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SNS Accelerator Complex

150 kW injection

dump |
{/f,..u—“, = “\\
Front-End: 1 GeV Accumulator Ring:\‘-tr\} i
Produce a 1-msec LINAC Compress 1 msec = i
long, chopped, long pulse to 700 k «/-
H- beam nsec : N g A
lon Source 2.5MeV 87 MeV 186 MeV 387 MeV 1000 MeV |
e / 7.5 kW beam ‘.

' ' ' ‘h' _;-'ff._ dump - 'd‘;‘
DTL el 73

\ SRF, B=0.61 SRF, [3=0.81 ;
Design parameters X7\ N
7.5 kW beam i

Kinetic Energy [GeV] 1.0 dump __ _
Beam.P.ower [MW] 1.4 Li qui dH g ":‘:53;’-_ |
Repetition Rate [HZz] 60 Tar g ot
Peak Linac Current [mA] 38
Linac pulse length [msec] | 1.0
SRF Cavities 81
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SNS Superconducting Linac (SCL)

11 modules, 3 cavities each 12 modules, 4 cavities each 81 cavities total
SRF, f=0.61

SRF, $=0.81

—— Q-Switch
9 SCL Laser Wire Profile Monitors Laser

SNS SCL:

81 SC cavities
« Each cavity has its own klystron
« Each cavity tuned independently
« 23 cryomodules
 Doublet quads after each module

SCL Diagnostics:
« All diagnostics are non-intercepting
« Beam Position Monitors (BPM) after each module
« BPMs measure:
» transverse position of the beam center
» Longitudinal phase (arrival time)
> Fourier amplitude of the sum signal from 4 electrodes
* Laser Wire stations to measure transverse profiles of the beam
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Transverse Beam Matching in SCL

) [lm SCL Med Beta m] SCL High Beta m

LW 1-4 LW 12-15 W32 WS

Legend
a  wires - X
& wires -
model - X
model -

T T T T
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“Figure 7 shows one of the general cases: fit beam size for the first 4 laser wires with the online
model, and then compare model prediction against measurement at the 5th wire - they do not
agree at all.”

EXPERIENCE AND LESSONS WITH THE SNS SUPERCONDUCTING LINAC
Yan Zhang, Proceedings of IPAC’10, Kyoto, Japan, pp 26-30

* Never could g_et LW data in agreement with the
models including Impact code

» Multiple quads settings data do not agree for LW 1-4
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SNS SCL: Linac Models
IMPACT - XAL Online Model
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0 We benchmarked several available computer codes
(Parmila, Impact, Track, Trace3D, XAL Online Model)

0 We concluded that the problem is not in the codes

U Possible reasons: bad optics, unknown RF settings and
longitudinal Twiss at the beginning of SCL

XAL Online Model is an envelop tracking code
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Initial Transverse
Twiss Parameters
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Measurements of Initial Twiss - LSQM

P e (e (e
'\ WS, WS, WS, WS,

, ]
I Initial Twiss I Let’s assume we have n Wire Scanners

_ (D @
X, =m;] X, +m; ;X
Transport : Lh o b2 0
() . - ' 2 '
m?,i=1,...,n Matrices <x12> _ (m;}g <x02>+ 2-mm!) .<x0x0>+ (mg) <(x0)2>
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g 2
Xn X X
“Rule of thumb” — 90° /(n-1) betatron a = _< 0 °> = < °>
phase advance between “WS stations” & ms & ms
We violated it! Initial Twiss !
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No RF, No Space Charge Case LW 1-4
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O One initial Twiss for all 9 cases (dlfferent quad settings

(J For Twiss calculations were used on ty three “
O The lines are the model results, and th

green
e agreement is good for all cases

ots measurements

Now we know how to handle the optics.
Laser Wire Profile Stations are working correctly!
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SCL RF Parameters:
Amplitudes and Phases
of Cavities
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SCL RF Setup Algorithms

= Phase Scan of each SCL Cavity by using TOF with two BPMs
= Always have almost “sin”-like curve and set synchronous phase
= No model needed on this stage

¥

Send beam into the ring and measure the energy
Perform BPMs’ timing calibration using known energy
Translate BPMs’ calibration to the beginning of SCL linac
No model needed on this stage

L 2

= Analysis of all data for each cavity using the Online Model
= After analysis we have amplitudes and phases of all RF in OM
= Model is initialized

O Algorithm has been automated: takes about 40 min for SNS SCL
O We can perform “non-destructive” scans to figure out what we
have after beam loss tuning
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SCL RF Cavity Phase Setup - Errors

s L
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EFMs Phase Difference: I We do nOt need time-
- |
¢5A¢, calibrated BPMs!
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-200

Conclusions

T
o}
Cav Phase, [deg]

Two neighbor BPMs — worst case

More energy — less accurate the RF phase

Smaller step — 1/square effective

We want to use BPMs as far as
possible!

Less steps (N) — faster the
scan!
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A “Big Phase Step” Problem

BPMs measure phase in -180° to +180° range

To get sinusoidal curve we have to unwrap the phase scan

Usually, we do this by using the previous phase point of the scan

Therefore we have to use small steps to avoid more that 1800 gain in one step

If we use far away BPM pairs, it could be problem for the “big phase step”

A, -sin(Agy,.) <180°

s ®mL

2E3

se, [deg]
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An example of Cav01a scan.
We cannot go further BPMO07 with
the step size 20°
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Solution for the “Big Step” Problem

Most simple — iterative approach — the unwrapping is done by using not
only the previous point, but also the previous and current points from
the previous BPM. The iteration starts with the BPM closest to the

cavity.

(A7 —AS)-sin(Agy,. ) <180°

Phase step size can be 40°, 60° or may be even 90°.
It means 10-15 minutes scan for the whole SCL.
In reality, we limit ourselves by 30-40 mins.

s @ BFM Fhases

2E3 Legend
]—=— Phase SCLEPM1S
1E3
PM15
-1E3 ]
T T T
200

=200 -100 0 100
Cav Phase, [deg]

BPM15 after iterative unwrapping OAK RIDGE
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Model Based Phase Scan Analysis

1, SR
Parameters RF Measured
For Y| Cavity ‘ T (¢ ) Function
Fiting » Model out \PREZ BpMs)
Ay —

O After using the SNS ring for BPMs’ calibration we know the
energy for each phase point of each cavity

0 We fit the measured kinetic energy vs. cavity phase by using the
input energy, the cavity amplitude, and the cavity phase offset.

(J We use XAL Online Model

O The input energy for one cavity is not the output energy of the
previous one. The difference shows the model imperfections.
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SCL Production Tune

SCL Cavities' Phase Shifts Measured 2014.03.04

5 Production Tune °
=“J " [TTITTTTITTITTITITTITITICITOTN l IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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J ) 0
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(o)) . ) o9
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™ o . 0‘. o
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s g ot % * |e o’ That what
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-25
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SCL Cavity Index
Beam loss for this tune is good!
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Initial Longitudinal
Twiss Parameters
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BPM as WS in Longitudinal Direction

1 7?2 Gaussian
A(z)=¢q-N- -exXp| — > Longitudinal
27[0'22 2-0; Distribution

SNS BPMs report the amplitude of Fourier transformation of the
electrode sum signal

2
o
UBPM(Gco): Ay-exp| =2-7° (3680}

Jgp - Longitudinal RMS bunch size in deg.

0
360" | (4

g \/5'77 U gpus

BPMs give RMS size only. No profiles are available.

(Formulas assume a constant energy. For details see the paper)
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The Free Debunching Case

—>[ CCL4 }—b BPM1 BPM2 . =p BPM{n}
SCL BPMs' Amplitudes for All RF Cavities Off

105 35mA

. ] S S ol BFI>Ms' Il?ealtilve Arlnplituldes | ] All SCL RF are OFF

1.00 XAL ] Statistics:

095 1 40 measurements

g 1 13 BPMs

0.90- =

0.85. :
< 1 Init Twiss (XAL units): :

: 0804 0=-0.539+ 1.6 = ;
“19 | p= 9138+ 240 E Errors are too big!
= 0757 ;= (0.857 +4.9)10° g

0.70 1
0.65- k
0.60 :
0.55 : T T T T T T T T T T T T T ]
0 2 4 6 8 10 12 14 16
SCL BPM Index
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“Z” Twiss Analysis with SCL RF
—> BV Bous | —> PV

We can include a controllable element in the lattice and get more data
The Twiss errors should be reduced. For 5 deg step, matrix will be (72x14)x3.

SCL BPM Amplitudes, a.u.

8

6 . ®
+ %/ Over focusing Neaesese
i S

0

Defocusing

r-rrrr1rrrrrrrrrrrr1rrr1rrrrrrr1r 11|
-180 -150 -120 -90 60 -30 0 30 60 90 120 150 180
SCL Cav01a Phase, deg

Results (XAL units):

Alpha = 0.56 +- 0.02

Beta = 5.33 +- 0.13

Emitt = (0.928 +- 0.012)*10-¢
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Results of “Z” Twiss Analysis 2014

c,, [deg]

2014.08.10 Bunch Longitudinal RMS
| =24 mA —eo— XAL model

peak
production beam —e— Measurements

10 20 30 40
SCL Cavity Index

= Beam un-matched longitudinally
= Agreement Model/Measurements is good.

2014.08.10

Longitudinal beam size
Peak current 24 mA
Production beam
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Integrated SNS SCL Optics
OpenXAL Application

& | HIGH FLUX | SPALLATION
34 OAK RIDGE 6150 gt
-National Laboratory S

t REACTOR SOURCE



SNS SCL

Wizard OpenXAL Application

- - -
Lzl [SNS5 Production XAL] - SCL Wizard - Untitled.sclw - O %
File Edit  Accelerator View ow  Help

|| Ace Seq. SetUp | Transverse Twiss | SCL Lonag. TuneUp |

|| Init_ | Phase Scan | BPM Offsets | Phase Analysis | Rescale SCL | Energy Meter | Long. Twiss | Laser Stripping |

Set Phase Shift to Selected Cavs  |Phase Shift{degl=[-1 800E1 | Scan Walt Time|sec]=| 00000E- 1
p Cav. Phases 0 Use B Trigaer ! Simulation
Phase Step{deg)= |2 O00E1 | Start Sean || Star for Selected Cavs. || Stop Scan | {Sean Is runningl Cawity=Cavita 1o Cavdty=Cav22d ETA= 32 min 54 sec Elapse= 2 min 5& sec |
Canity | Dang | BFM | BIFM 5 | FF @, 40dea) FF @y o (a0} | Fit %{UEQ) Fit bf\P(ueg} D ppCEa) Caviw: Cav0Sc
Ao | | ) 1 | S o - o = | CE o | S = BPM | Uselnanabysis
Cavila | ECLUDPME1 CLOPMOE ZEE 129 337 747 G5 |scLBPMOGa | i -
Cavilb | [S5CLDPMO1 SCLOBFMOE -127.737 333 782 |1.158 |scuBPMoon | o]
| LBFMO1 BCLBPMOG RN 0861 SCLOPMO] la]
| SCLBFMOZ PCLBPMOT 53.241 1098 SCLOPMOZ | 1]
| IscLBPMOZ SCLBPMOS 65,414 1.057 SCLBFMOS I )
SCL BEMOZ CL BEMOE 122.362 i |SCLBPMO4 el
| [SCLBFMOZ CLBFM10 128.916 SCLIDPMOS ! el
|SCLBPMO3 “LBPMIO 165 992 —|| 5cL BPMBE | I
| |SCL BPMOZ [SCLEBPM 10 | I B8 058 | SCLUBPMG 7 ]
| SCLBPMOA CLBPM12 -135.833 -137.501 SCLBPMOS [sr]
| [SCLDPMO4 ScLBFM12 -1z &7 -15.147 SCLBRMOS 1 Il
| [SCL RPMO4 SCL BPMLZ |-72. 238 81 578 |3CLEFM 10 ] o]
0 0 [SCLBPM1 ]
[SCLBPMOS SCLBPM14 17034 SCLBPM 12 | el
[SCLEFMGE 1zE11E SCLEPMiE I ]
| BFM ] 10,67 o |SCLBEPM14 =]
| SCLBPMOG [FCLBPM LG (130.678 L ECLBPM1E | ]
| 1 [5CL DPMOS 120347 o SCLBFM LG 1 |
| | [SCL BPMD Y = |-8 855 & |SCLBFMLT Il
| | [SELCBPMOT SELBFM1E 6] o SCLOPM1E | ]
| | SCLBPMOY CL:BPM 15 0 =] SCLBPM19 1 el
] [CL BPMOR SCLBPM 19 0 ] |3CLEPM 2O l#]
| | BLLEPMOS PLLIEPMLS o o [SCLBPM2 1 | ]
| | scLBPMOa SCLBPM LD G ) ("] |SCLBPM23 1 =) =
| 1 O BBA D Lo mEman P 1733 o ~1R = r e
)5 L BPMs Phase Difference: D50 BPM Phases
1E3 -88 T T
= '
_\-‘!.‘_ {
R —1 1 wodara i
= | 3 | |
= T ' 1]
= & T T
2 -50 =) : T -
S -200 =100 o 100 200
A 0ED o Cav Fhase, |deg)]
§ e DL DPM Amplitude
o
¥ 2.8 ! ! | | 1 ! |
i =
=l
k-] 4 I |
| 1 | | | 2 4.7 T LT
-1E3 : + : 36 i ! | }
200 ~100 100 200 200 100 o 100 200
Cav Phate, [deg] | Cav Phate, |dag]
Post Scan: Remove Selected EPMs from Analysis FostScan: Apply EFM Amp. Limit to all Cavs and EFMs
X for Selecued Cavs. || X for All Cavs. | x as Bad BEPMs | Ser All BPMs as YES! | EPM Amp Limit= [1.000 | Apply BPM Amp. Limic

Time: 05.27.16 11:15 |

The application includes:

Transverse LW data acquisition and analysis
SCL RF phase scans and analysis
Longitudinal Twiss analysis
Based on OpenXAL Online Model
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uccessful SCL Optics Control

[SNS Production XAL] - SCL Wizard - /fhome/shishlo/tmp/oocooo0o/5CL%20Wizard/2015_11_15_scl_production_with_LWs_36mA.sclw*

File Edit Accelerator View Window Help

[ Acc Seq. SetUp |  Transverse Twiss | SCL Long. TuneUp |

WS,LW Data Acquisition | Transv. Twiss Analysis |
[ Quad and Cavities Amp.&Fhases Sets Hor. Ver. Long. Plots | Cavities and Quads Tables
. # } e O Use Ext. Gauss Fit oL Horizontal Size
1 Use Gauss Fit & T i
I
® Use RMS g A i
£« 1Ml i -
Dump Quad Fields to ASCII FEE il H H ) e ol 10
i i
Dump. Cav Amps. Phases to ASCII 2 T
1 il
Read Cav Amps. Phases from ASCII
o] 100 200 300
~Horizontal pos, [m]
# W5 /LW Fos.[m] Use | 5,[mm] Gauss RMS oL Wertical size
1 SCL_Diag:LWoO1 737 v 2.72 2.82 4.12 = 5 T
3 5CL Diag:LWo2 1321 b 254 [267 [2.1 a |
5 SCL_Diag:LWO3 19.05 ¥ [1.71 1.71 3.15 =lE \ N
7 SCL_Diag:LWO4 24.89 ¥l 337 3.12 3.66 E 3 [} . & 2
9 SCL_Diag:Lw12 7365 l¥] [2.36 2.3 Ej § (] fl
&g 2 o . N
11 SCL_DiaglLwis B81.54 v| |2.58 2.52 3.91 31' Hi
13 SCL_DiagLwi4 B9.43 v| |3.46 3.52 4.3 1 HE
15 SCL_Diag:LW15 97.32 v| [3.15 3.1 3.54 s} Hi
17 SCL_DiaglLw32 231.47 v| |2.41 2.44 2.51
19 SCL_Diag:LWo1 7.37 v] 359 3.7 4.11 i © 189 200 300
n pos, [m]
EIIEA oL Longitudinal Size, RF Freg. = 402.5 MHz
# WS /LW Pos.[m] S.[mm] Sauss RMS
2 SCL_Diag:Lwol 7.37 2.57 2.57 2.97 = <
4 SCL_Diag:Lwo2 1321 2.48 251 2.35 5 3
& SCL_Diag:LWo03 19.05 1.7 163 181 =([ ¥ |
2 SCL_Diag:Lwo4 24.89 1.65 161 2.32 2 1 4
10 SCL_Diag:Lwlz 73.65 3.16 3.11 3.04 N -
12 SCL_Diag:LW13 5154 3.62 371 2.93 Vo1 T an i
14 SCL_Diag:Lwi4 59.43 .89 4.07 3.13 o T “ﬁ
16 GCL DiagLWis EERE) B s 68 32 HiHHHTH I HEF i Hi
1z SCL_Diag:Lwz22 231,47 0.74 0.73 12 o 0 loo 200 300
20 SCL_Diag:LWo1 737 2.56 2.58 2.05 i nos, [m]
rInitial Twiss Parameters ——— | eKin[MeV]=|1.860400E2 i Final Twiss Fitting Results
Name | value Error | Fit Step Curr.JmA|=[2 600E1 Name value Error
/Alpha ¥_|-0.8468 |0 01 Fit Er,%=]5.000 AphaX__ |-06479 |0 0486
Bata X 3.3467 [0 0.1 _ Eata X 3.3728 0.1996
Emitt X [1.1034 |0 0.0167 It 2E2 Emitt X 1.0994 0.0476
Alpha Y |-0.3573 [0 0.1 LRI Alpha Y |-0.3243  [0.037
Betay  [4.5872 [0 0.1 Iters. Left=|0 Beta 1 3.7734  [0.2181
Emitt Y |0.6259 |0 0.0191 Avg.Diff.[mm]=|2.795533E-1 Emitt Y 0.5821 0013 - ]
AphaZ 02138 |0 0 Alpha Z 0.2138 0
Betaz  6.071 |0 o Make One Pass Betaz  [6.071 0
EmittZ |03 ] 0 Start Fitting Emitt Z 0.3 0
— Copy Results To Initial Twiss
[onrming ||

Now we can reproduce RMS sizes along the whole SCL
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Problem Non Gaussian Profiles

- Some LW profiles demonstrate big “shoulders”

« We can try to do transverse matching, but results may be different
from expectations

- May be we need to check Warm linac settings and use multi-particle
PIC code for optics planning

s @X @l Prafile (s WX @l Prafile

011 Legend 0.4 Legend
a  SCL_Diag:Lwl4 Hor. Data - 1 = SCL_Diag:LWwod Yer. Data

0l Log SCL_Diag:Lwl4 Har. Fit N | — Log SCL_Diag: LW Wer, Fit

0.09

0.08

0.07
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0.05

Amp, [ark. units]
Amp, [ark. units]

0.04

0.03

0.02

0.01
0

T T FY
0 10 20 20 40
pos, [mm]

40

pos, [rmrm]
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Summary

- A good agreement between the model and
measured transverse RMS sizes has been
achieved by

— Correct handling of the errors and measurements
planning

— Correct measurements of the RF system parameters
— Using the correct input longitudinal Twiss parameters

* It took some time (about 3 years) and
persistence

- We are ready to try matching in the SNS SCL
again
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