2= Fermilab

Managed by Fermi Research Alliance, LLC for the U.S. Department of Energy Office of Science

Long-range Wakefields and HOMs at FAST

Alex Lumpkin, Chip Edstrom, Jinhao Ruan, Randy Thurman-Keup, Peter

Prieto, Nathan Eddy, Olivier Napoly (TD), Kip Bishofberger (LANL),
Frank Krawczyk (LANL), Bruce Carlsten (LANL)

FAST Retreat
21 December 2017



Outline

l. Introduction
ll. Lessons learned and proposed future studies
-Transverse wakes and HOMSs.

lll. Examples of 11/20 and 11/29 studies results
V. Lessons learned and proposed future studies
- Longitudinal wakes (Bruce, Kip, et al.)

V. Summary-1

V1. Other Observations (Randy Thurman-Keup).
VIl. Beam-based cavity alignment proposed (Olivier Napoly)

B =
2€ Fermilab
2 Lumpkin FAST Retreat MTG 12-21-17 12/20/2017



Introduction

Primary goal is to reduce beam steering offsets and
possible emittance dilution by monitoring and minimizing
higher order modes (HOMS) in the cavities.

Two HOM couplers are installed in both CC1 and CC2:
upstream (US) and downstream (DS).

Signals can be processed for TM110 dipole modes using
1.6-1.9 GHz filters covering first two dipole passbands.

Filters also used to reject 1.3 GHz and >2.2 GHz.

Used scripts for stepping corrector currents while tracking
HOM signals, rf BPMs, beam images, framing camera, etc.
and MATLAB script for 100-shot BPM array acquisitions.

Searched for sub-macropulse effects on beam centroids
related to transverse position and to energy.
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Nominal FAST Electron Beam Parameters for Studies

« Table 1.

Micropulse
Charge

Micropulse rep.
rate

Beam sizes, o

Emittance,
norm

Bunch length,o
Compressed

Energy
PC gun grad.
CC1 grad.
CC2 grad.
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MHz

um

mm
mrad

pPS

pPS

MeV
MV/m
MV/m

MV/m

100-1000

1,3

100-1200

=5

4-8
1-3

32-34
40-45
12-15
12-15
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FAST 50-MeV Beamline Schematic

« FAST beamline up to CM2. Photocathode rf Gun, two
capture cavities, BPMs (B1xx), correctors (H/V1xx), and
Imaging station beamline crosses (X1yy) are indicated.
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EXPERIMENTAL SETUP

HIGHER ORDER MODES

=~ TESLA cAvITY
= 2 HOM couplers
= DIPOLE HOM
" V,(t) x o - e~ 37 sin(wt)

"V (t) o 2’ - €73 cos(wt)
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Initial looks at HOM signals on Oscilloscope

« Beam: 500 pC/b, 50 b,31 MeV
« H101=0.75A, V101=0.89A H101=1.25 A

CC1 US=-173 mV, DS=-256 mV CC1 US=-628 mV, D5=-415 mV

US detector-yellow, DS detector-green
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V101 scan 4, HOMs

« Example of HOM peak signals at 500 pC/b, 50 b during
V101 scan.

HOMSs for X111 spot (10-27-17) HOMSs for X111 Spot (10-27-17)
0.0
—®— V101 Avs CC2 US
oo | V101 Avs CCLUS —e— V101 Avs CC2 DS
: —e— V101 Avs CC1 DS 0.1 1
2 021 b 02 4
° o O
g S
c
> g
0 04 )
s -0.3 4
=
e
: o
8 -0.6 1 o~
O O 041
O
0.8
0.5 4
'10 T T T T T
-15 -1.0 05 0.0 05 1.0 15 -0.6 T . : : :
15 -1.0 0.5 0.0 0.5 1.0 15

V101 Current (A)
V101 Current (A)

B =
2€ Fermilab
8 Lumpkin FAST Retreat MTG 12-21-17 12/18/2017



Lessons Learned -1

HOM detectors after commissioning worked well in support of
our wakefield studies. Scripts worked well in most cases.

Minimized HOMs for the long range longitudinal wakes
studies reasonably well. Need to properly set correctors.

We controlled HOM strength over two orders of magnitude
with charge variation and beam offsets into CC1.

X107 Multi-slits emittance technique showed some effects
but not deemed robust by some against beam steering.

X107 imaging camera only functional for 500 pC/b on last
shift. Small correlation with HOMs probably detected (6%)
with +-150-pum centroid oscillations seen in B107.

X111 images showed a probable shoulder effect with
corrector polarity consistent with HOM buildup on one side.
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X107 Multi-slits Emittance Measurements Tests 10-26-17

« Technique in commissioning. 100 pC/b
Prel. calc. eps-y= 0.8 mm mrad

eps-y= 1.7 mm mrad

Delta-V101=+1A
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Multislit Emittance Summary -

Emittance & System Params: Second Moments: Twiss Parameters:

Emittance (Un-Norm) : 1.268e-02 pm PN 1.3250-07 m? o : -1.748
Dist to Sezeen (L) 1.5382400 1 x 2> : 4.922e-09 rad? B i 10.447
Slit widen (w) : 4.000e-05 m S 3lte-nE meead v : 0.388
S1it Spacing (=) 4.000e-04 m Full Final Fit:
Hi ude : 8 > 28
Eistogram Emplitude : .33 ArbD 4 9m8e03 > 28 Parameters
Histogram Width 2049 px .
Camera Resolution 9.300e-06 m/px 1.108e-07 w
<x"2> [ ozf 1.185
Multislit Emittance Measurement Phase Ellipse
p ous
A
St Fits
L Extrapolated Envelope at Slits —— 0.06
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Transverse Position [mm] x Imm]

€ Gaussians Detected (Threshold = 1.502 | Noise = 0.481)

Gaussian Amplitude Centroid [m] Sigma [m] LinOfE Integral [m] Div [Rad]
1 1.382e+00 e—-03 6.627e-05 - 2.295e-04 -1.436e-04
2 3.770e+00 -4.751e-04 5.480e-05 - 5.1892-04 -6.2162-05
3 8.395e400 2.5682-05 4.801e-05 - 1.010e-03 3.359e-06
4 2.860e+00 5.102e-04 5.792e-03 - 4.153e-04 5.831e-03
5 1.9742400 1.0252-03 4.683e-05 - 1.1382-13 1.332e-02
6 1.675e+00 1.555e-03 3.697e-05 - 9.795e-11 2.173e-04
Baseline 2.006e-02 2.163e-05 1.345e-03 =1.094e-03 4.678e-05

Proj Env 7.997e+00 0.000e+00 3.330e-04 0.000e+00 6.676e-03

Projected Sigma=333 um
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Multislit Emittance Summary —- 2017-10-26 17:43:56
Emittance & System Params: Second Moments: Twiss Parameters:
Emittance (Un-Norm) 2.515¢-02 ym <x"2> : 4.135e-07 m? o : -2.535
Dist to Screen (L) 1.538e+00 = PV rad? B 16.240
slit widsh (w) : 4.000e-05 m PNy mvzad 0.452
slit spacing (=) 4.000e-04 m Checks : Full Final Fit:
Histogram Implitude : 6.85 ArkU N P --> 24 Farameters
Histogram Width 2049 px FJHZ * 5.016e-03 .
Camera Resolution 9.300e-06 m/px OEnv’ 2.4832-07 m
<x"2> / Ozat 1.665
Mukislt Emittance Measurement Phase Ellpse
7 05
Faw Data —— P
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“Transverse Position [mm] x (mm]
5 Gaussians Detected (Threshold = 1.534 | Noise = 0.567)
Gaussian Emplitude Centreid [m] Sigma [m] LinOff Integral [m] Div [Rad]
1 2.405e+00 -6.4682-04 7.670e-05 -- 4.624e-04 -8.484e-05
2 6.9422+00 -1.363-04 5.830e-05 - 3.629e-10 -1.4342-05
3 3.077e+00 2.375e-04 4.820e-05 -- 4.914e-04 3.500e-05
4 2.471e+00 £.2832-04 5.067e-05 - 3.13%e-04 9.4682-05
5 2.045e+00 1.352e-03 5.501e-05 -- 2.820e-04 1.745e-04
Saseline 4.237e-01 -1.080e-03 6.2122-05 -2.1582-04 6.1882-05
Proj Env 5.843e+00 0.000e+00 4.983e-04 0.000e+00 7.28%e-03
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X107 Images and Possible HOM correlation

11-29-17

* Images and V101 scan using HOM sums for correlation.

From Fil

’7 Select Image  C:\Userslumpkin'Pictures\2017-11-29-Twakes\112917\

11

Live Imag View Images| | Save Images
’75,0“ XC « | GetImages ¥ To Average | 2 [ Take New Backgr ‘ Load Images
-
Calibration Date | 23-Nov-2017 YinE Save Iscgatel/ rgse
—
Cross XVC  Vertical ng
500 150 Y Rad
1.778e+05
100 New Fit
100 Fit Again
© Sigmas
E 300 o
= 50
— 200 Background  Baselin
> Linear v | 00
800 1000 1200 1400 1600 Averaging
100
Pixels . ¥y (pixels) Fit Summed Im_.. v
. +/- Mean +- Sigma +- -
500 1000 1500 2000 g 61 |0.106 1250403 0.114 140 0.141
X (pixels) +/- Linear +-
Use Backgro Bek [0.218 0.000621 0.000156 0 0
. chit2 / dof ®
Clamp  Rotatio < >
et v 4nf 0 X
— Horizontal Projects
Radon picel
1.136+05 wes
100 -+ Mean +- Sigma +- ~
New Fit 61 195 840 2.98 122 135
80 Fit Again G2 [1.11 1092403 35 156 224
& s +1- Linear 4
L Rek 10328 0.0129  0.000446 0 0 v
200 @ 5
el Background Baselin
20 Linear v 00
600 800 1000 1200 1400 _
Fit Summed Im._. v
x (pixels)

Lumpkin

FAST Retreat MTG 12-21-17

Sigma-y (pixels)

142

V101 Scan X107

140 ~

138 +

136

134

132

130

-@- X107 sigma-ImageTool

HOM Sum (V)

2= Fermilab

12/19/2017




Lessons Learned -2

« X121 images for framing camera showed reduced centroid
motion effects when Q118-120 powered on. Needed post
processing to see in 3-image averages. Probably should
consider averaging more images and higher charges of 2,3
NnC/b. Single micropulses observed successfully with OTR.

« Bunch-by-bunch rf BPM capability was useful in experiments
as foreseen, but 100- to 1000-shot averages proved critical.

« Using the 10 BPMs after CC2 in a 12-m drift was quite useful
In deducing kick angles and the estimated source points.

« Effects on beam energy seen from CC2 LLRF feedback
circuit. (Randy’s talk)

 Understanding of the beam-driven modes in the cavities
benefited from Olivier Napoly’s assessments. (Talk follows)
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X121 Framing Camera Practical Issue with Beam Focus

* Focus beam at X121 to match into framing camera, but this
results in smaller beta function and beam centroid motion.

« Still about 30 um effect with 7 um resolution at 1000 pC/b.
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V101 Scan: Frami

* 61b, 1000 pC/b,
Bunches 3-9, 5

-1.0 A

ng Camera Mode Test

11-08-17

2 us vertical, 100 ps Horiz., ~16 us gap.

-61. Later time Is

down and leftward on axes.
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V101 Scan, 500b, Vert. BPMs Show Damping Effect 11-09-17

« Centroid oscillation seen in first ~100 b, then damps out.
V101=-1A(T) and 1A (B), but HOMs are different. 500 pC/b.
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Comparison at V101=1A 11-08,09-17: Dramatic Effects Seen

e 100 pC/b,1000 shots (Top row) 500 pC/b,50b,100sh (Bottom)
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V101 Scan, 1000 pC/b, 50 b B101-124

11-20-17

 BPMs Vertical, -1,0,1 A Top to bottom rows. Note flip of first
oscillation. Quads off.
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Evaluation of HOM Vertical Kick Angles 11-20-17

e V101 scan results with drift to B122. Kick deduced 84 prad
from CC2.
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Evaluation of HOM Horizontal Kick Angles 11-29-17

« H101 scan results with drift to B122. Deduced kick ~40 prad
from CC1 for largest input offset.

Hor Scan Hor BPMs 50 bunches @ 1000 pC/b
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CC2 and CC1 Generated Dipole HOM Kicks (Preliminary)
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Lessons Learned -3

* These techniques should be applied to CM2 in next run.
« BPMs and long drift already in place in 300-MeV line.

* Propose the 16 HOM coupler lines should be instrumented
with detectors similar to those of CC1 and CC2.

« Studies could continue up to 3.2 nC/b, the ILC specification.

« The corrector values used to minimize HOMs indicate CC1
and CC2 are not well aligned to reference axis. Also CC2 DS
does not reach as low of a minimum as other 3 channels?

* Olivier proposes efforts to determine HOM field centers in all
ten cavities at FAST. (More details in his talk)

* Propose to check arrival time of HOM detector signals to
determine US and DS couplers in each cauvity.

JE :
aF Fermilab
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FAST beamline — CC1 and CC2 are the TESLA
superconducting cavities

Year-1 (50 MeV) . Year-2 (150 - 300 MeV)

RF-Gun SSU

\r‘Lm

Qsu-3—_
—

+

cc2 - I

e \

QSU-1 BC1 QSU-2

CCl cMm2

IOTA Ring
S5U: Solenoid Scan Unit/QSU: Quadrupole Scan Unit

CC1: Capture Cavity 1/CC2: Capture Cavity 2/CM2: Cryomodule 2
BC1l: Bunch Compressor 1
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Lessons Learned -4

23

Longitudinal effects are difficult to diagnose with present
diagnostics and effect magnitude, but upper limits set.

Even 100-shot data did not reveal a distinct effect. Propose
2,3 nC/b data still needed. Also 9-MHz micropulse rep. rate.

Potential to augment diagnostics by using framing camera
viewing X124 screen in the spectrometer. Minimal Beta-y OK.

Option to use YAG:Ce screen with ~100x more light emitted
per electron than OTR.

Mirror boxes and mirrors in hand, need beam splitter and
Thorlabs holder. Need 80-20 frame to hold hardware.

May need image rotator in the optical hut for streak camera
so energy direction is mapped along the entrance slit axis.

Both ACL and MATLAB scripts were critical to our studies.

2% Fermilab
Lumpkin FAST Retreat MTG 12-21-17 12/20/2017



Scoping simulations

1.80€+02 110 nsec 2.0E+13
1.60€+02 'L||| l__ IIJ - TN YIRTT 1.5E+13
e b L bl i by, 2 The longitudinal wake has a stochastic
1006402 w0 gppearance (top). Binning of the loss-
o il Ll il kb bl ke i s b L oo factors over a distance of 5 bunches at
aoneion 1= ' — e 9 MHz rep rate (bottom), max/min are
2.00E+01 -2.0E413
0006400 . ~Cheree b e -15.9 V/IpC to +16.5 V/pC. The most
o = = = B 28 likely loss-factors are in the range of -
8V/pC to +8V/pC. Not clear why this
_isn’t a normal distribution; we still
M < - based analysis on RMS approximation
- - %’ﬁ :
¥ §, Q‘L 8 The single-bunch wake is 19.6 V/pC
o =:. for comparison
\ 2
Loss Factor (V/pC)
° NLA(TI)OSN ﬁ]gmg§ @ Northern Illinois University # Fermilab
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!S!lma!es on HOW many !UI’]CHGS sum !e‘ore !!‘!‘

damping saturates effect

Qext | damping be- n where damping _"’;ét
tween bunches domlnates e xln <1

0.995
1e4 0.956 41 9 MHz rep rate
5e3 0.913 15
Our plan was to expect a
| le3 0.635 1 nominal 100 keV

longitudinal wake over ~50

Q ext | damping be- n where damping bunches at 3 nC (0.2%
tween bunches domlnates effect at 50 MeV)

0.986
1e4 0.873 7 3 MHz rep rate
5e3 0.762 2

1

le3d 0.256
s Los Alamos 20 Northern Illinois University e Ferm“ﬁﬁ
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Estimate of energy spread effect of longitudinal
space charge may lead to competing effect

Zo dl, (b .

Ee c=—09_-—In| = _

s—C 272 n(a) Longitudinal space-charge force
AVe . = Zo ﬂ| b : :
S=¢ = 2 (dy/ds) dz n 3 Work on particles due to LSC for first 7 m
(dy/dz ~ 10 m'1): 10 to 20 keV rms

AV, :Z_O2 dal |n(9j As Work on particles due to LSC for next 10 m:

27y~ Uz \a about 5 keV rms

Note: Longitudinal wakes shift the energy centroids within the pulse train.
LSC affects the energy spread of the individual micropulses.

s Los Alamos @ Northern Illinois University # Fermilab
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What we expected to see

20

Considering at the bunch-to-bunch
energies, we expected to see a random
walk ~ 5 keV/100 pC * sgrt(bunches)

0 20 80 100

Buﬁoch Nur%ober
However, we have learned from the TWSs that

we should expect the LWs are also going to be

deterministic and not stochastic as one or a

couple high-Q modes will dominate.

Contributions sum at regularly spaced phases

and may cancel out; every bunch will see V,,m=NW,sin(&,)sinc(N&2)

the same net wake
s Los Alamos i) Northern Illinois University # Ferm“ab
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‘!‘easurement !Z ‘!IE&SUI’G EUI’]C”-tO-EUﬂC” energy

centroid shifts from change of angle in spectrometer

Measure vertical bunch angle before dipole with B121 and B122 and after
dipole D122 with B123 and B124 (all circled in red below). The difference in
bend angle is attributed to a different in bunch centroid energy due to
longitudinal wakefields in CC1 and CC2.

Streak Camera
MPI

4279.9

: 5506.526 17420.843
0 4107.67 | i 18476
i 2797.589 i H

i 884308

Distance between = | . |

B121 and B122 is ™o werm @ e

811.6 mm E-E;.l-l ------------------- ¢
| a2 B12S

Distance between

B123 and B124 is TTh  cgtl = 2=
440.3 mm i r‘u{% YA

Energy normallzatlon: BPM resolution (B123, B124):
22. \57 deflection for 32.6 ~ 20 microns (10 - 50 kev @ 50 MeV)

eA ctron
oS amos

NATIONAL LABORATORY b
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!rlgma‘ !a!a was very noisy !!ue !O severa‘ eHec!s

Including 858 kHz oscillation)

| RMSenergy deviation

1. 1000 pC at 1 MHz 25.4 keV dRMS deviatiqrr\]
ecreases wit

2. 1000 pC at 3 MHz 26.1 keV increasing charge

3. 500 pC at 3 MHz 39.3 keV due to decreased

4. 250 pC at 3 MHz 79.1 keV noise

Results at best brackets longitudinal wakefield; noise swamps expected
wakefield, especially at the lower charges. Cannot infer bunch-to-bunch data

BPM angular noise was significantly lower in B121/B122 than in B123/B124
because of longer separation

Needed: Either increase charge (ideally 3 nC) or decrease BPM noise in B123
and B124

s Los Alamos @ Northern Illinois University # Fermilab

NATIONAL LABORATORY .
Slide 29
ST.1943

Operated by Los Alamos National Security, LLC for NNSA



comparison

AllData_2017-11-09-18-52-30.mat
H=-0.4A V=0A 50 bunches 100 pC/b

5| | |
e
8 : ]
= 0y I _
; -ﬂ@w | WI
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E s } I "\"\. -
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AllData_2017-11-20-21-55-06.mat
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s _5_,fﬂ“LW
[ | [
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23 5 10 15
Bunch Number

AllData_2017-11-29-11-28-55.mat
EI{T“"‘ZA V=-0.07A 50 bunches 1000 pC/b
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— CC1+CC2 Gradients
10 Il}l 1
g /I Tl i
—
— {} '1 ]
m \ﬁuHLiLIf IHIH II
<]
=10 I
=20
] 3 10 15
Bunch Number

Data with 858 kHz removed — 100 pC and 1000 pc

AE (keV)

AE (keV)

-10

AllData_2017-11-29-14-10-00.mat
II-E}={I.42A V=-0.07A 50 bunches 100 pC/b

I I ] ] BPM Dam
—— CC1+CC2 Gradients

10 15

Bunch Number
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1
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15
Bunch Number




AE (keV)

500 pC

AllData_2017-11-29-12-50-33.mat

—long term pehavior at

AllData_2017-11-29-20-14-58.mat

AllData_2017-11-09-17-29-54.mat »
H=0.42A V=-0.07A 500 bunches 500 pC/b H=5{].42A V=-0.07A 500 bunches 500 pC/b

lI-SI=—{].4£!1 V=0A 500 bunches 500 pC/b

] BPM Data
—— CC1+CC2 Gradients | |

AE (keV)

0 50 100 150
Time (IJ.S) Bunch Number

» Los Alamos

NATIONAL LABORATORY

AE (keV)

—— CC1+CC2 Gradients

50 100 150
Bunch Number

@ Northern Illinois University

1 BPM Data
——CC1+CC2 Gradients

50 100 150
Bunch Number
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Integrate! energy sprea! IS consistent WI'[H LE!

effects, but may contain longitudinal wake info also.

30 | | | | | | At each bunch charge, the
Energy Spread for 100-Bunch Train | 'ms energy spread was

bars denote macrobunch variation _ Calculated. An error bar iS
also included to show the
| bunch-to-bunch
fluctuations.

N
(62}
T

N
o
T

1 We are currently
reducing the data for

| integrated energy spread
with fewer bunches to

| seeifthereisa
measurable difference.

RMS Energy Spread [keV]
S o

] ] ] ] ] ] K
0 0.2 0.4 0.6 0.8 1 1.2 14
Charge [nC]
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Summary-1

33

Transverse wakefield studies’ results are consistent with a
sub-macropulse centroid motion correlated to HOM strength.

Vertical position bunch-by-bunch data show 100 kHz
oscillation whose amplitude increases with charge and offset.

Effect seems to be related to CC2 dipole HOM and directional
with beam offset.

Horizontal position bunch-by-bunch data with 100-shot
averages show centroid oscillation at about 440 kHz (CC1).

Longitudinal wakefield effects at these charges are not seen.

Complementary data with X107 YAG Iimages, emittances,
framing camera are being processed. Small effects.

Both ACL and MATLAB scripts were critical to studies.

Relevant data set for benchmarking HOM calculations and
simulations in Tesla-type cavities remains objective. 2 Fermilab

Lumpkin  FAST Retreat MTG 12-21-17 12/20/2017



V101 Scan, 100 pC/b, 50 b 1000 shots Bl

 BPMs Vertical, -1,0,1 A Top to bottom rows.

oscillation. Quads off.
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Energy spread from short-range wakefields should
be relatively small

Centroid energy loss if ~ 10 keV at 1 nC; rms energy spread should be a few keV

-
50 5.8 080 3 o T
100 6.6 154 1§ e
250 85 350 5.
300 8.9 413 &,
500 9.9 6.60 . S
800  10.2 10.43 T e
- Los Alamos ﬂ Northern Illinois University # Fermilab
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e
Measurement 2: Measure integrated energy spread of
bunch

We calibrated and used an energy spectrometer to measure the macropulse's energy

spread. We took data over a wide range of charges, and multiple beam shots to quantify
variations.

At left is a typical raw image on
spectrometer.

The camera's gain was adjusted for
lower-charge levels, and for each
image, a background image was
subtracted. The image's tilt was
adjusted, and a slice from the central
portion was analyzed.

» Los Alamos oy Northern Illinois University # Fermilab
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erences in energy profile a

T T T T T

Histogram of Beam Core
five shots at varying charges

250

200

=
(o)
o

Intensity [arb]

100

50
0
800 900 1000 1100 1200 1300 1400
Pixel #

» Los Alamos

NATIONAL LABORATORY

o
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IW“II Northern Illinois University

irrerent cnarges

As the bunch charge varies,
the beam energy fluctuated,
but is not a significant
problem.

Some structure became
apparent (and charge
dependent), at lower charges.
Nevertheless, the energy
spread is easily calculable.

3¢ Fermgijaly,
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V101 Scan 4, BPMs 10-27-17

« Tracking of beam trajectories around CC1 and CC2.

V101 Set 4 BPMs
12000

10000 -~

—&— V101 Avs B101PV
—0— V101 A vs B102PV
—0— V101 A vs B103PV
—0— V101 A vs B106PV

8000 -
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2000 -

-2000 -

Beam Position (um)

-4000 -

-6000 -

-8000

-10000

-15 -1.0 -0.5 0.0 0.5 1.0 15
V101 Current (A)

B =
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V101 Scan 4
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a, X111 imag

C/b, nominal V101 at 0.0 A.
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