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CompactLight: Objectives and Relevant Dates Compacto

“Design a compact and cost-effective FEL, using very high-gradient acceleration and
advanced undulators concepts”

FEL Facilities Institutes
Hard X-ray STFC, PSI, UA-IAT, SINAP, UoM, ANSTO.
Soft X-ray ELETTRA-ST, INFN.
Compton Sources TU/e, ANSTO.
Upgrading of existing facilities ELETTRA-ST, INFN.

D
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CompactLight: Objectives and Relevant Dates Compacto

“Design a compact and cost-effective FEL, using very high-gradient acceleration and
advanced undulators concepts”

FEL Facilities Institutes
Hard X-ray STFC, PSI, UA-IAT, SINAP, UoM, ANSTO.
Soft X-ray ELETTRA-ST, INFN.
Compton Sources TU/e, ANSTO.
Upgrading of existing facilities ELETTRA-ST, INFN.
CERN: strong return value for the CLIC project: i.e. X-band accelerator and RF
components optimization, technical developments with industry, costs reduction, etc.
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CompactLight: Objectives and Relevant Dates Compactg

“Design a compact and cost-effective FEL, using very high-gradient acceleration and
advanced undulators concepts”

FEL Facilities Institutes
Hard X-ray STFC, PSI, UA-IAT, SINAP, UoM, ANSTO.
Soft X-ray ELETTRA-ST, INFN.
Compton Sources TU/e, ANSTO.
Upgrading of existing facilities ELETTRA-ST, INFN.
CERN: strong return value for the CLIC project: i.e. X-band accelerator and RF
components optimization, technical developments with industry, costs reduction, etc.

The proposal was submitted in March 2017, and approved in August 2017
The CompactLight project started on 15t of January 2018
Official Kick-Off meeting was on the 25" of January 2018

= Three years duration
=> Main deliverable: A CDR of the XLS facility

I
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Q CLIC Study at CERN: e*e" linear collider for HEP Compact
Layout at 3 TeV center-of-mass energy
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CompactlLight Layout & Parameters Compa ot

Gun InjectorL1  BC1 L2 BC2 L3 Dogleg Undulator Photon Line Experiment
" " J— e |
Sband  Sband X-band X-band X-band
15Cell  ~20MV/m ~65MV/m ~65MV/m ~65MV/m
~100MV/Im  6X4m  0.75m 40X0.75m 90x0.75m

FLS2018 - Shanghai — March 5-9, 2018 XLS A. Latina 7



o

D) Compactlight Layout & Parameters Compacto

Gun Injector L1 BC1 L2 BC2 L3 Dogleg  Undulator Photon Line Experiment
' 5 I]——l - —
S-band Shand X-band X-band X-band
15Cell ~20MV/m ~65MV/m ~65MV/m ~B65MVIm
~100MVim  6X4m 0.75m 40%0.75m 90x0.75m

Preliminary Parameters and Layout of XLS hard X-ray FEL facility
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CompactLight Layout & Parameters Compacto

Gun Injector L1 BC1 L2 BC2 L3 Dogleg Undulator Photon Line Experiment
! [ []-——c - ——
S-band Ssand X-band X-band X-band
15Cell  ~20MV/m ~65MV/m ~65MV/m ~65MV/m
~100MV/im 6X4m  0.75m 40x0.75m 90x0.75m

Preliminary Parameters and Layout of XLS hard X-ray FEL facility

Parameter Value Unit
Minimum Wavelength 0.1 nm
Photons per pulse >1012
Pulse bandwidth <<0.1 %
Repetition rate 100 to 1000 Hz
Pulse duration <1to 50 fs
Undulator Period 10 mm
K value 1.13
Electron Energy 4.6 GeV
Bunch Charge <250 pC
Normalised Emittance <0.5 mrad
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N CompactlLight: Technical Workpackages CompactQ

Sttt WP2 — FEL Science requirements and Facility Design =~ |=-======== == - - - -

— WP6 — Beam Dynamics and Start to End Simulations

energy tuning
c-band Athos

“++CO
0.65-5nm, 100 Hz
e _ Sl 2.6-3.4GeV
and Injector
gun & booster linac 1 linac 2 linac3 -
10, 200 pC 20-3.0GeV 21-58(6.5)GeV Aramis 0.1 (0.08) - 0.7 nm
' 2.5-5.8GeV

BC BC 5-20fs, 100 Hz

Q % 0.35 GeV 2.0GeV
88 WP5 -
WP4 — RF Systems Undulators
and Light
Production
| e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e = e = =
Using SwissFEL as an example https://www.psi.ch/swissfel Courtesy of J. Clarke
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) WP3: Injector Gun Ct::.mpactcJ

« Lead Institute: LNF-INFN (M. Ferrario)

 Main Tasks
— Review State of the art Gun / Injector (S-, C-, X-band) and pick best for XLS
— Develop of novel high-repetition rate gun / injector (w K-band linearizer)
— Prototyping and test (if possible)

400Hz S-band rf gun in CLARA
LCLS S-band rf gun
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WP3: Parameters (preliminary)

Compact
Units | XLS Proposal More More
250 pC Photons 250 | Photons 350
pC pC 2, =2 (1+a?)
Beamenergy | GeV 4.6 4.6 4.6 2y
RmsBunch length | pm 40
| RmsBunch matched spot | im 17 7.5 6.7 N, =16Le PN
RmsEnergy Spread | % <0.1 0.1 <0.1 ’ hv,, (1+7)
Rmsnorm. emittance | ym <0.5 <0.5 <0.5
07
Slicelength | m 0.067 0.03 0.032 v
Slice Peak current | kA 2 5 3
SliceEnergy Spread | % 0.01 0.01 0.01
Slice norm. emittance | um 0.5 0.1 0.08 €= 47;
pap | x 107 1.5 9.0 8.6
n 2.2 0.15 0.17
Radiation wavelength [ nm 0.1 0.1 0.1
Undulator period | cm 1.2 1.2 1.2
K L. 1 1
~ 3 undulator m 5. 5 5
Saturation Active Length m 60 11.0 11.6
Saturation power | GW 0.686 30 16
Photons/pulse | x 10" [[NNSOMEN 8.6 10
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WP3: Full X-band Gun (preliminary) Compac tw

* Ankara’s full X-band hard X-ray FEL design study

« Based on SLAC X-band rf photoinjector
[ R. A. Marsh et al., Phys. Rev. ST Accel. Beams 15, 102001 (2012) ]

* Preliminary design: 5.6 cell photo-cathode rf gun operating at 12 GHz, with 200 MV
peak accelerating voltage, followed by 6 CLIC-like X-band accelerating structures, 70
MV/m gradient

« The rf gun and solenoid magnets have been designed using 2D Poisson / Superfish
code. Beam dynamics studies have been performed using ASTRA

2 Bunch charge of 250 pC
1.5t
= The cathode is excited by a
g 1 - flat top laser, which has a time
2 FWHM of 3 ps, temporal rise/fall
~ 0.5 :
w time of 0.3 ps
0 o
s =  0,~200 um |
' 0 02 04 06 08 1 12 14 * Oxy= 2 mm spot size
Distance (m)
Superfish + ASTRA simulation Courtesy of A. Aksoy

D
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(&N WP3: Magnetic Chicane Compacto

AL,
LEUTL,... LCLS,
TTF-BC1,2,
| A ILC, CLIC, ...
4-dipole chicane simple, achromatic

< Ly >

TESLA-BC2,3 Ry ~o—26° [%—gLB] <0
wiggler .
achromatic
FODO-cell arc__ -~ SLCRITL

prar o SLC arcs R, ~ 07 Ly >0
/\. ." '.- ". NLC BC2 4NZsin® (i, /2)

reverse sign

But CSR, and T, >0 in all cases...
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WP3: Longitudinal Phase-space Linearization Compacto

RF curvature and 2nd-order compression cause Harmonic RF at decelerating phase corrects 2nd-
current spikes order and allows unchanged z-distribution
5 [(EY=1.7596 % (E) =0.2501 GeV,N_=0.625x10" & =0.8300 mm G [F*1.761 % [F[1=0.2500 GeV. N, =0.625010"° ©.=0.8300 mm
47 . 4F - 0a2f 7 B 4 3 012
.17 1 0.1
2+ 1 27 1 2 2
& & 0.08; 1 = = 0.08
g o 18 o % 0.06] ] S B = 0.06
3 E .04+ 1 Q E " 0.04
2l o2 ] «— —> =) 2 '
0.021 830 l'lm 1 0.02
- - 0

o (Ey=1.7596 % &), 02501 GeV, N =0.625x10"° &= 0.2034 mm o [EE1.761% TE-0.2500 GeV, N, =0.625010'° os ©=0.1996 mm

A ; 2.5}
0.4
2r 1 2r 1 2t 2 2
£ Lsl 0.3 >
i 18 or 1 g : 0 0 20 m
g 1 , _
al | 2l | avoid!
0.5} . - :
) . . - - . . 2

S-band injectors: X-band linearizer (ELETTRA, PSI)
X-band injectors: K-band linearizer (36 GHz)
Passive compensation with e.g. sextupoles

AEIE) %
)
AETEDM
AETEDM%
TkA

Courtesy of M. Ferrario
I
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WP3: Diagnostics Compactg

Example: SPARC Diagnostic Section

H lll—ﬁ to undulator
Q+6

Q4

Courtesy of M. Ferrario
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WP3: Diagnostics Compactg

Example: SPARC Diagnostic Section

H lll—ﬁ to undulator
Q+6

Q4

Courtesy of M. Ferrario
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WP3: Diagnostics Compacto

Example: SPARC Diagnostic Section

H lll—ﬁ to undulator
; . Q6

v QD =

1.5
* a5 5 5.5 i
Current [&]

Courtesy of M. Ferrario
I
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WP3: Diagnostics Compacto

Example: SPARC Diagnostic Section

H lll—ﬁ to undulator
; . Q6

v QD =

1.5
* a5 5 5.5 i
Current [&]

Courtesy of M. Ferrario
I
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WP3: Diagnostics Ct::.mpactcT

Example: SPARC Diagnostic Section

oo xi0’

45 ] 5.5 B
Current [&]

Courtesy of M. Ferrario
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WP3: Diagnostics Ct::.mpactcT

Example: SPARC Diagnostic Section

oo xi0’

Courtesy of M. Ferrario
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WP3: Diagnostics Compactg

Example: SPARC Diagnostic Section

to undulator

a5
Curment [&]

Courtesy of M. Ferrario
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WP3: Diagnostics

Compact

Example: SPARC Diagnostic Section

=3
&
E .
£ :
E A
E g
| IR S B t‘ .............................................. i_
+ ! '
. >4 4
1 ] ] I ] I I
Courtesy of M. Ferrario

o 2 4 53 8 10 12 14
slice number

XLS
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WP3: Summary Compact:‘;‘

The work will be divided in four tasks:

Evaluation of a high-gradient C-band injector and S-band injector inclusive of X-
band linearizer and a magnetic chicane.

« Evaluation of an innovative full-X-band injector, inclusive of a higher-harmonic
linearization in the K band. This ambitious goal aims to advance the recent
achievements in the design of X-band guns and to explore the feasibility of RF
components at unprecedented frequencies such as the K band.

 Phase-space linearisers, and options for compact magnetic chicanes to achieve
longitudinal bunch compression). Diagnostics tool based on X-band deflecting
transverse cavity will also be considered

+ Design of CompactLight e-gun and injector inclusive of linearizer and a magnetic
chicane.
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WP4: RF Systems

-~
Compact

« Lead Institute: CERN (W. Wuensch)

 Main Tasks
— Accelerator Structure design and optimization

— Prototype testing in XBoxes and CLEAR, synergy with TNA in ARIES
— High stability LLRF, timing, control

— RF system studies including improvements exploiting new ideas on high efficiency
klystrons

XBox-3: 50 MW, 400 Hz XBox-3: Structure under test

FLS2018 - Shanghai — March 5-9, 2018 XLS A. Latina 25



CLIC X-band Accelerating Structure Com pacto

CLIC accelerating structure: Achieved 100 MV/m gradient in main-beam
RF cavities

T T
B T24-KEK-KEK = o Eo measured

Ll @ -Tsi - |
1E-4 p 2 T2asTsinghuarkER S e E_scaledto 180 ns i

[ @ TD24-KEK-KEK . E 0
TD24R05#4-KEK-KEK p X E scaled to 180 ns, BDR = 3x107 ]
TD26CCN1-CERN-CERN b= ]

=

T240pen-SLAC-CERN L
L| ® TD24R05K1-KEK-KEK
B TD24R05K2-KEK-KEK

E {E.5 L ® TD26CCN3-CERN-CERN ]
"?g C| @ TD26CCN2-CERN-CERN -9 1
= - m T24-PSI-CERN ’
-E' r /
= ¢
’
DD: ¢
m ’ = — -
/, b ot ’-’
1E-6 | P, ’ v E
[ 7 /
4 ’
’ 4 4
’ / ’

! ol = —/=
3E-7 | P sl ltoie? IV 4 V4

CLIC BDR Criterion

90 100 110 120 130
Unloaded Accelerating Gradient [MV/m]

1E-7 :
80

XLS Target : 65 - 70 MV/m
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CLIC X-band Accelerating Structure Com pacto

Internal volume

Structure name CLIG-G TD26¢cc of the full RF structure |
Work frequency 11.994GHz O
Cell 26 regular cells+

2 couplers
Length (active) 230mm |
Iris aperture 2.35mm - 3.15mm OB

CLIC train: 354 bunches in 177 ns, 5 nm V emittance

Transverse long-range wakefield calculation
using Gdfidl code:

Peak value :
250 V/pC/m/mm

WT [WipCimmim)
D

At position of second bunch (0.15m):
5~6 V/pC/m/mm i L

Beam dynamic requirement:
< 6.6 V/pC/m/mm .
1 0 a1 102 a3

Position of second bunch

A. Latina 27
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CLIC Accelerating Structure: Prototyping Compa ctg

Outside

11.994 GHz X-band
100 MV/m

Input power =50 MW
Pulse length = 200 ns
Repetition rate 50 Hz

HOM damping
waveguide

Inside
Micron—precision disk

LB EHLTTES

T TR

A
A 4

25cm 6 mm diameter beam aperture ™
I
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CLIC AS: Assembly, towards industrialization Compacto

AS DISC AS DISC STACK BONDING AS ASSEMBLY

RF Flange

Acceptance Acceptance
at CERN at CERN
Cooling block
Disc stack
Coupler
4-5 brazing steps
Cell shape accuracy - 0.004 mm .
- Alignment
i R R REQUIREMENTS: - Special tooling
Surface roughness - Ra 0.025 . Clean environment
yiii \ Y J
Commercial suppliers: Suppliers:
- 4 qualified companies for - 3 qualified companies for brazing/bonding
UP machining; operations, supervision by CERN;
- Single-crystal diamond - Collaborators.

tool required.
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CLIC AS: Assembly, towards industrialization Compactg

Alternative assembly scheme: building structures from two halves and using hard
copper = significantly reduced fabrication costs, including vacuum brazing.
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)/ WP5: Undulators and Light Production Compa ™

 The main cost driver for an FEL is the beam energy.

« By taking advantage of the latest technological undulator innovations,
including anticipating further advances that will be proven in the coming few
years, we will be able to lower the electron beam energy requirement
significantly.

* A new generation of superconducting undulators for FELs with very low
average beam currents, and consequently much smaller wakefield induced
heat loads (taking account the much smaller bunch lengths) on the
cryogenic vacuum beam screen, are able to operate with a similar magnet
beam aperture as permanent magnet undulators.

* In this case preliminary calculations suggest that an XFEL could generate
0.1 nm wavelength output at only 4.6 GeV, a ~20% reduction in beam
energy.
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WP5: Undulators and Light Production Comp actQ

« Lead Institute: ENEA (G. Dattoli, F. Nguyen)

e Main Tasks

— Comparative studies of “ambitious” undulators on the timescale of 4-5 years,
matched to overall design: eg cryo permanent-magnet, super-conductive
undulators

— Similarly for Compton Back Scattering: state-of-the-art, future capabilities
— FEL modelling and optimisation
— CBS output modelling

= - & _
Cryo PM Undulator
prototypes: HZB/UCLA

Superconducting Undulator installed at KIT
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WP5: Undulators and Light Production Compa ctg

Kyma A Undularor: e
Designed by ENEA Frascati
Constructed dy Kyma Trieste =7
Tested with beam at SPARC _LAB s

DELTA like undulator

hy = 1.4 cm, gap g = 5mm, Br = 1.22T. \ SPARC operation
Undulator tested in two stage SASE-FEL: 0,5
630nm to 315 nm
o gap (mm)
a 1 2 3 4 5
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WP6: Beam Dynamics and Start-to-end Simulations CompactQ

« Lead Institute: UA-IAT Ankara (A. Aksoy)

« Main Tasks

— Modelling and optimisation of physics layout
— Start-to-end simulations

— Delivery of consistent tools, cost estimate, beam parameters for all options

35
T
=
~sl 30 {-F-
5 By
{1 E

IS

E (GeV)

o

O 50 100 150 200
s (M)

Simulations for Turkish X-band FEL accelerator section, Ankara University
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WP6: Beam Dynamics and Start-to-end Simulations Compactg

« Lead Institute: UA-IAT Ankara (A. Aksoy)

« Main Tasks

— Modelling and optimisation of physics layout
— Start-to-end simulations

— Delivery of consistent tools, cost estimate, beam parameters for all options

7=
° 30 e
x
. = ) 0.4 J_Fx=
0. . ooz . ﬁ
- T 001 4 S
51 s - - .
ol 2 e 25 =
= oonf 7wy KO Ea] e
S I v A 1
5 T LR o1 e ST
S it o . T~ G 20
o2 B @ - A
0.1 (2= .5 -
0,150, 10009000080 10015 0. 150, 100,05.000. 060,100 15 -3z .
"+ ) " o) wr[ 0.2l 215
z 10
Parameter  Unit Value 0.1
£ MeV 399580 i
Snr manrad 0273 1
Eny mmomrad  0.272 5
P e keV.omm 11173
=
& g L mm 0.0Ls
?’ 5 7y mim 0.018 o 0.0t X - - - -
20 o mm 0.008
o W man O 50 100 150 200
AEJE % 0.023
10-0.005% 0.000 0005 0.010
s (m)

Simulations for Turkish X-band FEL accelerator section, Ankara University
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WP6: Beam-dynamics Driven Optimization CompactQ

CLIC Study

@ Accelerator structure design
fixed by few parameters

(Lstructure:u 'Eb. )

@ Find optimal parameter set for
380 GeV CLIC accelerator in
parameter scan

@ Evaluation tool exists, o T e s AR
developed after CDR, based on Puiarnaises |

methods already used in CDR

@ Tested ~2 billion possible @ All structures are checked for consistency with

structures and resulting beam and RF constraints
accelerator complexes based

' = . .
on these parameters Gauging cost, power and luminosity

(not including beam induced backgrounds)

Courtesy of the CLIC Study
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WP6: RF Module (preliminary) Compacto

XLS Preliminary RF structure parameters

Parameter Value
Length L 0.75m
Phase advance per cell ¢ 120°
First iris aperture al/A 0.15
Last iris aperture a2/A 0.1

First iris thickness d1 0.9mm
Last iris thickness d2 1.7mm
Fill time T 150ns
Operational gradient G 65MV/m
Input power Pin 41.8MW
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WP6: RF Module (preliminary) Compacto

XLS Preliminary RF structure parameters

Parameter Value CEFmErl:alzgor Modulator

Length L 0.75m Element Common
il tvah Cr IR TR =y o RF transfer line Inline RF distribution network :Zf‘:zm
First iris aperture al/A 0.15

Last iris aperture a2/A 0.1 2

First iris thickness d1 0.9mm %

Last iris thickness d2 1.7mm &\

Fill time T 150ns

Operational gradient G 65MV/m / /

Input power Pin 41.8MW Quadrupole ;rE:t:(rje Girder frame
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WP6: RF Module (preliminary) c:;;mpactcT

XLS Preliminary RF structure parameters

Parameter Value CEFmErlfalzgor Modulator

Length L 0.75m Element Common
il tvah Cr IR TR =y o RF transfer line Inline RF distribution network :Zf‘:zm
First iris aperture al/A 0.15

Last iris aperture a2/A 0.1 2

First iris thickness d1 0.9mm %

Last iris thickness d2 1.7mm &\

Fill time T 150ns

Operational gradient G 65MV/m / /

Input power Pin 41.8MW Quadrupole ;rE:t:(rje Girder frame

* Each RF units consists of a pair of 50 MW
klystrons, like the commercial units currently
in use in the CLIC X-Boxes, operated at 45MW
and producing a 1.5 (s long pulse.

* The pulses are combined and compressed to
150 ns in a pulse compressor, increasing its
power by a factor 5.2.

e The final pulse then is distributed to feed 10
accelerating structures with 42MW (assuming
a loss of 10% in the waveguide system).
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WP6: RF Module (preliminary)

XLS Preliminary RF structure parameters

Parameter Value

Length L 0.75m

Phase advance per cell ¢ 120°

First iris aperture al/A 0.15

Last iris aperture a2/A 0.1

First iris thickness d1 0.9mm

Last iris thickness d2 1.7mm

Fill time T 150ns

Operational gradient G 65MV/m

Input power Pin 41.8MW

B_— XLS SwissFEL
X-band C-band
Structures per RF unit 10 4
Klystrons per RF unit 2 1
Structure length m 0.75 1.98
Allowed gradient MV/m 80+
Operating gradient MV/m 65 27.5
Energy gain per RF unit MV 488 203
Klystron nominal power MW 50 50
Power in operation MW 45 40
Klystron pulse length LS 1.5 3
RF energy/pulse/GeV J 277 591
FLS2018 — Shanghai — March 5-9, 2018 XLS

Compact
RF Pulse
Compressor Modulator
Element
Common

vacuum
network

RF transfer line Inline RF distribution network

P e

Beam Pipe

~

4 /
Quadrupole

Girder frame

* Each RF units consists of a pair of 50 MW
klystrons, like the commercial units currently
in use in the CLIC X-Boxes, operated at 45MW
and producing a 1.5 (s long pulse.

* The pulses are combined and compressed to
150 ns in a pulse compressor, increasing its
power by a factor 5.2.

e The final pulse then is distributed to feed 10
accelerating structures with 42MW (assuming
a loss of 10% in the waveguide system).
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WP6: Beam Stability Ct::fmpactcJ

3 T x T T T T x 1 - .
< 25 charge - - - - SN o = Bunch stability to transverse wakefields
< = X no wake x —»— J . A 3
- 7 L x'no wake - -%-- / % A N
= xwitg w:i((e - . e/_g_-;ﬁ’ g
F 15| Xwithwake —-&- o = L
X Ay with wake —--e--- o = 9 ﬁ(s)
ol E R + 057 Ay = Ne” - AWi | - Lgtruct E(s) ds.
= 05| b gy = 0
~— 3 .
><‘: = l—-l-}'#-'ﬂ;i-l(—*—*— *—*—x—x-x—g\;i.fé X ¥ <K é)‘)
< ’ e, 5|
< -0.5 - P S TBy . =
1 head , .- | | | @ ail , C We target A, < 1.5.
-400 -300 -200 -100 0 100 200 300 400
0, (Mm)
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WP6: Beam Stability Ct::.mpactcJ

3 T T T T x x x 1 - .
o charge - - - - - RN o - Bunch stability to transverse wakefields
< - X no wake x —»— K ' A S
< oL x'no wake --%-- ‘ % A =
= X witg w:i((e ee@ee . e/_g:ﬂ/ g
e | x'with wake —--®-- o =]
&: 1.5 A, with wake —-e--- _e_‘o_,e/;’:«\' E 5 L B(S)
o1 e 105 Ay~ Ne? - AW | - Lagruet ot ds.
= 05| b gy = 0
~— 3 .
£ 0 [—l-k#’ﬂ-,’i K K K K Km K- K=K —E‘&i.fé % ¥ X gﬁ
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WP6: Beam Stability
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WP6: Start-to-end Electron Beam Simulation Compactg
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WP6: Start-to-end Electron Beam Simulation

Compacto
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WP6: Start-to-end Electron Beam Simulation
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WPG6: Electron Beam Performance Compacto
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)N  wWPé: FEL Light Production Compact™
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)/ Compact:’“
Compact

CompactLight has just started

A lot of exciting work ahead

First project review in Trieste June 19-20, 2018

Stay tuned!

http://compact-light.web.cern.ch
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Extras: Longitudinal Stability — Gradient error cgmpactc’
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a) Bunch arrival time error, b) Beam energy error, c) Bunch length error d) Beam energy spread error versus 0.1% RF
amplitude (RF gradient) error

D
FLS2018 - Shanghai — March 5-9, 2018 XLS A. Latina 51



Extras: Longitudinal Stability — Phase error Compacto
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a) Bunch arrival time error, b) Beam energy error, c) Bunch length error d) Beam energy spread error versus 0.1% RF
phase incoherent error
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