Transverse phase space coupling due to
quadrupole field error and cathode laser asymmetry
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* Introduction

« Transverse coupling by quadrupole field error w/o space charge
« Transverse coupling by quadrupole field error w/ space charge
« Transverse coupling by cathode laser asymmetry

« Simulations & experiments

Summary
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Introduction to phase space coupling

DESY

4D beam phase space X,p, =[x x" y y']T

4D beam covariance matrix

C
Cap = <X4DXZD> = C))%);

Co = (xx)  (xx)
XX — _(XX’) (XX’)
coo = [y Gy
Yy 'y
coo = [ ')
T L xy)  (xy"))

 Emittance

EZ‘D = det C4D

CXY]
Cyy

Projected
phase space
beam matrix

&x = det Cyx } Projected

5 = det Cyy emittance
Coupling factor: —Vggxgy -1
4D

No X/Y coupling Cxy =0, &,¢y = Eip
X/Y Coupling Cxy # 0, &x&, > €4p

Most FEL main linac lattice design assumes no

transverse coupling

Q

exey)

» Injector needs to decouple X/Y phase space to make
full use of 4D beam brightness ( < = i)

2
ExEy €4D

Concept can be extended to 6D phase space

» Effective beam brightness (

. lex' vy e 2]
Xep = [xx yyt p]
* X(Y)/Z coupling = degrade effective beam brightness
« Coupler kick (x" &t coupling)

« Chromatic effect (x’ & % coupling)
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Introduction to phase space coupling

DESY

Skew quadrupole (thin lens model)

o x'=x)+ksy,y =y + kex
Cathode residual B field

eB,

* DPx =DPxot kY by =pyo_kcxs k. =

Solenoid Larmor rotation

: B,
« Larmor rotation angle, 0, grmor = fzp/e
* Assuming a non-coupled beam before rotation
Cxx O ]
C, =
0 0 Cyy

 After rotation (by 4D rotation matrix R,;)

Crot = RrotCORz:ot

_|cos? 6 Cxx + sin? 0 Cyy  sin6 cos 6 (Cyy — Cxx)
sinf cos O (Cyy — Cyx) sin? 0 Cxyx + cos? 0 Cyy

Solenoid Larmor rotation (cont’d)

* Cyy = Cxy, i.. @ symmetric beam, C,,; = C,

* Cyy # Cxx, X/Y coupling forms after rotation

« Beam asymmetry causes

Cathode laser shape asymmetry
Magnetic quadrupole field error (solenoid)

Gun coupler kick
Cathode/laser misalignment
Solenoid/beam misalignment

« Beam asymmetry corrections

A solenoid with zero Larmor rotation
Cathode laser profile optimization @virtual cathode
Gun quads corrector

Symmetric gun coupler
Laser BBA
Solenoid alignment with beam
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Transverse coupling by quadrupole field error

No space charge case

- PRAB 21, 010101, by D. Dowell

« SLAC gun solenoid quad field distortion

2.5

2

1.5

1

0.5

0

B,(2)

100 |
80
60 | Angle
40 -
20 -

-20

Field

-40

Quadrupole rotationangle (deg) Solenoid Axial Field (kG)

DESY.

-20

Z(cm)

20

40

— 3.0
+ 2.5
+ 2.0
+ 1.6
+ 1.0
+ 0.5

0.0

Quadrupole Field (gauss)

« Rotated quadrupole transfer matrix

RrotQuad =

1

_kN

0
1
0 O
0

_kS

Rotated

0 0
—k, 0
1 0
ky 1

kquaa = % (integrated quad strength)

Normal
a=0

— A I/sk
kN = kcos2a normal/skew
quad pairis a

ks = ksin2a rotated qudrupole.

Skew
a=45 degrees

« Total transfer matrix of solenoid + quad error field

Simplification: integrated thin lens quad model

Rsol RrotQuad
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Transverse coupling by quadrupole field error
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PRAB 21, 010101, by D. Dowell

« Emittance growth

Assuming symmetric beam before quad

Cyy = Cxx

By beam matrix transportation

T
C= (RsoerotQuad)CO(RSOIRTOtQuad)
e% = g + Ae?,
Agx = Agy = Glgeamlkquad sin Z(HLarmor + a)l

Skew quad component
Emittance growth is only related to the skew
quad error strength

Emittance growth is square dependent on beam
size - high charge case suffers more

Slice emittance grows

Quadrupole corrector model

» Place a rotated quad corrector at solenoid exit

beam %—.—[ solenoid, KL ]—'—p 7

Quadil Quad-Corrector

Ae = |012 kquaa SIn 2(0grmor + @1) + 02k, sin 2a,

Tune k. and a, to zero emittance growth
* Tune skew quad corrector to make Ae zero
* Normal quad component is not related
 Infinite solutions to make Ae zero
« XandY emittance still equals
 Beam is not round downstream

» Not critical for no space charge case
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Transverse coupling by quadrupole field error

« Simulations & experiments reports « Quadrupole corrector tuning in these studies

* SLAC/Cornell/DESY/ANL/UCLA ... « Simulation to fit the integrated quad error according to
¢, UCLA simulations (0 pC) measured beam profile distortions

800 I

» Get roughly amplitude and angle

» Fix amplitude, scan angle to minize <xy> or
emittance

« For low charge case, simulation is not necessary,
fix amplitude, scan angle can zero A¢

0 50 100 150
angle (deg) angle (deqg)

ANL experiment (1 pC) ANL experiment (1 pC)
_ m— ¢ without corrector (a) . (b) . B
E L, = g g
CIER] g 25 g
:JC; — —-€; 1IN s‘imulat‘i()n :g- :\g
E ——-g, in Slmula_l.mn ‘é‘ é
= 2 [jme=ms= thermal emittance g g
£ £, A
3 2 3
= = =
= 8 =
B=1 b= p=1
= = g
5] o T

DESY 36 G/m
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Transverse coupling by quadrupole field error

+ SLAC injector optimization by skew gun quads scan
. \ fpgr‘fecl I
0.75¢ ' :gtr?e(;:::gl\i;?h?r::r:k:ﬁ:3:;2;11'solenoid 070 O x plane o y-plane — =fit —— other emittances
0.7r 0.65
QLI LCLS-I Towl ECLS'.' 10? pC
2. |\ simulation £ | N ARELIEINS,
: T\ g 9% reductlon
0.55+ \ \ [ IR .E 0.50
0.5+ "; “
045
045+ \ e MW =T 040 t
i \er”f’/’ ‘ s -10 5 0 5 10 15
Y 2 4 z‘(;m) 8 10 12 Skew Quadrupole Corrector Integrated Field, Q,,, (G)
« PITZ injector optimization by gun quads optimizer
T 6_ Sl § Symmetrize beam
X 5 @ .. after booster by
- b2 optimizer iterations
R A R before emittance
o - ‘ measurement.
ﬁo.z QEI ﬁ:? 08
L w ) @ . ~9% emit reduction
e b i for 500 pC.
DESY. % yim O T T

PSI injector decoupling

« By gun quads & booster solenoid

I [ I B———

S-band structure #1

—

b
-
Knob-SB01

Change booster
solenoid current

change Larmor angle

 Measure 4D phase space with multi-quad scan

* Measure Cyy response matrix to gun quads & booster

solenoid

» lterations, coupling factor 11% = 0.6%

1 3 5 7
L xmm]

Coupling 2.6%

0 5 10 15 20 25 30

scan index
initial iteration 1 iteration2
C=0.113 C=0.026 C=0.006
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How to tune gun quads under space charge case

« Current methods « A new method (cont'd)
« Simulation vs experiments to fit quad errors (ANL, « Case #2: a rotated quad error in solenoid, rotation
UCLA, PITZ) angle 8, amplitude is same as case #1
« Scan skew quad, measure emittance (SLAC) Hatatad Normal
_ _ o _ Case #2 a=0 Case #1
« Corrector iterations by measured sensitivity matrix of
Cxy VS correctors, measure 4D beam matrix (PSI)
* Iterations by optimizer to symmetrize beam profile \ s
(PITZ)

* A new method

AN
N7

» Case #1: only a normal quad error in solenoid, no skew

quad error, all other elements are symmetric

_ » Case #2 is equivalent to injector #1 rotated by 6
« Beam after booster, no coupling, but X/Y asymmetry

« So beam after injector of case #2 is

0 0 Cyy * Cp = RyotCoRyor =
e Cpy % Cyy, £y % € cos? 0 Cyx +sin? 8 Cyy sinB cosB (Cyy — Cyy)
I sinf cos B (Cyy — Cyx) sin? O Cxx + cos? 6 Cyy
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How to tune gun quads under space charge case
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A new method (cont’d)

Case #2: Cyy # Cxx, SO beam is X/Y coupled

» One way to decouple the beam w/o gun quad is to
design a rotation lattice line after booster, but beam
will loose symmetry

C, = Cf)Sz 0 Cxx + sin? 8 Cyy s-inZH cos 0 (Cyy ; Cxx)
sin@ cos O (Cyy — Cxx) sin“ 0 Cxx + cos“ O Cyy
e (xx) = cos? 8 {xgxg) + sin? 8 (yy,)

* {yy) = sin® 8 (xox,) + cos® 6 (yoyo)

+ (xy) = 5sin 20 ((Yoyo) — (xo%o))

(xx) = (yy) > 6 = /4, i.e. a pure skew quad

© Oy =0y, & =&,

(xy) =0-> 6 =0, i.e. a pure normal quad

« Largest asymmetry for X/Y planes, but no coupling

A new method (cont’d)

* Anintegrated quad error at solenoid exit + a rotated
quad corrector at solenoid exit

« Quad error k,,, = kge'?? = ky(cos26 + i * sin20)
 Quad corrector k,,, = k.e'?*
« Total quad kyprq = koe?0+k.e?* = k,e'??

* Quad error is fixed

* Quad corrector is variable

» Vector plot of quad correction

A kskew

ktotal

~V

normal
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How to tune gun quads under space charge case
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A new method (cont’d)

» Vector plot of quad correction

Angle scan with arbitrary corrector amplitude
O,P, & O,P, correction

» Pure normal quad error left, (xy) =0
O,P; & O,P, correction

 Pure skew quad error left, g, = 0,

* Normal/skew quad correction

(O,P, + O,P,)/2 = O,P,, = skew quad corrector

+ O,P,, is also the skew quad axis

(O,P5 + O,P,)/2 = O,P,, 2 normal quad corrector
+ O,P4, is also the normal quad axis

O,P,, + O,P;,=0,0,, correction of both normal &
skew quad errors

« Advantages of such a method

* No prior knowledge of quad error angle or amplitude
needed, no simulation fit needed

* No emittance measurement required

* |n ideal case, no iterations
k

skew
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How to tune gun quads under space charge case

A new method (cont'd) « How to find P1/2/3/4
» Special cases « Take one corrector amplitude I,
* When corrector amplitude much smaller than quad * Measure (xy), (xx), (yy), vs corrector angle

error amplitude
 no P1/2/34

» When corrector amplitude equals error amplitude

 Find the 4 angles for (xy)=0 & o, = g,
« The corrector solution is I, = %IO Y4 _ et?an

« GunQ1:re(l,)
« Gun Q2:im (I.)
 Normalized beam profile properties

* P1/P3 become one point

P,

« RMS ellipse gx? + 2axy + by* = e
+ e = /(xx)(yy) — (xy)?

« b= (xx)/e
+ g=(yy)/e = b=g,a=0
* a=—(xy)/e
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How to tune gun quads under space charge case

A new method (cont'd) * A new method (cont'd)
» Special cases like FLASH/XFEL injector » Special cases like FLASH/XFEL injector
« 1stscreen after booster is already after a quadrupole « 6 =0,i.e.apure normal quad 2> (xy) =0

based lattice e 0 =m/4,i.e.apure skew quad

« The transport matrix from before the 1st high energy
1|R RY R — RY
quad to the 1St screen _[ X(CXX+CYY) XT X(CYY CXX) ’;’
2 [Rx(Cyy — Cxx)Ry Ry (Cxx+Cyy)Ry
Ry O
e R= 0 Ry,RX:;tRY Uxio_y
« In case #2, the beam on the 15t screen is « P1/P2 can be found )
e Cser = RCy RT « Skew quad correction repeatable e
[RX(cos2 0 Cyx +sin? 8 Cyy))RY  sinB cos O Ry(Cyy — Cxx)RY ] * P3/P4 can not be found
sin 6 cos 6 Rx(Cyy — Cxx)Ry Ry (sin?  Cxx + cos? 6 Cyy)Ry Normal quad correction not

repeatable, unless do
emittance measurement,
otherwise variable normal

quad component leads to P4 0O,
burden on injector
matching.
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Transverse coupling by cathode laser asymmetry

DESY

No space charge case

Crot =

Assumption

Small cathode laser asymmetry between x and vy,
<xy>=0

Twiss parameter similar between x and y planes
inside Larmor coordinate

No quad errors

Beam matrix after solenoid rotation

cos? 0 Cyx + sin? 8 Cyy
sin 8 cos 0 (Cyy — Cxx)

sin @ cos 8 (Cyy — Cxx)
Sinz 7] CXX + COSZ 7] CYY

Projected emittance

€x = €0S% 0 &4 + sin® O g,

gy = sin® 0 g, + cos? 0 £y

2 _
ExEy = E4p = Ex0€y0

Additional effects with space charge

Assumption

« 3D ellipsoidal case with a small non-equal x and y

semi axis
* n=19(1+68), 1 =1r(1-9)
Space charge force asymmetry

X
E,, = coef = ko(1—06)x

X
Esy = coef NEA ko(1+98)y
Ty
« Equivalent to a symmetric case plus a normal
quadrupole

The final quad error angle will be decided by the
solenoid rotation and initial laser asymmetry axis
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Simulations
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Simulation setup « Simulation setup (cont’d)

Laser, 6 ps FWHM, BSA1.3 mm, 500 pC (PITZ * Rotated quad corrector model
experiment optimizations)

PITZ setup, gun 6.3 MeV/c + booster

A distributed quadrupole error field like SLAC
measurement

* Around current Gun Q1/Q2 position
« 5 cm effective length

« Angle and gradient variable
« Using gun solenoid field map as a quad field map, * Case studies
inspired by the ANL study, quad angle can be - Quadrupole error study
configured in ASTRA

L _ * Quad error only, angle and amplitude scan
» Quadrupole error strength assumption in simulation

_ _ _ _ * Quad error + quad corrector
« Typical solenoid focusing strength k is ~3.5 m-?
_ _ « Laser asymmetry
 Integrated focusing strength k is ~0.01 m-!, focal

length ~100 m (typical range 50—100 m), roughly
~0.3% compared to solenoid strength « With quad corrector

 No corrector
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Quadrupole error study

Quad error only, angle scan with step 10 degree

« ASTRA simulations w/ 3D space charge

 (Observations:

* Regular oscillations of parameters vs quad error angle

* In contrast to no space charge case, emitX and emitY
are not equal

» 4D emittance is constant w.r.t. angle

* 4D emittance with quad error larger than 4D emittance
without quad error, in contrast to no space charge case

« Best emittance, no coupling, worst X/Y symmetry
* Simulation consistent with beam matrix rotation

K
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P4 N

! 1 k
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Quadrupole error study

Quad error + quad corrector

L 4 1.7

1.6

3 1.5 N
2 1.4 /
1.3

1 /
12 4 ] P
0 1.1
M |
-1
0.9
2 0.8
0 20 40 60 80 100 120 140 160 180 200 0 20 40 o0 80 100 120 140 160 180 200
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Quadrupole error study s —amgamme s

Quad error + quad corrector

« Corrector amplitude matches error amplitude by e I
mannual scan, both emit and beam size symmetry

« Amp 60 G/m, angle 90 deg

« Analytical formula prediction, I, = %IO 4 el2on

« 63.78 G/m, angle 92.1 deg

» Consistent results when scanning quad corrector ] _ _
. . e EM T bl EMILY s BTt XY o o
angle with variable strength I

E_____
o

40 60 80 100

i
I
'
I
I
]
I
1
: 140 160 180 200
I

I

No quad error s Emit4D

2

1.8

P,

1.6

1.4

1.2

1
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Before correction

e H1.scr1

Pure skew quad error

L T

DESY 05

m

Beam size 1

e m wmrad man

e m mrad wmr

Emittance

With coupling
11% higher

' 1.25/1.27

No coupling

0.97/1.32
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After correction

« Both beam size and emittance symmetry restored

« Emittance is same again as case without any quad error

o Beam size i Emittance
=] . = |L i
: g :
g )
0.37/0.38 1.05/1.05
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Laser asymmetry 10% p-p

w/o quad correction

« Rotation of asymmetric cathode laser on cathode

+ Smaller effect on beam size asymmetry than quad error in solenoid of strength 0.01 m*-1
» Larger effect on beam emittance asymmetry

» 4D emittance is same as symmetry case

Upright case
—4—beta —M—gamma - alpha —&—emitx —ll—emity —d&—emitxy = = -emit4D
2 1.4 i
|
15
Yo= L caniine= = el
0.5
0 m
-0.5
-1
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 00 120 140 1e0 180 200
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Laser asymmetry 10% p-p

w/ quad corrector

« Formula prediction
+ 35.3 G/m, -46 degree for upright laser asymmetry
« Partial correction

 0.36/0.36 mm
* 0.95/1.17 mm.mrad
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