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DOE Traineeship in Accelerator Science &
Engineering
= Accelerator Science & Engineering Traineeship (ASET) at MSU

= Nation’s sole grant in the FY 2017 DOE HEP Traineeship FOA in the
four critical areas of workforce need

* (1) Physics of large accelerators and systems engineering
» Beam physics at the systems level
» Knowledge of technologies of large accelerators
» Engineering expertise in high reliability design and failure analysis
» Knowledge of the fundamentals of project management, science communication,
entrepreneurial skills, technology transfer

* (2) Superconducting radiofrequency accelerator physics and engineering
* (3) Radiofrequency power system engineering
* (4) Cryogenic systems engineering (especially liquid helium systems)

= ASET budget covers about 17% of total amount of students’ support
required for PhD completion

= https://www.frib.msu.edu/science/ase/index.html
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https://www.frib.msu.edu/science/ase/index.html

ASET

= After successful completion of courses at MSU (2 years) the students
should be placed at DOE Lab for thesis research

» ASET Degree Certificate is established in Physics and Astronomy
Department at MSU

* The ASET program will produce five to seven MSU graduates per year
In the critical areas of workforce need.
* 6 students (4 PhD and 2 MS) are graduating this year

= Currently we have 24 grad students enrolled in ASET
 Training takes places in all 4 critical areas of workforce need
* 6 students were admitted for AY2021

* The Accelerator Traineeship Advisory Panel (ATAP) is a national
advisory committee established nearly three years ago to help guide
MSU’s ASET program and its outcomes
e A. Chao (Chair), M. Harrison and S. Nagaitsev
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FRIB Linac

» The linac consists of 316 accelerating and 8 bunching SC resonators

» Beam energy: 200 MeV/u uranium, 600 MeV protons

» Total available voltage: 855 MV, effectively lower due to TTF

» Focusing with solenoids in SC sections and quadrupoles in warm sections

= 80 m space is foreseen to upgrade beam energy to 400 MeV/u, protons ~1
GeV

= Complexity: ECR source; all stable ions from O to U; Liquid Li stripper; multi-
charge beam acceleration; 1-mm diameter beam on the target; cooling of
target and beam dump; SRF and 2K/4K cryogenics; uncontrolled losses <104
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Linac Commissioning Stages

» Beam commissioning: Front End; First 3 cryomodules; Linac
Segment 1, Linac Segment 2, Linac Segment 3 and

Fragmentation Target (Isotope production) — Project KPP
BDS

; cryomodules : :
RFQ. LS1 QWR:

Sy / crvomodules

I%crvo =
distri utfbn gy

\‘-..




High Level Applications

~ Global Launcher for FRIB Physics Apps =

&m FRIB High-level Physics Controls Applications e
Double-clicking to Launch App R

Narme = Description Version

1 | & Achromat Tuning & All-in-one solution for achromat bending section tuning 0.2
' Operating allison-scanner device and processing the acquired data 3.3
: § The phase scan application for cavities 0

Display field levels for LS1 cavities 0

Visualize the parameter correlation, general-purposed parameter scan analysis 6.1

6 Bzl Device Viewer & Visualize/capture device readings from EPICS controls network 2.2
7 | & Energy Gain Calculator & Calculate the icon energy gain within a cavity 0
) Generic single/multi-pv scan, envelope/trajectory reconstruction 0

Show/investigate the lattices/elements information 13
Plots the RFQ longitudinal acceptance and beam phase-space 0

11 & Online Model @
12, & PM Viewer @& Inspect/Operate a list of wire-scanner devices 0.2
13 & Physics Calculator (7))

Simulate accelerator behaviors by online-modeling 0.3

Cheatsheet for accelertor physics calculations 11

""" E¥ Calculate transverse emittance based on single quad scan approach 15
Manage the physics settings of the accelerator 21

Another novel way to visualize and control the accelertor facility 0
B9 Steering trajectory with optics response matrix 35
18 " Trajectory Viewer @ Visualize/Manipulate beam central trajectory 3.2
19 ' Unicorn App & Manage/visualize the scaling laws between engineering and phyiscs units 1.4
20 'r'",e Virtual Accelerator Launcher @ Launch FRIB virtual accelerators 2.2
21| Wire Scanner App @ Operating wire-scanner device and processing the acquired data 2.9

(3] ~ FRIB Physics Applications (v3.3) 2020-04-21 14:52:30 EDT|




Phase Scan App

Cavity Phase Scan - [files/shared/ap/Phase-scan-GUIf20200317_LS2.json

JSOM Linac file: Save Saveas.. Cavities: Use All UseNone Scan: P Start [l Pause | I Stop 83 March 23,2020 17:42:41
Cavity Use Status Phase Setpoint (deg) Field Setpoint BPM data Cavity LS2_CCO5:RFC_D2885
22 LS2_CCO3:RFC_D2806 -20.0 7.0 MV/m LS2_WC07:BPM_D2981 S i
73 LS2_CCO3:RFC_D2810 -20.0 7.0 MV/m LS2_WCO08:BPM_D3020 Cavity type: HWRO029 Buncher
24 LS2_CCO3:RFC_D2814 -20.0 7.0 MV/m [ MBI AL DB Beam Q: 18.0 + I 36.0
25 1S2_CCO4:RFC_D2825 -20.0 7.0 MV/m '--w-l
26 LS2_CCO4:RFC_D2830 20,0 7.0 MV/m CEPANUE A LI BPML: LS2_WC08:BPM_D3020 -
: LS2_WC12:BPM_D3180
27 L52_CCO4:RFC_D2834 -20.0 7.0 M\l’:l'n LS2_WDOL:BPM_D3242 BPM2: LS2_WC09:BPM_D3060 -
28 L52_CCO4RFC_D2845 -20.0 7.0 MV/m
Ls2_WD02:BPM_D3304 Copy Input energy from Output energy of the previous cavit
29 LS2_CCO4:RFC_D2850 20,0 7.0 MV/m ) Py Inp £l P 9 P ¥
LS2_WD03:BPM_D3366
30 LS2_CCO4:RFC_D2854 -20.0 7.0 MV/m 152_WDO04:BPM_D3428 Input energy: 20.0 MeV/y
31 LS2_CCOS:RFC_D286S “235 6.0 MV/m LS2_WDO5:BPM_D3490 Output energy (read-only): 19.945 MeV/U
32 LS2_CCOS:RFC_D2870 -20.0 7.0 MV/m LS2_WDO06:BPM_D3552
33 L52_CCOS:RFC_D2874 -20.0 7.0 MV/m LS2_WDO07:BPM_D3614 Energy gain (read-only): -0.055152 MeV/y
< _ccoserc_passs LS2_WDO8:8PM_D3676 o) Aceeterting phase
35 152_CCO5:RFC_D2890 -20.0 7.0 MV/m L52_WD09:8PM_D3738 el ot accelerating shace to
36 LS2_CCOS:RFC_D2894 -20.0 7.0 MV/m e ; S D
37 LS2_CCO6:RFC_D2905 7.0 MV/m o Accelerating (synchronous) phase Ag: -20.0 | deg
38 L52_CCO6:RFC_D25910 7.0 MV/m BN Maximum acceleration phase: -33.9 deg
39 L52_CCO6:RFC_D2914 7.0 MV/m &
40 LS2_CCO6:RFC_D2925 7.0 MV/m 5 1001 C) Phase scan
41 LS2_CCOG:RFC_D2929 7.0 MV/m @ Turn ON the cavity for the scan
o
[ £ =150 From -180.0 deg to 180.0 deg
o
| "bpm2_phase =
£ : = with step: 15.0 deg
- S — —200 ) .
Work Wlth LSZ CaVItIeS — Wait 0.200 . sec after each scan step
150 -180-150-120-90 —60 —30 0 30 60 90 120 150 180 B oaETetzear 7.000 2 MV/m
RF phase (deg)
1001 '_"““ﬂ-_\‘ # € +Q=~ B D) Amplitude adjustment
= : After scan set [field level to design = value: 7.0 MV/m|
g BPM Magnitude
g > - ... 1.500 2 MV/m
© 2 0.0004¢
z oo Additional controls for R
= Q _ .
& 5 2 0.00034 CaVIty and energy Field calibration coefficient { E_real { E_csstudio): 1.0
N =
—50 'En Live Energy
0.00032>
E meaSU rement Read beam energy from: Energy 1 =
100 v v x v v v v v v v % 0.00020 v ‘!’ Beam energy: 274.0599 MeV/dy
-180 -150 =120 -90 -60 -30 30 60 90 120 150 180 : S —— )
RF phase (deg) —-180-150-120-90 -60 -=30 0 30 60 90 120 150 180 Beam energy estimate: 200.0 MeV/d
RF phase (deg)
- . — - BPM update rate: SH >
A€ +Q=w B AeEI +Q=w B S — ‘

Application Initialized

FRIB{,

Facility for Rare Isotope Beams
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On-Line Beam Simulation and Matching

Matching application

Lattice file

ionDropBox/beamstudy/script/notebooks/General-Matching/FS1d-LS2-FS2_36Ar18_matched.lat

Select

0 2

100

120 140

160

Plot first element

88l LS

-
0.0 [m]
[deg). [keViu]

20

=10

=20

=02 =01 00 01 02

Tuning knobs
Element

4 Knob 1 F51_BM5:QH_D2666
v Knob 2 FS1_BMS:QV_D2679
+ Knob 3 FS1.BMS:QH.-D2693

+ Knob 4 F51_BMS:QV_D2698

¢ Knob 5

5 y
[mm)]. [mrad]
0.6
0.4
0.2
0.0
-0.2
-0.4
-0.6
4 0 1
—— - - - — -
Initial beam condition
Ek 198 q/A 05
X 1% .
alpha -0.003 -0.004 0.016
beta 2301 2.367 0.011
emit 0195 | 0.194 5.724
cxy 0.0 cxpy 0.0

CWJHI&&I becgpw Q@ran1le;§r

nob &

Original 19.8

X

alpha -0.003
beta 2.301
emit 0.195

New

19.8

X

alpha -0.003
beta 2.301
emit 0.195

S[m]
42.944

44.244
45.643

46.143

Qriginal
3.396
-2.717
3.239

-1.109

e e e e e e LU

[MeV/u]

¥
-0.004

2.367
0.194

[MeV/iu]

Y
-0.004

2.367
0.194

New

3.561
-2.842
2.924

-0.564

Plot last element

F52_BT5:PM_D4009

z [mm], [mrad]
0.016 02
0.011
5.724 0.1
0.0
z -0.1
0.016
0.011 -0.2
5.724 2 1 0 1

Target parameters

Element

v Param 1

v Param 2

+ Param 3

¢ Param 4

v Param & =

v Param 6 -

F51_BMS:PM_D2703 -

FS1_BMS:PM_D2703 -

FS1.BMS:PM_D2703 ~

FS1_BMS:PM_D2703 ~

S [m]
46.506

46.506

46.506

Parameter
~ Charge state
X
xrms
Xxprms
xCen
-+ ¥rms_org xpeen
yrms_org xalpha
phirms_org xbeta
¥FMS_new .
yrms. new xnemit
phirms_new 4 xeta
Ty
yrms
yprms
ymax
yeen
5.6 ypcen
yalpha
ymin ybeta
0.0 - ynemit
yeta
177.08 [m]
[deg], [keViu]
40 4
201
V]
_20 4
—40
—é.l 0.’0 O..l
Parameter Original Target New
xalpha - 0.097 =-0 -0.0
yalpha - 0.036 =-10 0.0
xbeta -~ 1.732 =~ 178 1.78
ybeta - 1818 =~-1.78 1.78

46.506

Plot parameter

Unit
#1

Original New

[mm] ’ v
[mrad]

[mm]

[mrad]

[mm/mrad]
[mm-mrad]

[m]

[mm] "] '
[mrad]

[mm]

[mrad]

[mm/mrad]
[mm-mrad]

(m]

Original 238.26 [MeV/u]

X y z
alpha -1.64 -1.569 0.842
beta 20.661 21.848 0.004
emit 0.194 0.196 5.724

New  238.052 [MeViu]
x Y r4
alpha -1.737 -1.712 0.865
beta 21.572 24.083 0.004
emit 0.195 0196 , 5724
Matching preset
Control

~ — Darameter_

rlatching preset test

Update FLAME Reset FLAME

Optimize

Control network only

Load online setting



Beam Commissioning of First Three
Cryomodules

Commissioning beam diagnostics station

)
‘Beamy A
Carrent \ ;
Monitore= mw ¢\ Wl {8 g e

A TRY |

ISRV 51 Detedtof 1 /| Faraday
: ! " LaCup ™

PM y "._ .EI;_ é i | 1 H A i - —

L

¥ T

" ﬂcryomodules MEBT
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Argon Beam in LEBT

* ECR normalized rms emittances for 280 uA (50% of the FRIB design intensity)
4OAr* peam by Allison scanner

&n =0.109[mm - mrad] i = ;,-,:E,g%f«lzdslmm :mrad]
B=1.9[m]

a= —0.227
B=0.867[m]

x'[mrad]
y'[mrad]

-10

-20

=30

-10 =l (1] 5 10 15 20 25 ac
y[mm]

M
o=
x
3
3

RMS Envelopé along the LEBT — irms
Dots: profile measurement data i

=
un

RMS [mm]
=
o

L

I: 0 5 10 15

20 25 30 [m
= mom N  "CTeen Stere universiy P.N. Ostroumov, FNAL APT Seminar May 26, 2020, Slide gl ]




Phase Scan

» Phase scan procedure was applied
at 1.1 MV/m to avoid beam steering

* For phase scan of SC cavities we

BPM phase (deg)

use very low average beam current

* Peak current ~100 nA
e Duty Cycle ~0.025% (5Hz, 50 us)
e Attenuation in the LEBT

» Average beam power: <2 W

(=]
L

-

|
]
[=]
(=]
L

~400

—600

—800 -

AN

L]

FRIBE .

~180 -150 —-120 -90 -60 -30 O 30 60

RF phase (deg)

Facility for Rare Isotope Beams

90

120 150 180

L5, Department of Ensray Cffice of cignce

Michigan Stabe Univorsity

BPM phase difference (deg)
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— 0.00065 +
=
=N
= 0.00060 -

m

§ 0.00055

‘S 0.00050 |

g

£ 0.00045 -
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8. 0.00040
0.00035 -

0.00030 T T T T T T
-180 -150 -120 -90 -60 -30 O

400

—-200 -

~400 -

—600 1

~180 -150 -120 -90 -60 -30 O

30
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60

90

120 150 180

30
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60

90
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Beam Energy Measurements

* Precise beam energy measurements with BPMs and Silicon Detector (SiD)

» Design energy gain profile per nucleon is the same for all ion species in the
first 3 cryomodules

» SiD energy measurements were done for Ar beam

Beam energy vs cavity number, Silicon Detector measurements

TOF measurements after turning each cavity on

1.6 MCA(Lynx) Raw signal

2500

[eh]

1.4 -

— 2000|—

; 1.2 + -

> L 1500/

= 1 - -

v | B

L 1000 —
0.8 - B
=l TV
0.4 |I.- | ok 0000 R0 20000 S5005" 30050

N9 D

%Q)’\%Cb,@,,\'\,{lz

1,
RN

Cavity No.
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Bunch Shape Measurements with SID

= 504 keV/u beam with one
rebuncher

= Beam drifts for 15 meters :

= 40.25 MHz bunch
structure formed by Multi-
Harmonic Buncher

* RFQ: 80.5 MHz

Help

Jdata/SiD_20180810_204439

Lynx Raw Data |

iy
n
=

Entries 21758
Mean 1.353e+04
RMS 7580

-
[=}
=

@
<

'S @
= =]

n
=

oIIIIIHIWII}IH[III]IIW[III

o

30000
[ch)

Timing

Entries 21758
Mean 34.38
RMS 1.018

VIIIIIII[IH}IHIWII]IH]]III

SECTION A-A e ‘ 15“"?": 1 3
< Facility for Rare Isotope Beams
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Michigan Stabe Urivorsity

[s]
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Bunch Shape of 1.4 MeV/u Ar Beam Measured
with Silicon Detector

= SiD provided very good
time resolution, ~100 psec

* Bunch shape of 1.4 MeV/u
Ar beam, time focus to the
SiD is provided by cavity
#12

* SIiD does not show any
beam halo in the
longitudinal phase space
as expected

FRIBE .

Michigarn e Lniversity

LLLLLL

|||||||

Facility for Rare Isotope Beams
LS, Da,:nar 'ren of Enzroy Cffice of Sciegnce

1000
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200

(=]

Jdata/SiD_20180810_175214
[ Lynx Raw Data

Entries 20277
Mean 1.292e+04
RMS 7901

PR WP N T
5000 10000 15000 20000 25000 30000
[eh]

‘ Entries 20277
) Mean 32.83
‘ ' ‘ RMS  0.1284

|
|J L.RMS=3.7°
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Longitudinal RMS Emittance for
Two MHB Settings

» The longitudinal emittance was measured by scanning RF amplitude of one of
SC resonators at bunching phase

» 0Ar beam accelerated to 1.0 MeV by the first seven resonators
* Bunch length was measured by silicon detector in the D-station

* Measure the longitudinal emittance with two multi harmonic buncher settings

b M'n'mum |OngItUdIna| emlttance 10 Mimimum longitudinal £ tune of MHB
H H H ““\\ \\ ‘\ __ Reconstructed
 Maximum beam transmission _ rms-cllipsc
2 o \.\
Minimum longitudinal emittance RFQ 04 = N
3 B ) = Min emittance & Max transmission ; -
% acceptance —— Min emittance —— Max transmission < 0 2 3 -
= — e
o0 203 2 _5 | Erms = 0.137 mkeViuns \
z Beam \ S PO \
= £ B=0.11 ns/keViu \ \
g = 10
= 180 90 0 90 180 E 02— R - " Ti UAUt (ns) B .
~ ime At (ns
RFQ RF Phase (deg) o _ o
10 Maximum transmission tune of MHB
Maximum transmission construcles
= 13.0 01 [ B T T T S B ‘\""n\:‘\\ \‘\\ _ lims-clllipscr I
= 0.6 g.s - I#q { 2 ) |.-'1d_ t[lh,?w | 1.8 2 s . R\
80/ 12.5 C50 accelerating gradien m S— 54
> Z
%“ 12.0 - ;;
2 [rkeV/u nsec] | Meas. | Sim. 3
E ) ) .\‘_\\x "\\.\‘H
3 . . 5 | Eme=0.185 MkeVins \ -
I Min. emit. 0.14 0.12 I D R
RFQ RF Phase (deg) B~ 0.13 ns/keViu \ N\

Max. trans. 0.19  0.14 L S T

F R I B Facility fC. .o o e e e Time At (ns)
5. D FE v Cfice of S = . .
el el RS P.N. Ostroumov, FNAL APT Seminar May 26, 2020, Slide 16



Beam Diagnostics in Linac Segment 1

U Beam Current Monitor (BCM)
g | Halo Monitor Ring (HMR)
® Available diagnostics: ~60 Beam position Monitors (BPM), 4 Profile Monitors
2 .
& (PM), neutron detectors, ion chambers

M P M P M M M M e +—4EE2

. PHEREEN "
P M i SN k- SCE T ke SO o &-_ll&_t&- a—— e — Coi | ci Caii o Co—i | o Caii o Ca—il | Ca—ii Ea—il | o Ca—i 1 Co il TP R J§ B e

" 14 accelerating cryomodules with total 100
QWRs and 39 SC solenoids
1 bunching cryomodule
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Four lon Species Accelerated to 20.3 MeV/u

= Beam energy is verified both by Time-Of-Flight (TOF) measurements and 45°
bending magnet field

= Detailed tuning was performed for 40Ar*

o 80K 17+ 20Ngb+ 129X @26+ beams were accelerated by scaling of all electromagnetic
fields

* 100% transmission BCM Current [UA]

= Typical measurements of the | asmen
beam transmission is shown here | R T
* Signals are average over several |

' 36.44UA  3647UA  3651UA 3647 UA
minutes ® o Pl e

= Beam current monitors:
e D0989 — before the RFQ
e D1055 — right after the RFQ

* D1120 - right before the first
cryomodule

» D2182 - right after the last cryomodule
» D2264, D2353 — after the stripper 063 ua

330_ e e . B I

20}

10f

FS1 BTS:BCM_D2449

FE_LEBT:BCM_D0989
FE_MEBT:BCM_D1055
FS1 CSS:BCM_D2264
FS1_€SS:BCM_D2353

« D2449 — after the 45° bending magnet ° 1 : a i ; e

F R I B "¢ Facility for Rare Isotope Beams
%, Departrment of Ensrgy Cifice of Scignce . .
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Central Trajectory Correction in LS1
Consisting of 100 SC QWRs and 39 Solenoids

= Beam centroid was tuned to be within £0.5 mm using on-line Optics
Response Matrix - based High Level Application

BPM Overview (MEBT to FS1)

Chopper: | Chopper Runni Duty Factor % 0.01%

Z|H| 5] w ||| Bl Ea|a|@t ([« | a]e]| =
15

BPM Position (mm) Update Rate: .2 second v
ex @
mm
° e !
L ]
o0 .ﬁ .:.. ..}. o oo o8 ™ .... . ., .... .'. ..0 .0.0..
Before o penesop [ oo o e e T 4]
) a 1 'o.- oo, so® o ¥, J
L [ 4 ® ®
[ ]
L]

BPM Overview (MEBT to FS1)

\ I I1-»| Ifl I%I I«Ill FIFJ_IJ

BPM Pasidon (mm) e T
mm =
. I, One BPM was
After A AN AL 0 0 AN g A SN 000 000 ot m e o cemnee | CISADIE, 4
BPMs are
located after
A0L03 [ ST GO (siets | Fsicss [ FSLBBSIETSIENS | the bend
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Transverse Beam Dynamics Is Consistent
with the Design

= Envelope tuning in warm section is based on Profile Monitor (PM) measurements
« “old” - design; “new” — retuned to minimize beam envelope and match to beam

dump summary_20190306_173630_retune_output_momentl_normal_combined.json
" X (old) Y (old) --- X (new) === Y (new)
£E . |
EEI \}‘ LAY ) ""f\z h.-.'-__ ..........
----- M w3 e - T\‘v, TeEmmsazzs
=
5 8oan XD YOO o Xiew o vOew]
'€ 0.130}
E Eo.128
2 =0.126E e — e —
o 15 . : : . .
3 1.0 cxy (old) cxy (new)|
o 0.5
1= . -
5 0.0} B B e e B b s S S e
3 -0.5| :
N . . . .
B
ﬁ; R S S R L L 1 B BRI R R BVl N R
10 20 30 40 50
Z[m]

MEBT, W=0.5 MeV/u| LS1, W=20.3 MeV/u
RMS norm emittance (r um rad) €y

| =33 pA 0.14 0. 10 0. 15 0. 12

| =133 pA 0.13 0.11 0.12 0.14




Transverse RMS Emittance with Low Beam
Losses

= Quadrupole scan and profile . 2 z
= = ' a
measurements to restore —5 < $ B
transverse RMS emittance Z‘; =
[ e [
. g 21 & ~
= Avoid beam losses downstream  * IM/I\"I\T
of the profile monitor _?jﬁl/:/\'% 3 LI il
Recover original M j
Twiss parameter by = 5] Significant beam mismatch _
using these 4 quads 6tJ4WﬁWﬁ?b‘ffi;]' 3ection 25
35 (a) Q-scan for vertical plane p; “g E
x (fitting) ~ —— y (fitting) = 5 § 5
53.0- ® x(exp) ®  y(exp.) E‘: éj’ : é
g é 2———\/\%%!\\“
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Bunch Shape and Longitudinal Emittance
Measurements

= Bunch Shape Monitor (BSM) Typical bunch shape, rms bunch size is ~1°
 Very small bunch length can be created at - ;
the location of the stripper . /1
= Bunch shapes were measured for f :
different setting of the buncher g VIR

this data

RMS bunch size as a function of the buncher
voltage

+— Least-square fit with rf-gap model (0.34 pi keV/u ns)
+— Nelder-Mead optimization with TRACK (0.34 pi keV/u ns)
+ Measurement

=
o
1

3.0 1
2.5
= +
o
3 /
Z 2.0 4 //
5 &
E 1.5 A1 //
< y
=
=
[aa]

s

1.00 125 150 175 200 225 250 275 3.00
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Heavy lon Stripping

= 0.36 ppA 20.3 MeV/u CW o e e R
Argon Beam Image on -
Carbon Stripper

» Beam image size can be

easily varied by matching HVJ\N\%\A

guadrupoles |

bbb e I
10 0

* To reduce emittance growth - |
due to scattering beam size
should be small

* High density beam can quickly
destroy carbon foll

= Recommended rms beam
size:

e Carbon stripper: 1.5 mm
e Lithium stripper: 0.5 mm

< Facility for Rare Isotope Beams
L5, Department of Ensray Cffice of Scignce

Michigan State Uriversity
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Charge State Distributions after the Stripper
Measured for Four lon Beam Species

= 0.8 mg/cm? carbon foil was inserted on the beamline

= BPM signal after 4-mm slit vs 45° dipole current
» Charge states are selected for further acceleration

40Ar 20Ne

+ : . 20

= ety OAr| g EAgET Ne
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= [ o TR
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High Power Equivalent Beams

lon lheak 1N LS1|Pulse Rep. rate | Duty Factor |Average beam
(nA) length (us) (Hz) (%) power (W)

34.3 1000

Ar 3.2 9995 1oo CW 290
Ar 156 300 100 3 415
Ar 133 6000 5 3 360

1HzAvg  1HzAvg
nA uA Peak Avg Chan Delay

FE_LEBT:BCM D0989
. . . FE_MEBT:BCM_D1055 5073046nA 5074uA 16099 )
] T h e ave rag e power IS I I m Ited by FE_MEBT:BCM D1120 3972.03EnA 3972uA  13300uA | 17.00u
FS1 CSS:BCM D2183  3956.731nA 3.957uA  132.62
th e be am d u m p FS1 CSS:BCM D2264  7307.47znA T.307uA 24498 UA
FS1 CSSIBCM D2353  7244.363nA  7.244 UA .

= Differential signals from BCMs o o e o

were used as sensors for the
machine protection system (MPS),

= Transmission is 100% R S S

= Signals from the Halo Monitor ¢
Rings read background noise.

1 4
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Beam Loading Compensation

=6 ms, 5 Hz beam pulse structure Peak detection over 7 minutes

(Each data point: a peak value in 1 sec period)

| "fastvolts-B3-02.pit 15 Properties

FO rward RF power, Pforward «_ Forward V/Vnom Peak Amplitude Fractional Changes
1 V/Viom (Vnom: Vi at resonance)
o _| Reflected VIV o, WWW:M
[50.0 mg : RBW 3 kHz br‘_', Cavity VIV, o, ety
ZTE 0 OB VBW 10 kHz D1[1] 0.01 dB £ol
Ref -26.00 dBm * SWT 50ms 4.,980000000 ms :.-g: B eam O n
M1i[1] -30.05 dBm Bgl
-- 0.000000000 s %;_
e ]
ol 5
g ] Y
T L one? —
Ere T oo roes g teq e WY
8_‘ g Syl b
I 17:46| 17!48 17:50 17:52
2019-04-10
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o Peak Ph
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.ICavity A¢
£
2"
2ol
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86Kr Two Charge States Acceleration

= Velocity equalizer upstream of the RFQ is not available yet

» 18+ is ~5 degree earlier than 17+ for entire LS1

= Energy difference after the LS1 is very small

d¢ @ 80.5 MHz [deg]

» Charge states oscillate around their synchronous phase

» Beam centroid on the charge selector is close enough for selection

Phase diff

10

-10

LS1end 20.30 20.26

erence of two charge states (¢,g, - ¢17.)

LS1

RS

0 ] 1

100 120

t dE
18+ 17+
YA ¢
-35°-30

018+CO0S(P1g4) = U17.COS(h174)

Horizontal profile at the charge
selector slits for 86Kr3>+

0.0045
0.0040
0.0035
0.0030
0.0025

0.0020

0.0015-

0.0010

0.0005F

0.0000

A — 17+
A o 18+
/ \

15

x[_rnm]

Center -5.34 -3.93
RMS 1.68 2.18

P.N. Ostroumov, FNAL APT Seminar May 26, 2020, Slide 27



80Kr Two Charge States Acceleration
Capability of LS1 for Dual Charge State Beam Acceleration

Demonstrated
= Everything is tuned for 86Kr17+ 2(q, - q,) ey
* Beam trajectory aligned within =1 mm q + 0, =9.170

» Transverse matching was conducted at the FS1 entrance
* ECR and LEBT are tuned

to 86Krl8*+ pbecause the = T e
. g %1% nlim|r wl/£(a|alof [+ | 5le) €] i . ‘
velocity equalizer at the 8 - —
RFQ entrance is absentat | 17+
p re S e n t E E:. o™® _::.' W:'.': '.o..:'.,*‘_-... «l? "....o_b........ oot FON _-o,\..~.‘: oY ’.0-.0'.9. e N o]
» Extraction voltage is set for
18+ to be 12 keV/u

* Scale LEBT optical elements |- s o 7
by 17/18 . c—
L L 18+ [
= 100% transmission iIn LS1 | T S "
i LI R 11191 SR SR A A MW T
= Foruranium 20=0) g0 - © 4 ¥ ‘
4, +Q, —

BPM Intympp)
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Beam Acceleration in LS2

= Linac configuration for ARRO4
[ﬂ Beam Current Monitor (BCM)
|  Halo Monitor Ring (HMR)
Available diagnostics: Beam Position Monitors (BPM), Profile Monitors (PM),

E} neutron detectors, ion chambers
3
kY Beam Dump (Folding Segment 1a, FSla)
e
H—%ﬁ—"‘ s o ot LT AT T T PP R B r‘
( can | i | = i "'-*llgz@.—.'!ﬂ@ LS LT, BN BB A A i e (1 [ }Jé
3 Il
. l| l| TSI 12, _":l :_ﬂ“_.,,”_,,_"_"‘_‘ A W W A A W R WL l‘
i
L
Beam Dump (FS1b) Faraday Cup Beam Dump (FS2)

= 9 Beam Inhibit Modes (beam destinations)

= Number of SC cavities used to achieve the KPP: 204 MeV/u of 36Ar

« 103 out of 104 in LS1
« 148 in LS2, 4 cavities were not available and 16 cavities were not energized

F R I B . Facility for Rare Isotope Beams
L5, Department of Ensray Cffice of cignce . .
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Tuning of HWRs for Acceleration from 20
MeV/u to 204.4 MeV/u Took about 12 Hours

* Phase scan of 148 HWRs took 12h18’
« Beam availability during this time was 91.9%

= Machine Protection System was activated

Phasing HWRs in LS2 with 36Ar18+ beam

l?O

Beam Energy (MeV/u)
100

50
L 1 L L L

o T i T " i T i " T T " T T " T T T i T " T T i i " T T i T i " " T "
18.00 20:00 22:00 00:00 02:00 04:00

2020-03-18
ACS_DIAG:BPM_ENGY4:KE_RD [MeV/U]
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= Beam energy

pairs of BPMs

Final Beam Energy

BPMs Energy and Velocity Estimation
measurements We re Chopper BRunning Duty Factor %: 0.015 %

FE_ISRC1
p e rfo rl I le d u SI n g 3 Estimated Energy: [200.000 MeV Estimated Veloeity: 171.591 m/us 3; s Mass/Charge: 3.596
Search +/- Range: [18.00 % Combined Energy Est.: 204.478 MeV/u Ar BCM Current (na): 2.854
r . 18
Update Rate: | 2second » |Valid Goodness of Fit: 99.80 % | BeamPower (W): 2.1E0 W

FRIBE .

[[JUse 5HzPhase

BCM Select

Preset Settings:  MEBT Power | LS1 Power | FS1_CSSBCM_D2183:AVGL_RD NPP | -

Y '>:‘:,|'>:‘;|| IQé| |@'|1_| ‘“"|$ Ek|{“?|¥ ||: | & |@ * PP are recommended BChls
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Transmission from MEBT to FS2 Beam Dump

= 100% through the LS1

SC SeCtion B4 o~ lr I $PE+ B (220903118 Data Vitptioath

*= 100% through the LS2 )
SC section : 3 339 338 33.9

» 91.6% through 180°-
bend
» 8.4% losses Intercepted
with Charge Selection
Slits after 45° bend in
17+ charge state

Beam current (euA)

= Accuracy of beam
current measurements

IS 1% c

llllllllll

DataViz X-Axis = ID  Position '« DiH&##  Device Name  Height Annotation

DAQ Frequency 5.0 Hz |- Shot Number 900 - © 0 0%

@[~ Devices Viewer (v2.1)
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Temperature of the FS2 Beam Dump

= Two temperature probes from the beam dump during the process of
energy increase

* These signals are clearly correlated with the beam power as expected

o_ FS2 dump temperature, 36Arl18+ during LS2 phase scan
N7 8-
| 84,1
N
| 1<
g0 | w1 |H
1
uw [5a] |
1587 | .
2838 Small increment \
a1 | . . ey I
r ]
o W] defined by the digitizer | o] f\,/\
X T 0 T il H N
)] ] jLr)_ . ‘ N
S3B 8P resolution e |
adN |= ]
§ “84 - "!F
= B la] Aﬂ |
158421 e il
1o 1 ] | —— H
ﬂ_m 1o o I —L
IEAEE e I
lo
odS- L L L L
g' 121 T T i T T T i T i i i i i T T T i T T T i i i T i T T T T i i T i
= 18:00 20:00 22:00 00:00 02:00 04:00
2020-03-18
FS2_BTS:TI_D4018:T_RD_1 [C] FS2_BTS:TI_D4018:T_RD_2 [C] ACS_DIAG:BPM_ENGY4KE_RD [MeV/u]
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Neutron, y Radiation from FS2 Beam Dump

= lon chambers show radiation

dosage near FS2 beam dump, ‘s e mee

-oo0.00v Jessosv ] oFF | oM |G -1.06 mRemitr Detail |
FS52_BTS:IC_D4018 0.000016 wh  |-1000.00V |-999.98 V OFF ON é 3.66 mRem/hr Detall |
F52_BTS:IC_D4019% -0.000016 wA  [-1000,00V |-990.97 V OFF oM # 4,21 mRemthr _ Detail |
I I ] 4
|~ RE || o N L R ®
Radiation Dosage (mRem/hr)
B Shddhe i ; ! I y Y e Ui s hrcund
L i e R TRALIL S WIS B M LIS NSRRI NS e R e
052320 06:23:30 Lr 052350 152408 5 o5

* Neutron detectors (events)

Beam oh,
higher power

P ehid A

-

D02:ND_D3252:EVT_RD [ewt/s] LS2_CO04NC 3376 EVT_RD [ewi's]
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“Design” and “Actual” Setting of LS2

= The design setting for 36Aris+
beam was developed using
FLAME code

* Four different settings of
solenoids were developed to
minimize beam losses while

energy increased from 20 to 204

MeV/u by phase scan of each
cavity

» Actual setting of solenoids was
adjusted manually during the
commissioning together with
dipole magnets to minimize
beam deviation in X- and Y-
planes

FRIBE .

Michigan

Facility for Rare Isotope Beams
LIS, De aar 'ren ofE n.yC,ﬁ' 2 of Scignce

[mm], [deg(@80.5MHz]

], [deg@80.5 MHz|
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— XIms
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Novel Room Temperature CW Bunchers for
20 MeV/u lon Beam

* Replaced bunching cryomodules

* RF parameters of both bunchers are excellent:

cooper
* Frequency is 161 MHz

* Only 9.1 kW is required to achieve the design voltage
of 0.72 MV for the most heaviest uranium ions

= Both bunchers were tested up to 18 kW,
CW RF, which is 2x higher than o
required nominal power

= The cavity voltage calibrated with beam .
11 kW — 0.77 MV ”

= |[H structure can be an efficient
accelerating structure up to 3 = 0.2

F R I B < Facility for Rare Isotope Beams ) "
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Beam Central Trajectory Correction

* The beam centroid position in LS1 was corrected using High Level Application
(HLA) based on Orbit Response Matrix method

* The beam centroid position in FS1 and LS2 was corrected manually: beam
centroid deviation is well below £2 mm

BPM Overview (MEBT to FS1)

Chopper: | Chopper Runn Duty F

actor %: 0.050 %
Enl%]| wle|r]| ald=ala|eft [« | ale|| @

BPM Position (mm)

0 -'-'.."..-‘...'-’-a.'-.-n'q.-W:-smWm‘h-.-':¢°°v‘"'"-':.-'.'-..,-s'."‘."'-.'-,-.".—"b,"' -0 0'0..".0'-\.-.'.‘1.'0"0.'-

- BPM Intensity (mVpp) [+/] Show separators || Log Scale
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Beam Steering Correction in LS2

= Currents in SC

dipole coils are less than 10% of the design value

LS2 steerering settings (A)

mX
my

- | . | I ;
lr'l'llllrr F“"m=*= ==

CC1

S O =T W0~ 00O — N NS W 0~ 20—
808838808000060000000aa0
00 o0 0O 0
Steerer Location along LS2
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Phase Scan of LS2 Cavities

* 69 35=0.29 cavities at 7 MV/m and 79 3=0.53 cavities at 7.4 MV/m
= 16 B;=0.53 cavities were not energized

8
7
b
5
a
3
2
1
0]
1 7 13 19 25 31 37 43 49 55 bl 67 73
8
7
6
5
a
3
2
1
0
17 25 33 41 49 57 65 73 81 89

1 9
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Summary of Phase Scan

= Auto-start was not available for LS2 cavities
 Manual field ramp rate for most cavities was 0.1 MV/m/sec
« Some delay in several cavities

= Several cavities were skipped due to minor issues to save tuning time
* There were multiple trips of cavities both in LS1 and LS2

* MPS was activated
e Beam availability _ CC01-cCcCc12 ) CDO01 - CD10
o | — 6:26 ‘ 5:52 —T*
was 91.9% ; -

= CC: 5.6 min/cavity

150

v

[1
[1
ig0
|

LS2 CCOLRFC _D2706:PHA RD CAVS
16:34 ' \

LS2_CDOLRFC_D3187:PHA_RD_CAVS
23:00

50
1

= CD: 4.5 min/cavity

o/

-100
1

LS2_CCO01:RFC_D2706:PHA_RD_CAVS [

LS2_CDOLRFC_D3187:PHA_RD_CAVS

-150

T T T T T T | LI B | I S T T T | I — T T T T 1
16:00 18:00 20:00 22:00 00:00 02:00 04:00 06:00
2020-03-18
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Machine Protection System Helped to
Achieve High Availability of Beam

» Several Levels of MPS were applied

Maximum power |Inhibit MPS MPS response time |Comments
of accelerated modes Level
beam (Watt

5-8 Level 1 <100 ms Exact value of the

9 Level 2 <100 ms response time as a

7 Level 3 <100 ps function of the beam
9 Level 4 From 35 pusto 20 ms peak current

___ ISemsors | Connectionto MPS |[Comments |

EEVEIE Beam line gate valves Through PLC and RPS

Magnet/corrector PS Through PLC and RPS

Cold cathode gauge Through PLC

Chopper monitoring device Directly to MPS node

Peak beam current in MEBT Directly to MPS node  Measured with
MEBT BCM

LLRF controller of FE, LS1 Directly to MPS node  Not required but

(CHO1, MGBO01, 02 not included) can be activated

EEVEIE Level 1 + LLRF of FE, LS1 Directly to MPS node
(CHO1, MGBO01, 02 not included)
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Other Observations

* Transitions between “beam inhibit mode” was very quick unlike during
the ARRO3

» Total number of beam inhibit modes is 9; the first 4 at low energy and are not
critical

» Operators were well trained to switch beam inhibit modes
» Excellent performance of all types of BPMs
 High sensitivity, high accuracy

= All Halo Monitor Rings did not show any signal above the noise level

= Only 2 neutron monitors located close to the FS2 beam dump showed
events

* Radiation survey of the accelerator after completion of the beam
commissioning was done in 72 h and did not show anything above the
background including the shielded beam dumps
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Path Forward with Beam Commissioning

» 2-3 weeks of Linac operation is planned in August-September, 2020
= Li stripper test with beam in LS1
* ARROS goal is to commission FS2 and LS3

* ARROG6 goal is to demonstrate the project KPP: produce and detect
84Se isotopes

Area with beam ARR

Li Re-commission with lithium charge stripper 11/2020*
stripper
ARRO5 FS2, LS3, part of Beam Delivery System (BDS) to straight 04/2021*
dump
ARRO6 BDS, target hall pre-separator, Project KPP 09/2021*

IRRO1 Vertical pre-separator (outside target hall), reconfigured 12/2021*
A1900, commencement of user operations instrument
readiness * Subject to changes caused by COVID-19
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Beam Commissioning in Target Hall

* Define Operational Safety Envelope
 Beam intensity is sufficient to tune BDS and demonstrate Project KPP
 Beam power control can be provided by credited attenuators at LEBT

= Install additional PIN diodes for Time-of-Flight (TOF) and 4E
measurements

= Provide 200 MeV/u of 86Kr on target

= Use 2-mm slits at the wedge B
location and separate Se isotopes

» Most difficult task is to separate SCD1,2 (FSD1)
84Se from 83Se at the same 1 |
charge states
* Requires good time-of-flight
resolution

::|Beam stop

LA Y

1t - 5I

= E -l
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ldentification of 84Se in Target Hall

= Separation and identification of 84Se in target hall simulated

e 200 MeV/u 8Kr beam, bunch length 0.1 ns (sigma)

* 3 mm graphite target

« Magnetic rigidity separation Beam from linac
» 2 mm slits = 0.1 % momentum window

» Detection in 4E-E telescope (to be installed at the wedge Iocatlon)
» Timing resolution 0.1 ns (sigma), Energy resolution 0.5 % (sigma) Slits and
» Resolution achieved with Silicon detectors Detectors

« 845e34+ well be resolved in AE-TOF plot after suppressing charge states via total kinetic energy
measurement

Beam intensity of 1 W yields about 380 84Se34* per second (overall 1200 particles per second)

83Se34+ 8lSe33+ 84Se34+ 825e33+ 855634+

\ L } 'l y ] y 2

380
370
360

o 340

330 320

300
310

Energy loss (MeV) /PIN/
Energy loss (MeV) /PIN/

79Se32+
280 S
260 i -%‘

15 154 1568 162 166 17 174 178 182 186 19 11500 12000 12500 13000 13500 14000
Time of flight (ns) Total energy (MeV) /before Material 2/
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https://events.frib.msu.edu/Shared%20Documents/202005%20DOEOPA/Memory%20Stick/Additional%20Material/Posters/202005_1_doe-opa-fragment-separator_design.pdf

Summary

* FRIB Linac System KPP demonstrated
« 1.88 puA 3°Ar beam accelerated up to 204.4 MeV/u

 Beam energy can be increased to ~240 MeV/u by energizing additional two
available cryomodules in LS2

= Transmission is 100% with the measurement error of <1%, no Issues
with beam steering

* Performance of all types of BPMs was excellent

= All other accelerator components (diagnostics, controls, cryogenics,
vacuum, SRF, Front End,...) operated as expected

= Two warm bunchers in FS1 were used for the beam matching in
longitudinal phase space for the first time

= Work in progress to get ready for FRIB Project KPP in September-
October 2021
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