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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

O Serving over 1,300 USers Experiments with fast, stopped,

and reaccelerated beams
= Key feature is 400 kW
beam power for all ions
(e.g. 5x1013238/s)

= Separation of isotopes
in-flight provides
 Fast development
time for any isotope

* All elements and
short half-lives

* Fast, stopped, and reaccelerated beams R -
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Heavy lon Linac Development at MSU

= 1999-2004: Design of RIA (Rare Isotope Accelerator)
» 2005-2006: Design of ISF (Isotope Science Facility)

= 2005- now: ReA (Reaccelerator) Facility
* ReA3 (operation), ReA6 (developing), ReA12 (designed)

» FRIB (Facility for Rare Isotope Beams) project
«2008/12 MSU site selected
«2009/06 Cooperative Agreement signed by DOE-SC and MSU
« 2010/09 Alternative Selection and Cost Range approved
« 2013/08 Performance Baseline approved
« 2014/03 Civil construction started
« 2014/10 Technical construction started

- currently under construction and reached 63% completion Julieldlig:ll
» Beam commissioning will start at ion source this Fall M. Ikegami

* Project completion in June 2022, early completion goal in Dec. 2020
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- MOPM1P80
FRIB under Construction M. Ikegami

20 June 2016

(LW — T —

FRIB buildin

Facility for Rare Isotope Beams

U.S. Department of Energy Office of Science . .
Michigan State University Qiang Zhao, HB2016 TUAM5YO01, Slide 4




Solenoid Model in Beam Simulation
Relationship between Hardedge and 3D F|eId

= 3D field map

= Hardedge model
- effective field B¢
- effective length L «

0.0 0.5 1.0 L5 2.0 25 0.0 0.5 1.0 L5 2.0
R (cm) R (cm)
- B2(0,0,2)dz = BZ:; - Loss (focusing. 1o B =647
f_oo B,(0,0,z)dz = B,¢s - Lesy (rotation) : ,/ \':eff =0.23m
3
B f BZ(0,0,z)dz 5 . / \\
el = % B,(0,0,2)dz 2 J‘/
(f_oo B,(0,0,z)dz )2 0 k
Leff —_ foo BZ(O 0 Z)dz -0.2 -0.1 z(}m) 0.1 0.2
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Beam Simulation through Solenoid:
HardEdge vs. 3D Field Map

» Beam sizes almost identical (horizontal rms beam size shown)

» Emittances agreed very well (horizontal rms beam emittance
shown, the red spikes were due to the calculation in laboratory
frame, they would disappear if done in rotation frame)
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Orbit Displacement due to Dipole Fringe Field

=H. A. Enge, RSI1,1964 Mechanical Pole Boundary

Due to fringe field effect
of dipole, displacements
of the beam center line at X
both entrance and exit (a ¢ff-=
“zeroth-order” effect) 40FF
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Orbit Difference in the Midplane of 45° Dipole

» Orbits difference between 3D map
field and hard-edge model of dipole

Position difference in (X, Y) plane |

= A few different excitation currents
used to take account of saturation

» Displacement of magnet
implemented into fabrication
drawings

Yt- Yg (mm)
S = N W B o =

X (m) -

»s - Angle difference in (X, X’) plane -

X't - X'g (mrad)




3D Magnetic Field Used in Beam Simulation

= Four-dipole chicane in stripper area o
y
= 3D magnetic map field calculated
» Particles tracked through the chicane
S 0.00
- - Z (lm) | |
1.6
14
K 1.2
E 1
7 0.8
830.6
ﬂ‘>-‘4‘0.4
0.2
0
-0.3 -02 -0.1 0 0.1 0.2 03
Z (m)

@ Facility for Rare Isotope Beams
[ ¢ U.S. Department of Energy Office of Science
m Michigan State University Qiang Zhao, HB2016 TUAM5YO01, Slide 9



Beam Envelope and Emittance along Chicane

* Beam envelope well within vacuum chamber

* No beam emittance growth at chicane exit (1M multi-charge particles)
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Output Beam Sensitivity to RFQ Voltage

= Beam transmission drops quickly =~ % IR
with the decrease of RFQ voltage %, ’
. . B 60
= Qutput transverse emittance is 3 50
insensitive to RFQ voltage E 40 .
» 30
= Qutput longitudinal emittance il
. . =2
increases with change of voltage &,
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Effect of Transverse Beam Mismatching at

= Mismatched

beam at RFQ |
input does not _ D y
cause much £ o //
mismatch at >, yd ¢
output T

= Mismatch at R A
RFQ input X,y (mm)
decreases RFQ
transmission o

= Mismatch at S I
RFQ input % 60 o
Increases beam &5 Lo
emittance at B,
RFQ output 2 20
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Beam Sensitivity to Solenoid Setting

» Solenoid real settings will be deviated from design
 Transverse matching along the linac will not be ideal

= Settings of all solenoids in Segment1 were assumed to have 1%, 2%,
5% uncertainty with respect to designs in uniform distribution
« Each has 100 seeds
« RMS distribution of beam size increase seems linearly with setting errors
« RMS distribution of emittance grows faster than that of beam size

* Dynamic errors (e.g. power supply fluctuations) typically much smaller
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Liquid Lithium and Helium Gas Stripper

TUPM2X01
= Gas stripper = lower charge states & higher energy spread EEN:

0.3 0.3
84.3% for 5Qs 88.9% for 5Qs
16.6 to 16.3 (MeV/u) 16.6 to 15.7 (MeV/u)
0.25 0.25
0.2 - 0.2 ||
0.15 — 0.15 —
0.1 0.1
0.05 0.05
0 h T T T 0 R T T
73 74 75 76 77 78 79 80 81 82 83 66 67 68 69 70 71 72 73 74 75 76
Charge states after Li stripper Charge states after He stripper
3000—- Otripper input _ 1500~ LI stripper output _ 1500-— He stripper output
ch/E=0.063 % ch/E=0.137 % ch/E=0.413 %
2000 ] 1000+ A . 1000+ X%k
> | > g \ > d
@ 1000+ ol . ® 500+ d \ . ® 500+ & g% :
01— A‘g %\ — rR 0 A§ Al : ol M.
-0.4 -02 0.0 0.2 0.4 o -0.4 -0.2 0.0 0.2 0.4 -1 1

0
dE/E (%] dE/E (%] dE/E (%)



Twiss Parameter Matching for Beam Tuning

= Obtain Twiss parameters by measuring sigzna matrix ',;f:f‘i’,:”di"a'
(o)1) =M121 (0,), +2M,,-M , -(o,), +M122 (0,), Rebuncher I?monit:or
* measured (s,),,, Known M ,,M,,, M, psb
obtained (0, 11:(0,)12.(0, )sy o= \/(o-r)ll (a,), (.Y, 1| ..
ﬁr=@ Y, =% a, =_@
€ € & 0.5

» Longitudinal matching to stripper
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» Same method applies transverse matching by quad/solenoid scanning
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Calibrate Superconducting Resonator Voltages with
Beam Energy Measurement

* Beam energy gain measured for each resonator
= \/oltage accuracy is about a few percent based on beam measurement

* Energy gain along ReA3 linac - Calculated vs. Measured

Helium beam with Q/A = 1/4
35

_q. _ . 3 ——Calculated
AEi A Vc COS @i e Measured
2.5

AE, - energy gain
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2

Ek (MeV/u)

1

0.5
0 2 4 6 8 10 12

Z (m)
Facility for Rare Isotope Beams

I I 2 I B Q,@ it e i ey Oles gt selencs Qiang Zhao, HB2016 TUAM5Y01, Slide 16



Beam Collimation at Warm Area

= Space reserved in warm area for possible beam collimation

* 3 sets of slits (~60° phase advance) in both vertical and horizontal planes

- Larger emittance beam vs. normal one at the exit of second bender (right)
and the entrance of Segment 3 (left)
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Summary

* FRIB accelerator has been designed, lattice performance has been
evaluated, and it is under construction

* Beam simulation studies related to commissioning are being performed
» Update more realistic data of each component in simulations
« Beam sensitivity to component performance
« Beam tuning for machine commissioning
« Beam collimation to limit uncontrolled loss
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FRIB Accelerator Layout

* 400 KW CW machine with uncontrolled beam loss limited to < 1 W/m
* Meet beam-on-target requirements (e.g. energy = 200 MeV/u)

= Accelerate all varieties of stable ions = Uranium is most challenging in
design (two & five charge states before and after stripper, respectively)

= Minimize project construction costs - Compact double-folded layout

* Maintain potential enhancement - Energy upgrade, ISOL targets, light
lon injector

% Beam Delivery
System to Target

B = 0.085 Matching B = 0.29 Matching B = 0.53 Matching Superconducting

Cryomodule Cryomodule Cryomodule \Folding Segment
s I-- o --// --\\-- L T T oo oo — - | s | - - | o} 3
eé.‘ = n + r—[° _N_°_ N _= 5 S Y ANCIN | S | SENCI | SN N W SO
\Li—Stripper
Modula 11 £ = 0.085 Cryomodules 3 8 = 0.041 Cryomodules 500 keV/u RFQ

Room-Temperature B = 0.085 Matching 12 £ = 0.29 Cryomodules 18 £ = 0.53 Cryomodules 10 m Vertical Drop from
Folding Segment Cryomodule Ion Sources (above ground)
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