
Radiation Protection at LNL’s 70 MeV
cyclotron



Summary

• SPES Project at LNL

• New proton cyclotron of 70 MeV energy and 750 microA
current

• Nuclear safety aspects

• Aspects preliminary evaluated: 
• Doses in different cyclotron irradiation areas

• Cyclotron and beam line induced radioactivity

• Enviromental impact

• Commissioning of the cyclotron: measurament campaign



SPES Project
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The SPES Project and the Cyclotron
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Stages of the SPES Project
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Nuclear safety for accelerator
facilities
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Nuclear safety and SPES
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Accelerators for medical application

RIB 
facilities

Research
reactors ADS 

reactors

Nuclear Power Plants

Risk
level



Why nuclear safety?

ADS and RIB facilities are based on medium (or high) energy, high
intensity particle accelerators producing large fluence of neutrons and
gammas. The major radiation safety considerations for these facilities can
be broadly classified in two parts:
1. To protect the public form radiation hazards (for which we have to

take into consideration skyshine, release of toxic gases in the
environment, soil and groundwater activation)

2. To maintain hazards within limits for radiation workers (for this we
have to consider bulk shielding, streaming of radiation through ducts
and penetrations, induced activity in target, air, cooling water, walls
and accelerator structures).



Why nuclear safety?

The radioactive ion production target is hot from radiological point of
view and shows out gassing, but at the same time ionized species, in
particular fission products are extracted. To safely confine and control the
radioactive inventory of this open source special efforts are required.

NUCLEAR SAFETY
• Analysis tecniques
• Technical solutions



Nuclear safety objective

Radiation Protection Objective:
 to ensure in normal operation that radiation exposure

within the plant and due to any release of radioactive
material from the plant is kept as low as reasonably
achievable and below prescribed limits

 to ensure mitigation of the extent of radiation
exposures due to accident

Technical Safety Objective:
 to prevent with high confidence accidents in nuclear facilities; 
 to ensure that, for all accidents taken into account in the 

design of the plant, even those of very low probability, 
radiological consequences, if any, would be minor;

 to ensure that the likelihood of severe accidents with serious
radiological consequences is extremely small

General Safety Objective: To protect individuals,
society and the environment by establishing and
maintaining in nuclear facilities an effective
defence against radiological hazard.

“Readjusted from INSAG – 12”



How to implement it?

Nuclear safety golden rule: the defence in depth
• Def: to provide multiple independent protections, against the

occurrence of accidents and their progression, in such a way that,
should one of them fail, at least another is present and its failure is
independent from the operation of the first.

It is implemented through design and operation provisions in a way to
provide a “graded” protection against a vast variety of transients,
abnormal events and accidents, including the malfunction of components,
human errors.



Defence in depth



Defence level

Defence level objective how
Level 1 Prevention of abnormal operation

and of malfunctions (Defense level)
Conservative design and high
quality of construction and of 
operation

Level 2 Control of abnormal operation and detection of 
malfunctions (Defense level)

Control, limitation and protection 
systems and other surveillance 
characteristics

Level 3 Control of accidents included
in the Design Basis Accident

Engineered safety systems and 
accident procedures

Level 4 Control of the severe accident conditions of the 
plant, including the  prevention of accident 
progression and mitigation
of consequences.

Additional measures and 
accident management in site

Level 5 Mitigation of the radiological
consequences of significant
releases of radioactive products

External site emergency plan



TOOLS AND INSTRUMENTATION USED FOR 

SHIELDING CALCULATIONS AND CYCLOTRON 

COMMISSIONING



FLUKA MONTE CARLO CODE
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Monitoring plan and instrumentation

Environmental monitoring: n-gamma mobile 
stations inside the building and passive 
neutron-gamma dosimeters on the building 
external perimeter

Active n-gamma monitoring

Passive neutron monitoring

Passive n-gamma monitoring

Active gamma monitoring



Monitoring plan and instrumentation

Environmental monitoring: n-gamma 
stations inside the building and passive 
neutron-gamma dosimeters on the building 
external perimeter

Active n-gamma monitoring

Passive neutron monitoring

Passive n-gamma monitoring

Active gamma monitoring



Monitoring plan and instrumentation

Ionization chamber

Measuring range 100 nSv/h– 1 Sv/h
Energy range 30 keV – 7 MeV

Wide Extended Neutron
Detector Instrument

Measuring range 1 nSv/h –
100 mSv/h
Energy range 25 meV – 5 

GeV



Monitoring plan and instrumentation

Ecogamma

10 nSv/h – 10 Sv/h
High range and Low range Geiger Mueller
detectors
30 keV – 5 MeV

Used in high radiation environments, such as
target irradiation bunkers for eob information



Monitoring plan and instrumentation

Passive and active (electronic) personal dosimeters. Finger dosimeters
provided for “hands on” intervention

MIRION Technologies: 
immediate reading, only
gamma dose at the moment

Thermoluminescent
Dosimeter: provided for 
maintenance on activated
parts of the cyclotron and 
beam line

28 uSv in 4 months
operations (6 operators)



Monitoring plan and instrumentation

Spectrometric system for radioactivity concentration detection in air

ROI 
1 

511 
keV

ROI 2
1294
keV



Preliminary evaluations
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Misure in fase di commissioning
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70 MeV proton
beam, 3 uA on 
Cu Faraday Cup
210 W power

80 uSv/h calculated
(10 uSv/h measured) beam line 
shielded with PE

500 mSv/h calculated
(465 mSv/h measured)

2 cm of light at
the shielding
door walls



Convegno Nazionale AIRP 2017, L. Sarchiapone 

Ambient dose equivalent rate of gamma radiation after 2 weeks of continuous proton
beam on target
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1 day after theEOB
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Air activation

Unique point of extraction with measurament station of 
radioactivity
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Continuous air sampling and spectrometric
analysis.
Products of direct air activation detected
+ (511 keV), 41Ar (1293.64 keV)
Sensitivity, fz(tsampling): 0.1-0.5 Bq/gair

Due instruments present at the site:
• One measure the emission in environment of the air coming from 

the facility
• The other measure directly the concentration of the radioactive

gases produced in the irradiation bunker



Air activation: data inside the irradiation bunker

Measured values: 160 Bq/g for beta emitters
and 35 Bq/g for Ar-41

Irradiation conditions: 70 MeV
and 500 microA, in BD located
in bunker of 180 m3 volume.



Air activation: data at the chimney



Air activation: comparison of calculated data and measured ones
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Irradiation conditions: 70 MeV
and 500 microA, in BD located
in bunker of 180 m3 volume.

After 3 hours:
Beta+: 705 Bq/g
Ar-41: 21 Bq/g
Calculated

Measured: 160 Bq/g for beta and 35 Bq/g per Ar-41
MORE INFO WE ADD MORE WE GO CLOSE TO THE 

MEASURED VALUES



Continuous radiation with 
current ramp, 70 MeV and 
current from 170 to 407 microA
(with 5 minutes decay to take 
into account the sampling
time)

After 3 hours:
Beta+: 261 Bq/g
Ar-41: 13 Bq/g
Calculated
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Measured: 160 Bq/g for beta and 35 Bq/g per Ar-41
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Continuous radiation with current
ramp, 70 MeV, current from 170 to 
407 microA and 5 min stop beam at
each current change (with 5-minute 
decay to account for sampling)

AFTER 3 hours:
Beta+: 259 Bq/g
Ar-41: 12.7 Bq/g

Measured: 160 Bq/g for beta and 35 Bq/g per Ar-41



Cooling water activation of the cyclotron probe
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After a few days of high-power operation: Be-7 measured 830 Bq/liter, calculated 50 Bq/liter.
Some effects not foreseen such as the removal, by the refrigerant fluid, of radionuclides
generated in the cooling system

Real parameters of liquid circulation were
taken under account



Cooling water activation of the cyclotron probe

Ag-110m

Co-60

Co-60

Ag-110m

Ag-110m

Ag-110mAg-110m

Mn-54
Co-58

Ag-110m

Co-57

Identified Nuclide Wt Mean Activity (mBq/g) Uncertainty (mBq/g)
54Mn 8.8 1.0
57Co 2.5 0.4
58Co 12.6 1.2
60Co 9.8 0.9
110mAg 20.3 1.1

Be-7

3H detected by 
scintillation, 800 
mBq/g 



Line 2
FC di Ag – 70 MeV

protons, 2.6 uA
totally 5 h on tgt

Line 1
FC of Cu – 70 MeV p, 2.6 uA

2-3 h



An image taken with iPix
accurately localize the 
hotspot on the proton
transfer line.
Dose rate at contact
around 2 mSv/h.



Dose rate at contact
around 2 mSv/h.
Dose at 1 meter distance
1,5 uSv/h.



Cyclotron commissioning tests from May 27th to June 1st (2016)
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Beam line

Box diagnostica

Date
Proton 
energy
(MeV)

Current
(microA)

29-SET-17 40 110 

40 200

02-OTT-17 70 100

55 125

03-OTT-17 35 210

06-OTT-17 70 110

22-NOV-

17
70 240

23-NOV-

17
70 220

27-NOV-

17
70 275

70 330

28-NOV-

17
70 425

70 466

70 375

29-NOV-

17
70 480



High power beam dump ISOCS geometry



Nuclide 
Name

Activity 
(Bq/unit) Activity Uncertainty Monte Carlo 

FLUKA simulation*

Na-22 6,3 107 2,5 106 -

Mn-54 1,6 108 8,2 106 2,6 108

Co-56 3,4 106 4,6 105 2,6 108

Mn-56 3,7 106 5,1 105 -

Co-57 3,1 109 3,2 108 3,5 109

Co-58 2,3 107 1,3 106 8,3 108

Co-60 9,7 107 3,9 106 8,8 107

Zn-65 1,4 108 5,7 106 1,0 109

* BD made of copper irradiated with 70 MeV protons with 100 microA current for 60 
hours. The reported radioactivity is the residual after 10 months of cooling time.



Proton beam line ISOCS geometry
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Localization of the activated beam
stopper inside the cyclotron.
Image captured in order to plan a  
maintenance on the vacuum chamber



Nuclide

Wt
mean

activity
(Bq / 
unit)

Na-22 2.03 105 Zr-97 1.05 106

K-40 1.37 107 Rh-105 1.07 107

Mn-54 2.02 105 Cd-109 1.09 1010

Co-58 6.96 105 Sn-113 2.88 106

Zn-65 1.94 105 Sb-122 1.66 106

Y-92 1.94 106 Te-132 6.05 105



Beam dump polyethilene shielding: 
the gamma imaging spot identifies
the point with higher dose rate at
contact, compared to the background 
level out of the red square.



Code GENII‐FRAMES ver. 2.0

GENII ver.2.0 is an environmental radiation
dosimetry package which runs within the 
FRAMES Framework for Risk Analysis in 
Multimedia Enviromental Systems.

Has been developed by the Pacific Northwest
National Laboratory, for the Enviromental
Protection Agency (EPA), Office of Radiation
and Indoor Air, with subsequent revisions for 
the US DOE and US NRC.

PURPOSE: to provide the capability to perform dose and risk assessments of environmental releases of radionuclides.



Code GENII‐FRAMES ver. 2.0 (1)

The code was used to calculate effective doses due to release of 
chronic and acute releases of radioactive gases due to SPES 
operation.
In particular:
1) Chronic releases of radioactive air from SPES bunkers
2) Acute release of all radioactive material in a volatile state and 

radioactive gases from the UCx source at the End Of 
Bombardment (EOB)



Code GENII/FRAMES ver. 2.0 (2)
Chronic release of radioactive air products

1) 7 radionuclides considered: 41Ar, 7Be, 11C, 14C, 3H, 13N, 15O, 35S
2) Activity released up to 1.1x1013 Bq
3) Evaluation in a year of the effective dose received by all the ways of 

irradiation included the  introduction of radioactive material in the 
body considering all possible ways

4) Two age groups of population considered: 7‐12 and 17‐70 years
5) Without and with plume rise (gas exit velocity 10 m/s)



Code GENII/FRAMES ver. 2.0 (3)
Chronic release of radioactive air products

Ring 5, Sector 14, Location (‐0.7 km, 0.7 km) Current max. 1.3x10‐9 Sv



Code GENII/FRAMES ver. 2.0 (4)
Chronic release of radioactive air products



Code GENII/FRAMES ver. 2.0 (5)
Chronic release of radioactive air products

Max. effective dose at 700 m from the release point: 1.1 Sv, 
for the group 7‐12 years old, mainly due to external exposure
to the plume (0.79 Sv (0.14 Sv for inhalation and 0.16 Sv
for ingestion).

Max. effective dose at 700 m from the release point: 1 Sv, for 
the group 12‐70 years old.

WITH PLUME RISE: Max. effective dose at 1100 m from the 
release point: 0.13 Sv for the group 7‐12 years old and 0.10 
Sv for the group 12‐70 years old. 



Code GENII/FRAMES ver. 2.0 (6)
Chronic release of radioactive air products

Max. effective dose at 700 m from the release point: 1.4 Sv, 
for the group 7‐12 years old, mainly due to external exposure
to the plume.

Max. effective dose at 700 m from the release point: 1.3 Sv, 
for the group 12‐70 years old.

WITH PLUME RISE: Max. effective dose at 1100 m from the
release point: 0.19 Sv for the group 12‐70 years old.

LARAMED‐TEMP 

Protons of 70 MeV, 200 A on 85Rb for 82Sr production
(p,4n) reaction.
Irradiation profile given by BEST Company.
No plume rise

MAX. TOTAL EFFECTIVE DOSE IN A YEAR, DUE TO THE RELEASE OF THE 
RADIOACTIVE AIR GASES PRODUCED FROM BUNKER AIR ACTIVATION,  GROUP 7‐
12 YEARS OLD 2.5 Sv



HotSpot ver. 3.02
(Livermore U.S.A.)

Radionuclides production in air in ISOL bunker 1 due to the 
interaction of 40 MeV protons, 200 A on UCx SPES tgt;

Radionuclides production taken into account: 41Ar, 7Be, 11C, 14C, 
3H, 13N, 15O, 35S

Chronic continous annual release, total:

1.1x1013 Bq



Radionuclides mixture







Different results based on class stability



Confronto HotSpot – GENII/FRAMES
Air Activation Release

1. HotSpot
Max. Effective dose:  36 Sv at 800 m, 100% presence outside
Model used (Pasquille/Gifford) Class stability F (Moderately stable)

2. GENII/FRAMES
Max. Effective dose:  1 Sv at 700 m
100% presence outside
Different Model used (Brigg’s Open Country)
Same Class stability F
Fraction of time spent indoors 0.7
Fraction of time spent outdoors 0.3
Days/y exposed to contaminated ground



Code GENII/FRAMES
Acute Plume at the End Of Bombardment di SPES (1)

1) 110 radionuclides, without any filtration are released in air for 1 
hour

2) Activity released up to 1x1013 Bq
3) Evaluation of the effective dose received from the plume in 1 

hour
4) Evaluation in a year of the effective dose received by all the ways 

of irradiation included the  introduction of radioactive material
in the body considering all possible ways

5) Age of population considered: 17‐70 years


