7 uSv/h

& Science & Technology Facilities Council
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vas .. 4b. 80Co Radiation term

It means that, the dose rate [uSv/h] produced by a radioactive
source of 1 kBq of ®°Co in air is 357-10° uSv/h:

D)=k xA(t)

And the accumulated dose over a vear is:

D(t) = fotk X A (t) = fotk X Ay X e Mt

k'AO —At] . Ln2
D(t)z 3 [1_6 ],t1/2= T=TL7’12
t1/2 _
T= 5= 2.398 - 10%s ;t; yeqr = 0.315-108s

D( t1 yeqr) = 10.5 mSv

Science & Technology Facilities Council
—ISIS 3851



Was . 4p. 60Co Radiation term
D(t) =k Ay 1|1 —e /7]

Two Limit cases:

a_t<<T. et/T51+%

o t>>T e7t/T =g

D=k'A0'T

Science & Technology Facilities Council
—IS5IS 3951



uas__ 4p. Induced Activity: proton beam

Parent Natural o Active Half- {fSvh1atim
isotope (%) (barn) isotope life per Bq
perg

ZNa 100 053 2%Na 15h 560 7.7
OAr 996 0.61 “"rA 18h 150 14
YCa 2.0 070 “%Ca 165h - -
NCr 4.3 17 iIcr  28d 4 0.04
“Mn 100 13 Mn 26h 2520 35
¥Co 100 37 ®Co 53y 340 128
SCu 69 4.5 “Cu 13h 28 0.84
%4Zn 49 046 %zZn 245d 76 0.16
121Gh 57 6.1 2gh 28d 60 1.0
1238h 43 33 'gp 60d 200 14
$cs 100 31 ¥cs 21y 116 17
L =T 48 8700 ™Eu 12y 45 750
158, 52 320 ™Eu 8y 286 190
186\ 28 40 187\ 1d 2.6

Most important isotopes near high
energy partlcle accelerators formed Science & Technology Facilities Council
by thermal neutron capture ISIS 40 / 51




vas . 4b. Example-1: ISIS TS1 target




8. Target CAN

Science & Technology Facilities Council
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Irradiation Time

. 4b.

Cooling time

Example-1: I1SIS TS1 target

Dose rate TOP

(x5 all the activities

values)
Iyl Iyl [mSv/h]
4 0 292.42
4 3 1.19
4 4 0.69
4 5 0.48
4 6 0.35
4 .5 0.30
Total DR after 0
Total DR after 3 Total DR after 4 years
seconds of 292.42 100.0% . 119 100.0%6 . 0.69 100.0%
) years of cooling of cooling
cooling [mSv/h]
#oL Nuclide Halflive [s] Aoiﬁ:’ag:)a’s D°s°';§:°0[;'s(ﬂ‘" M3 DRmSvh]  %DR A3y[Bq] DR[mSvih] %DR Ady[Bq] DR[mSvih] %DR
1 Lul72 5.79E+05 1.62E+14 7.25E-04 3.18E+00 1.09E-02 3.69E+13 7.24E-01 6.06E-CiL 2.62E+13 5.137E-01  7.42E-01
2 Co60 1.66E+08 1.26E+12 3.28E-03 1.12E-01 3.81E-04 8.42E+11 7.46E-02 6.25E-0R 7.45E+11 6.605E-02  9.54E-02
3 Hf172 5.90E+07 1.14E+14 9.38E-05 2.88E-01 9.87E-04 3.66E+13 9.27E-02  7.76E-QR 2.60E+13 6.579E-02  9.50E-02
4 Tal82 9.89E+06 4.44E+16 2.13E-04 2.55E+02  8.74E-01 5.07E+13 2.92E-01 2.44E-O1 6.55E+12 3.767E-02  5.44E-02
5 Lul74 1.05E+08 8.91E+12 4.76E-05 1.15E-02  3.92E-05 4.73E+12 6.08E-03  5.09E-0B 3.90E+12 5.015E-03  7.24E-03
6 Eul52 4.21E+08 1.53E+11 7.86E-04 3.26E-03 1.11E-05 1.31E+11 2.78E-03 2.33E-0B 1.25E+11 2.650E-03  3.83E-03
7 Mn54 2.70E+07 1.31E+14 6.77E-06  2.40E-02  8.22E-05 1.10E+13 2.00E-03 1.68E-0B 5.17E+12 9.462E-04  1.37E-03
8 Sc44 1.41E+04 1.55E+13 4.67E-04 1.96E-01 6.70E-04 2.42E+10 3.06E-04  2.56E-C# 2.39E+10 3.015E-04  4.35E-04
9 Tid4 1.49E+09 2.53E+10 1.56E-04 1.06E-04 3.64E-07 2.42E+10 1.02E-04 8.52E—¢ 2.39E+10 1.004E-04  1.45E-04
10 Co56 6.81E+06 1.60E+13 1.71E-02 7.38E+00 2.52E-02 8.57E+08 3.95E-04 3.31E—C¥1 4.38E+07 2.022E-05  2.92E-05
266.64 1.19 ¢ 069
8.8% 0.005% 0.003%
Total DR after 5 Total DR after 6 Total DR after 6.5
. 0.48 100.0% . 0.3507 100.0% . 0.30 100.0%
years of cooling years of cooling years of cooling
A5y[Bq] DR[mSv/h] %DR A6y[Bq] DR[mSv/h] %DR A6.5y[Bq] DR[mSv/h] %DR
1.86E+13 3.65E-01  7.56E-01 1.32E+13 2.587E-01  7.38E-01 1.11E+13 2.18E-01  7.25E-01
6.60E+11 5.85E-02 1.21E-01 5.84E+11 5.180E-02 1.48E-01 5.50E+11 4.87E-02 1.62E-01
1.84E+13 4.67E-02  9.68E-02 1.31E+13 3.313E-02  9.45E-02 1.10E+13 2.79E-02  9.28E-02
8.46E+11 4.87E-03  1.01E-02 1.09E+11 6.287E-04 1.79E-03 3.93E+10 2.26E-04  7.51E-04
3.21E+12 4.14E-03  8.58E-03 2.65E+12 3.412E-03  9.73E-03 2.41E+12 3.10E-03 1.03E-02
1.19E+11 2.53E-03  5.24E-03 1.13E+11 2.407E-03 6.86E-03 1.11E+11 2.35E-03 . 7:81E-0
2.44E+12 4.47E-04 9.27E-04 1.15E+12 2.110E-04  6.02E-04 7.93E+11 1.45E-04
2.35E+10 2.97E-04 6.17E-04 2.32E+10 2.934E-04  8.37E-04 2.31E+10 5
2.35E+10 9.91E-05 2.05E-04 2.32E+10 9.774E-05 2.79E-04
2.24E+06 1.03E-06  2.14E-06 1.15E+05 5.287E-08
0.48

0.002%
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a. lOT: to RF Cavity b. Klystron
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RADIATION MEASUREMENTS: IOT
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RAD. MEAS.: DOSE RATE ON SURFACE
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Gamma spectrums at different RF powers
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