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[0 Why we need a New Gun Solenoid for CTF3 RF Gun ?

[1 Performance & Alignment Tolerance of New Longer Double Gun Solenoid
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[1 Specification and Tolerance of Gun Bucking Solenoid

[1 Alignment Tolerance of Solenoids in S-band Accelerating Structure

[0 Summary and Acknowledgement

Futures Tolerance Study Series (alignment tolerance of QMs, BMs, and Linac

Tubes, and RF amplitude and phase jitters)
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PAUL SCHERRER INSTITUT

Why we need a New Gun Solenoid ? (1 Joo—

Originally Used GUN Solenoid (INLB-01-MSL10) for CTF3 GUN Optlmlzatlon
® Length =0.2 m
® Maximum Magnetic Field = 0.250 T
® Type = Double Solenoid

Needed Maximum Field for CTF3 GUN Operation | ..
® (0.255 T for a gun Gradient of 100 MV/m
® (0.300 T for a gun Gradieent of 120 MV/m

original 0.2 m long solenoid

0 0.1 0.2 03 0.4 05 0.6
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It seems that we need a new stronger gun solenoid for CTF3 RF Gun based Injector.
Recently, Marco Negrazus of magnet group have designed two new solenoids (single
and double) for the CTF3 gun. Its length is about 0.26 m long and its maximum
magnetic field is 0.35 T.

new double solenoid new single solenoid

New Single and Double Solenoids: - ——— ! R e e
maximum magnetic field =035 T
maximum current =220 A
inner diameter = 80 mm ) - ol
outer diameter = 460 mm
mechanical length = 0.26 m
center position from the gun cathode=0.3 m .|
starting point in tunnel =5.37 m
ending point in tunnel = 5.63 m : : A . . . .
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Normalized Bz on Axis

Normalzied Ez on Axis
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fieldmap of 0.2 m long double solenoid

Normalized Bz on Axis

ER INSTITUT

Iaser beam : o, ;= 270 pm, AT =5.8 ps (FWHM), rise & falling time = 0.7 ps &= I[)S(?QTE;Z-: /M"V
. 0 - ag= 0. o
e-beams : 0 ~ 0.2 nC, g,,,,=0.195 pm o= 221 pn, @ =221 pm, o, = 579 pm
> &~ 0.388 pm, g = 0.388 pm
2.5 cell 2998 MHz gun driving laser
otOUy ., INSBO1-RAC INSBO2-RAC
Q I [ [ [ [
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) = 2998 MHz S-band LINAC
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4238 degree 0.0 degree 0.0 degree
from zero crossing

E=7.920 MeV E=67.700 MeV E=150.72 MeV
Component : GUN  INLBOI-MSLI10 INSBO1-RAC 4 INSBO1-MSLAC10s INSBO2-RAC 4 INSBO1-MSLC10s
Distance : 0.0m 0.3 m (center) 295m 3.4 m (1st center) 7.9m 8.45m (1stcentery 123 m 13m

2.5 Cell CTF3 Gun Type V based Injector for PSI XFEL Project

April 171h, 2008 by ¥, Kim
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HERRER INSTITUT

Optimization with 120 MV/m & 0.2 m Solendift—="

32 A - Good Projected Emittance & High Peak Current
laser 0__ =270 um, INSB01 @ 2.95 m
el Hib @ [.=32A

B, ,~0300T
. e E=150.72 MeV
laser beam : o, =270 um, AT =5.8 ps (FWHM), rise & falling time = 0.7 ps o. = 0.088%
e-beams : O ~02nC, g, =0.195 um sz 221 pm, 6,= 221 pm, 5, =579 jm
> €= 0.388 pm, g, = 0.388 pm
2.5 cell 2998 MHz gun driving laser
GUN INSBO1-RAC INSB02-RAC
[ T [ N . T N N .
- { 2998 MHz S-band LINAC }—i 2998 MHz S-band LINAC {
[ N [ N . T N O
120.0 MV/m 13.58 MV/m 18.80 MV/m
42.38 degree 0.0 degree 0.0 degree
from zero crossing
E=7920MeV E=67.700 MeV E=150.72 Me¥
Component: GUN INLBOI-MSL10 s INSBOI-RA( 4 INSBOI-MSLACI0s INSBO2-RAC 4 INSBO1-MSLC10s
Distance : 0.0m 0.3 m (center) "" 295m ’:' 3.4 m (1st center) T9m .45 m(lIstcenter) 123 m 13m
2.5 Cell CTF3 Gun Type V based Injector for PSI XFEL Project April 17th, 2008 by Y. Kim
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HERRER INSTITUT

Optimization with 100 MV/m & 0.2 m Solendift—="

22 A - Good Slice & Projected Emittance & Low Peak Current

laser O, , =270 um, INSB01 @ 2.95 m
’ Ipeak =22 A
B, ,~0255T
laser beam : o, =270 um, AT = 9.9 ps (FWHM), rise & falling time = 0.7 ps 'g :_';’?é%ﬁ MeV
. — \ - 5 M ]
c-beams : @~ 0.2 0C, &= 0.195 pm 6,=211 pm, 6,= 211 pm, o, = 840 ym
> Ey= 0.345 pm, g = 0.345 pm
2.5 cell 2998 MH= gun driving laser
GUN INSBO1-RAC INSB02-RAC
[ N N N . T T O
- 2998 MHz S-band LINAC 2998 MHz S-band LINAC
[ N N [ N N N
100.0 MV/m 13.59 MV/m 18.86 MV/m
37.80 degree 0.0 degree 0.0 degree
from zero crossing
E=6.594 MeV E=66374 MeV £ =149.3% MeV
Component : GUN INLBOI-MSL10 :: INSBO1-RAC ‘: 4 INSBO1-MSLAC10s INSBO2-RAC 4 INSBO1-MSLC10s
Distance : 0.0 m 0.3 m {center) %,2.95m o 34 m(1stcenter) 79m 8.45 m (Istcenter) 12.3m 13m
April 7th, 2008 by Y. Kim
"l

2.5 Cell CTF3 Gun Type V based Injector for PSI XFEL Project
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Re-optimization with 0.26 m double Solenoid"——1"

For 100 MV/m case, after swapping current 0.2 m long double solenoid with

SCHERR

a new 0.26 m long double solenoid, we scanned its solenoid field strength to
find a new optimized field giving the minimum emittance of about 0.34 pm at

the end of SB02. The center position of the 0.26 m long double solenoid is 0.3
m downstream from the cathode, which is same as that of original one. All

other parameters are same as those in page 6.
1

Vertical emittance vs. magnetic field of solenoid mo. 1
/ \ -~~~ 1. - - - 1 - T T T 1 T T T T T T T T ]
/ \\ tolerance of power supply dI/I ~ 160 ppm (p2p) |
05 / \ minimum €, ~0.34 pm @ 0.238 T
\\ r
\ L
5 \ i
3 \
I B
\
\
\
\\
-05 \\ 7
\
I L L L f | L L L L | L L L L | L L L L |
0.24 0.25 0.26
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-0.3 -0.2 -0.1 0 0.1 0.2 0.3
z (m)

0.28
max. magnetic field (T) of 0.26 m double solenoid

0.27
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€ ™ mrad mm

Re-optimization with 0.26 m double Solenoi

AUL SCHERRER INSTITUT

== fo—

With a new (.26 m long double solenoid, we could easily obtain the similar performance
which we had obtained with 0.2 m long double solenoid. This is the first optimization step.

Transverse Emittance

GUN INSB01 RAC INSBOZ RAC

0 26 m long double SOLENOID @ 0.238 T

oxr gy mm

10 12

POITUBSS Trmatplint TubespGteOk 001 $4.00 0088

E ~149.2 MeV, 65~
oy~ 230 pm, 6~ 230

Beam Size

GUN INSB01 RAC INSB02 RAC

[ 0.26 m long double SOLENOID @ 0.238 T

0.16%
um, o, ~ 842 pm

nx~ 0.34 pm, g, ~0.34 pm

Q 0.2nC, [

peak

~22 A, €

~0.32 um

n,slice
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AUL SCHERRER INSTITUT

Re- ORtlmlzathIl with 0.26 m double Solenoi (1 Joo—

With a new (.26 m long double solenoid, we could easily obtain the similar performance
which we had obtained with 0.2 m long double solenoid. This is the first optimization step.

Bunch Length B functions
GUN INSB01 RAC INSB02 RAC GUN INSBO01- RAC INSB02-RAC
_fll I — i 1 |

B 0.26 m long double SOLENOID @ 0.238 T 0.26 m long double SOLENOID @ 0.238 T

oz mm
m
40

20

PHITUBSS eyt TubepéSek 001 3000 1800 [

E ~149.2 MeV, 65~ 0.16%

oy~ 230 um, 6y~ 230 pm, 6, ~ 842 pm
nx~ 0.34 pm, g, ~0.34 pm

Q 0.2 nGC, 1, ~ 22 A, g, gjce~ 0.32 pm

9
% Low Emittance Gun based PSI XFEL Project - Yujong Kim of Paul Scherrer Institut, Switzerland ' ——




horizontal emittance m mrad mm

RRER INSTITUT
—

Alignment Tolerance - 0.26 m double Solenoi‘ﬂ[‘_: .

Tolerance of horizontal misalignment of the new (.26 m long double solenoid is about
14 pm (p2p), giving 1% vertical emittance growth. It seems that we need the beam
based alignment. The tolerance of a vertical misalignment is same range.

Horizontal emittance vs. horizontal offset of solenoid no. 1

T T T T T T T T T T T T T T T T

0 1073 2x107°2 3x107°2 4x1073

offset m

vertical emittance m mrad mm

0.5

1.5

Vertical emittance vs. horizontal offset of solenoid mo. 1

AX induces vertical dispersion and chromatic
effects in solenoid, and mismatch of invariant
envelope in booster linac. Criterion on chromatic

effects: )
B
Lsol << 1’ ksol = (e : J

k sol

S-
Py 2¢p

AX=AY ~ 14 um (p2p) giving about 1% emittance growth.
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horizontal emittance m mrad mm

0.3

0.4 0.45

0.35

4

Tilt Tolerance - 0.26 m double Solenoid

PAUL SCHERRER INSTITUT

=

Tolerance of a rotation (or tilt) error around x-axis of the new 0.26 m long double
solenoid is about 120 prad (p2p), giving 1% vertical emittance growth. It seems that we
need the beam based alignment. The tolerance of a rotation error around y-axis is

same range.

Horizontal emittance vs. horizontal tilt of module no. 7

T

" | L L " | L L L | L "
2x107°3 3x107°2 4x1073

tilt angle rad

vertical emittance m mrad mm

0.5

0
o

Vertical emittance vs. horizontal tilt of module no. 1

L L L L L | L L L | L
1072 2x107°2 3x107°2

tilt angle rad

Ad,= Ad, ~ 120 prad (p2p) giving about 1% emittance growth.

L | L L
4x1073
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Normalized Bz

PAUL SCHERRER INSTITUT

Re-optimization - 0.26 m single Solenoid (1 Joo—

For 100 MV/m case, after swapping current 0.2 m long double solenoid with
a new 0.26 m long single solenoid, we scanned its solenoid field strength to
find a new optimized field giving the minimum emittance of about 0.34 pm at
the end of SB02. The center position of the 0.26 m long single solenoid is 0.3
m downstream from the cathode, which is same as that of current one. All

other parameters are same as those in page 6.

1 T

0.8 |

0.6 -

_

' fw/ S/I/NGIIES\(\)Pﬁll{IGEASTRA.datI" ut2
: \

0
-0.3

-0.2

-0.1

0.3

Vertical emittance vs. magnetic field of solenoid mo. 1

tolerance of power supply dI/I ~ 245 ppm (p2p)
minimum €, ~0.34 pm @ 0.206 T

0.21 0.22 0.23

0.19 0.2
max magnetic field (T) of 0.26 m single solenoid
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€ ™ mrad mm

PAUL SCHERRER INSTITUT
—
IJ—_ —

With a new (.26 m long single solenoid, we could obtain the similar performance which
we had obtained with 0.2 m long double solenoid. This is the first optimization step.

1st Re-optimization - 0.26 m single Solenoi

Transverse Emittance Beam Size
GUN INSB01 RAC INSB02 RAC GUN INSB01-RAC INSB02-RAC
i R — II ] _
| 0.26 m long single SOLENOID @ 0.206 T . 0.26 m long single SOLENOID @ 0.206 T
L - o L -
g I ]
i - invariant envelop matching will be A
| improved at the second optimization
| © step shown at the next page.
Q
o

° 4 6 8 10 12 2+« s 8 10 1z
E ~149.2 MeV, 65~ 0.16%
oy~ 160 pm, 6~ 160 pm, 6, ~ 842 pm
Eny~ 0.34 pm, g,,~ 0.34 pm
0=0.2nC, [, ~22 A, g, gice~ 0.30 pm better slice emittance !

13
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€ ™ mrad mm

2nd Re- OEtlmlzathIl 0.26 m s1ngle Solenoi

AUL SCHERRER INSTITUT

=

With a new (.26 m long single solenoid, we could obtain the similar performance which
we had obtained with (0.2 m long double solenoid. This is the second optimization step.

Transverse Emittance

GUN INSB01 RAC

INSB02 RAC

0 26 m long single SOLENOID @ 0.206 T

GUN

Beam Size

INSB01 RAC INSBOZ RAC

oxr gy mm

10

E ~149.2 MeV, 65~

[ 0.26 m long single SOLENOID @ 0.206 T

improved invariant envelop
matching was obtained at
the second optimization step

12

0.16%

oy~ 240 ym, 6~ 240 pm, 6, ~ 842 pm

Eny~ 0.34 pm, g,
0=02nC, 1/, ~22A,¢

~0.34 um

n,slice

~0.30 um better slice emittance !

14
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AUL SCHERRER INSTITUT

2nd Re- OEtlmlzathIl 0.26 m s1ngle Solenoi (1 Joo—

With a new (.26 m long single solenoid, we could obtain the similar performance which
we had obtained with (0.2 m long double solenoid. This is the second optimization step.

Bunch Length g functions

GUN INSB01 RAC INSB02 RAC GUN INSB01-RAC INSB02-RAC

o D [ il I

f—0.26 m long single SOLENOID @ 0.206 T 0.26 m long single SOLENOID @ 0.206 T

L 3 n
§
§wl i £
n @ Q
S}

& -
o | | | | | | o 1 | | | | |
2 4 6 8 10 12 2 4 6 8 10 12
zZm zZm

001 3400 184t PERTUBSS TrmatpOind TubetptemSK SLSopt 001 00 0850

E ~149.2 MeV, 65~ 0.16%
oy~ 240 ym, 6~ 240 pm, 6, ~ 842 pm
v~ 0.34 um, g, ~0.34 ym
Q 0.2 nC, I, ~ 22 A, g, gjce~ 0.30 pm better slice emittance !
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horizontal emittance m mrad mm

0.6

@
o

SCHERRER INSTITUT

Alignment Tolerance - 0.26 m single Solenoid”‘b_ = p N

With the second optimization, tolerance of horizontal misalignment of the new 0.26 m
long single solenoid is about 22 pm (p2p), giving 1% vertical emittance growth. It
seems that we need the beam based alignment. The tolerance of a vertical misalignment
is same range.

Horizontal emittance vs. horizontal offset of solenoid no. 1 Vertical emittance vs. horizontal offset of solenoid mo. 1

T T T T T T T T T T T T T T T T T T T T T T T

AX induces vertical dispersion and chromatic
| effects in solenoid, and mismatch of invariant
- envelope in booster linac. Criterion on chromatic

effects: )
B
Lsol << 1’ ksol = (e : J

B

L 6B,

k sol
2¢cp

vertical emittance m mrad mm

0.5

AX=AY ~22 um (p2p) giving about 1% emittance growth.

16
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horizontal emittance m mrad mm

0.3

0.4 0.45

vertical emittance m mrad mm
0.4

0.35

PAUL SCHERRER INSTITUT

Tilt Tolerance - 0.26 m single Solenoid (1 Joo—

With the second optimization, tolerance of a rotation (or tilt) error around x-axis of the
new 0.26 m long single solenoid is about 195 prad (p2p), giving 1% vertical emittance
growth. It seems that we need the beam based alignment. The tolerance of a rotation
error around y-axis is same range.

Horizontal emittance vs. horizontal tilt of module no. 7 Vertical emittance vs. horizontal tilt of module no. 1

0.45
T

0.35

0.3
T

" L L L " | L L L " | L L L L | L " L L L L L L L L L L | L L L L | L L L L | L L
1078 2x107°3 3x107°3 4x1073 0 1072 2x107°2 3x107°2 4x1073

tilt angle rad tilt angle rad

Ad,= Ad, ~ 195 prad (p2p) giving about 1% emittance growth.

17
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PAUL SCHERRER INSTITUT

Performance Comparison of New Solenoids (1 Jo—

Parameters unit New Double Solenoid New Single Solenoid
min. projected emittance at the exit of booster pum 0.34 0.34

min core slice emittance at the exit of bootser  pm 0.32 0.30

max solenoid field B, for 100 MV/m operation T 0.238 0.206
length of solenoid m 0.26 0.26
current tolerance of power supply ppm (p2p) 160 245
transverse alignment tolerance um (p2p) 14 22

tilt alignment tolerance urad (p2p) 120 195
chromatic effect w.r.t original 0.2 m solenoid” Y% 113 85

max beta-function at the end of booster m ~45 ~45

* chromatic effect in solenoid is proportional to B L, at gun exit.

It seems that all performances of a new (.26 m long single solenoid are much
better than those of 0.26 m long double solenoid. Therefore, from now on, we
will use the 0.26 m long single solenoid for CTF3 RF gun based injector.

18
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Gun Bucking Solenoid - FLASH Type [j—‘

Generally, the magnetic field of the main gun solenoid is not zero on the cathode
surface even though it is about 0.3 m away from the cathode. To compensate the
residual magnetic field on the cathode, a bucking solenoid will be used for the CTF3
RF gun. Power supply should be connected to satisty a condition that B_ direction of
the bucking solenoid is opposite to that of the main gun solenoid.

main solenoid

1.3 GHz, 1.5 cell RF Gun

DESY FLASH RF Gun type Bucking Solenoid

19
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PAUL SCHERRER INSTITUT

Gun Bucking Solenoid - LCLS Type (1 Joo—

LCLS installed a small bucking coil on a cathode flange.

oriz—>—k

SLAC LCLS RF Gun type Bucking Solenoid .
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PAUL SCHERRER INSTITUT

Gun Bucking Solenoid (-]=

To make easily, our bucking coil can be similar to that of LCLS as shown below.
Followings are its specification and tolerances.
bucking solenoid main solenoid
‘i.,gi;,,_l
Parameters unit bucking solenoid 2 S
B 7.\/4 S E
max solenoid field B, T 0.04 5 % 2 e
length of solenoid m 0.03 o gé T
inner diameter of solenoid m 0.16 SV L L )/ =
current tolerance of power supply ppm (p2p) 200 % 8
transverse alignment tolerance um (p2p) 50 ' )
tilt alignment tolerance urad (p2p) 200 \
% ”"1‘:/[
el
0.3 m from cathode
< >l

CTF3 RF Gun for PSI 250 MeV Injector

21
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PAUL SCHERRER INSTITUT

== fo—

Tolerance of Solenoids in S-band Structures

22 A - Good Slice & Projected Emittance & Low Peak Current
laser O, , =270 um, INSB01 @ 2.95 m

I  =22A
B, ~0255T peak
laser beam : o, =270 um, AT = 9.9 ps (FWHM), rise & falling time = 0.7 ps 'g ::';’?éi‘f MeV
c-beams : @~ 0.2 0C, &= 0.195 pm o.=211 pm, 6,=211 pm, o, = 840 pm
> Ey= 0.345 pm, g = 0.345 pm
2.5 cell 2998 MH= gun driving laser
GUN INSB0O1-RAC INSB02-RAC
[ N N [ . T [ [
- 2998 MHz S-band LINAC 2998 MHz S-band LINAC
lm‘ﬂhwfm 13“59“{“;;.1]’.1.........-.. llllllll lllllllllllll.]lé+86w‘ll‘m
37.80 degree 0.0 degree 0.0 degree
from zero crossing B ,~0.02T 0.07T 0.04T 0.02T
E=6.594 MeV E=66.374 MeV E =149.394 MeV
Component: GUN INLBOI-MSL10 INSBO1-RAC 4 INSBO1-MSLAC10s INSB02-RAC 4 INSBO1-MSLC10s
Distance : 0.0 m 0.3 m {center) 295m 3.4 m (1st center) 79m 8.45 m (Istcenter) 12.3m 13m
2.5 Cell CTF3 Gun Type V based Injector for PSI XFEL Project april 15,2008 by ¥. Kir

" -
[ "l

We expect that chromatic effect will be much lower for solenoids in S-band structures due to a higher energy & much lower B,

22
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Tolerance of 1st Solenoid in 1st S-band TubélJ___

Horizontal emittance vs. horizontal offset of solenoid mo. 2 Vertical emittance vs. horizontal offset of solenoid mo. 2
T . T T T T T T T T T T T — T T 1 ‘. ' T T T T T T T T T T

L 4 L -

o o
§
; :
3
: 3
. g
&

o o
3 R

B
: :
g 3
IS Q
S S
£ L 1 S L 4
£S 3o
<
L L L L | L L L ' | s L L L | L L L L 1 L s L L L L L L | L L L L 1 L L L L | L L L L | L L
0 1072 2x1073 3x1072 4x107° 0 1072 2x1072 3x1072 4x1073
offset m offset m

For the first solenoid in the S-band accelerating tube, we applied S mm horizontal

misalignemt. But its emittance growth is ignorable due to a higher beam energy & a
much lower B, = 0.02 T.

23
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Tolerance of 2nd Solenoid in 1st S-band Tubpé‘l;‘_“_““‘f"“””‘

Horizontal emittance vs. horizontal offset of solenoid no. 3 Vertical emittance vs. horizontal offset of solenoid mo. 3
- - - 1 - T T T 1 T T T T 1T T T T L L L LA |
<L - <
o e .
g
; :
3
; 3
s g
(3
o 2
IS S o
3 g
B S
=
: :
3 =
g g
N S
gL - § oL _
Q o 2 ©
<
L L L L | L L L L | L L L L | L L L L | L L L ! L L L L | L L L L | L L L L | L L L L | L L
0 1078 2x1072 3x1072 4x1073 0 1078 2x1072 3x1072 4x1073

offset m offset m

For the second solenoid in the S-band accelerating tube, we applied S mm horizontal
misalignemt. But its emittance growth is also ignorable due to a higher beam energy &

a much lower B, = 0.07 T.
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PAUL SCHERRER INSTITUT
— —
| _— —

Even though we do not need tight alignment tolerance, it will be safer for us to
choose following tolerances:

Tolerance of Solenoids in S-band Structures

Parameters unit all solenoid in S-band structures
max solenoid field B, for 100 MV/m operation T <<0.1
length of solenoid m 0.75
current tolerance of power supply ppm (p2p) 200
transverse alignment tolerance pm (p2p) 150
tilt alignment tolerance urad (p2p) 200
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Summarx —o I Jo—

Since current 0.2 m long double solenoid can not supply a required magnetic field of
about 0.255 ~ 0.300 T for CTF3 gun based injector, recently, M. Negrazus of magnet
group has designed 0.26 m long single and double solenoids, which can supply the
higher maximum magnetic field of 0.4 T.

From quick re-optimizations, we found that the required magnetic field of the new
double solenoid is about 0.238 T for 100 MV/m operation. However, we found that a
lower field strength of 0.206 T is needed if we would like to use the new single
solenoid.

With those new solenoids, we can obtain almost same beam quality (€, ~ 0.34 um at
the end of SB02), which we have obtained with current (0.2 m long double solenoid.
But in case of the single solenoid, it can supply a slightly improved slice emittance of
0.3 um, and its alignment tolerances and current jitter of power supply are much
looser than those of the double solenoid.

Horizontal or vertical misalignment tolerance of the single solenoid is 22 um (p2p)
giving 1% emittance growth, and tolerance of tilt error around x-axis or y-axis of the
single solenoid is about 195 pum (p2p). Therefore, we have to use the beam based
alignment (BBA) to align the single solenoid properly.
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Summary & Acknowledgement (1 oo

To loose alignment tolerances and to obtain an improved slice emittance, we have to
choose the single solenoid instead of the double solenoid for the CTF3 RF gun based
injector.

We will choose the LCLS type bucking coil to make easily.

All tolerances of solenoids in S-band structures are much looser than those of gun
solenoid due to a much lower B, and a much higher beam energy.

In the near future, performance and tolerance of double solenoids in the pulser based
injector and LEG phase-II should be investigated.

Y. Kim sincerely thank to great supply of magnet fieldmaps from PSI magnet group
(M. Negrazus and S. Sidorov), and endless encouragements on this work from PSI
colleagues (R. Ganter, M. Boge, T. Garvey, and M. Pedrozzi).
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