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50 km of accelerator tunnels

50 - 60 access points

160 experiments - ~ 790 associates
9300 occupationally radiation- ~ 3500 external workers

exposed persons " > 11000 users from 100 countries




theguardian

winner of the Pulitzer prize

e Cern restarts Large Hadron Collider with

mission to make scientific history

Physicists hope particle accelerator will explain dark matter, gravity and
antimatter as it completes its test run following an upgrade

Ian Sample Science editor

W @iansample

Sunday 5 April 2015 20.48 BST
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LS1: Long shut
down during the

Iast tWO yea rs Q8 The Large Hadron Collider at Cern in 2013. Engineers have spent the past two years reinforcing its connections
and building in safety devices to prevent a short circuit. Photograph: Adam Warzawa/EPA

http://www.theguardian.com/science/2015/apr/05/cern-restarts-large-hadron-collider-with-mission-to-make-scientific-history
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Why to Increase

the Efficiency ?

Increasing Energy, Increasing Luminosity©

Increasing size of Accelerators &

Experiments.

Increasing quantities of potentially

radioactive material®

Example LS1

# RP controls
Total mass

Potentially
radioactive

Potentially
radioactive
waste

39395

3373 t

2618t

722 t

40% of the LS1 waste is a potential

candidate for clearance

15/4/2015
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Nature :fr:g;me Masse (T)
Wood 57 1,4
Metallic waste 50,5 28.3
lon-exchange resins 1,5 1,0
Filters 68,9 3,8
Motors and Pumps 8,8 3,3
Concrete 411 33,7
lighting 0,8 0,5
ceramic 0,5 0,1
connectors 0,7 0,2
Wires & cables 30,6 13,7
Lead 0,6 1,0
Aluminium 6,2 2.1
Copper 3,9 58
Insulation 80,6 12,6
Stainless Steel 1,4 0,9
Liquids 82,6 72,2
Combustible 65,9 49
Iron 189,2 71,1
Dust 0,5 1,2
Valves 1,5 0,2
Containing Asiestos 186,5 39,0
Others g0 3,9 |
TOTAL 834,0 m3 297,81t
4



Why to discuss the procedures for characterization

at CERN now?

* In the near future, the SWISS ordinance, which defines the
limits for clearance at CERN, will become more restrictive.

* The clearance procedures at CERN will have to be adapted
accordingly.

The Goal:

In order to accomplish the new regulations, a project was launched with the title:
“Material characterization for operational aspects”.

Timeline:
2-3 years

15/4/2015 Reiner Geyer - ARIA 2015



When is a Material Non-Radioactive?

1. The contamination of its surface below the CS-limit.
and
2. The actual dose rate after background suppression is below 0.1
uSv/h @ 10 cm distance.
and
3. The specific or absolute activity of a radio-nuclide is below the
exemption limit LE.
Real objects contain normally a large number of different
radio-nuclides:
aj
S = Zi T E <]
ORAP Switzerland . -
a;: activity of the nuclide i
LE;: exemption limits as defined by the
ordinance.
S: Summation Rule
15/4/2015 Reiner Geyer - ARIA 2015 6



Example for Clearance

Piece of Steel 316 L Size: 8x4x4 cm3.
Weight 1kg.

Installed at LHC adjacent to the magnets.

Irradiation Time: lyear.

Cooling Time: 1 week.

The count rate @ 1 cm is 100 cps.

Question : Is the sample

radioactive or not?

FHZ 512 BGO

Irradiated Object




How can we interpret our measurement?

=» Radiological Workstation (RAW)

Software combines:
* Measurement results (from either r2ic or measurements).
e Radionuclide information provided by ActiWiz (software developed in RP).

> 10000 measurement setups 130 x 5460 nuclide inventories (Actiwiz)

r ™
52 MainControlWindow ESEER
e —
| File Edit View Transport Samples Help
Activation | _ i Scenario
Wl Actimat [stesl_316L ] [[ActMat Index [—=—
[rechenc IZEE [] 400 GeV
Reference o | Select Al | (] 14 GeV H
. #Vectors  |137 []14GeV
2 | Deselect Al | |] 800 Mev/
——ETEET | [1 160 MeV -
{Material [IRON = | [~Obiect Index [Position [] Beam Impact .
’7 |1D324 [ wathin bulky material
IShElpe IBIGCk LI Select All | #]| zdjzcent to bulky material
I A _I [ close to concrete Tunnnel Wal (bulky mate
x I x Deselect All | [] behind massive concrete shielding I
I}, |4 LI Object Weight [] 10 cm lateral distance to target -
Iz |4 ;I ‘wieight [kag] I‘I 00736 |Begin |Er1d I
IDensrhf [gfem3] I-I.r a7 LI WS \weight for Scaling I'I 00736 Ilnﬁdiatiun T I1 year LI I1 — ;I
Detectar I[:nghng Time |1 weelk LI |1 week LI
[Petector [HZ512860  v] _Piot Coefiients | ResetGrap | G
Diist 1 -
I ance fem] I —I | Compare All Scenarios I
[Threshold [GeV]  |5E-05 | I Spectroscopy
'G:\Workspaces\r\reinergﬂamples\hludidIJbEML\SS\SISEBED?.HF‘T I

b




Irradiation Scenarios of Actiwiz

160 MeV (Linacd), = e

1.4 GeV (Booster), - = A

14 GeV (PS), Jests |
400 GeV/(SPS), o 42X

7 TeV (LH C) I

Beam Impact; within bulky material;

adjacent to bulky material; close to the concrete tunnel wall;

bulky material; behind massive concrete shielding;

10 cm lateral distance to target; Simplified model!

close to the concrete tunnel-wall beam on target;

Predefined set of Irradiation times.
Predefined set of Cooling Times.

15/4/2015 Reiner Geyer - ARIA 2015 S



5460 Predefined Irradiation Scenarios

Accelerator Index: a

Position Index: p

Irradiation time b

cooling time ¢

0 [7Tev 0 | beam impact 0 [1w 0 1d
1 | 400 GeV 1 [ bulky material 1 ]1m 1 1w
2 | 14 GeV 2 | adjacent to bulky 2 |2m 2 2w
3 |1.4Gev 3 ﬂﬁelto e comEEte R s 3 |1im
4 | 800 MeV 4 |Behind - massive ], g 4 |2m
concrete shielding
5 | 160 MeV 5 10 cm lateral distance 5 [1y 5 .
to target
6 close to the concrete 6 |2y 6 -
tunnel-wall
7 |5y 7 ly
8 |10y 8 2y
9 |20y 9 5y
] d 10 10y
elem,compound __ 11 20
e = {(Ny, f1), (N2, f2) e oo . (N, f)} o 405
[3]

* f;: specific activity of the nuclide N; per beam loss
rate R. f; is a prediction of the simulation and has

the units [Bq/gl/(p/s)] .

* a; = fi"R[2]

Telem,compound

a,p,b,c

are stored

in an activation data base
for very fast analysis.

69 chemical elements; 51 compounds; user defined compounds .

15/4/2015
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$=1 _ vN _S=1vM : s=1 _ §
R = )im1Q; ZJ-:lBri,je(Ei,j) [7], with a;™" = — [6]
i=1L_Ei
r'u':' ScenarioExplorerform g % e — — e B
— Input
|Beam |F‘nsitiun |In—.:|diatiur1 Time |Cnnling Time |IJm'rt
I?Te‘u’ LI Iadjacenttu bulky LI |1‘_-' ;I I'Iw ;I ILE ;I
(il Rel. & Load Scenario
lsotope [Ba/alip/s] [Ba/g] Contribution | |
N 1.3662631513 3 7.893632E-09 I™ Spectrum
A28 1.246865E-11 5 3.1642702E-07 Vieight [ka]
Ar-37 141004293607 [0 0 [.007
i Ar-39 4561745608 0 0 Sprimaries [p/s] for (S=1)
Ar-42 8 54215E-11 0 0 |1.269E+05
l T Activity conversion facter [gl[p/s] for (S=1)
lsotope Activity(Sum=1) | Conversion Courts(SUM=1) | Rel. | [1.278E-08
\ - [Ba] [eps/Ba] [eps] Contributic—
» 238551875605 | 0.09626387 229639272E-06 | 7.156865E
| A28 000159377954 | 0.0336401723  |5.361502E05 1.670948¢
Ar-37 / 120235825 0 0 0
I Counts({SUM=1)
Ar-39 | |583095645 0 0 0 fcps]
NN ooy T 1]
i L |320.865740544858
|
\ Nuclide Invgntory Count Rate for gmeas — gymeas /gS=1
\ >100 nuclides =
A
L——= — — = =

Result produced by RAW




The irradiation scenario from the example

Count-Rate@1cm [cps/LE]

DoseRate1DLE_

’ _ Entries 1
Mean 3209

RMS 0

=1

0.8

Number of Scenarios

0.6

Detection Limit
te Limit for LE

Question: What do we do, if the irradiation scenario is not known?
Answer: Take all possible irradiation scenarios and choose a conservative limit.

Envelope Case

ﬂ ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| 1N IDI-IslTl ] IIIIIII| 1111
10°  10° 10*  10° 107 10" 1 10 107 '|\ 10°  10* Rat1e['5
s=1
ER0,2,5,2

Result by RAW



Envelope of 5460 irradiation scenarios.

Count-Rate@1cm [cps/LE]

DoseRate1DLE
L i Enties 5460
- Mean 204.9
400k RMS 138.8
s F Not radioactive ] | radicactive
%200 =
M n
1000} b"
= Te Yo
— o~
= L)
800 —
— -
® x> e
400— " -
[ e
200
0° 10° 100 10° 10° 10' 1 10 10 ti8 100 10°
S=1 aid
Ro.2,52

Result by RAW



Envelope of 5460 irradiation scenarios.

Future Limits. Steel 316 L

Count-Rate@1cm [cps/LL]

w DoseRate1DLL
2400 — Entries 5460
5 F J 2 |Mean  9.189
%znn:— o™ T [RMS 8.409
22000 — = S
i — (ol | ]
-E’iﬁﬂ‘ﬂ_— E e
= = = 8%
?-'Iﬁﬂﬂ— E YigE -
. ey e CDu :[. Te.aam
The detector is not sensitive enough = S
o Boddm
for future limits. .
AL ' . ".EBE
800 e =7 =
= [k
600— fos |
— 2 HaAE
400" .a rars
= : & e
200— g ._
D:I II|I|||| 1 ||I|III| 1 IIIII|I| 1 II|I|||| 1 ||I|III| 1 IIIIIII| 1 |I||,|J 111 1 Illlllllcmslsllllllll 111l
0% 10° 10* 107 10% 10" 1 o 10° 10° 10t _ 10°
Rate
s=1
Ro25.2

Result by RAW



Current Situation

Dose rate measurement are sufficient for MaNY )
situations.

For doubtful cases the equipment has to be
analyzed in the gamma spectroscopy lab.

For very doubtful cases even further analysis
concerning o and 3 activation has to be
considered.

The new more stringent exemption limits will
strongly increase the need of laboratory analysis.
This will result in:
1. Large number of samples, which cannot be
handled anymore with current equipment.
2. very long waiting times for equipment
owners.



Readout and

Canberra CP-5
HPGe detector
Electrically Refrigerated
Cryostat
Relative efficiency:90%

PR \- o
Uninterruptible

power supply
for transportation

einer Geyer - ARIA 2015



Sample with known or unknown
irradiation hlstory

T T
217 e aaes Ttz

EoORR g 1% ‘IUEL;I" [ms ]
oo 20470 4112 59626 l1o2%]
2991 [0.5%) 77890 /

B 12.9%)

el | Rawl o408, | 14080
[14.6%] ‘\ | [21.0%]

|/ 121285 1209.1 | 152810
| 1005.3 10.3%
LS e o6 | | (4% [16%
457 [ 1457.6
(145 / [0.5%]
295.94 /

/
0.4%]
[04%] | 48868 ’ o 68867

678.
367.79 [0.4%] o 0%

Ryl

0 200 400 600 800 1000 1200

1400 1600
Energy (keV)

Measured vy lines

8
Obiect Weight
i

’m [For =] | VSWeiohtfor Scaing [100736 [iradimion T 5|
[Coctg Tr =l

]— W Plot Coefiici

[Threshoid [GeV] m I™ Spectroscopy

[G:Workspaces'r'veinerg \Chistina Samples"LHS 11534 RPT

ActiWiz

&= =~ &=

130 x 5460 complete nuclide
inventories (o + 3 + )

Integrated system allowing for a full radionuclide analysis by
combining gamma spectroscopy with simulation results.

RAW should help to:
* to complement the measured nuclide content.

* Toidentify the best suited irradiation scenarios.
* to provide classifications as “radioactive” or “non-radioactive”.

15/4/2015
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Comparison of samples with spectroscopy

measurements

* f;: specific activation of the nuclide i per beam loss rate [Bq/g/(p/s)]. f; is a prediction of
the simulation .

meas,

« a*®***: measured specific activity [Bq/g].

* R;: beam loss rate (unit [p/s]) required in the simulation to obtain the activity a]*¢*®. R;

can be estimated by using the relation: R; = ameas/fl

D ZN lRi
e R = —
>y

e af? = fl- - R: estimate for the specific activation for the nuclide N; from simulation.

. gmixed _ a;*** for aj**** > 0
aicalcf-m, agneas =0

. error weighted mean of loss rate averaged over N radio nuclides.

l

2

. N : N (a;(neas_aicalc) ' ' '

* X = Lli=1Xi T Li=1 2 > agreement between measurement and simulation in
O.imeas _I_O.l_calc

terms of y?2.

. fRathl — acaIC/ameas.

15/4/2015 Reiner Geyer - ARIA 2015 18



Summation Rules

S = ?:1% : sum rule as defined by the

l

ordinance.

meas
¢S —yn %4 .sum rule calculated by the
meas =1 LE; . Y

measured nuclides. S;,04:<=S.

aznlxed

* Snixed = Die1 T for nuclides which could not

be measured, the simulation result is used.



Our clearance example to be identified with spectroscopy

Technical Note
CERN-DGS-2012-004-REPORTS-TIN

Placement of material samples outside LHC interconnections
C. Adorisio and 5. Roesler
CEENMN DGS-RP, Geneva, Switzerland

e “100LHC Sample bags: Stainless Steel 316 L, Copper,
Aluminum 6060; (a=0, p=2, b=6, c=5)

LHC, irradiation time 2 years, cooling time 4 months;
* Activity is reported for : 11/9/11 8:00:00 AM

test
450 Entres 8192
Mean 4734
400 RMS 4165

350

300

250

200

150

| HJL Jil.L.L.u T |

500 1000 1500 2000 2500 3000

o

o 3
?




How can we combine spectroscopy & simulation?

=» Radiological Workstation (RAW)

Software combines:

results.
e Radionuclide information provided by ActiWiz (software developed in RP).

> 100000 measurement setups

(IQ MainControlWindow
e
|

130 x 5630 nuclide inventories (Actiwiz)

File Edit View Transport Samples  Help
Activation _ | Scenario
Ml Actimat |Steel_316L | Hsalasd [Beam Energy 7 Tel
Index [2s8 [] 400 GeV
Reference o | Select Al | ] 14 GeV
- # Vectors |13? []1.4GeV
2 =l Deselect All | |7 800 Mev/
[] 160 MeW -
IMateriaI ||HON ;I —Ohbject Index IF‘asitian [ ] B=am Impact -~
] |1'|]324 [] wathin bulky matenal
|5hape IBIack ;I Select All | ™| adjacent to bully material
I A _I [ close to concrete Tunnnel ‘Wal (bulky mate
E I hd Deszelect All | ["] behind massive concrete shielding
I,, |4 LI Object Weight [] 10 cm lateral distance to target 7
2 [4 | \eight [ka] |1 00736 |Begin End
IDensﬂy lo/cm3] I?_E? LI WS \weight for Scaling I'I.DD?HE IInEdiation Time I-I year LI I-I year LI
[Detector [HZ5128G0  ~] FPlotCosfiicients | ResetGrap | TOAD All Scenarios. |
IDistance fem] |1 LI Compare All Scenarios I
IThI‘EShdd [GE‘M"] I5E—D-5 ;I I_ SpBBh’BSDDP’!,’ e ——...

lG MWarkspaces'rireinerg . Samples MuclidLib 30445 5451553607 RPT
L




Stainless Steel Sample ST316L (ID-SIS53607):
Irradiation Scenario Sc=(a=0, p=2, b=6,c=5)

f;

units Ba/g  (Ba/g)/(p/s) Bq p/s Bqg Bqg - -
~ Fe-55 30 3.82E-05 - - 15.8 15.8 - -
" Mn54 10 2.14E-05 7.7 359852 8.8 7.7 1.14 0.41
V48 600 8.04E-06 - - 3.3 3.3 - -
" Co57 50 5.79E-06 2.7 477681 2.3 2.7 0.863 0.56
G531 300 4.15E-06 0.56 135220 1.7 0.56 3.05 8.80
- Co60 1 3.50E-06 2.05 586157 1.4 2.05 0.70 4.089
" CoB56 4 1.39E-06 036 262401 0.5 0.36 1.57 3.07
" Co58 10 6.35E-07  1.37 2163062  0.26 1.37 0.19 142.1
HE O 200 5.07E-07 - - 0.21 0.21 - -
- Sc46 7 5.07E-07  0.42 844197  0.21 0.42 0.48 16.21
] R= 413563

15/4/2015 Reiner Geyer - ARIA 2015 22



Results for a Sample Bag.
Irradiation Scenario Sc=(a=0, p=2, b=6,c=5)

IE-M_

Steel_316L
Aluminium_6060
EEET Cu-OFE
I Average(R ):

Iron: a;=

10

413563 3.17 3.74 7
428537 0.439 0.50 12 3
502360 1.30 1.34 17 8
~448000

fi-R - 2.29

Question: What do we do, if the irradiation scenario is not known?
Answer: Take all possible irradiation scenarios and choose a conservative limit.

Envelope Case
0.001

0.0001

15/4/2015

cooing time
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Envelope of 5460 irradiation
scenarios. Steel 316 L sample

Detectable-Fraction (LE)

S 400
350
8 300"
E -
2
250
200
150

100




x=15"b+c
y=7-a+p

Accelerator

| ¢
2
- —
7]

6omev | 4
a.

800 MeV

1.4GeV

14 GeV

™~ 400GeV
7Tev

1/16/2015

Irradiation time

‘ld |1w |2w |1m |2m |4m |8m |1y |2y |5y |10y |20y |40y‘

107

102

Reiner Geyer, HSE-RP

(a=0, p=2, b=6, c=5)
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Envelope of irradiation scenarios
with cooling times <1 year.

Detectable-Fraction (LE)

" = ratioDetected1DLE
g Entries 3360
o) L Mean 0.7986
c
8 300— AT RMS  0.07802
R LE
s L T —
8 250 AY
E L LE
c -
200(—
C  Knowing the irradiation history
150— helps!
100[—
50—
0 B | | | | | ] 1 | | | [ 1 | l | |
0 0.2 0.4 06 0.8 1 1.2



7-a+p

x=15b+c
y

Irradiation time
| 8m

1oy | 20y |

ly 2y | 5y

| 2m | 4m

Im

S 8 8 & R 2 g/ v

uosodxspul+/.ABisugxepu

14 GeV
400GeV
7TeV

Accelerator
160 MeV
800 MeV
1.4 GeV

L

\

Indexlrra 'e*15+ ndexCooling

2, b=6, c=5)

(a=0, p

27
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number of scenarios

20

Detectable-Fraction (LE)

70

80

40

10

lIIllllllllllllllll"llll'lllll‘lllll‘lllll

oo
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Why is the ¥4 important?

. We can cross check the radiological history of a

material.

. We can identify right or exclude unsuitable

irradiation scenarios in the analysis.

. We can crosscheck the chemical composition.

4. We can validate the simulation (Actiwiz).



Benchmarking of the Simulation Model

ActiWiz: ST316L

Ca-H6

lI["IIIII||llIIlll“llll“lll"lllllll

Co-57

Number of Samples

IIHVIIHIIHIIilllIIlllIillllIlE
L
o v

16

10 167 16°

Co-60

1

o

Ill'vll”i"lli’lll;lll”f”"i.

i6°

P || PN |
!

Mn-54

k2

..,
ar

sl L PR R T
10 1w

Sc-46

1

o’

A |lll'llll‘lll"IIIH'IIIIIIHIl“llllllll

1/16/2015

1.

-
o.

sl L A A i i ids
10 1

Reiner Geyer, HSE-RP

Ratio; = aj

Lol A i iy
1 0

alc}

o

meas
a;

30



Sources of Errors

* Wrong assumption about the chemical composition of the material.

* Wrong assumption about the beam loss mechanism at the accelerator
(irradiation field).

* Wrong assumptions about irradiation and cooling times (irradiation
history).

* Errorin the analysis of the spectrum.

e Cross Section in the Monte Carlo.

= \We have to understand the errors in detail (complex task).

= RAW allows for automatized benchmarking for a large number of samples.
= Exercise should be continued for different irradiation fields and materials.

1/16/2015 Reiner Geyer, HSE-RP 31



Conclusions

Rate measurements and spectroscopy results are not able to deliver the
complete information for the radiological characterization of materials.

The nuclide content hast to be complemented, either by additional
measurements like radio chemical analysis or by simulations.

The present version of RAW combines measurement and simulation results. It
can be used:

with rate measurements.

* With spectroscopy measurements.

* For known irradiation scenarios.

* For unknown irradiation scenarios (envelope case).

A good understanding of the precision of the simulation models is essential.
First benchmark tests of ActiWiz for different materials were performed.

These tests should be continued (different irradiation fields, nuclides and
materials).

A good knowledge about the irradiant history is very valuable and should be
taken into account with the same care!

1/16/2015 Reiner Geyer, HSE-RP 32






Chi-2 distribution for a simultanious
analysis of 3 samples.

Irradiation time -
! _chi2 |
1w Im 2m 4dm 8m 1y 2y Sy 10y 20y 5880
wviearn X 13.43
40 Mean y 37.31
Rusx 60
RMSy 0.5995

35

0 80 100 120 140

Cooling time

'1d |1w |2w |1m |2m |4m |8m |1y |2y |5y |10y |20y |40y‘

1/16/2015 Reiner Geyer, HSE-RP



Readout and

Canberra CP-5
HPGe detector
Electrically Refrigerated
Cryostat
Relative efficiency:90%

PR \- o
Uninterruptible

power supply
for transportation
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Non-Radioactive Material

Repair Repair
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How can we adapt to the future situation?

We will need methods allowing us to:

1. cover in-situ gamma spectroscopy needs. Not all nuclides can be measured—>
2. provide reasonable activation results for o, B and low energetic y emitting isotopes.

) )

Combination of measurement and simulation results

Measuring gamma lines In-house RP software
transportable system. taking into account

CERN radiation fields
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Full radio-nuclide
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