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Outline

= Brief introduction to FRIB
« Radiation transport scope within the project
» Radiation transport analysis of the target and beam dump modules
» Power deposition into components calculated
« Material damage studied
« Component lifetimes assessed to facilitate material choice

« Hands-on accessibility of the vessel shielding areas analyzed to support
future operations

= Summary
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Facility for Rare Isotope Beams
A Future DOE-SC National User Facility

* Funded by DOE-SC Office of Nuclear
Physics with contributions and cost
share from Michigan State University
and State of Michigan

= Serving over 1,300 users “oymens i fast, stopped.
= Key feature is 400 kW

beam power for all ions a8
(5x1013 238/s) S

= Separation of isotopes
In-flight
* Fast development
time for any isotope

» Suited for all elements
and short half-lives

* Fast, stopped, and reaccelerated beams N

B f . | s ] lonsource

400 kW
superconducting RF

“"‘. linear accelerator
|

Rare isotope
production area and
isotope harvesting
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Radiation Transport Scope

Technical Design and Safe Operation of Entire Project is
Supported by Radiation Calculations
* FRIB facility
* Accelerator Systems FastBeamAca  GasStopping  Stopped BeamArea  Reaccelerated Boam Area

* Experimental Systems H e
 Experimental areas = i

e e nm M Lk

= Technical scope T
* Bulk, local shielding

« Component and material
choices

« Hands-on, remote handling
» Personnel, public doses

400 kW beam (~ 100 kW at target,
~ 300 kW at beam dump)

\;/ Beam Delivery System Foldir‘\g‘Segment 2
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Fragment Separator

» Fragment separator for production and delivery of rare isotopes with high
rates and high purities to maximize FRIB science reach

= Primary beam power of 400 kW
* Beam energies of = 200 MeV/u

Target hall is high radiation environment
= Heavy ion beam on target (<100 kW) and on beam dump (<325 kW) are
major radiation sources
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Fragment Separator Front-End
Accommodates Target and Beam Dump

» Target and beam dump interact directly with heavy ion beam and are
strongest radiation sources

Target Vacuum Vessel
|

_ [ , Beam Dump Vacuum Vessel
" Hands On access ] e r l 1 Wedge Vacuum Vessel
above shielding during bl B8 o B
beam off-time required
Beam * v -
Direction E :
il N A
L
_ = ¥
Production Target 2
Assembly Beam Durmp B
Assembly h o

Wedge Assembly

Water-filled rotating
titanium alloy beam
dump drum

Multi-slice rotating
graphite target
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Production Target Module
Up to 100 kW Beam Power Dissipated

= Multi-slice rotating carbon disk target
* Absorbs ~100 kW of beam power in
1 mm diameter beam spot
« 30 cm diameter; rotation at 5000 rpm
 Target thickness is 30% of ion range

» Total thickness varies from several mm
to several cm

» Maximum extent along the beam 5 cm
to meet optics requirements

» Graphite withstands high temperatures
« Several slices reduce deposited beam

power per slice )
- Target is planned % "’“ — q Becly

to be changed

Target disk /
heat exchanger

Multi-slice target / o

as frequently as e heat exchanger
every 2 weeks .

(duration of P -

experiment) Target prototype
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Beam Dump Module
Up to 325 kW Beam Power D|SS|pated

= Water filled rotating (600 rpm) drum with metal shell
» Will intercept up to 325 kW primary beam
» Primary beam specific energy is reduced by ~ 20%
after passing through target
» System design supports radiation levels
at 400 kW operation
* Drum is 0.5 mm thick, 70 cm in diameter,
titanium alloy (Ti6AI4V) shell filled with water
» Thin shell to minimize power deposition
» Water inside the shell stops the primary beam
» Fragment catchers intercept unwanted isotopes
* Beam dump drum is planned to be changed
annually Beam

Beam Dump
Utility Chase

Diagnostic Mirror Module

Fragment
Catchers

BD Drum

BD Drum
Shield

Integration
Frame

Lifting Frame

BD Rotation/Translation
Drive System

Beam dump drum
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Radiation Transport Model
High Level of Detail Supports Construction and Future Operations

= Calculations are based on
models developed from
mechanical and facility design

= Monte-Carlo radiation
transport codes are used
« PHITS, MCNPX, MARS

Beam
= Capability of the models to direction
transport ions in magnetic

fields is important

* Magnetic fields correspond to
those needed for beam optics
and are provided by fragment
separator group

P

Q7 Q6 Q5 Q4 Beam
- direction

Radiation transport model of the preseparator vacuum vessels
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Radiation Transport Analysis Examples
Focus on Target and Beam Dump Modules

* Radiation transport analysis of the target and beam dump modules:
Several examples presented in the following slides
« Power deposition into target module calculated
« Material damage assessed - titanium alloy beam

dump drum shell analyzed and lifetime estimated
« Component absorbed doses calculated

» Component lifetimes are assessed based on
absorbed doses

» Radiation tolerant materials chosen adequately
to ensure component survival
« Hands-on accessibility of above-shielding
components analyzed to support future operations

» Target and beam dump modules are the most
activated, often moved components

» Doses for utility disconnects/reconnects and
component maintenance evaluated
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Radiation Power Deposition Analysis
Example: Target Module Components

= Power deposition in beam line components estimated to support
design and evaluate design features
« Power density maps provide information on enhanced radiation field areas
« Power density estimates in target module are shown as an example
* Provide input for thermal analysis in mechanical design

Mechanical design Radiation transport model Power density map

& Motor Shield

)

Shield Block

Cooling circuit .
—-60 -40 —20 0
z [em]
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Material Radiation Tolerance Studies [1]
Example: Beam Dump Lifetime Study

W
QiR

» Analysis to assess radiation damage
effects in beam dump metal shell

* Primary beam interacts directly with shell |

» Beam dump drum shell material —
titanium alloy Ti6AlI4V

O e

. L.
AL
) el

,

Water-filled, rotating beam dump drum

» 0.5 mm thick shell with complex .
geometry, filled with water W= G S,
« Material damage (in Displacements
Per Atom, or DPA) assessed Beam dump shell damage in DPA for various beams
» Radiation transport codes PHITS, Annual DPA per Operational Year
MARS, and SRIM were used S Time, % | PHITS MARS SRIM
* Results from different codes 180 5 0.3 0.2 0.24
agree reasonably well > |a8Ca 21 0.7 0.3 0.6
* Results compared to 10 DPA limit  |8eKr 27 1.5 0.5 1
» Beam dump shell will survive for 3 136Xe 12 2.8 0.9 1.6
years or more at full power operation (23gy 35 5.9 1.8 3.1
» Beam dump drum is planned to be  [Annual Time-
changed every year Weighted DPA 3.0 0.9 17
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Material Radiation Tolerance Studies [2]
Example: Alumina Insulator Swelling Assessment

» Materials used in target and beam dump module components studied

« Alumina terminal holders in electrical connector assemblies A

» Connectors are present in both target and beam dump modules
 Radiation transport calculations performed  etectical connectors
» Neutron fluxes, absorbed doses, DPA

» Absorbed doses lead to lifetime estimates
Alumina radiation tolerance is > 100 MGy (CERN)

* Worst-case location results

Electrical
DPA, neutron fluence, and absorbed dose for 30 operational years connectors
Displacements Per Atom 2.00E-03| DPA st e o
Neutron Fluence (>0.1 MeV)| 1.7E+19 | n/cm2 W e IL/
Absorbed Dose 237 MGy : ]
e 7
* No detectable swelling expected > : ‘/ -
- Estimated lifetime more than 10 years R

1 1 L
1023 102‘ 1025 1025 102

e, . eutron F 2 .20
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Hands-On Access During Beam-Off Times [1]
Access to Above Shielding Components Confirmed

» Requirement of target hall access during beam-off time periods with shielding
In place — hands-on utility disconnects, maintenance

» Residual dose rates above the vessel shielding evaluated and hands-on
access for component connection/disconnection and movement confirmed

» Most often accessed locations; above most activated components
» Beam dump vessel utility chase (reentrant) shielding & target vessel in-vacuum shielding

Target in-vacuum Target in-vacuum BD utility chase ME model
shielding ME model shielding RT model

BD utility chase shielding RT model

Shielding

[l

=

Reentrant
shielding F
Utility

chase
)

In-vacuum
shielding

S

Beam
— dump
A ™ parts

N

I T :f 4
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Hands-On Access During Beam-Off Times [2]
Access to Target Assembly Utility Confirmed

= Simple estimate based on scoping study . lom
* Residual dose rate estimates e 180 sTmev
[ : L AE—Ca 349 Mev/u
» Beam/energy: “*Ca, 240 MeV/u Aa mainfﬁfifﬁimiul 156 Xa B M
» In-vacuum shielding thickness: 1.5 m 1 ettt I MY
» Dose rate on top of shielding is 0.7 mrem/h —s 136—Xe 222 Melifu

. . U203 MeV v
Doglegs: Local increase up to 10 times - ! -

» Conservatively assumed dose rate 7 mrem/h
« Hands-on access time estimates
» Disconnect — 1 h (cooling time 4 h)

Residual Dose Rate, mSv/h

- 48
» Reconnect — 1 h (cooling time 24 h) = _2zﬁ)a|v|eV/u
» Target module residual dose rate
~10 times smaller after 24 h compared to 4 h E
= Hands-on access on top of target R TR Tl T L B
in-vacuum shielding is possible 19 gk e s e e o
- Estimated hands-on access time is 2 hours Shielding Depth (from inside out), cm
. Resulting total doses to a worker could be Figure 24 Activation of module shielding above the target.

up to 8 mrem for a given conservative scenario
» MSU ALARA goal for workers: 500 mrem/year
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Hands-On Access During Beam-Off Times [3]

Access to Beam Dump Utility Chase Confirmed

= Annual dose to worker less than 10% of ALARA goal

» Top part of the utility chase needs to be accessed
for connection/disconnection of components for the
beam dump module change-out during beam-off

» Detailed analysis using realistic RT model
« Conservative beam/energy: 8Ca, 261 MeV/u, 400 kW
* Irradiation time 1 year
» Planned interval between beam dump module change-outs
» Cooling times
» 4 hours — minimum planned access time to target hall

» 24 hours — assumed time when beam dump utility chase

would need to be accessed
Residual dose rates above BD utility chase

Beam Position High
Cooling Time, hours 4 24
Dose Rates, mrem/h 5 1.3

« Estimated time spent for removal and installation

of beam dump module is 16 hours (conservative assumption)

Beam dump utility
chase ME model

. 7. B59E+04
0. 243E+03

= Conservatively assuming an average exposure of 3 mrem/h

would lead to a total dose to worker < 50 mrem
» MSU ALARA goal for workers is 500 mrem/year

FRIBE

Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science
Michigan State University

RT model

Residual dose rate map:
Local numbers in mrem/h

| im
0.5 i
IR Sl ol
T A e
. 2.2
1.8 A5
: 3.8 ¥

1.087E+03 _
1.279E+02
1.504E+01
1.769E+00 7
2. 080E-01
2_447E-02
2.B78E-03 |
3.385E-04

time

= Beam direction
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Summary

* FRIB Is designed and established at MSU as a national user facility to
provide fast, stopped, and reaccelerated beams of rare isotopes

* High radiation environment in the project target facility with fragment
separator demands detailed analysis of radiation environment and its
effect on beam line components

= Studies of the target and beam dump modules performed

« Material damage, component lifetimes, and hands-on access capabilities
assessed

= Calculations presented are part of a multi-step process to validate
detailed beam line component designs and support future facility
operation

Facility for Rare Isotope Beams
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