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FRIB Construction Completed in Jan. 2022
On Cost and Five Months ahead of Schedule

= FRIB Project constructed a $730 million national user facility funded by the
U.S. Department of Energy Office of Science (DOE-SC), Michigan State
University, and the State of Michigan

® FRIB construction completed in January 2022, on cost and five months ahead
of schedule

= FRIB is now a DOE-SC scientific user facility for rare isotope research
supporting the mission of the Office of Nuclear Physics in DOE-SC
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Started User Program May 11, 2022

* FRIB provided isotope beams to the decay station (FDSi) and S800
from 11 May to 2 August for 3 user experiments

Objective Measures “

LE_L[] Reaccoleratod BoamiAfea User experiment #21062 at FDSi May 2022 v/
RLbA LeCe User experiment #21069 at FDSi Jun 2022 v
GLa_s‘"S“togping/ . _ .
e : iﬂi;: i :Dﬂ User experiment #21007 at S800 Aug 2022 v/
{ e ﬁ o FSEE user operation start Jan 2022 v
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Beam Commissioning in 7 phases over 5 years

lon source, LEBT, RFQ, MEBT 0.5 MeV/u July 2017
2 Linac Segment 1 with 3=0.041 cryomodules 2 MeV/u July 2018
3 LS1 with 3=0.041 and 0.085 cryomodules 20 MeV/u February 2019
4 Linac Segment 2 3=0.29 and 0.53 cryomodules 200 MeV/u March 2020
5 Linac Segment 3 =0.53 cryomodules > 200 MeV/u May 2021
6 Target hall pre-separator December 2021
7 Entire FRIB construction scope January 2022

to Fragmentation Target * FS: Folding segments; * FSEE: FRIB Single Event Effects Facility

Beam delivery system (BDS)

FSEE* £ = s R
- —+ H—t——H—H—= = == = =H= = =H= = =H= = K= = sH= = == = =H= = =Hs = =H = = HT THT THE el oee e ———
*FSl Stnpper Linac segment 1 (LS1) Front-End FS2*
{ = H = H= H=H = H = H=H=H=H=H=H=H = = H = H = H - H = H - H - H - H - .—n—rr——-—-

Linac segment 2 (L82)
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FRIB Cavities

to Fragmentation Target * F'S: Folding segments; * FSEE: FRIB Single Event Effects Facility

to Beam delivery system (BDS)

FSEE* - . L}nch s_eg'?le_nt H3 (PSH3) ]

=H= = =H= = =H= = =aH= = =H= = =K

= = = = sH= = =H= =
Stripper Linac segment 1 (LS1)

SH= = =M= = = Hr o He He o

*FS1

+—{= H = H e HeH=eHeHeHeHesHeH=sH=sH = H & H = H
Linac segment 2 (LS2)

y

- H = H - H - H - H = H

324 SRF cavities!
+ RT RFQ & 4 bunchers

QWR 80.5 MHz QWR 80.5 MHz HWR 322 MHz  HWR 322 MHz
B =0.041 B =0.085 B =0.29 B =053

# 12 92 72 148
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Phase Setting Purpose

= Establish the design velocity profile 5(z)

DTL Wyt = const

Fixed velocity profile: defined by geometry

AL AU ANUL A AU L AU ANUL AL
S50¢C| S0L 50c50cC|S0L [ S0c50cC|SOL Soc50cc|SOL S Ooc

Variable velocity profile: defined by synchronization of independently phased cavities
Lighter ions can be accelerated to higher energies
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Phase Setting

* The phase of a cavity is varied in the range of [-180 deg, 180 deg]

* The beam energy can be measured...
» using a calibrated dipole magnet
* using a dipole magnet in a combination with a beam position detector
* using silicon detectors

« using various time-of-flight techniques by means of
gamma-ray detectors
fast current transformers
beam position/phase monitors (BPPMs or BPMs)
cavities as the beam phase detectors.

= Measurements fit into a model

Operating

point
» Reference points are found
“zero crossing”

/@ \
(easy to find since W;,, = W, ) \ , .

maximum (used in theory of RF linacs) -180 90 0 90 180
= Operating point is selected Cavity phase (deg)
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Example: FRIB QWR041

AW = qU,rr - cos(@ + ¢o) follows from the Panofsky equation

1000
Voltage:
— 0.2 MV
—— 0.4 MV
8001 __ gemv
> — 0.8 MV
>
L]
=< 600 A
>
o
L]
o
c 400 -
[(v]
[
om
200 -
0 T T T
-180 -90 0 90 180

Cavity RF phase (deg)

Phase scan waveform changes with cavity field!

= Solutions:

N oon - follow beam dynamics codes’ approach

 use higher order approximations
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Cubic-spline Interpolation of Phase Scans

» TRACK is used at FRIB
« Calculates output energies for 900 cavity phases in [-180 deg, 180 deg]
 Creates a cubic spline with the calculated data
 Evaluates the spline at 36,000 points in [-180 deg, 180 deg]
« Selects the point of highest energy

» Adds the value of synchronous (accelerating) phase, and sets it as a cavity
operating phase

= Beam commissioning in July 2018

egment 3 (LS3)
T H = H = K =

=H= = =H+ +H+ +H= =

Front-End FS2*

H = M = K = K = K
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Cubic-spline Interpolation of Phase Scans

= TRACK is used at FRIB

« Calculates output energies for 900 cavity phases in [-180 deg, 180 deg]
 Creates a cubic spline with the calculated data

 Evaluates the spline at 36,000 points in [-180 deg, 180 deg]

« Selects the point of highest energy

» Adds the value of synchronous (accelerating) phase, and sets it as a cavity

operating phase

100 LS1 CAO1:RFC_D1127:PHA RD CAVS

Original plot from 2018

* Beam commissioning in July 2018
* One-page python script
« Cavity phase vs BPM phase
* 10-deg steps
* Cubic-spline interpolation
* The minimum was found by eye
* 5 hours for 12 cavities

o
=]

80

JO F

60 |

LS1 CAOL:BPM_D1129:PHASE_RD

50 Il Il Il Il 1 Il Il Il 1 1 1
-180-150-120 -0 -60 -30 0 30 60 90 120 150 180
Cavity RF phase (deg)
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Automated Phase Scans

= ALPha (Automated Linac Phasing) high-level application

Cavity Phase Scan - [files/shared/ap/Phase-scan-GUI/20200317_LS2.json

JSON Linac file: Save Saveas.. Cavities: UseAll |UseNone Scan:| P Start  [IPa M Sstop B March 23,2020 17:42:22
Cavity Use Status Phase Setpoint (deg) Field Setpoint BPM data - - Cavity LS2_CCO5:RFC_D2885
22 LS2_CCO3:RFC_D2806 -20.0 7.0 MVim LS2_WC07:BPM_D2981 A) Cavity settings
23 LS2_CCO3:RFC_D2810 -20.0 7.0 MV/m LS2_WCO08:BPM_D3020 Cavity type: HWR029 Buncher
24 1S2_CCO3:RFC_D2814 -20.0 7.0 MV/m e e L DELL ) B 18.0 + A 6.0
25 LS2_CCO4:RFC_D2825 -20.0 7.0 MV/m .
26 LS2_CCO4:RFC_D2830 -20.0 7.0MV/m LS2_Wc11:8PM_D3140 BPML: LS2_WC08:BPM_D3020 >
27 LS2_CCO4:RFC_D2834 -20.0 7.0 MV/m BPM2: LS2_WC09:BPM_D3060 =
28 LS2_CCO4:RFC_D2845 -20.0 7.0 MV/m BPM Phase ) §
29 LS2_CCO4:RFC_D2850 -20.0 7.0 MV/m Copy Input energy from Output energy of the previous cavity
30 LS2_CCO4:RFC_D2854 -20.0 7.0MV/m —60 Input energy: 20.0 MeV/u
31 L52_CCOS:RFC_D2865 235 6.0 MV/m -80 Qutput energy (read-only): 19.945 MeV/u
32 LS2_CCO5:RFC_D2870 -20.0 7.0 MV/m
33 LS2_CCOS:RFC_D2874 -20.0 7.0 MV/m Z —100 Energy gain (read-only): -0.055152 MeV/u
34 | |-200 7.0 MV/m 2 120 N
B) Accelerati h
35 L[52_CCOSRFC_D2890 -20.0 7.0 MVIm s ) Accelerating phase ‘
36 LS2_CCO5:RFC_D2894 -20.0 7.0 MV/m £ S
37 LS2_CCO6:RFC_D2905 -20.0 7.0 MV/m E -160 Accelerating (synchronous) phase Ag: -20.0 deg
¥ o
38 L52_CCO6:RFC_D2910 -20.0 7.0 MV/m —-180 Maximum acceleration phase: -33.9 deg
39 LS2_CCO6:RFC_D2914 -20.0 7.0 MVim -
40 LS2_CCO6:RFC_D2925 -20.0 7.0 MV/m - C) Phase scan
41 LS2_CCO6:RFC_D2929 -20.0 7.0 MV/m —220 Turn ON the cavity for the scan
. —-180-150-120-90 —60 —-30 0 30 60 90 120 150 180
Selected cavity scan RF phase (deg) From -180.0 deg to 180.0 deg
bpm2_phase = " 150ld
with step: . le:
AE€I FA=w B ! g
. Wait 0.200 - sec after each scan step
150 BPM Magnitude
Field for phase scan: 7.000 . MV/m
100 e 0.00026 D) Amplitude adjustment
E § 0.00025 After scan set field level to design ~ value: 7.0 MV/m
g %o.ooou Minimum field: 1.500 > MV/m
= o . . -
; . %0700023 Maximum field: 8.000 _ MV/m
T = . . - _
o % E 0.00022 Field calibration coefficient ( E_real | E_csstudio): 1.0
- H j
50 £ 0.00021 Live Energy
Read beam energy from: Energy 1 -
0.00020
—100 Beam energy: 274.5771 MeV/u
—180 —-150 -120 -90 -60 -30 0 30 60 90 120 150 180 —180-150-120-90 =60 =30 0 30 60 90 120 150 180
RF phase (deg) RF phase (deg) Beam energy estimate: 200.0 MeVju
A€EP Q=2 A€> Q= BPM update rate: 5Hz -

Application Initialized

FRIB¢ s

Facility for Rare Isotope Beams
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Accuracy Issue due to Cubic-spline Interpolation

to Fragmentation Target

Beam delivery system (BDS)

t]—;?SEE* - - Linac s-eg'me}lt 3 (_LS3) _
T Stmper T Linacsegment 1(LSD T FrontEnd | FS2*
T T 'Linacsegn;er:té(ﬂSé) T
= Beam power limit for phasing is 2 W L ODIORRG Daes
In any linac segment -35 - -
8 —40 - . Mea-surec% data
" Button-like BPM signal strength ~1/8 55 ;. o Oubiespline
Er:
= No drift to develop significant phase %4 - -
. e
advance between a pair of BPMs B -5 7
£ -60 o
* Energy variation << Beam energy, e L | . | |
therefore the variation of the BPM w00 090 180
. . . avit ase (de
phase is comparable with the signal y RE phase (deg)
noise

@ Facility for Rare Isotope Beams
- U.S. Department of Energy Office of Science -
@ Michigan State University Alexander Plastun, NAPAC22, Slide 12



Approximation

+  Particle tracking —— Second-order approximation o ) ) ]
First-order approximation =~ - Input energy « Cavities at their deS|gn fields
|, FRIBQWR041 (AQ=166) 4 FRIB QWR085 (A/Q = 166) * PIP-Il and SPIRAL2 field maps

Bop =0.043 Bop = 0.086 are not exact

=
% 0.8 2.0
S ' » Second-order approximation
B a - i
5 0.6 L A W was selected for ALPha
=
o LT \Y
2 0.4 - \/ 1.2 -
(2]
L
m
0.2 T T T T T 0-8 T T T T T
-180 -90 0 90 180 -180 -90 0 90 180
PIP-II HWR (proton) SPIRAL-2 QWRO007 (deuteron)
4 1.6
3 Bopt =0.07
=
Q
2 3 1.2-
4
T I — 084 .
% \f ;
faa) + -+
1 T L 1 1 Ll 0.4 1 + 1 1 T 1
-180 -90 0 90 180 -180 -90 0 90 180
Cavity RF phase (deg) Cavity RF phase (deg)

W =A+B-cos(p + ()
Second-order approximation W =A+ B-cos(p +C)+ D - cos(2¢ + E)
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Phase Scan Duration

* The best estimate of the phase scans’ duration if they are done today:

___Segment | Cavities | __Duration __

MEBT 2 0:10
LS1 12+88 5:00
FS1 4+2 0:20
LS2 72+96 12:00
FS2 4 0:15
LS3 48 2:00

o | am|  isus

= Instant Phase Setting is highly demanded at FRIB

Facility for Rare Isotope Beams
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Instant Phase Setting (IPS) model

= Integration of the reference particle motion:

= qE, (z,t);
< dz
dt 1
L dz v,
m A S|ng|e Cav|ty case: Control system interface
. . . . LS1_CBOL
Simulated on-axis field distribution LS1_CBOLRFC_D1229 | [40ImMwm  0o0OMvm [ -141.06° 4165°
16 LS1_CBOLRFC_D1241 | [A55MVim 000 MVim 4163° 97.08°
&1 LS1_CBOLRFC_D1245 | [459MVim 000 MVim 3402° 80.01°
4 LS1_CBOLRFC_D1248 | [459MVim 000 Mvim 315" 56.28 °
N N LS1_CBOLRFC_D1261 | [459Mvim  000Mwm [ -102.01° 58.95°
< LS1_CBOL:RFC_D1265 445NMVim | 0.00 MVim 1853° §552°
=
5 LS1_CBOLRFC_D1269 | [377Mvim  000Mvim | -14031° -106.87
= AR - —
n
6

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

2 E,(z,t)=K-A-E, (z) - cos(wt + Ap + ¢)
( Leav K — field scaling coefficient,
E.(2) = 4 Esim, 2] < 2’ A — field setpoint in control system
z Legy A — offset relative to the reference signal
0,|z] > 2 ¢ — cavity phase setpoint in control system

F R I B a‘ Facility for Rare Isotope Beams
U.S. D fE Offi f Sci
Q’@ M'C“'9eae‘agtr:;nbg'vepse'sy e Alexander Plastun, NAPAC22, Slide 15



RF System Diagram

E,(z,t) =K-A-E, (z)-cos(wt + Ap + ¢)

Stable RF reference line

(4,9)

¢

. ass = O s
: wee = 0O .
‘@ phase  LLRF ==2 ’Qf LLRF
shifter  Controller Eg Controller
ass = O

Data
Y ( ] acquisition Y ( ] ‘
J system
: 7 pickup : 7
Power

amplifier

QUL AY NS

¢ U 'l_ Beam Positimm:’hase Monitor I U '!_
(BPM)

SRF cavity
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Single Cavity

= Model:
(dw
2 4 K -A-E,(z)cos(wt + Ap + ¢), with initial conditions:
<
ﬁ — i {W(_Lcav/z) = WO;
L dz v, t(—Leav/2) = to.
= Calibration

To find two parameters (K, Ag), solve the system for N > 1 cavity phases with the same initial
conditions, and fit the solution into the measurement data, i.e.

(dw;
dZ = q : K : A : EZ(Z)COS(wt + A(p + <pl) L8 —— Model solution

Fori=1..N points ¢ e 1 7] casured date //A\\

\ dz v,; glﬁ // \\
If @, =i %’T the set of {¢;, W;} is the 2n phase scan of this _ \\ //

. : .. : el AN

cavity. N = 2 is the minimum requirement. = N o
For N > 2 the parameters (K, Ap) can be found using the
least squares method, which greatly improves the accuracy "0 b0 -0 6 & 10 180
Of Kand A(P Cavity phase (deg)

F R I B a Facility for Rare Isotope Beams
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Cavity Positioning

E(z,t)=K-A-E, (z— z.)cos(wt + Ap + @)

1
1
1e6 !
6 1
1
1
41 1
1
1
21 1
1
1
0
1
1
_2 E 1
1
1
_4 E 1
1
1
_6 4 1
1 -0.15 -0.10 -0.05 o.bo 005 010 015
! 1
1
|
1 ! >
1
1
1
' O [ Z Z
Cc
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Multiple Cavities

Linear segment consisting N independently energizes and phased cavities:

Ei(z,t) =Ky A1 E; (z2—21) * E,(z,t) =K, Ay, E, (z—2,) * Eny(z,t) =Ky - Ay - E; (z— zy) *
* cos(wt + Apy + ¢1) * cos(wt + Ap, + @5) * cos(wt + Apy + @)

P
1
1
1
1
1
1

Eﬁ

-0.15 -0.10 -0.05 0.p0 0.05 0.10 0.15 -0.15 -0.10 -0.05 0.p0 0.05 0.10 0.15 -0.15 -0.10 -0.05 0.00 0.0!

S
N
N\
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Model for a Sequence of Cavities

dW
——qZK +A; - E, (z— z;) cos(wt + Ap; + ¢;),
4
dt 1
X dZ_UZ’

W(O) = W,
t(0) =

with initial conditions: {

Facility for Rare Isotope Beams
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Model-based Phasing Demonstration

Last 17 cavities in LS3 were rephased based on the model prediction.
Synchronous phase was varied from -10 to -90 deg.

| o
20°—-10° 5
-RNe° T ol
1 _30 LN 5
I o O
F L |"ﬂ
L g
=
N Q
o m
@
=
i
L= 0
0 =<
n
A
II'I'I
LS M
& »
IX
v}
o
=
<
Measured energy s
Cosine curve o
B
\
AN B
L L T LR B LI L T T L T =
18:36 18:38 18:40 18:42 18:44 18:46 18:48 18:50 18:52 18:
2021-04-26

@ Facility for Rare Isotope Beams
- U.S. Department of Energy Office of Science -
@ Michigan State University Alexander Plastun, NAPAC22, Slide 21



Validation in LS2

» During the Liquid-Lithium Stripper Commissioning, 12 cryomodules in
LS2 were phased using the IPS model.

agn 0.20
= Cavities were turned off one-by-one .
= Energy is measured after each cavity 3
— 0.05 1
» The difference between the :> $ oo
measurement and the model 5700
2 -0.10 -
= The difference does not accumulate
020 (I) 1ID 2ID 3I0 4ID 5I0 6ID 7ID
Cavity #
to Fragmentation Target
Beam delivery system (BDS)
t];?SEE 5 m . Linac s_egme}lt3(_LS3)_
T Stmper T Linac segment 1 (LSD) e pront Bnd Fsz*z
T T T T hhacsegment 20S2)
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Validation in LS1

» | S1 was phased to 17 MeV/u using ALPha (conventional phase scans)
» The phase scan data was supplied to the IPS model for calibration

» ALPha phased LS1 to 20 MeV/u, BPM phases were recorded

» |PS phased LS1 to the same 20 MeV/u velocity profile

= BPM phases compared between the two methods:

90

60 -

30 -

W, pre = 20.005 MeV/u
W,ps = 20.084 MeV/u

BPM phase (deg)
o

—60 1

_90 1 1 1 1 T 1 T
100 120 140 160 180 200 220 240 260

z (m)

= Cavity-to-cavity difference is less than 1 deg
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Verification: Envelope Mapping

Beam ellipse
W / (simulated)

v

o
(2]
© —
-g_ / .
c ' B1 B2 SRF linac
3
m
Accel Decel
¢, = -89 deg ¢, =-91 deg

Beam centroid is kicked and the BPM response to steered beam is measured.
This approach is used to check the lattice, not to measure the beam emittance.

Facility for Rare Isotope Beams
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Envelope Mapping

Beam ellipse at the SRF linac entrance Detuning of MEBT bunchers
1.5 _
1.0 3
2 os 2
3 3
< 00 s
]
-1.0 g
-1.5 1 23—
| — B2
6 -4 -2 0 2 4 6 -180 -120 ~60 0 60 120 180
Phase [deg] Phase along the ellipse (deg)
4
—— Trajectories measured by BPMs —— Trajectory simulated by IPS model —— Cavities
8 Trajectory data measured by BPMs - Bunch length measurement in LiS2
25
B
T
2@
A ap \
2 "g ¥ Stripper
% '
AR TRCAT I \ F NN B A 0 I——
LS1 FS1 LS2 FS2 LS3 Target =
-4 I I I I I I I I I
110 150 200 250 300 350 400 450 500 550

Distance along the linac (m)

Envelope mapping cannot handle the emittance growth in the charge stripper
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Bunch Length Measurements

» Phases of LS2 cavities shift by the same angle to scan the edge of longitudinal
acceptance over the beam phase space

» Derivative of the measured transmission curve is fit into a Gaussian profile
w

« Envelop mapping corresponds to emittance of
0.16 m-keV/u'ns.
* Measures rms beam size is ~1.4 times larger
than the mapped envelope, i.e. the stripped
¢ beam emittance is around 0.32 n-keV/u-ns.
« The measured envelope profile looks
reasonably close to the mapped envelope.

—— Trajectories measured by BPMs —— Trajectory simulated by IPS model —— Cavities
Trajectory data measured by BPMs

Bunch length measurement in LS2

BPM phase difference
(deg @ 80.5 MHz)
o

[ LS1 FS1 LS2 FS2 LS3 Target =
-4 T T T T T T T T

110 150 200 250 300 350 400 450 500 550

Distance along the linac (m)
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Conclusion

» |Instant Phase Setting model has been implemented in a new application and is used for
operations.

= |ts superior capabilities have been demonstrated during the beam commissioning of a new
FSEE beamline of the linac when during one evening we developed, applied, and tested four
different velocity profiles in LS1 for three different ion species: 40Ar’4* at 36.6 MeV/u, 1807+ at 41
and 44.7 MeV/u, and 29Xe?8* at 27 and 15 MeV/u (these two share the same velocity profile).

= During one of the FSEE experiments, a faulty cavity had been bypassed in just 10 minutes
and the beam energy was recovered.

= The IPS model was successfully applied to setup beams for the first three FRIB user
experiments. For example, the settings for the first experiment were established by one
accelerator physicist in 6 hours from the ion source to the beam dump at the end.

= After a two-week-long user operation with 1 kW on the target, no beam loss was detected by
the measurement of the residual radiation in the tunnel (done next day after the operation).

to Fragmentation Target * FS: Folding segments; * FSEE: FRIB Single Event Effects Facility
0.25 mR/hr

Beam delivery system (BDS)
F Llnac segment 3 (LS3) 0.01 mR/hr

FSEE* m -
H———H——H—H—H— = = =H= = =H= = =K= = =H= = =H= = =H= = =H= = =K= = = He = =rve = = Mo o H s Ko o Hbe o e
0.2 mR/hr £%Fs1 Stripper () 04 mR/hr Linac segment 1 (LS1) 0.02 mR/hr Front-End FS2* E
s s s e e e e e e H s Hw H e H_ = H = H =« H = H

0.02 mR/hr  Linac segment 2 (LS2) 0.02 mRihr
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