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OVERVIEW

= Motivation
— Components Beam Tested

» Corrugated Waveguide Interaction Structure
— Fabrication Techniques Explored
— Electroforming

= Transition Section Fabrication
— Brazing Issues

= Future Work
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ARGONNE SUB-TERAHERTZ ACCELERATOR: ASTAR
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COMPONENTS TESTED AT BNL ATF 4
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FABRICATION TECHNIQUES EXPLORED

(2) Die Stamping (D) @ cating of ¥ 0000 4

resist on Cu
Opawing @ Stampings © Assembly of @ After Brazing
Wl 2040 Rin O UV Exposure
PR on Cu
T‘“"' ©ruicn P
Devel
sy Optical
4

(€) ~ Laser &
Laser o,
‘LaserMachuu‘ng Vi Ablation

’ After Cleani‘
I
|

Wire electrode EDM et

(@ +
Bending

(b)  Pressing

(¢) Electroforming ()

@ oM Machining

| "% Machining DG w0

Mand.rcll o Coxmgatcd Al © Elcctroplating @ Dissolving Halves

Yy — i ‘

‘ Cleaning i SO | 'A
) S—

(@ENERGY SL8iitaiie B. Popovic: Bright Beams Workshop 2025 Argonne &) | advence

Photon Source




TECHNIQUES EXPLORED
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Electroforming circular corrugated waveguide

Aluminum mandrel production Mandrel inspection and straightening Electroforming

=
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Proprietary micro-machining process
Tooth Height 252.7 um; error 1.5 um RMS:
Tooth Width 175.9 um; error 2.0 um RMS.
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Measurements indicate excellent CWG fabrication quality
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MICROSTRUCTURE OF CORRUGATIONS

Sample from
Servometer Drove
Design Constraints

K. Suthar, G. Navrotski,
P. Carriere, and A.
Zholents, “Study of
copper microstructure
produced by
electroforming for the
180-GHz frequency
corrugated waveguide”,
Mech. Eng. Design of
Synchrotron Radiat.
Equip. and Instrum.,
MEDSI2020, Chicago,
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FABRICATION PROCESS: ALUMINUM (r=1
MANDREL TO TS CORE I

Aluminum Mandrel Electroformed Mandrel Final Machining and
EDM of Horns

o e S

Fiducial Groove

Machined Electroformed Mandrel
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ISSUES WITH BRAZING STEP s Core TS Core Holder

— TM,, Coupler signal about -3 dB less (50% of expected signal)
— TE,; Coupler signal about -20 dB less (1% of expected signal) V

&

% y .
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COMPARE MICROSTRUCTURES VS OFHC

Electroformed Copper Fully Annealed Oxygen-Free Copper
- (UNS C10100

_Electroformed Copper

Remains uniform and featureless except Microstructure recrystallizes and,  Note large grains.
for the distinct interface between dark and grains grow to roughly 8 pm in

light regions that indicates a material ) ) i
change. Typical grain size is sub-um. diameter with void coalescence
at grain boundaries.
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FUTURE GOALS

= More closely control electroforming process
— Understand what happens during brazing
— Increase yield strength
* Increasing repetition rate
— Smaller Grain size

= Measure breakdown field of electroformed copper
— Physics poorly understood
« Short pulses

= Simplify mode couplers (transition section) geometry
— Fundamental mode coupler may not be necessary
— Simplified diagnostic port geometry
« Demonstrated good extraction efficiency experimentally

» Other materials? Stainless steel?
— Stainless steel layer for corrugated waveguide
» Few factors more than skin depth deposited on copper
— Avoid different thermal expansion coeff.
» Steel Alloys?
— How to deposit this layer?
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CONCLUSION

» Design of complex ASTAR elements
= Fabrication of corrugated waveguides and transition section
» Tested at Brookhaven ATF

» Looking to the future for improved design and fabrication
— Lots of lessons learned!
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MOTIVATION

A multi-user FEL facility based on the array of Collinear Wakefield Accelerators
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= High wall plug power efficiency . R
— CWAs do not need electrical power K. Bane et al., NIM A, 2017
— Undulators do not need electrical power (photo: courtesy G. Bowden)
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CORRUGATED WAVEGUIDE DESIGN

e Maximize

Wil

* Loss factor

NN EREE R

« Group velocity

e Minimize

« Peak surface fields

* Transient temperature rise of |

surface Il H

H i

« Simplify fabrication R8O um
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« Power dissipation on the walls

* High order modes




DIE STAMPING

> Argonne &
(This slide is based on recent publication H. Kong et al., Scientific Reports, 2023)
de in Pohang Accelerator Laboratory 0 Measurement of longitudinal wakefield at AWA/ANL
| E
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a=1.02 mm Er
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& | d=200 um S
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lefu3|on bonding of stamped discs Measurement of transverse wakefield at AWA/ANL
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IMPRESSION (COLD FORMING)

OOOOOOOOOOOOOOOOOO

Impression of a stainless steel die into a machined, semi-circular groove in a copper plate

Stainless
steel die

-

Copper
sample
after
pressing
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GROOVE
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LECTROFORMING CIRCULAR CORRUGATED WAVEGUIDE

Aluminum mandrel production Mandrel inspection and straightening Electroforming

> Argonne &

roprietary micro-machining process
ooth Height 252.7 um; error 1.5 um RMS
ooth Width 175.9 um; error 2.0 um RMS

chamber with five 10- cm Ion bvegdafter

" brazing (currently use ﬁ?@@? RRRRRR Photen Sourcg 7

ST
2

lowédNERYecond-straightening ' follo®eldopg\atuBriobim etching
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LECTROFORMING CIRCULAR CORRUGATED WAVEGUIDE (2)

> Argonne &

s S——— pm
0 5000 10000 purr
LLm A\ ©
317.3 3320 ) b

0
-500-
-1000-

-1500- The corrugation radius for tooth The corrugation radius for groove

1000 ' 0 ' 1000 B. ReRovic: Bright ' _12'00 ' ' 5 ' " 1200 pm 2
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MICROSTRUCTURE OF CORRUGATIONS )

= Improved prototype microstructure

7 Ny - VN WG, | Ty

(6) layer with the same nascent
recrystallization characteristics as region (4)

(5) the darkest, smallest grain, most

(3) copper with a amorphous, and the highest hardness region

more amorphous
character

(4) layer with a degree of recrystallization
preferentially oriented away from (2)

(2) layer highly elongated layer of single
crystal follow the seed layer contour

(1) small cluster of large equiaxed grains at
the apex of each corrugation.

Test Sample
T)ENERGY LIS Eiishe, B. Popovic: Bright Beams Workshop 2025 Argonne & | fenced |




BORESCOPE INSPECTION OF CORRUGATIONS™

Discoloration Some Features

Brazed metal

(PZR, U.s. DEPARTMENT OF _ Argonne National Laboratory is a
{ m))ENERGY U.S. Department of Energy laboratory
NN\ managed by UChicago Argonne [LLC.



32

SELECTION OF WAVEGUIDES FOR BRAZING

= Check Diameters

» Cleaning before brazing

Figure I: Twelve(12) waveguides in transport tubes, as received from Servometer.

I L

(2 U.S. DEPARTMENT OF _ Argonne National Laboratory is a H H
(ZJENERGY :iziyeesiiramiey P ; Argonne & | atvanced

Z B. Popovic: Bright gonne & | St urce
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CHAMBER (300 MILLIMETERS)

Three 10-cm long tubes after brazing:
low temperature brazing at 360 °C

Water cooling

I L

(PR U.S. DEPARTMENT OF _ Argonne National Laboratory i H H
@ ENERGY MEmiin B. Popovic: Bright Beams Workshop 2025 Argonne @ | e




VACUUM TESTING OF 152MM TEST PIECE

= Smooth Tube
— 8.5E-8 Torr after bakeout

= Emittance beam grow due to
multiple Columb scatter of
electrons is negligible at 4E-7 BT

Torr 2.1x10°7 Jefr
— 10"-7 mm*mrad
— This vacuum is acceptable if

permitted by electrical
breakdown

B. Popovic: Bright Beams Workshop 2025 Argonne & | pdverced




ISSUES WITH
BRAZING
STEP....

TS Core Holder

TS Core

\

NT OF _ Argonne National Laboratory is a
U.S. Department of Energy laboratory
managed by UChicago Argonne, LLC.

Topers are Symmetric

Before Brazing

After Brazing

Machined

B. Popovic: Bright
Raamc \AMnrlkeehon 20258
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ISSUES WITH BRAZING STEP.... =
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Fabrication of transition section between accelerator modules

a) Portion of the b) Electroformed c) Machining of
Aluminum Mandrel Mandrel Electroformed Mandrel

Fiducial Groove | E

TM,, coupler horn antenna,
0.72 mm x 1.78 mm

d) Leached Out e) Fabrication of TS f) Brazing TS Core
TS Core Holder and TS Core Holder
- TS Core Holder
. - B -
g) Leak Test h) EDM of Internal i) Machining of TS
Waveguide Front and Back Faces

Integrated offset monitor horn

' antenna, 1.10 mm x 0.45 mm
O.tib O-ring h Flat Groove for Réundfor 15 mm,,f’//i

e Dowel Pin Hole BCYESeRE: Brigiatows “«="33 mm Argonne & | Agenced

Raamc \Alnrl(chnrgzqﬁ?faie."



MEASUREMENT OF CORRUGATED
WAVEGUIDES

= Beam measurement of individual tubes at BNL ATF

= Initial cold testing of assembled 300 mm section?
— Qualitative measurement
 Poor performance of the mode convertors
— Show general transmission
— Attenuation factor in range of expected

= Beam measurement of assembled 300 mm section at BNL ATF

@ENERGY Jbniadiisi B. Popovic: Bright Argonne & | advencee
Raamc \AMnrlkeehon 20258




COLD TESTING OF CORRUGATED WAVEGUIDES

Attenuation Factor (From S. Siy Thesis)
Compare Measured CWAs: TMO1 Mode

T™My,; HEM, Units
180 190 CHz 0= " I e

f
K 1.18el6 2.19%10/pm? VC 'm!
By 0.57 0.62 None 7
o 2.31 1.96 Npm—!
TABLE III. A-STAR synchronous electromagnetic mode —4 A

characteristics. The loss factor & for the HEMi1 mode

scales with the square of the beam offset and the attenua- ‘i _
tion coefficient a is given for a structure with conductivity of m —b ' v Al L*- - ¥
4% 10"Sm™. cl \f )]
. Wiy
vy —8
-10 A
* For TMO1 mode, 300 mm CWA
— 6 dB loss expected 12 o
— CWAZ
—— Calibration (Baseline)
—14 + * From 5. Siy Thesis (o0 = 4E7 5/m)
I ! I I I I
174 176 178 180 182 184 186 188

STR

Freq. (GHz)

U-S- DEPARTMENT OF _ Argonne National Laboratory is a
2 B U.S. Department of Energy laboratory
q‘? ENERGY managed by UChicago Argonne, LLC. MDD e | Photon Source
NATIONAL LABORATORY
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BEAM TESTING AT BNL ATF
Experimental Setup: Chamber with CWG

Michelson | | Helium
Interferometer Bolometer

Parabolic Experimental Chamber

Mirror

TPX Window BPM

& N

E- \"\. ----------1 |:'

<+l i 1 i

R |

Device under Test

I L

(D ENBRGY & e oo o o, i i Advanced
%:.} ENERGY manage% by UChicago Agréonne, LLCy. B . PO pOVI C . B rlg ht Argnongﬂnewwe Photon Source
Raamc \AMnrlkeehon 20258
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MEASUREMENT OF CWG: FrReQUENCY & GROUP VELOCITY

At =1 (1 _ 1) (L=34 mm)

le Yg Y >
o
—
______ design: v, = 0.56¢ L—»
—— measured: Vv, = 0.55¢C | o 1.'5 ps
Vg = 0.55% ST M T
—  Experi : 01
T o[ =186 esam,
go.zy ﬂ ﬂ | ﬁ ﬁ h R ﬂ l n = | Design: 180 GHz
) =3 L
S 0.20 | n n ” =
©
v
g
5 0.15 1
2 S i e S e e e
§ ! U J 160 180 200 220 240 260 280
3 010 i U H f, (GHz) |
S ’ |
: |
0.05 1 “ " _.Wuf’/ | No HOM
N N IWWMMM-&MWMW e M St b
5 lb 1'5 Zb 2'5 260 400 600 800 1000
Mirror Offset [mm)] f, (GHZ)
B. Popovic: Bright Argonne & | pdverced
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Electron beam self energy modulation by the wakefield

Calculated results for a 5 ps (~A TMy; mode), 130 pc bunch with a flattop peak current
distribution and 65 keV slice energy spread. Off crest acceleration by 6.0 degree. Tube

length=74 mm

Tube with a smooth wall |

Corrugated Waveguide

ATF Measurement:
Diagnostic Screen

struction using
wake and RF

< b) f) Recoﬁ
~_ _ EEEEEEE— | — —
p% Fit for RF Phase Parameter (¢p=6°) known
C
— ) 9) Phase
=3
.
~ 1
0 e
d) h)
m
ks
544 546 548 550 552 554 |4 546 548 550 552 554
Energy (MeV) Energy (MeV)
(@ ENERGY L5t B. Popovic: Bright

Roamc \Anrikehnn 2025
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EXPERIMENTAL SETUP

Beam Energy 55 MeV

AT B N L ATF Bunch Charge 10-40 pC

Charge Distribution flat top

Bunch Length, I, /c ~1-2 ps
Michelson ---p Helium Energy Collimator:
Interferometer Bolometer Slit Action
4 :
Spectrometer || Parabolic " Experimental Chamber
Magnet Mirror ; -
g \ i ™ TPX Window BPM
. >
Faraday Slit 5 \‘U
- \ ) - He'Ne
Cup [ € | . pmmmmmmmm—————— ¥ e :
o - -l |-i- - . e Alignment
\ 4" i A : ! i Laser
t@( - - BPM -"lj I I /\ =
Diagnostic e e ———— ’ e
Screen ] Device , E]- - ¢ - - -
End Piece |under Test “Dog-Leg”

Magnetic Lattice

Advanced
Photon Source
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TRANSITION SECTION DESIGN

Multiple CWG connected via Transition Sections (TS)

TMy; Choke
TE;; Choke (Filter)

(Filter) \ =
,hx n__f i ’%s
_ i' T V | Electron
| R annnan Beam
U= " g Wf e M

—— TEy Coupler TM,, Coupler

Integrated
(Integrate 600 W at 20 KHz
Offset Monitor)
B. Popovic: Bright Argonne & | S
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TRANSITION SECTION
BEAM TESTING AT BNL ATF

Capture Rate Mode Coupler

Polarization | Horizontal | Vertical

CWG 1 97.920.5% 97.1%1.1%
CWG 2 95.9%1.6% 95.813.0%

TPX Output
| Widow

arabolic
Mirror i

ooooooooooooooooooooooooo
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
managed by UChicago Argonne, LLC.

~ 400

5]
o
o

Normalized signal (‘w‘ﬁnti.':2

200

100}

i TM01 /vl ]
186 +£ 1.6 GHz :
] 150 pm ]
: vertical
; WlthQUt offset beam
- Polarizer |

0 100 200 300 400
QOF T .

~ | 186£1.6GHz | '\19y§_&11.6 GHz
Q parasitic
S 30tW. H . —_
= | It .Polarlzer HOM due to
o ol (Horiz. / TMy, local offset |
o | Rejection) —
g |
£ 10/
o i
z |

ok b . o |

0 100 200 300 400

f, (GHz) _

B. Popovic: Bright Beams Workshop 2025
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MODE CONVERTORS
WR5 to Circular (TM,, & TE,,)

« Traditional Machining

TM Mode ConverterBack to Back - Insertion Loss

taper_|

&N 0 AN
17
il
L
¥ I
!
)
S
8 |
- |
c ! i
S :
£
64 1
g % |
c i |
Il |
|
|
._8 -~
—— Measured
=== Sim
_10 T T T T T T
174 176 178 180 182 184 186 188
Freq. (GHz)
SR U.S. DEPARTMENT OF Argonne National Laboratory is a

ENERG U.S. Department of Energy laboratory
managed by UChicago Argonne, LLC.
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BEST PERFORMING MODE
CONVERTORS (TM3 & TM4) :
BACK TO BACK

™ Mode ConverterBack to Back - Insertion Loss

0
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DESIGN AND MAGNETIC MEASUREMENTS OF THE
QUADRUPOLE WIGGLER

linear x-motion linear y-motion
Requirements: (Defined by |
BBU Suppression) o

= Ultimate gradient of the
magnetic field

— Maximum Gradient in the
Middle of Quad: 0.95 T

= Smaller than 1 micron
misalignment of magnetic
centers of all quadrupoles to
a common central line

= Smaller than 200 | ~ e
microradians yaw and pitch NdEeB Ry~ yaw
angle misalignment of Permanent |l adjust
individual quadrupoles ~ N ment

A
(7R U.S. DEPARTMENT OF _ Argonne National Laboratory is a . 1
(@ ENERGY Zaits st LINAC24: B. Popovic Argonne & | advencee
NATIONAL LABORATORY




Measurement of prototype quadrupole wiggler

6

— X
41 —y

#1 #2 | #3 | #4

0 50 100 150 200 250

Z (mm)
Alignment of four quadrupoles.
The final quadrupole magnetic axis offset from the wire
derived from the first field integral measurement: less
than 0.5 microns
The oscillations of the offsets are due to small
wavering in the longitudinal profile of the quadrupole

poles.

(@ ENERGY (158 iy LINAC24: B. Popovic Argonne

Temperature dependent drift of the magnetic
center was measured as 4.4 uym/°C
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