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Background Information

e A relativistic charged particle such as an electron emits

radiation when it moves through a curved path. This radiation
Is called synchrotron radiation.

e An accelerator facility that generates this type of powerful X-
rays or radiation is called a storage ring.

 More than 5000 scientists/year use the APS hard x-ray facility.

 The quality of the synchrotron radiation can be characterized in
terms of brightness.

Photon Flux(1)
Area of Phase Space (Emittance)

Brightness(1) =

http://photon-science.desy.de/
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Overview of the APS Upgrade

Goal: Build the world’s leading high-brightness hard x-ray storage ring.

Strategies:
* Reduce the APS emittance by incorporating a “fourth generation” MBA lattice.

* |Install next generation super conducting undulators.
e Develop world class very stable beam lines.

27.6 m

Present APS : Double Bend Achromat lattice

/MM (dipole)

up stream
Future APS-U : Multi Bend Achromat lattice

E2
Emittance o W
E = Energy

down stream Na = # of dipoles

Quadruwpu‘

3200 pm-rad

~42 pm-rad
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Overview of the APS Upgrade

In summary, the APS-U provides; el
: : : . " APS toda
1. Reduction of emittance by a factor of ~100 and installation of <0 4
superconducting undulators, and E <2
2. Generation leap in storage ring performance with a factor of 100 s Of
-1000 increase in brightness and coherence flux. @ -200
-400 |
—~ — ] MBA/SCU !
t% ' 00 =y o Fs e ivs Por T e el 0GRl
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T 1 ™~ ' :
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Motivation Behind the Impedance Measurement

APS-U requires Narrow-gap vacuum Various collective

stronger magnets chamber effects

characterized by

Impedance
Measurement

Seems disagreement
between measurements
and simulations

S
S
o
™
=
= N
<

Simulation involves
Ideal geometry

Simulation
codes exists
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Wakefields and Impedances

e The Coulomb field of a relativistic electron

— —
1 J) E
appears “flattened” into a pancake shape. ¢ 4
e These fields must also satisfy boundary ) ’
conditions on vacuum chamber walls. q Mo = e
e The new boundary conditions result in EM fields '
behind the exciting electron (since v ~ c¢) which (2) stationary charge (b) relativistic charge  (c)ultra-relativistic charge

are called wakefields.

Field lines can be arranged to satisfy appropriate
- boundary conditions for arbitrary geometries

Changes in vacuum | Rearrangement of fields to / \_,

chamber cross section satisfy new boundary conditions

Argonne;
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Wakefields and Impedances

* The Fourier transform of the
wakefield is called the impedance.

L i
Z(@) = —[dfe’” "W, (S)

C

& = Zdrive — %
 The test electron energy changes because of the EM fields of < drive rest

drive electron. This energy change can be characterized In )

terms of wakefields. Impedance(Z;) . .
beam pipe radius
_ e o0 _ e’
_ mc? f—oo dsl, = mc?2 W\\(:E?y’ Z)
energy change wakefield

* The strength of wakefields depends upon the conductivity and the cross-section variation of the chamber.

Argonne;
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Effects of Longitudinal Impedance

Impedance type Causes NEHE

e Heating of vacuum chamber
Broad band impedance components due to energy loss e Component damage
(short term wakefield) * Bunch lengthening e Increase in energy spread
e Microwave instability (not a severe effect)

* Heating of cavities
Narrow band impedance

! * |ncrease in emittance
(long term wakefield)

e Multi-bunch instabilities

Argonne®
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Outline

Introduction

e Overview of APS Upgrade (APS-U)
e Motivation behind my research work
e \Wakefield and impedance

Impedance Measurement Techniques

e Modeling a vacuum component as a transmission line
e Traditional coaxial wire method
e The novel Goubau line method

Results

e Measurement of a NEG coated chamber

e Benchmarking of the Goubau line setup.

e Measured results for some critical APS-U vacuum components
e Summary
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Impedance Measurement: Modeling a Vacuum
Component as a Transmission Line

e \WWe model the device under test (DUT) as a two port transmission line, and measure its insertion loss

_parameter).
(S21-parameter) We measure

[bl]: Su}f(’l/a]] g Z
Output b2 S22 aZ o A ]

e By measuring the Sz1-parameters for the DUT and a corresponding reference pipe (REF), we can calculate
the impedance of the DUT using appropriate formula.

2" w) = 22 (B P AW 2/ (w) ~ —22 ln(sﬁw>
| c SEEF /. =60In| — w [ SREF
Distributed impedance

=0

DUT

a
Lumped impedance

® H. Hahn and F. Pedersen, BNL 50870 ,1978.

® L.S. Walling and et. al., Nucl. Instrum. Methods Phys. Res., Sect. A281, 433 (1989).
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Impedance Measurement Methods

1. Traditional coaxial wire method

e TEM mode of coaxial cable represents Coulomb

field of a particle beam.
* Gives better results mainly at lower frequencies.

Limitations:
1. Matching network complicates bench setup.
2. Large central conductor produces more perturbation to

boundary conditions (less accurate beam profile).
3. Passive circuits (resistors/inductors) behave differently

at high frequency.
4. Limited to narrow band measurements due to
frequency range of active devices (balun and

transformer) used for impedance matching.

Argon neé
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Vector Network
Analyzer (VNA)

Matching
Network

Matching
Network

Device Under Test (DUT)

( Matching Matching\

L Network Network J

Reference Pipe (REF)
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Impedance Measurement Methods

2. The novel Goubau line (G-line) setup

- [SZJ VNA

e Fundamental TM mode of a surface wave mimics
the Coulomb field of the particle beam™.
e (Gives better results at higher frequencies. Launcher Receiver

e \We are among the first to use the G-line for the
iImpedance measurement.
Advanta ges: “5 File Qont.rol Setup Measure Calbrate  Utilities  Help 12 Apr2018 1104 =

~ S-Param

Distance between larger [ . TDRCal: Off
openings of two horns
E——— (tefion to tefion) Pa— e e

|.  Does not require complicated matching network, simple setup.
ll. Provides more accurate impedance matching.

lll. Perturbs boundary condition less due to micron-sized wire.

V. Enables wide band measurement.

V. Empowers quick data acquisition.

LI m I ta tiOﬂ: .................... ..................... ____________________ ..................... ..................... .................... \/"m s
" __________________ ______________ : f X f : v : : - ~
e Challenging to setup for a long structure. | gy e mer e |j
J* M K C | d S Rubi A | t fG b (1"3{91) ‘ 8 BTE 47-0Egcess Reactance = 493.35823 n
*. Musson, K. Cole, and S. Rubin, “Application of Goubau :
Surface Wave Transmission Line for Improved Bench | TDR masuremnt (3_11 . time)
ArgOn ne Testing of Diagnostics Beamline Elements, PAC, 2009. M%mm ij
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Goubau Line (G-line)

_ _ _ _ Teflon spacer BPM-bellows Central taper
* The Goubau line is a dielectric coated
single wire transmission line that works |
on the principle of Sommerfeld like =

-

i
5

electromagnetic surface wave®.

T \l“w‘l“‘
e

:

L on |

e The fundamental TM mode close to the
dielectric coated wire resembles the

EM properties of particle beam in an
accelerator.

Launcher

*G. Goubau, “Surface waves and their Application

to Transmission Lines”, J. Appl. Phys.1950.

Argonne3
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Excitation of the Surface Wave

e Excitation of the fundamental TM mode to the single wire, and impedance matching from coax to
the wire is done by a launcher or horn.

* A coaxial line from the vector network analyzer (VNA) supplies the excitation energy at a certain

frequency.
Y
v
-" I: H
Cartoon to represent how the surface wave evolves from the G-line cone
Argon ne;
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Experimental Measurements Procedure

1. Adjust the DUT position to place
the wire at its center.

Insert a brass sleeve into the DUT.
Calibrate the VNA ( flat S21-signal).
Carefully remove the brass sleeve.
Record the data.

nn
i1, 4

AT R

| e O B0 N

N

—————

Argonneé
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Two Important Findings

|.  Appropriate sleeve length: It is crucial to have the REF
sleeve length either equal to or less than that of DUT length.
The Initial plan was to use the same sleeve for all components
but, we got some weird results because of it.

Comparison between two different sleeves for the gate valve liner

=G\ _Exact sleeve 427 mm —==G\/_Longer sleeve 427 mm
10.0
80 F
s | | Inappropriate sleeve
m - length
O - 40 F
<| 3
— ~1 20
wn
NAAA A
0.0 .“r,,,.'mwv : nym\nMu-u
-2.0 F
-4.0
0.0 10 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

Frequency / GHz

Argonne3
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Two Important Findings

Measured data comparison for two distances between the G-line horns

" Distance between two cohes: I-t ===Measured_S21_T1F_Short wire (417 mm) ==Measured S21_T1F_Long wire (927 mm)

1.5
requires sufficient space between the
launcher and a DUT to fully develop 1 0.5m
surface waves otherwise, one can get o e ‘ ‘ ‘ ‘ J ‘ ‘
' ' = 00 P u WA will - oA
higher noise level. 3 /Y Y v"m \ pl A ‘
-05 F
-1.0 F 1 m
1.5
1.0 2.0 3.0 4.0 50 6.0 7.0 8.0 9.0 10.0

Frequency /GHz

~ 0.5 meter

B
<N
L
N
- -

Argonne;
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Measurement of NEG-coated Copper Chamber
using traditional coaxial wire method

» Non Evaporative Getter (NEG) primarily provides distributive pumping R e N O R R ST S IR
=S 21 pure copper ==S 21 NEG coated copper
and also reduces photon simulated desorption. 0.0
e Conductivity of micron size NEG-coating is not well characterized yet. oa |
| i } /’
— - 04 F )\ \ ‘ I
[ s 3 ' N
vy L ™, -06 §
[ 2 U Ny Y
08 |
=¥
5.0 5.2 5.4 5.6 5.8 6.0 6.2 6.4 6.6 6.8 7.0
Frequency / GHz
Measured data comparison between two cylindrical chambers
==S 21 pure copper ===S 21 NEG-coated copper
0
W , /
2 ( /\ \ \ ,\ 7\ \
? 6 ~ \‘\/
. S| \
e Measured results showed the effect of the impedance due to the al = \/
] [] [] [ ] ] ] —10 B
1.5-micron thick NEG-coating is negligible below 29 GHz. 1
-14
200 201 202 203 204 205 206 207 208 209 210
M. Sangroula and et.al,, in Proc. IPAC17 Copenhagen, Denmark, WEPVA134 Frequency / GHz
Argonne
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Benchmarking of the G-line Method from Simulations

e Since the application of the G-line to impedance
measurement I1Is new, we would like to see In
simulation if we can get the same S21 as we want.

* We first benchmarked the G-line setup with well-
known results of cylindrical cavity (2.54 mm wide
and 24.2 mm radius). Simulation setup without G-line using CST

Simulated comparison for a pillbox type cavity with and without the G-line

= Simulated S21 without G-line ==Simulated S21 with Gline

2.0

0.0

-20 f

4.0

/ dB

-6.0

-8.0 |

S 21

-10.0 |

Picked Elements

PI(X,¥,Z) 25,0, 1375.006000
P2(X,Y¥,Z) 25,0, 348.006000
P2-P1  0,0,-1027
P2-P1] 1027

-120 |

-14.0

-16.0

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 SImUIatlon Setup Wlth G_Ilne USIng CST

Frequency / GHz

ArgonneJ
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Benchmarking of the G-line Method from Measurements

e \We formed the same cylindrical cavity (2.54
mm wide and 24.2 mm radius) for experiment
by joining two flanges together.

e Wrapped a copper tape around the outer
circumference of the joint surface.

Measured and simulated data comparison for a pillbox type cavity

eSimulated S21 ==\leasured S21 (average)

/ dB

5.

Chain clamp Partially inserted sleeve inside DUT
o 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
A rgo n n e Frequency / GHz
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Impedance Comparison of the Benchmarking Cavity

e Looks very similar but the peak position is slightly shifted. Gompaiison betwesmmeasured and sindltedimpedansefora Biicasity
——Re Z _HP formula ——CST Wakefield solver
e Did some investigations to figure out the sensitivity of this 3000
. . 2500
shift in terms of geometry.
2000
e CST simulations shows approximately 0.4 mm difference £ 1500 |
In the radial size of the cavity. grna |
500
Comparison of resonance peak position for a BM cavity with different radius 0 Y s omae 4
em==R 232 MM ===k 234mm e———R 236mm ek 23.8mm ek 242 mMm ek 242 mm -500
1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
Frequency / GHz
Comparison between measured and simulated impedance for a BM cavity
=—|m Z_HP formula ——CST Wakefield solver
? 2000
§|_ 1500 |
1000 |
£ 500 F
E 500 |
5 5.2 54 5.6 5.8 6 6.2 6.4 6.6 6.8 F'é
Frequency / GHz 08
-1500 F
M. Sangroula and et.al,, in Proc. IPAC’18 b 1.0 zio 3?0 4io 5?0 6iO 7?0 8?0 9?0 10.0
Vancouver, Canada THPAKO005 Frequency / GHz
Argon ne)
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Measurement of Other Components using the G-line

Gaskets for the QCF Flange
Newly designed gaskets

* The standard vacuum gasket for the QCF Type 2

flange introduces a large cavity structure.

* Use of standard gaskets lower the microwave
instability threshold significantly as we
require thousands of them in the APS-U, and
hence can’t be used.

* We must design a new RF-seal gasket.

e Measurement to test the performance of
newly designed flange gasket is necessary.

* The first two designs require an additional
standard gasket for the vacuum seal.

INEEEE] 7 3 IEEEEE

[

CAD models of flanges with gasket

Argonne®
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Flange with type 2 Be-Cu RF Gasket

e Surprisingly observed a resonance peak during
initial measurement, which was not predicted
by simulation.

e Found an RF-gap.

\ Vacuum il
~ " Be-Cu RF gasket

Measured response for a flange having type2 gasket

== \]easured S21 (average)

2.0

1.0 g

0.0

A o e A

74

-10 E

lh-------
/ dB

7 dB
S 21

20 F

-30 |

4.0 |

-5.0
1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

Frequency / GHz

Argonne
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Flange with type 2 Be-Cu RF Gasket

* Used brass spacers to eliminate this RF-gap.

/ dB

594

2.0

1.0 g

0.0

10 [

-20 F

-30 |

40 |

-5.0

Measured responses for a flange having Be-Cu comb (type2) RF-gasket

=521 T2F Poor RF-contact =521 T2F _Good RF-contact

Good RF-contact

Poor RF-contact

1.0

2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0
Frequncy / GHz

S’ NATIONAL LABORATORY

10.0

20

BeCucomb

Brass spacers to
make perfect rf-
contact

A e e

74

'h------>

Comparison between measured and simulated data for a type2 gasket

==Simulated S21 CST ===Measured_S21 (average)

2:0

0.0

20 |

4.0

/ dB

60

S 21

-8.0 F

-10.0 [

-12.0 [

-14.0

1.0 20 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
Frequency / GHz
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Impedance Evaluation of Flange with Be-Cu RF Gasket

Comparison between measurement and simulation for a type2 gasket Comparison between measurement and simulation for a type2 gasket
===7 HP real e===Z7 |log real ===CST simulation ===/ HP_imaginary ===7 |og imaginary ====CST simulation
400 400
350
300
300
250 200
e 200 c
S 150 £ 100
— N
N 100 = 40
) =
@ 50 =
0 -100
-50
-200
-100
_150 1 1 1 1 1 1 1 1 _300 1 1 1 1 1 1 1 1
1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 160 1.0 2.0 3:0 4.0 5:0 6.0 7.0 8.0 90 10.0
Frequency / GHz Frequency / GHz
Real part of impedance Imaginary part of impedance

Argonne;
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Flange with Type 3 Gasket

* \We also observed a resonance peak, which was not predicted by simulation.

L J
CerU|ar groove Measured responses for a flange having type3 gasket in the G-line
=521 T3F triall ===S21 T3F trial2 ===S21_T3F trial3
2.0
om
o
b
i
o~
il
_8.0 1 1 1 1 1 1 1 1
10 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
Frequency / GHz
Simulated response for a type3 gasket with two circular grooves in flange
==Simulated S21_T3F
0.5
"8 —~——— N\ \/\\V
-05 F
-1.0 F
[an]
e
~-15
&
-20 F
25
-3.0 F U
-3.5
1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

Frequency / GHz

ArgonneA
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Flange with Type 1 gasket

Comparison between measured and simulated data for the typel flange

——=N\leas S21 TI1F (average) ====S21 CST simulation

LA IS I’Lli‘lnl YA FOL% L RA ¥ L.lll‘lll'l"lh{

0.6 dB
/ dB

-0.20

_0.30 1 1 1 1 1 1 1 1
1.0 2.0 3.0 4.0 50 6.0 7.0 8.0 9.0 10.0

Frequency / GHz

Argonne°
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Beam Position Monitor (BPM)-bellows Assembly

° BPM |S ) CrItICa| d IagnOStIC tOOI that prOV|deS Informatlon Measured and simulated data comparison for a prototyped BPM-bellows assembly
regard i ng On the beam position ==Simulated_S21 PBPM —=\leasured S21 PBPM (average) e RMS value of measured S21
. 0.3
] g [] ] 02 |
e Mechanical stability tolerances is ~ 1-micron rms/per ﬂ L A
. . . 0.1
week. Any local heating can potentially displace the Qf k—m ﬂ A_
buttons and overwhelm these tolerances. o 7° I A [
S| "] VV AN i
Minimize the size of cavity to Use small slots to shield = % # “
reduce effect of trapped modes low-frequency EM fields 0
| 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
Frequency / GHz
_:-i Measured and simulated data comparison for a prototyped BPM-bellows assembly
==Simulated_S21 PBPM ==\ easured_S21 PBPM (average) ==RMS value of measured S21
0.8

55\A 1 ,*,\u Mﬁ
M'v’“h RARARIR i a

APS-U | CDB

-0.6 [

1.6 dB
/ dB

5 .21

Plate poor conductors with good

Gradual tapering to
bering conductors (if possible)

different dimensions

-0.8 . 1 1 | 1 1 ]
6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0
Argon ne Frequency / GHz
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Appropriately Designed Components: Gate Valve Liner

* Modern gate valves have RF-liners inside, but most of the vendors may not have RF-engineers to check the
design specifications.

Comparison between measured and simulated data for a gate valve

=S 21 Meas_GV (avera ge) =S 21 CST GV

VWY, u1un...L.L.L‘Lulnn.ll.“limx. l

0.6 dB

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

Argonne°
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Appropriately Designed Components: Pumping Cross

Measured and simulated data comparison for a prototyped pumping cross

—=N\leasured S21 PC (average) ===Simulated S21 PC

0.30

0.20 F

0.10 |

_\Mh ‘ ‘llll I.I‘I .Ju.nMi

0.00 | V., : - ‘L“"ll '.'.

0.6 dB
/ dB

s 21

0.10 [

-0.20 E

-
_0.30 1 1 1 1 1 1 1 1
1.0 2.0 3.0 4.0 50 6.0 7.0 8.0 9.0 10.0 *

Frequency / GHz

Argonne ™
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Summary

e Measured results of the NEG-coated chamber showed the effect of impedance due to the 1.5-micron thick

IS negligible below 29 GHz.

e The measured results of the APS-U BPM-bellows assembly, gate valve liner, and the pumping cross have
been properly designed and manufactured to specifications, with no observable resonance peaks.

e On the other hand, impedance evaluations of several flange designs have displayed resonances that we
subsequently attributed to improper machining and/or poor tolerance control, and we have worked to

ensure future designs can be made to specifications.

e Finally, we demonstrated that the G-line is a relatively simple and, in our opinion, better way to measure the
Impedance over a broad frequency range.

 The research work that is still ongoing is the optimization and selection of proper gasket designs.

Argonneé
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Thank you all for your time and attention.

Questions, comments, feedbacks ??
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Comparison of gaskets performance

* Type 1 gasket is removed from the consideration due to the possible difficulty arises during installation
or replacement.

Reference Cavity
—
0.2 mm
Wake impedance Z [Imaginary Part] Wake potential
1.2 . : : : 0.008
w7 Cavity_200 um wide_1 mm deep_PEC 5 5 5 5 : . - '
{ | == 7_T2F_PEC_6 Fings_250 um gap_mesh_30 um A— A S 0.006 - = £_Cavity_200 um wide_1 mm deep_PEC |
w7 T3F_G offset_200 um PEC_FourVacHoles_mesh_40 um | : ' : Z_T2F_PEC_SixFingers_gap_250 um_mesh size_30 um
0.8 4-v. L T L T T . L Pl L L 0.004 - w7 T3F_G offset_200 um PEC_FourVacHoles_mesh_40 um |--
Y. . 3 0002 - e .
_g g+ et e - s i e ~ 'A ! ! !
: : : : : : : : : >
8 : : : : : : : ! . : ~ o R Y R
N 0.4 oo e e e e T s T O ; : :
: : : : : ' : : . : = 0.002 4---------------- o R e P L LT P PR
02 oo b et - M b s s s e
s — — ] ] s 0,004 f--oeeeeeeaeee e S
o A e St M s s R 0.006 -----nnseneeee
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Figure 4.2. Hybrid 7BA lattice with reverse bends for the APS. The natural emittance is
42 pm. Blue blocks represent normal-direction dipoles, orange blocks represent reverse-
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* | think a postdoc position is a transition phase for a researcher
where he/she can transform from learning to leading phase.
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Table 4.1. Beam parameter comparison.

Quantity APS Now APS MBA APS MEBA Units
Timing Mode Brightness Mode
Beam Energy 7 6 6 GeV
Beam Current 100 200 200 mA
Number of Bunches 24 48 324
Bunch Duration (rms) 34 104 88 ps
Energy Spread (rms) 0.095 0.156 0.130 p!
Bunch Spacing 153 77 11 ns
Emittance Ratio 0.013 1 0.1
Horizontal Emittance 3100 31.9 42.2 pm-Tad
Horizontal Beam Size (rms) 275 12.6 14.5 pim
Horizontal Divergence (rms) 11 2.5 2.9 prad
Vertical Emittance 40 31.7 4.2 pm-rad
Vertical Beam Size (rms) 10 7.7 2.8 pim
Vertical Divergence (rms) 3.5 4.1 1.5 prad
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Log-Log plot to show 1/r characteristics of Ey
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e RFQ is a linear accelerator that can focus, bunch and accelerate a continuous beam of
charged particles at low energy with high bunching and transmission efficiency.

! Vi=9L(Z+Zy) Vi+ I.7,
| a”i p—

: Vo = —1,7; 2\ 2,

. W - Vim 17
: AN WA

| IQ — _Il

Argonne°

NATIONAL LABORATORY




