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Facility for Rare Isotope Beams (FRIB):
front end soon begins early commissioning

Highlights:

» Sep 2016:  lon source beam commissioning starts

» Dec 2016: RFQ high power test to start

»Feb 2017: RFQ beam commissioning start

» May 2018: Linac segment 1 (post RFQ/MEBT) commissioning start
i 2021: Start of user operation and beam power ramp up

Artemis ECR Source now installed,
FRIB Front End Front end under assembly

ARTEMIS




Beamline of the FRIB Front End

lons Normal-Cond ECR

Early Commissioning: ¢, =\ o aremis ECR lon Source
36Ar18+ 86K 17+ -%\‘_, Short Solenoid
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Ultimately: ES Accel Gap Initial
238 J33+ 23834+ . simulations
Solenoid — through
VENUS:-like ECR Magnetic Dipole i
Super-Cond ECR J , SpeCIG_S
LEBT ESQ Triplets selection

MEBT

Ultimately to RFQ —

Many types of lattice elements to model up to RFQ:

Solenoids Grated Electrostatic Gap Collimation Apertures
Magnetic Dipoles Electric Dipoles Steering Dipoles
Electric Quadrupoles Bunching Cavities RFQ

Intense, DC multi-species ion beam emerging from ECR ion sources with part electron
neutralization in magnetic optical elements



Overview: Warp PIC Simulations

Apply open source Warp PIC code tools for adaptable/efficient simulation on front end
. Formulation for many species with part electron neutralization

. Xy transverse slice with 3D element fields (bent mesh in dipoles)
Particles move in time with dt iterated to move slice to slice => only z-self field not included

. Also full 3D steady state in linked simulations where potential 3D self-field issues

Begins at ECR
extraction point
75% 0% 75%

Electron Neutralization -—

Sol 1 I | Sol2 75%

VENUS ECRIS

Grated ES Gap
31.6cm, 100 kV Max

ECR Beamline

Triplet
90 cm

> Fixed Slits

™ .

Movable Slits for
Collimation/Selection
+ Faraday Cup
+ Emittance scanner

%0

Slit

» Diagnostics limited (High Voltage Stand)

» Distribution emerging from ECR unclear:

* inject idealized distributions for now

* Desirable to better understand uncertainties

« and improve modeling to support front-end
commissioning/optimization

Triplet
90 cm
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Lattice elements modeled at high levels of detail for
importing into simulations

0.0[m] Solenoid ES Gap Solenoid
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Elements short with wide apertures
- Nonlinear fields significant

Setup to turn nonlinear terms on/off in code while —i—

keeping physical fringe variation "‘H e 557[m]
- Fringe fields neighboring elements can overlap

Modeled in code: find implications

Apply with filed data from optics design codes Ty i
e CST Studio  Opvera Maxwell Poisson

b | £/
< 4.222[m]
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Example details of lattice element models: Solenoids
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Models imported in high detail from optics design codes Poisson (r-z mesh) and CST Studio



Lattice element model: Grated Electrostatic Accel Gap

Nonlinear r-z Poisson Model
» Fringe well resolved
» Downstream electron suppressor electrode included

Grated Acceleration Gap for ECR Platform
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Lattice element model: Electrostatic quadrupoles and
collimation electrodes

_ Betweeen electrode
Mid-quad End of electrode & endplate

........................
nnnnn

100 mm




Lattice element model: Magnetic bending dipole with
slanted poles

Perspective View

End View Illustrating Slanted Poles

Dipole Fields modeled in
3D using:

Opera

CST Studio
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Properties of idealized initial distribution expected from
ECR also incorporated: Example 238U

mA _ . .
lon  LlemA) Q/A  [Bpl (Telsam) . Many species possible
U s 0039 0.105  0.0831 » Uranium most rigid
Ut 0.051 0.109  0.0815 S

+27 » Rigidity:
U 0.068 0.113  0.0800
Ut2®  0.088 0.118  0.0785 (Bp] = ypme
+29 Pl =
U 0.115 0.122  0.0772 q
Ut 0.150 0.126  0.0759
Ut 0.175 0.130  0.0746 S o
U*t>?  0.192 0.134  0.0735 | 03
Target | u+33  0.210 0.139  0.0723 T My oo M || Target
Species 0.205 0.143  0.0713 =l species
Uttt 0.178 0.147  0.0702 g 1501 7
Uttt 0.142 0.151  0.0693 o - 29
Uutirtoo0.11 0.155  0.0683 B 2 Jranium
Ut® o 0.072 0.160  0.0674 = 38 27,
Ut 0.043 0.163  0.0665 < 501 | 3 =
Ut 0.031 0.168  0.0657 | M U NES
of! 0.3 0.063  0.1077 o:;%J. L .U SULUUL ‘;
o2 0.3 0.125  0.0762 IS
Of3 0.3 0.188  0.0622 RN R TARS
OT4 0.2 0.250 0.0539 [D. Leitner, M. L. Galloway, T. J. Loew, and C. M.

Lyneis, Rev. Sci. Instrum. 79, 02C710 (2008)]



Warp code tools for front ends setup for maintainability/extension
while analyzing many ion species and lattices under a range of
models with multiple users simultaneously using/extending

Github source code repo used to maintain/distribute python based Warp
scripts for front-end simulation and input parameters for runs
« Structured to allow simultaneous users to update/extend while using at same time
with different levels of model description
« Allows roll-back, project forking, etc.

smlund / warp_ion_frontend @unwatch~ 3 Wstar 0 Y Fork 1

<¥ Code Issues 0 Pull requests 0 Wiki Pulse Graphs Settings

Mo description or website provided. — Edit

=y . T frstia] .
\L} 110 commits ¥ 1 branch 0 releases W 3 contributors

Branch: master v New pull request Create new file Upload files Find file

-']'- smiund SML: fixed script typo on location of lattice fields Latest commit TedB8fd1 3 days ago
8] fri-front-diag-lat.py SML: Cleaned up lattice diagnostic script 6 months ago
= frin-front-env-diag. py CYW: Confined plot range to a z-position before 1st D5 Dipole 4 months ago
[= frib-front-env.py CYW: Rectified interpolation error at the end in envelope solver usin... 4 months ago
[= frin-front-lat-diag.py SML: 1st step to splitting apart run script to improve maintainability 5 months ago
B frib-front-lat. py SML: fixed script typo on location of lattice fields 3 days ago
B frib-front-xy-diag. py CYW: Updated diagnostic for extended lattice 22 days ago

= frib-front-xy-load. py SML: Minor variable name change in canonical angular momentum load ad... 4 months ago




Dropbox file sharing used to maintain/distribute field element data for lattice

element description
. Allows large binary/ascii data files for 3D/2D field maps generated with optics
design codes on windows/linux/osx platforms
« Archive input, plots, analysis, and code interfaces for each lattice element
. Allows use of links contained in git distribution for data reading without account

Dropbox > frib_lattice_ele_fields : . £ Search

frib_lattice ele fields = 2 members
s el

MName Modified Additional sharing
ds
ecr_artemis
BCr_Wenus
Ea3E
g7
54

s4b




Initial phase-Space areas set consistently with magnetized ions born

in source: Multi-species envelope model (described later) helps setup
Initial Phase-Space set by guesses of ECR values

Normalized Thermal Emittance: T; = Temp (Energy Units) jth Species Ion
R; = Edge Radius jth Species (Uniform Density)
T
Enr; = ( : 2>Rj ~ 0.015 mm-mrad Uranium 34+ emerging from ECR
e R; =4mm beam edge radius
Tj =3eV
Normalized Canonical Angular Momentum (same scale expressed):
P B At particle “birth” location:
Fo); = 470 R? ~ 0.39 mm-mrad .
m;c dmc B.o = B,(r =0, z) = 2.2 Tesla (at extraction)

R; = Edge Radius jth Species (Uniform Density)
~ 25 x Thermal Emittance contribution T T
to phase-space area defocusing! T

Beam Extraction Dipole Bend, |

simulation range

Ez Grated Gap ||
(arb units) 1]
N

I

20 species initial ECR distribution injected in

xy transverse slice simulation using this method
« Smooth, space-charge adapted distributions used , i
« Energy consistent with ECR extraction bias (~35 kV) RIS RTAN
« Low longitudinal energy spread o

Real ECR distribution expected to have much more asymmetry
«  Will inject better “guesses” from ECR simulations in future

Bz [Tesla]




Warp simulations are being applied to the FRIB front end to both
identify/analyze physics issues and will be used to support upcoming
commissioning activities

Many issues being examined. Illustrate a subset in this talk for 2*3U operation
with a VENUS type ECR source:

« Multispecies evolution from ECR source with intricate space-charge dynamics
« Matching the beam into the CSS: simulations verify efficient envelope model
« Identifying where non-target species are collimated in the CSS

« Physics impact on CSS resulting from:

> Beam Space Charge + Electron Neutralization > Strongly Magnetized Beam
> Nonlinear applied field + Nonparaxial effects > Relative PS Contributions
from Thermal/Magnetized effects
« Optimal placement of 3D dipole -
with slanted poles and extended fringe
« 3D Space charge effects — Reported on HB 2016 + Linac 2016
in initial species separation in dipole

Code augment limited laboratory diagnostics to gain more insight, identify
physics 1ssues, and support tuning of system for highest quality beam



Charge Selection System (CSS) designed to select up to two “target”

species with no losses and minimal emittance growth

Goals:

* Transport target species with minimal loss in brightness

« Collimate all non-target species R

Electron Neutralization

75%

Sol 1 1 ] Sol 2

Grated ES Gap
31.6cm, 100 kV Max

ApproaCh ECR Beamline

Linearly achromatic

« At mid CSS: large dispersion (D)
and small x-betatron function (3)
to improve selection resolution with slits

« Output with well-controlled rms beam envelope

« Adopt symmetric (about mid CSS) achromatic lattice
similar to fragment separator

» Eases tuning

» Less sensitivity to nonlinear applied field effects for
low energy beam

(SSD) wasAs uonas|as =es adieyd

v
|

> Fixed Slits
«

o
X

™~ :

Movable Slits for
Collimation/Selection
+ Faraday Cup
+ Emittance scanner




Linear optics CSS designed using MADX for ideal

hard-edge lattice

Impose conditions: 90° dipole ESQ Triplet  ESQ Triplet  9g° dipole
* Mid-plane mirror symmetry :
/ _ g —0 & 3.0
DIIlld B:c—mid - 5y—mid =0 .
] ] 7. 1
Then lattice functions have | P
mirror symmetry with: 6. -
- L 2.0
5. -
Bin = Bout 61];1 — _Bout R %
=4 - 1.5
Dln — Dout — 0 Q}Ei ; |
Dl =-D. =0 | 1.0
2. -
: / . -
Adjust Bin and By, to obtain ;| P2
desired envelope structure )0 | Dis : Mig-CSS Bzl "o
within CSS 255 359 463 ' 567 671 775

 Numerous choices possible

National Science Foundation
Michigan State University

@ py U.S. Department of Energy Office of Science
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Lattice fields up to 1st dipole

66.95

P9[m]

VENUS-Like
SC ECR

Source

67.8116[m]

Specified Injection

68.3069[m]

3.5
30 /’\BZ ECR source
— s / < Simulation range S
'i'l: 2.0 / \ /M | ~35kV ~_E, Grated Gap
= / \ \kExtPaction / '\ ~50kV
:;13/ \ / \\ / \ for Uranium
03 \“/f \R\“‘ B, solenoid / \ B, solenoid
oob— o \\\_ _;// \ J//fr_.ﬁﬁ\\%_ L
66.0 66.5 67. 67 5 68 0 68.5 69.0

z [m]




Envelope model derived and applied to model multi-species
beam in axisymmetric transport

Applied to model beam from ECR to 1st dipole: Sol  ESGap Sol

66.9569[m] 67.8116[m]  68.3069[m]

43

2
0";’ :(JJVIO_/ n q; V”O‘ B QJB:() oy
*d 28Lrj —lggj 2mj5bjc

(e73°/2)” + (Py) ; / (2m;Byjc)”
+ > ngfgo; T —

s.species )

 Takes into account: magnetized beam, multi-species (j) space-charge
+ neutralization, linear accel + solenoid (B,) focusing

V = on-axis potential of ES gap =~ B,y = on-axis axial B-field of solenoids / ECR
(Qjs = space charge coupling factor (perveance) between j-th and s-th species

fi = neutralization factor (0 = full, 1 = bare)  &; = kinetic energy (eV)

* Helps understanding of phase-space area contributions
Op = 1/ <x2> = rms beam size  &!™ = beam thermal emittance ~ (Ti(m)l/ 0,

(Fy) / (2mpyc) = canonical angular momentum (emittance units)



Employ envelope model to efficiently match beam to the CSS

Envelope model used for matching by integrating from ECR to 15t dipole:

I qJV’ qJV" q;B-o ’ Sol ESGap Sol
a + O-I' ] 66.9569[m 68.3069[m
" 25 _LSAJ Qmj/[))bj /
( 11113/2) (
+ ) Qifs 2+0 + —

s,species ZJ

Start integration at ECR extraction point

End at entrance of 15t dipole

« Integrated along with the energy equation using linearized fields

 Much faster than PIC simulations of the same linear section

Employed to adjust strengths of the two solenoids to match
axisymmetric ( 0, = 0, ) beam conditions entering the CSS

« Convert between lattice functions and beam envelope of the reference
species with:

p=0lfer  er= o=\ (€22 4+ (Py)? ] (2mPBye)?

. /
Ny = —O-xo'x/ggg




Simulations are compared to envelope model to verify
accuracy matching procedure for a 20 species U beam

emerging from the ECR

14 I I I I I
On-Axis Peak Field
12 Sol1  Sol2 -
Case 1.3 0.666T 0.398T ——
10 Case 24 0.530T 0430T CSS J
Agreement with
= 8} 3: w/o SC, Env. Eq.|{ envelope model
s 3: w/o SC, Warp good in spite of
= 6} _ Intricate evolution
Q cCR 4: w/ SC, Env. Eq. of many species
al 4: w/ SC, Warp beam
/ soky
2 sol grated gap sol -
0 1 1 1 1 1
0.0 18 1.0 15 2.0 PR
z[m]

Q U.S. Department of Energy Office of Science
&w National Science Foundation
Michigan State University
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Xxy-slice simulations of multi-species ion beams emerging from
ECR source show little issues in preserving beam quality of
target species in spite of intricate phase-space evolution.
Good agreement with envelope model dispite intricate evolution.

Radial Number Density

1020

— 10%} - All species | : 66.9569[m] 67.8116[m]  68.3069[m]
& _ Ol—-l m <
g = L]i‘,,: A m
- 10%F ~ E
% 2 U 33 LO/) ‘p
?, 07 c
= A =
= 10%] ™ M

- | | | | x-y 2D transverse simulation

10 20 30 40 50
radius r» [mm]
__z—a’phase space _ Scaled Axial Field of Elements
a0} 10 E
08—4; o o o L]
= & 8 Specified Injection
s g oL 66.640938 [m]
e nl
= -20 & 0'4'5 N'F = 75%
02|
401} :

—210 —|20 0 26 4b 0'((5)6.; 67I,0 67.5 68.0 aé.s 69.0
z [mm] 2 [m]



Design lattice functions may not be attainable for all
beams produced by ECR sources

Design incident beam conditions at CSS must be deliverable by the

solenoid transport line
« Alternative CSS operating point can be formulated in many cases if not

« Stronger space-charge reduces attainable lattice functions
» Boundary shifts to larger beam size and steeper envelope angles

Accessible lattice functions
(Solen0|ds 0T < Bpeak <1.5 T)

’
e . ’ Sol1 ESGap Sol2
®e, ° . L
S ket ® e, ¢ LY . ‘ o o% * . = m 66.9569[m] 67.8116[m]  68.3069[m]
‘%N ° ¢ . R (@]
% .. 5‘. . [N R . =
... o L4 o ® £ : ,,,,,
4 [ ; 5 ° o L] - g .‘ .. : . Lé‘ ........................................................
*. ¢ .:. .. o0
| e ® L .: . ..' g
E 3 e s 1 ®
\aY *+ noSC I A e
5L |+ 75% neut e o S tee Mat_Ch
. 60% neut e a RIS ‘ ' Point
«® o % . .. °le 2 o
3 + 50% neut e R ,'-:.';'..
- ot * ®ee
-:‘-' e s f-i:l AER )
s o 2
ol S Mwwmww AER A ddins
-2.0 -1.5 -1.0 -0.5 1.0 1.5 2.0
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Four run cases explore range of physics in the

charge selection system (CSS)
Effective normalized phase space area of beam emerging from ECR:

Eneff = \/ (Byetms /2)2 + (P9)2 / (2mc)2 (Axisymmetry)
Two contributions (norm units):
1) Thermal emittance: Brel™ = Resource \/ 2Ti0n/(Mmc?)

2) Canonical angular momentum: (Fy)  qRZ e Brirth
2mc 8mc

Launch beams with same €neff , but different compositions from
thermal emittance and canonical angular momentum

Bper /2 = 0.008 mm-mrad From U34* in ECR with:
(Py) / (2mc) = 0.152 mm-mrad Tion=3¢€V O¢ ML
B])irth =1.67T g/,: =9 ke\//u
(Py) =0 ey /2 =0.153 mm-mrad

« Simulate thermal and magnetized beams, w and wo space charge (SC)
Magnetized beam with SC likely closest to lab case
» All 4 cases (magnetized , thermal both w and wo SC) independently matched



Charge collimation example (target: U33 & U34)

Chose U3+ as reference species to emphasize effects due to centroid
offset for 2" non-reference “target” species U33*
« Lab case: Apply virtual U33-° particle for two target species to reduce centroid offset

|deal hard-edge elements are used to better understand source of
deviations from linear optics MADX design

Dipole ESQ with end plates
90
: I | ) - T
60
45 |
30 |
E 15 U33 U34
E 0
‘g‘ -15
-30} \
-45 ~
—-60 | \\ U 35
-75
il
2f5 3.0 3j5 4.0 4.5 5.0
z[m] slits slits Collimator
- a U.S. Department of Energy Office of Science
@ &w Ngtiqnal Science Fpunc]ation )
Michigan State University C. Y. Wong, Oct 2016 NA-PAC, Slide 26
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Canonical angular momentum induces xy beam rotation

Large initial (xy’) and (x'y) moments in the magnetized beam

causes
xy-parti

« Rotation may alter optimal
mid-CSS collimator aperture

(xy) to evolve
cle projections at CSS mid-point:

Mid-CSS xy Beam Profiles

50

T T T T T T ] T T T ] T T T T T T T T T T T T T T T T

1 _50 1 1 1 1 0 1 1 1 1 50 1 1 1 1 _50 1 1 1 | 0 | 1 1 1 50 1
X [mm] X [mm]

Mid-CSS
Collimation
Slits



Mostly reversible emittance growth in x and
Xy emittance exchange observed
Significant x-emittance growth that is mostly reversed

« Nonlinear optical effects in ideal dipole become significant in tight bend
* Reversed growth manifests advantage of symmetric lattice design

Combined effects of canonical angular momentum and space charge
causes xy emittance exchange

90° Dipole ~ ESQ Triplet ESQ Triplet  90° Dipole
Solid: x-emit I — [1_[]
. 0.175 T 1 ‘_l T L_'
Dotted: y-emit
Thermal wo SC

Thermal w SC
Magnetized wo SC
Magnetized w SC

/
~ 8
~ /
~ B
» /
\\ ! X x
o>~
/ ~
’ e
4
/
s
/
7




Rms beam envelopes track ideal MADX design

Larger deviation in x than y due to x-plane emittance growth

Space charge induced deviation in 1st dipole appears limited
« Species lost both sides of target species may part mitigate impact
« Full 3D simulations of bend appear largely consistent

90° Dipole ~ ESQ Triplet ESQ Triplet  90° Dipole
[ ] - [ [ ] - [ ]
SOIid: 18 I T T T

MADX design

U34+ |

Dotted:
Thermal wo SC
Thermal w SC
Magnetized wo SC
Magnetized w SC




Space charge induces centroid shift

Centroid offset at CSS exit for non-ref species when space charge
iIncluded
« Space charge much stronger in the first half of the CSS
« Causes asymmetric dispersion evolution despite symmetric lattice design
* Retune entails an asymmetric CSS: risk emittance growth?

90° Dipole ESQ Triplet ESQ Triplet 90° Dipole
(1 [ N
45— U L]
Solid: wl |, |
MADX design sl ’ U3+ |
—— 30}
Dotted: g 25| )
Thermal wo SC /g 20| //’ ~7 \’/'\\
Thermal w SC ™~ 15} \
Magnetized wo SC 10} N
Magnetized w SC 5t N -
03 5 5 6 7



Further deviations from MADX design occur when ideal hard

edge elements in CSS are replaced by 3D field maps

Field maps Contaln nonlinearities of dipoles and ESQs + extended fringe
s ES Quadrupole

Simulations Cofhpare ideal + 3D fields for Case 4 ( ~lab magnetized beam)
« Overall emittance growth at CSS exit in addition to emittance exchange
« Unclear if lattice can be retuned to suppress

90° Dipole ESQ Triplet  ESQ Triplet 90° Dipole  90c Dipole ESQ Triplet ESQ Triplet 90e Dipole
[1 [ [1 T[] [1  [] (1 []

-

- - 4: Mag, w/ SC
- - 5: Nonlin. fields




Dipole ESQ with end plates
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> 200 :
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Conclusions
Framework for simulation of ion front-ends developed and being used to

support FRIB commissioning/operations
* Built around open source Warp family of PIC code tools
» Formulated to ease maintenance/extension with multi-users and many ion and lattice
cases
» Allows collaborative work while extending
» Wide range model levels possible

Challenges significant: much physics unclear and lab diagnostics limited
« Beam emerging from ECR ion sources complex and poorly understood
 Electron neutralization models need improvement: PhD project

Insight being gained from simulation will support lab activities
. 3D dipole bend: placement of slanted pole magnet + 3D space-charge effects
HB 2016 + LINAC 2016
 Efficient matching procedure into Charge Selection System (CSS) developed
together with linear design procedure for symmetric CSS lattice

« Space charge effects surprisingly benign (for species analyzed): centroid + envelope
« Canonical angular momentum impacts optimization of species collimation

impact not yet fully understood
« Nonparaxial beam leads to (mostly reversible) emittance growth

symmetric CSS lattice significant benefit

Much more to do: Real tests coming soon with application to FRIB data
from early lab commissioning of front-end



THANK YOU!

- a U.S. Department of Energy Office of Science

&w National Science Foundation
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Summary: CSS reference parameter design

63.7cm-long 90° dipole:
90° dipole ESQ Triplet  ESQ Triplet  90° dipol
slanted poles_%reate ipole B = ipole
ko = 0.365m

Ko

20.7cm-long ESQ:

k1, ko, k3 = 0.731,-1.63,0.861 m > |

12 keV/u U34* as ref species: 5 |
G\, Gy, Gy = 0.731,-1.63,0.861 T/m £,

5
Incident beam conditions:

2. 1
/ :
iy = —f /2 = 0.306 )
255 359 463 567 671 775
s (m)
U.S.‘ Department of Energy Office of Science y S“de
@j & cnallencal olninecn C. Y. Wong, Oct 2016 NA-PAC35
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Centroid offset for reference species observed at
CSS exit due to space charge

Reference species has centroid offset at mid-point of CSS despite ideal

dipole field model

« The effect is much stronger for thermal beams than magnetized beams

Shift only disappears at CSS exit in the absence of space charge
« Compensation with asymmetric lattice may worsen emittance evolution

Solid:
MADX design
Dotted:
Thermal wo SC
Thermal w SC

Magnetized wo SC
Magnetized w SC

() [mm)

2.5

20F

15}F

1.0F

05

0.0

-0.5 |

-1.0 |

—-1.5}

-2.0

90° Dipole ~ ESQ Triplet ESQ Triplet  90° Dipole
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; Ny U34
4 W i
f \\
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Centroid offset induces little impact on envelope and
emittance evolution
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