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. Round Beams — Why?

, A significant fraction of the beamline users at Swiss light source
(SLS) prefer “round beam” rather than flat beam, ..., M. Aiba, et al.,
TUPJEO45, IPAC2015, Richmond, VA, USA

What users prefer most is a beam limited by fundamental effects in
all dimensions — diffraction or Fourier limit.

Peter Kuske, Workshop on Round Beams, June 15, 2017, SOLEIL



IPAC17 Spectral brilliance and coherent fraction @
@ Liu Lin:“ Towards Diffraction Limited Storage Ring Based Light Sources*
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* Spectral brilliance: Flux density in phase space

F(\) < Photon flux [photons/s/0.1% bw]
B(\) x
(Ecz:,e_ ® ET(A)) (Eyje_ ® ET‘(A))
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* Coherent fraction for undulator radiation
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* Diffraction limited storage ring ., = 100 pm.rad
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Em?y ~ ET(A) —_— E‘L},::ZO pm.rad

27 diffraction limit for 10 keV



I%Q% Diffraction Limit: low emittance is not all!
o Phase space matching

A

LNLS

+ Sirius

Highest brilliance from undulator of length L is achieved when
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Ryan R. Lindberg and Kwang-Je Kim (2015)

Phys. Rev. ST Accel. Beams 18, 090702 (2015)
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IV. CONCLUSIONS

In this paper we have described three different coherent
mode representations of partially coherent undulator radi-
ation. We began with the well-known Gaussian-Schell
decomposition in terms of Gauss-Hermite modes, which
is valid provided the electron beam emittance is much
larger than the natural radiation emittance A/4x. In this
largely incoherent case the specifics of the single-electron
undulator field are unimportant. We then refined our
analysis to include the situwation when the electron beam
emiltance &, in one direction is arbitrary, and found that
the modes alone v are determined by solving a matrix

Figure 8(a) shows that the coherence is maximized when
o= L, /o (or f;’_l. = 1), which indicates that the “natural™
Rayleigh range of undulator radiation Z, =~ f§, = L /x.
Unfortunately, it is nearly impossible for lattice designers to
make the beta functions in both x and vy be simultaneously
that small, and typically §, = 3L, /=

very similar: the profiles when f, is increased by a factor of
16 can be approximately obtained by multiplying those in
Fig. 8(b) by 1.3. Figure 8(c) plots the profiles along x as we
vary f#.. Each plot is approximately Gaussian, and we see
that the angular spread decreases as ff, increases. More
careful inspection shows that the width of the angular

Liu Lin:“Towards Diffraction Limited Storage Ring Based Light Sources*




. Round Beams — Why?

» A significant fraction of the beamline users at Swiss light source (SLS)
prefer “round beam” rather than flat beam, ...“, M. Aiba, et al., TUPJE045,
IPAC2015, Richmond, VA, USA

What users really prefer most is radiation optimized for their own experiment.

The low emittance will be spoiled from emittance growth due to
Intra Beam Scattering (IBS) in case of too high particle density in the bunch —
mitigated by longer bunches and round beams.

Peter Kuske, Workshop on Round Beams, June 15, 2017, SOLEIL 6



1. Radial Damping Wiggler Fields

Ultimate synchrotron radiation source with horizontal
field wigglers

A. Bogomyagkov, E. Levichev, P. Piminov, S. Sinyatkin

Budker Institute of Nuclear Physics
Novosibirsk

Low Emittance Rings 2014 Workshop
17-19 September 2014 INFN-LNF

A. Bogomyagkov (BINP) Ultimate ring 1/18

Peter Kuske, Workshop on Round Beams, June 15, 2017, SOLEIL



1. Radial Damping Wiggler Fields

Straight section: damping wigglers with horizontal field

- 180 LullWgcell 0.020 —
g _ | -
< 162 | - 0.015 Wigglers with
S 4 I toowo T horizontal field:
o 1 |
12.6 1 0005 = B=23T
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< - -0.010 Niotar = 20
' | I _0.015 Ltotar = 40.8 m
3.6 - | _
1.8 - ’ - 000
ool o L Yo v v s
0.0 " 10. 200 T 30 T 40. 0.
5 (m)

A. Bogomyagkov (BINFP) Ultimate ring

Peter Kuske, Workshop on Round Beams, June 15, 2017, SOLEIL 8



1. Radial Damping Wiggler Fields

Parameters of the ring

Ring = 4 x 6 x [5 « FiveCell + srrafghr}
20 straight are sections empty
4 straight sections are occupied by damping wigglers
Wigg OFF Wigg ON
Energy, GeV 3
Circumference, m 1379
Chromaticity h/v -184/-251
Betatron tunes h/v 84.52/91.772
Horizontal Emittance, pm rad 64 3
Vertical Emittance, pm rad 0.6 8.6
Energy spread 4x10=* [1.2x1073
Momentum compaction 78x10= |78 x107
Damping times h/v/s, msec 210/210/105 10/10/5
Wiggler field, T 0 2.33
A. Bogomyagkov (BINP) Ultimate ring 12/18

Peter Kuske, Workshop on Round Beams, June 15, 2017, SOLEIL



[1l. Round Beam in MObius Accelerator

In the Mo6bius Accelerator transverse particle coordinates are exchanged every turn
by a set of skew quadrupole magnets sharing the natural emittance equally among
the two planes. (R. Talman, PRL 74, 1590 (1995) and M. Aiba, et al., TUPJEO45,

IPAC2015, Richmond, VA, USA)

Peter Kuske, Workshop on Round Beams, June 15, 2017, SOLEIL 10



Round Beam in MAbius Accelerator

Uncoupled storage ring:

Peter Kuske, Workshop on Round Beams, June 15, 2017, SOLEIL
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Round Beam in MAbius Accelerator

Uncoupled storage ring:

insertion

Peter Kuske, Workshop on Round Beams, June 15, 2017, SOLEIL
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Round Beam in MAbius Accelerator

Orbit and optics repeat every second turn:

rotator — complete exchange of horizontal and vertical motion

transverse particle coordinates are exchanged every turn by a set of skew quadrupole

Peter Kuske, Workshop on Round Beams, June 15, 2017, SOLEIL 13



Round Beam in MAbius Accelerator

Orbit and optics repeat every second turn:

rotator — complete exchange of horizontal and vertical motion

transverse particle coordinates are exchanged every turn by a set of skew quadrupole

Peter Kuske, Workshop on Round Beams, June 15, 2017, SOLEIL 14



Award-winning Norwegian architectural firm, Snghetta, unveiled an innovative proposal for
the Max-Lab in Lund, Sweden.

The circular shape is twisted and raised to create a dynamic form based on a Mobius strip
that becomes an actual volume, not just a ribbon.

Peter Kuske, Workshop on Round Beams, June 15, 2017, SOLEIL 15


http://www.snohetta.com/

Round Beam in MObius Accelerator

In the MObius Accelerator transverse particle coordinates are exchanged every turn
by a set of skew quadrupole magnets sharing the natural emittance equally among

the two planes.

Off-axis injection impossible with this really strong coupling of the horizontal and
vertical plane.

Comparison of these two techniques:

Radial Damping Off-axis large
Wiggler
MObius On-axis no challenging

Accelerator

Peter Kuske, Workshop on Round Beams, June 15, 2017, SOLEIL 16



V. Linear Coupling - Theory

E. Wilson ,Linear Coupling”, CERN 85-19, p. 114 with time dependent skew quadrupole:

5(-_|_me _ —y-k ) (eia)t _l_e—ia)t)/z Ansatz — small coupling:

y+a)§y:_x,k,(eiwt+e—iwt)/2 X(t):X(t).eiwxt
yt)=Y(t)-e'”

X(t) and Y(t) are slowly varying functions — second time derivatives as well as fast

2io, X =-Y -k- [ei(“"A“’)t +e (@t )t] oscillating terms are ignored

2|0)yY —_X. k ) [e—i(a)—Aa))t 4 i a)+Aa))t] A@ = o, _a)y

coupled first order turned into uncoupled second order differential equation:

.o , k2 on resonance — the fast oscillation x(t)
X—-1(Ao-o)X +—X =0 shows a harmonic modulation and beating
16(0x0)y with energy exchange to the vertical plane
occurs

General resonance condition: _
Q,—Q,=n o/m,

with the revolution frequency, ®,, and the frequency of the skew gradient, o.
Identical results for coupling created by constant or time dependent fields in solenoids.

Peter Kuske, Workshop on Round Beams, June 15, 2017, SOLEIL
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V. EMITTANCE SHARING — COUPLING RESONANCE

linear coupling due to skew quadrupole gradient:

Q«-Q,=n, n=integer

on resonance emittance sharing - €=8,=€,/2
with equal damping times, T,=T,,in both planes

1.4 = equal transverse

damping times -

H.5

normalized emittance

Ttrans

Ttrans = 18 * Tirans

H - ==t +——++—HHi +——+—+HH +—+—+—+HH

183 1

18+3
skew quadrupole strength [arb.units]

Comparison of solutions from multi particle tracking
and first modeling attempts with analytical solutions

based on moment mapping.

Peter Kuske, Workshop on Round Beams, June 15, 2017, SOLEIL
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V. EMITTANCE SHARING — COUPLING RESONANCE

linear coupling due to skew quadrupole gradient:

Q«-Q,=n, n=integer
on resonance emittance sharing - €=8,=€,/2
with equal damping times, T,=T,,in both planes

1.8 equal transverse

damping times —

Ttrans

B.5

normalized emittance

18-3 1 1@+3
skew gquadrupole strength [arb.unit=]

Comparison of solutions from multi particle tracking
and first modeling attempts with analytical solutions
based on moment mapping.

With T,=T,/2 and on resonance ~ &,=8&,=2/3 &
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V. EMITTANCE SHARING — COUPLING RESO

linear coupling due to skew quadrupole gradient:

Q,-Q,=n, n=integer
on resonance emittance sharing - €=8,=€,/2
with equal damping times, T,=T,,in both planes

1.8 -
equal transverse

damping times — Ty, ..o

B.5 +

normalized emittance

193 1 18*3
skew quadrupole strength [arb.units]

Comparison of solutions from multi particle tracking
and first modeling attempts with analytical solutions
based on moment mapping.

With T,=T,/2 and on resonance ~ &,=8&,=2/3 &

Peter Kuske, Workshop on Round Beams, June 15, 2017, SOLEIL

vertical beam size [arbh. units]

Ux—0y=n

Ox—Qy+lz=n

Qz-A. AA5E ' '

detuning d0

Compensation of the coupling
resonance in the BESSY Il
storage ring — as expected:
damping dominates for very small
coupling coefficients, and width
depends on coupling strength:
.power broadening®, will be
helpful later on



V. EMITTANCE SHARING — COUPLING RESONANCE

Compensation of linear coupling:

Low beam current — 7 mA in 320
bunches

Max. current 250 mA — hybrid fill
pattern: train of 320 bunches and 5
bunches with 4 mA each

Compensation not spoiled by intensity —

some collective effects visible

Peter Kuske, Workshop on Round Beams, June 15, 2017, SOLEIL

beam size [arb. unitsl

beam =size [arb. unitsl

horizontal

Qx—Oy=n

x—Uy—LQz=n

vertical

Q:—Uy+lz=n

(Jz=H.H4u56

horizontal

—Uy-Uz=n

vertical

:—Ly+lz=n

(z=H.Hu56

detuning di
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VI. EMITTANCE SHARING — BY EXCITING THE

COUPLING RESONANCE

For better control of the coupling and in case the storage ring can not be operated at
the coupling resonance the resonance can be excited artificially. With a time
dependent sinusoidal varying skew gradient the resonance condition is:

Qx—Qy=n * v/,

with the revolution frequency, o,, and the frequency of the skew gradient, .

Neighboring currents in opposite
directions.
Full coupling and emittance sharing
achievable —

little power broadening,

sensitive to tune jitter.

Skew quadrupole-like field distribution in the
centre of the stripline arrangement.
Peter Kuske, Workshop on Round Beams, June 15, 2017, SOLEIL P. Kuske, R. Gorgen, EPAC 2002, WEPLEQ15 %2



VI. EMITTANCE SHARING — BY EXCITING THE

COUPLING RESONANCE

The required frequency, Feg for the skew quadrupole is on the order of 100 kHz.
Striplines are not really required. Simpler design could look like this:

skew quadrupole with four wire arrangement
and currents flowing in alternating directions

Flange

Kicker coil

Water cooling
Ceramic plate

Ti coated surface

quite similar to our non-linear

_ 4pl _ 1.6:107°-I[A] injection kicker magnet

0B, ;
T ma? a?[m?] [T/m]

ox

A time dependent solenoid is maybe even simpler to construct.

Peter Kuske, Workshop on Round Beams, June 15, 2017, SOLEIL



VI. EMITTANCE SHARING — Static Skew

Quadrupole Magnet

Beam injected at +10 mm — the first 100 turns
ﬂH=1E.HEm ﬂyz Z . HHm

MM +Zmmn
= e — e e T T i et t
-1Z2mm +172mm
T —Zmm
dBx-dx=—@. 8224 T~ m 188

Peter Kuske, Workshop on Round Beams, June 15, 2017, SOLEIL 24



EMITTANCE SHARING - Static Skew

Quadrupole Magnet

Beam injected at +10 mm — the first 10000 turns
ﬂH=1E.HEm ﬂyz Z . HHm

18860

dB:x-dx=—8. 88224 T/m

Peter Kuske, Workshop on Round Beams, June 15, 2017, SOLEIL 25



V1. EMITTANCE SHARING — Static Skew

Quadrupole Magnet

Beam injected at +10 mm — the first 200000 turns
ﬂH=1E.HEm ﬂyz Z . HHm

188H6H

dB:x-dx=—8. 88224 T/m

Required acceptance exceeds vertical acceptance — with perfect skew
guadrupole magnet

Peter Kuske, Workshop on Round Beams, June 15, 2017, SOLEIL 26



VI. EMITTANCE SHARING — Time dependent Skew

Quadrupole Magnet

Required acceptance — non-linear skew quadrupole magnet:

Beam injected at +10 mm — the first 100 turns B,=18.88m By= 2.88n
sZmn @ | ® +2nm
—1Z2mm +1Z2mm
g S o .
dB/ e 8. 002247 /m 168

Peter Kuske, Workshop on Round Beams, June 15, 2017, SOLEIL 27



VI. EMITTANCE SHARING — Time dependent Skew

Quadrupole Magnet

Required acceptance — non-linear skew quadrupole magnet:

I=H.835A
dB:x-dx=—8. 88224 T n

Peter Kuske, Workshop on Round Beams, June 15, 2017, SOLEIL

18848
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V1. EMITTANCE SHARING — Time dependent Skew

Quadrupole Magnet

Required acceptance — non-linear skew quadrupole magnet:

I=H.835A
dB:x-dx=—8. 88224 T n

188484

Required acceptance fits vertical acceptance — with non-linear skew

Hadrupole magnet

Peter Kuske, Workshop on Round Beams, June 15, 2017, SOL 29



VII. EXCITING THE COUPLING RESONANCE —

OPERATIONAL ASPECTS

Level of excitation as large as not to cause injection losses

I=H.H35A
dBx-dx=—H8.88224 T/n

188488

Level of excitation will still be too small to broaden the coupling resonance considerably
Small resonance width — stability of the tunes sufficient? — active tune stabilization

1.8

:= I

hor. emittance

Iy - 8.858 A & Ly e

8.5 +

NORMAL IZED EMITTANCE

AN ver. emittance
theory fos

DETUNING ~ kHz

Peter Kuske, Workshop on Round Beams, June 15, 2017, SOLEIL 30



VII. EXCITING THE COUPLING RESONANCE —

OPERATIONAL ASPECTS

Tune shift with amplitude would help — resonance condition only fulfilled
for small amplitudes, stronger excitation could be used

Amplitude-dependent Tune Shift

| | . | . | | |
Hor. amplitude excursion, only sextupoles =« _

42.34
Hor. amplitude excursion, sextupoles and octupoles ===
4232 L Ver. amplitude excursion, only sextupoles ««=s¢:+ |
' Ver. amplitude excursion, sextupoles and octupoles ===
42.3 - x -
; MAXIV, DDR
42.28 - X _
= 3
42.26 - R _
42.24
42.22
42.2
l l l | l l |
0 2 4 6 8 10 12 14
z'!'-k:w [mm]

Av,=0.02 — AF,=11.4 kHz — much larger than the natural resonance width
= 4/z, . or width due to non-linear chromatic effects

trans

Peter Kuske, Workshop on Round Beams, June 15, 2017, SOLEIL 31



VII. EXCITING THE COUPLING RESONANCE —

OPERATIONAL ASPECTS

Beam injected at +10 mm — with tune shift with amplitude - the first 100 turns

FIMM +Zmm
e Aol P I
-1Zmmn +1Zmm
S E e L L ELEEEEEEEERRRERRRREREE —2mm

184

dB:-dx=—8. BA896 T m

4 times larger skew gradient — fast filamentation of the injected beam due to non-
linearity which creates 2-10-2 tune shift for 1:0mm horizontal amplitude

Peter Kuske, Workshop on Round Beams, June 15, 2017, SOLEIL 32



VII. EXCITING THE COUPLING RESONANCE —

OPERATIONAL ASPECTS

Beam injected at +10 mm — with tune shift with amplitude - over100000 turns

188H6H

dB:-dx=—8. BA896 T m

4 times larger skew gradient — relaxed aperture requirement due to tune shift
with amplitude

Peter Kuske, Workshop on Round Beams, June 15, 2017, SOLEIL 33



VII. EXCITING THE COUPLING RESONANCE —

OPERATIONAL ASPECTS

Beam injected at +10 mm — with tune shift with amplitude — over 100000 turns

188H6H

dB:x-dx=—8. 14336 T/m

Even with a much larger skew gradient the injected beam remains within the
vertical acceptance

Peter Kuske, Workshop on Round Beams, June 15, 2017, SOLEIL 34



VII. EXCITING THE COUPLING RESONANCE —

OPERATIONAL ASPECTS

The resonant coupling sets in for sma

Il horizontal oscillation amplitude. Stronger

skew gradients will not cause losses of injected particles and the “power

broadening” can be made as large as

desirable and acceptable by the amplitude

dependent tune shift. Tune drift and jitter become less important.

1.8

| 1y =198.258 A ﬁ“'\

H.5 +

NORMAL IZED EMITTANCE

[ pn= #F R

A\ )4

" FUHM=4/Ttrans e

1, = 0.950 A -

hor. emittance

theor
Y ver. emittance

=

-8.5

8 +8.5
DETUNING ~ kH=z

This could be tried out at MAXIV with the tune of the ring set to the coupling

resonance and the result would be eq

Peter Kuske, Workshop on Round Beams, June 15, 2017, SOLEIL

ual emittances in both planes of ~200 pm-rad
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VIII. SUMMARY

Four techniques for the production of round beams have been proposed:

*Radial wiggler fields (A. Bogomyagkov, et al., , Ultimate synchrotron radiation source with
horizontal field wigglers®, LER Workshop, September 2014, Frascati, Italy)
*The M6bius accelerator (R. Talman, PRL 74, 1590 (1995) and M. Aiba, et al., TUPJEO045, IPAC2015,

Richmond, VA, USA)

*Artificial excitation of the coupling resonance with special magnet

Sitting on the coupling resonance and tune shift with amplitude

These techniques require careful tune stabilization or adjustment of excitation
frequency and strength of coupling fields (skew gradients or solenoid field)

Technical Injection
Approach
Radial Damping off-axis
Wigglers
MObius on-axis
Accelerator
Coupling off-axis
Resonance
Excitation
On Coupling on-axis
Resonance off-axis, tune shift

with amplitude

Peter Kuske, Workshop on Round Beams, June 15, 2017, SOLEIL

Emittance
Control

Yes
no

(no)

(no)
(no)

Complexity
large
challenging

moderate

challenging
trivial

36
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