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Introduction

Motivation

* Four In-Vacuum Undulators (IVU) have been installed to PF recently

* They have RF shields using the standard design to reduce the impedance
significantly
* These IVUs were installed to PF long after the construction of the ring itself

was completed, and there was a need of the proper IVU’s impedance
evaluations

* The KEK future light source (KEK - LS) will include one IVU for each DQBA
lattice cell (many IVUs are planned to be installed). Evaluation and
improvement of their impedance is one more target of the present study

* This talk shows how we identify the major impedance contributors and
evaluate their impedance using theoretical formulas, CST Studio
simulations and measurements



Introduction
What is PF IVU?

* Three major impedance contributors of PF IVU:

1. Taper between the flange and the 2. Copper plate (60 um copper 3. Step transition from the
undulator (200 um thick) for the and 25 um nickel coating) on octagon to the rectangular
geometrical impedance top of the undulator for the chambers

resistive-wall impedance
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Introduction
CST Studio Models of PF IVU

IVU Closed
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1. Impedance Theory: Verification
with Diamond VU



1. Impedance Theory

Longitudinal Geometrical Impedance of Taper

* The taper structure is known to produce nearly pure inductive
impedance even with a vessel included

Z, =—ioL Diamond IVU
WLO(S)=Lci(S(s/c) st N [Cooab;
ds ik : . — a —CsThs ||
* Theoretical formula for longitudinal E 03t \\ \
impedance ¥ : QE "\
Z __Zo |3 o
pwd 7[ " ax 6(‘) _[o( $) F( jd B gapllfzb) [mjl(])

°° 1
F(x)=
) ,,;)2m+1

G. Stupakov, Phys. Rev. ST Accel. Beams 10, 094401 (2007)

X X
sech’ ((Zm +1) 7) tanh((2m +1) 7) V. Smaluk, Phys. Rev. ST Accel. Beams 17, 074402 (2014)
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1. Impedance Theory

Transverse Geometrical Impedance of Taper (l)

* We need a careful treatment of the transverse impedance, since it includes
both the dipolar and the quadrupolar components:

VVy,tot(ylayzaz) — VI/y,dip(Z)yl + VVy,quad(z)yz ,  — @
Total wake  Dipolar wake Quadrupolar wake ) e Z > R
' S
B. Salvant, Beam physics for FAIR ] °
* They produce vertical kick factors Accelerator element
ImZ c
k = .

g 2\/;02

* Transversely, the calculation of kick factors is most important since it
provides additional coherent vertical tune shift

3/8/2018 Olga Tanaka, ICFA ABDW FLS2018



1. Impedance Theory
Dipolar, Quadrupolar?

* In asymmetric structures, they are different concepts from dipole and
qguadrupole modes

* They can be calculated by displacing the beam and the wake

integration path separately -
y y \

* Machine measurements ;

o Tune shift T X X

- dipolar + quad |
IpO ar T quadrupolar W, dipolar W, quadrupolar
o Instability growth rate o
eam

- dipolar
P \\ O wake integration /

B. Salvant, Beam physics for FAIR




1. Impedance Theory

Transverse Geometrical Impedance of Taper (ll)

* Theoretical formula for dipolar impedance 2001
Z, ¢ 2 = H H — = 150l
Z,p (k)= =i == | LM ) U )+ K, ) 3
27b ¢ sinh” & ;= 2ik b ;8; ol
H(p,k): f IS'(Zl)S'(ZZ)Qi(p+k)(zl_zz)dzld22, knb=\/(kb)2—§2—(7z'n)2 ™ |
0
S. Krinsky, Phys. Rev. ST Accel. Beams 8, 124403 (2005) w—> 0

20
* Theoretical formula for quadrupolar impedance |

o0 n2 ?
Z,,=-i 2y I(gg G(gjd’z, :%' 10}

4 -8 w >

o0

¥

G(x) = x> (2m+1)xsech’ ((2m+1)%jtanh((2m+l)%j. bkw&l™ 5

m=0

0_

G. Stupakov, Phys. Rev. ST Accel. Beams 10, 094401 (2007)

Diamond IVU
| ' ' s J I
eq. (10) b
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1. Impedance Theory

Resistive-Wall Impedance of Undulator*

* Transverse impedance per unit length for a
vertically displaced beam in a round chamber is

200

sign(w)+1i |cu Z, 1+3(y/b)2

Zrnd(a)):
Y 3 3 = 150F
7h 200, [1+3(y/b)1 2
. . . E& 100 |
* Formula of resistive-wall impedance for a flat :
. .« . . «™ 50F
chamber formed by two infinitely wide plates
0
on() +i Z 1+72[]);tan(;r—]);j 5
it sign(w)+1 |cu, ut T
Z"(w) =7 TE \/ : VAL (w):?zyd(a))

200, cos’ zy
2b

A. Piwinski, Report No. DESY-94-068, Hamburg, 1994.
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Diamond IVU

round
flat

15 20

* RF shielded by Cu plate
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1. Impedance Theory

Geometrical Impedance of Step Transition

* Low-frequency impedance of the step transition at the beginning of
the taper can be roughly estimated using formula:

PF IVU

_.Zd=bd* b

zZ
g mb®  d’+b’

* |ts power loss will be taken care by the
cooling channel in the present design
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1. Impedance Theory

Ssummary

* There are the analytical formulas accurate enough for impedance
calculations of all the 3 parts of IVU discussed above (geometrical
impedance of the taper, resistive-wall impedance of the copper shield,
and geometrical impedance of step transition between rectangular
and octagonal beam chambers)

* PF IVUs follow the standard design, therefore we can apply the
procedure outlined by Smaluk (Phys. Rev. ST Accel. Beams 17, 074402
(2014)) for the impedance evaluation plus some new formulas.

* The method is to calculate impedance of each part separately using
CST and GdfidL and to compare it with the theoretical formula at each
time
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2. Impedance Evaluation for PF VU
by Simulations and Theory



2. Impedance Evaluation for PF IVU
Taper CST Model

* To calculate the pure geometrical impedance of the taper, we first
assume the perfectly conductive material instead of using copper

resistivity
ID close

2d=38mm
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2. Impedance Evaluation for PF VU
CST Studio Mesh Size

* It is known that a very fine mesh is needed for accurate calculations
of the taper impedance

* The empirical formula

Az: mesh size
100< 2.9
Az Az d: taper angle

a: chamber radius

Frasciello’s slide at SIF2014
* We need AZ < 150 “m on wakes of LHC collimators



2. Impedance Evaluation for PF VU

Parameter Scan

* IVU impedance affected greatly by the  [ibclosed
size of its gap. When ID is closed the T
difference even in 0.5 mm yields a
drastic increase of impedance

* For a better and more economical design
in future, we also studied the =158 el
dependence of kick factors on the taper 100 myr2
width. Conclusion before the results are
shown: the present 100 mm is
reasonable and close to optimal width

* For the future IVU designs a length of the taper (or its angle) is one of the key
parameters of impedance evaluation. Its consideration was excluded from the
present study because IVUs were already designed and installed
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2. Impedance Evaluation for PF VU

Longitudinal Geometrical Impedance of Taper

Width=100mm
8 . . .
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N
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2. Impedance Evaluation for PF VU

Dipolar Geometrical Impedance of Taper
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2. Impedance Evaluation for PF VU

Quadrupolar Geometrical Impedance of Taper

Width=100mm _
30 — . . , , i Gap=4mm
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2. Impedance Evaluation for PF VU

Resistive-Wall Impedance of Undulator

* By using the copper resistivity in CST, we can calculate the resistive
impedance of the undulator with copper sheet

\ .~ Vacuum

w=100mm

The electric conductivity of copper o, =5.9x10"S/m

3/8/2018
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Z / Ohm

2. Impedance Evaluation for PF IVU

Longitudinal Resistive-Wall Impedance of Undulator

Wake impedance Z [Real Part]

11 2=+ The real and the imaginary

08| e —ze - parts of longitudinal
o e impedance are identical as the
0| T e e 2620 thaory ShHOWS:

— . T T 5

Frequency / GHz

Wake impedance Z [Imaginary Part]

1.1

—Z(a=2)
—Z (a=5)
—Z (a=8)

— 7 (a=14)
— 7 (a=17)
— 7 (a=20)

Frequency / GHz
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+7 0]
Z g :l_l i | l-I-ﬂtan zy
T mb \ 20, b b

A. Piwinski, Report No. DESY-94-068, 1994

It demonstrates that our
CST Studio simulations are
very accurate!
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2. Impedance Evaluation for PF VU

Transverse Resistive-Wall Impedance of Undulator

3/8/2018

Length=500mm, Width=100mm

80 ]
T — Theory
. '|| A CST
E 60 i I| |
g | i
2 40 A |
e A '
7200
0 V- A A A
0 10 20 30 40 50
Gap (mm)

O. Frasciello + V. Smaluk

cL |2z,

k —
YR.W. 8b3 | 0,0,

Olga Tanaka, ICFA ABDW FLS2018

"(

5
Z) L=Length of undulator

r G)=O.9064
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2. Impedance Evaluation for PF VU

Geometrical Impedance of Step Transition

Dipolar CST model of the step transition
0.5 S j "
N A CST |
041 -~ shape-preserving| 1
£ :
Q 03[
Z 02
0 \
o “-\
0.1 |
Nal N A -
0 ' ' ' ' ' |
0 50 100 150 200 250 300 S
Width (mm) | - PEC
Quadrupolar
5 ‘ .
IS | A CST
~ 47 : -—-- shape-preserving|
S '
O 3f I :
5 )\\ . They have very small contributions to the total vertical
o?| kick factor and saturate at width = 150 mm
R \ | A ———— A ———— A —
11 ! -
0 L 1 1 1 1
3/8/2018 0 50 100 150 200 250 300 Olga Tanaka, ICFA ABDW FLS2018 24
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2. Impedance Evaluation for PF VU

Total Transverse Impedance of the IVU

 The total vertical kick factor due to 1 IVU is

Total Vertical Kick Factor of PF IVU

——Theory ( kD+kQ +RW)
A CST (kD+kQ +RW)

Taper vertical kick

kick factor,

Gap (mm)

Vertical kick factor per 1 IVU
Dipolar
factor, V/pC/m Quadrupolar

Undulator vertical  pipolar

L V/pC/m Quadrupolar

| . . . ' - Total vertical kick factor, V/pC/m
5 10 15 20 25 30 35 40

110.47 116.13

24.61

75.57

* Impact of the step transition is three orders less, therefore is negligible
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2. Impedance Evaluation for PF VU

Additional Tune Shift by 4 IVU at PF (l)
B e =0.6776 m

B =0.4657 m
* Tune shift per unit of bunch current

caused by the IVU impedance can be

estimated using formula:

Av 1
y 1Y + (P

S. Sakanaka, et. al. Phys. Rev. ST Accel. Beams 8, 042801 (2005)

* Average betatron function in the center of the undulator:
<B, qw>=B,ot(1+0,?)/?/12/B ,=0.415+(1+0.099%)x0.5%/12/0.415=0.4657 m
e Average betatron function in the center of the taper:
<B, raper >=B,oH(1+0,02)(5/2+1/2)%/B ,=0.415+(1+0.0992)x0.32852/0.415=0.6776 m
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2. Impedance Evaluation for PF VU
Additional Tune Shift by 4 IVU at PF (l1)

* According to the CST simulations,

?—” = —4x(Bxk )/(4nfy(E/e)) = — 0.488x 1015/(47 x 1.6 x106 x2.5 x10°) =
b

= -9.713x10°¢ (mA1)

* According to the theoretical formulas,

= = —4x(Bxk,)/(Anfy(E/e)) = — 0.522x 1015/(4m x 1.6 X106 x2.5 x10%) =
b

= -10.39 x10°6 (mA 1)



2. Impedance Evaluation for PF VU

Ssummary

* Excellent agreements between the theoretical predictions and CST
Studio simulations for PF IVU

* Therefore, the new impedance evaluations of PF IVU are accurate
enough in the framework of the theory and the simulation codes

* We can use these calculation results and computation resources and
techniques for future impedance measurements, for the design of a
new IVUs, and even for the impedance budget of the components of
any new accelerator

3/8/2018 Olga Tanaka, ICFA ABDW FLS2018 28



3. Measurements of Kick Factors



3. Measurements of Kick Factors
Tune Shift Measurement Method

- ®2d=38mm

‘Zd =38 mm

3/8/2018

T 2b = 41mm :

 PEC

PEC

* This additional tune shift corresponds to a difference
of the vertical tune shifts for ID open (gap=45mm)
and ID closed (gap=4mm) cases

* According to the CST simulations,

% = —ax{Brk ) (art(Efe)

=-0.488 x 10%>/(41 x 1.6 x106 x2.5 x107)
=-9.713 x10° (mA1)

* According to the theoretical formulas,

% = —ax{Brk ) (art(Efe)

=-0.522 x 10%5/(4m x 1.6 x106 x2.5 x10°)
= - 10.39 x10° (mA™)

Olga Tanaka, ICFA ABDW FLS2018 30



3. Measurements of Kick Factors
RF Knock-Out

Attenuator

* Single bunch

E L ‘ Advantest
! : = BPF } Pre-Amp | R316
- Feedback OFF sl ] T 1 | [
: Splitter | | Analyzer
* The responses of the P2 | =~
. . . . . : ){ i m—
stripline kicker oscillations ;
were measured by | owiomms
sweeping the bunch current ; \ At M2t
equal to changing the e i e
E) q f g g i : J | \IH<></‘_
etatron frequency) usinga b e R
spectrum analyzer cker ; | i
equipped with a tracking 5 ; =
| | ing RF
generato I. : ' (500MHz)
D902 E 08 TF BT ES
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Measurement #3

273 :
° * All'ID open
3. Measurements of Kick Factors | poswenn et
[] o (271.9351 £ 0.011693) —Fit
2720 i —Fit ]
271t
&
Measurement #1 Measurement #2 >
261 ' ' ‘ ' ‘ 269.5 ' ' ' ; 270 |
= (:0.14721 £ 0.0007808)"l + | * All D open B} ., | AlDopen (i
S V2~ { "2 - All ID closed 269 - ¥ = (015217 + 0.0015468y1, * AllID closed| | y, = (:0.14195 + 0.00083243)"1, +
260 | L& (2602172 £ 0.014988) ! ] (269.2075 + 0.027927)
—Fit ‘ ogg | (271.5567 +0.0088175)
—Fit 268.5"
259 1 Av /Al =-12.091e-06 + 1.2697e-06 mA™
268 Y , ‘ ‘ ‘
o N 268
| 8 0 5 10 15 20
5 *=,.267.5¢ Bunch current (mA)
257 267 | Measurement #4
y, = (-0.13615 + 0.00049837)"1, + ¥, = (-0.13923 £ 0.0011455)"1, + 259 ‘ ‘ .
(259.7901 + 0.0085615) 266.5  (268.8214 £0.021234) - All'ID open
256 | L v, = (01602 £0.0014362)", + | . Al'D closed
AvIAl_ =-11.056€-06 + 0.9263e-06 mAL,| 266 | 1 258  (257.3277 £ 0.013778) —Fit '
955 b , , ‘ , | Av,JAl, = -12.948-06 £ 1.9248e-06 MA L — Fit
0 5 10 15 20 25 30 265.5 ' ' | —— o571 Ediai .
0 5 10 15 20 i
Bunch current Ib (mA) Bunch current (mA) o 1 4,
v 256
h)\

Tune shift per bunch

y, = (-0.14924 £ 0.001184)"1 + .

current (mA-) -10.39x10® -9.713x10%® (-11.7615 % 1.4955)x10°® 054 (356.9657 £ 0.010009) --:-:..f;j g
Av /Al =-10.959e-06 + 1.8613e-06 mA
[ . y b ‘ , ,
Good agreement with our evaluations! 28 - . ~

Bunch current (mA)




3. Measurements of Kick Factors
Orbit Bump Measurement Method (l)

* Create an orbit bump at a location including IVU

* This orbit bump (y,) creates orbit deviations proportional to the kick
factor of IVU along the ring:

A B($)PB(s,)
Ay(s) = E—/qe kYo \/2 sin(e) [ 1(s) = ua(s)|—=v |,

V. Smaluk, Phys. Rev. ST Accel. Beams 17, 074402 (2014)

| | 1
0 100 200 300 400 500
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3. Measurements of Kick Factors
Orbit Bump Measurement Method (Il)

* Measure the orbit deviations at many BPM
positions to reduce statistical errors

* Repeat the above procedure for different orbit
bumps and bunch charges to eliminate systematic
errors caused by intensity dependent behavior of
BPM electronics

e Using the analytical formula and the Twiss
parameters of the ring, we can identify the kick
factor of IVU

* The measurement is scheduled in April

Low i,
High i,
S = - B .

L. Emery, APS

20 22 24 26 28 30 32 34 38
s (m)




summary

* We have identified the major impedance contributors of PF IVU and
successfully evaluated their impedance using theoretical formulas,
CST Studio simulations and measurements

* The three evaluations show very good agreements

* The established methods and procedure will greatly help the design
of future IVU for further reduction of impedance
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Thank you for your attention!



Backup



Possible reasons of the difference in
estimated and measured tune shift values

Size of the gap between two copper shields (3.83 mm vs 4 mm)
Thickness of the copper shield is not enough
Difference in present and model values of betatron function

Difference in values of betatron function when ID gap is
opened/closed

Reliability of CST code
6. Accuracy of the tune shift measurement

O =

d

Courtesy of N. Nakamura



1. Size of the gap between two copper shields

* The smallestIDgapg=2b=4mm (b=2 mm)

* The smallestIDgapg=2b=4mm (b=2 mm)

* Thickness of the shield t = 60 mm (Cu) + 25 mm (Ni) = 85 mm

* Real size of the gap g, =2b, =4 -0.085x 2 =3.83 mm (b, = 1.915 mm)

» Resistive-wall impedance(imaginary part) & kick factor

ImZ (f)~— 7Lk ! k, = fo Z ImZ,, (pfo + f)h(pfo + 15) (h((o) = exp ‘—((oo_ c)2 ',)
g 166 \ 7| f| o0, p=—c0 1 _ [ S |

k,=85.97 V/pC/m (f =-10~+10 GHz)

Influence of about 14%
¢f. k,(b=4mm)=7546V/pC/m

Courtesy of N. Nakamura



2. Thickness of the copper shield is not enough

\ 1
 Frequency at which copper skin depth and copper sheet ad, =d_ La’@ = : N o ud
thickness are the same (9.,=d.,) pS /M ‘f ‘7 cuto%eu

» Resistive-wall impedance formula (switched by frequency)

1 nZ,L 1
> = =1.19 MHz (d ., =60 ImZ ~ -0
|f| f5 ”GCu/Uodcuz Z( Cu Mm) — 1m y(f) 16b° \/ﬂ-|f|ﬂOGCu

nZ,L 1
S| < [ (f =Av,fe, f=—(=Avy)f) — ImZ (f)=- 16b° \/ﬂ-‘f‘:uOGNdFeB

(S ars =0-6x10°W'm™, 5, =14x10° W'm™')

k= £, S mZ,(of, + £l + 1)

p=—o0

k,=86.04V/pC/m (f=-10~+10GHz) ¢f. k,(Cu)=75.46V/pC/m Courtesy of N. Nakamura

Influence of about 14%



