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Introduction: AXSIS

Frontiers in Attosecond X-Ray Science: Imaging and Spectroscopy

« Fully Coherent Attosecond X-ray Source

« Based on THz Acceleration and Inverse Compton Scattering

THz Inverse
LINAC Compton

X-Ray Coherent Diffraction Image
Optics + X-ray Spectroscopy

Spectromaler

THz ICS driver

I
I
I
I
I
I
I
I

DESY. | Characterizing THz waveguides by phase velocity measurements | Max Kellermeier 17. August 2020 Page 4



Introduction

« Emerging interest in THz waveguides in the accelerator
community:

« “Active devices” which are driven by external THz sources (streaking,
accelerating)

+ “Passive devices”: Beam-driven, acts as THz source

* Due to small feature sizes - monolithically integrated coupler
and waveguide preferential

How to characterize the waveguide if you cannot separate it from the
coupler?

- Critical quantity: phase velocity

- In case of horn coupler: Causes additional phase shift
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Introduction
State of the art
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Measurement Principle

vph=% = fA

* VNA: Fixed frequency - unknown wavenumber

and wavelength in waveguide

Inspired by lower frequency techniques: Trombone for
impedance matching (Constant impedance adjustable
coaxial line)

« By varying the length of the coaxial - change
circuit from “open” to “short” (180° phase)

* Measured length corresponds to half wavelength
—> phase velocity

DESY. | Characterizing THz waveguides by phase velocity measurements | Max Kellermeier

17. August 2020

Short-
circuit

VNA
Testport

Page 8



Measurement Principle

Why not trombone? Reflection Method

« Circuit does not have to be closed, only a
reflecting obstacle

* Obstacle movable (subwavelength scale)

« Connector can cause significant effect - measure phase difference
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» Current upper frequency limit: ~20 GHz

* Required feature sizes of transition infeasible




Four Term Error Network Model

* Issue: Waveguide embedded in single Four Term Error Model
block with horn - can’t be attached to

|
VNA port (ref. plane) )
« Additional out-coupling horn and free M %///////

space

* Goal: self-calibration with 7% N\\\\\\\
measurements at different positions /\
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Experimental Setup and Waveguide Structure

* Frequency range: 220 GHz — 330 GHz
(Streaking: 267 GHz, AXSIS: 300 GHz)

 (Obstacles:

» Syringe + Canula as obstacle (OD = 0.72
mm, ID = 0.41 mm), on motorized stage
(+/- 1 pm)

« Paper clip (OD = 0.89mm)

* New: steel welding wire

» Three different waveguide structures:
1. Conical horn drilled in copper
monolithically
Same, but in brass

EDM machined in two half shelves, “split
waveguide”
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S11 depending on position in 4-term error model

Copper Waveguide 1

« Measured: S;1(f, 1)
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Analysis based on 4-term error model

Copper waveguide

« Tweaking initial parameters for least squares problem - Curve fit works
» Better result than harmonic analysis (FDM) Waveguide 5, R= ( 521  10)

Waveguide no. 2
1.8

—— measured from S11(f)
1.7 1 —— Fit, a=(501.6 +£ 0.03) um
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Brass waveguide

Waveguide no. 2

1.8

— measured from S;1(f)
1.7 1 { T —— Fit, a=(494.7 £ 0.02) um
—— prediction, a = (505 +7) um
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Split waveguide

Waveguide 4, R= ( 657 £ 7) pm
. o P 55 N
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Multimode excitation in split waveguide,

Above failing frequency

283.58 GHz fixed frequency
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Higher order modes in metallic waveguide

« TE,,/TM,,, refer to analytical Multimode analysis, wvg. 4

dispersion relations 3.00 Y
e model
« Using radius from microscope 2.757 + mode 2
image: a = 657 pym 250 - TEo
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Split waveguide with dielectric

Preliminary result

M.13, waveguide 06

1.4
o 1.2
&
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Discussion

« Uncertainty in S-parameter below 1%o (95% « Improving obstacle:

confidence mterval) « ldeal: Closed circuit, “short”, infeasible

« 4-term error model sufficient for modelling the - Set of rods of different outer diameters
studied waveguides «  Waveguides:
» Effective inner diameter for metallic waveguides « Imperfect Environment (oxidation of copper) and material
« Phase velocity below c in dielectric loaded waveguide (standard copper)

« Limits of 4-term error model: » Dielectric layer far from acceptable

» Effects of transitions should be small - long waveguide
section

* No reflection from behind the obstacle = obstacle not too
small

 extended model includes 9 unknown terms

« Single mode excitation necessary
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Outlook

Improve obstacle
« Continue uncertainty evaluation

« Compare result of brass waveguide with EO sampling
measurement

« Continue measurements with dielectric (better
capillaries)
—> matching phase velocity

Acknowledgements:
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S-Parameters for Phase Velocity Measurement (Simulation)

« Simple rectangular waveguide (WR-3)
* Length: 11.613mm
« Simulated S_21

« Phase velocity from unwrapped phase

Magnitude (dB)
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Extended 9-Term Error model

* Issue: canula and waveguide wall form coaxial line - additional reflection from waveguide end
(interpretation after first measurements)

a1 KK + asK + asK + ay

Ff.i"] _
m — —~ —
as KK + ag K + a7 K + 1
W %//////// Ko R—eb
| ——
/ 7 @\(\\\\\\\\\
_..bur  Obstace . Ope
. P21 _; s :-,-. 'Qfl' . .-; =_R21 -; |
YPil pP22a +811 822; vyQl11 Q224 'iRll RQQ; “[]

DESY. | Characterizing THz waveguides by phase velocity measurements | Max Kellermeier 17. August 2020

7

Page 25



Extended 9-Term Error model

« Issue: canula and waveguide wall form coaxial line - additional reflection from waveguide end
(interpretation after first measurements)
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Poor man’s solution: Time Gating

Time Domain Gating (without free space calibration):

1. Transform from Frequency domain to Time Domain
(incomplete time domain information, but helpful tool)

2. apply window (here: Kaiser instead of Hann)
3. transform back

Drawbacks:

« Wiggles in frequency domain

* Result depends on window parameters (center and
span)

* Frequency band must be truncated at the edges (DFT
assumes a periodic signal, which the S-parameter
clearly isn’t)

* Phase information in bandpass transform susceptible
to transform
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Measurement result with Time Domain Gating, |

—4800 = 2.0
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Measurement result with Time Domain Gating, Il
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Fit dispersion curve

« Comparing dispersion curves

50 From Measurement at 12.00 mm, 2020-06-24 « Measured (using time gating)
—— measured * Fit to measured data 2 0.50 mm
Fit, a = 0.501 mm )
1.8 4 =096 mm » Expected from measured aperture diagonal

a = (0.500 + 0.002) mm

1.0 A

230 240 250 260 270 280 290 300 310 320
f [GHz]
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Impact of Gate parameters

Gate span varied

2.0
—— center = 0.68, span = 0.252
—— center = 0.68, span = 0.212
1.8 —— center = 0.68, span = 0.162
—— center = 0.68, span = 0.262
1.6 4 - center = 0.68, span = 0.312
- center = 0.68, span = 0.362
% —— center = 0.68, span = 0.412
S 1.4
1.2 A
1.0

230 240 250 260 270 280 290 300 310 320
f [GHz]
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4-term error model would be better

 Per-Frequency analysis F = (Sl(T'f) —a) (kD —¢c)=b=0

. POGS no.t rely on incomplete time domain - solving for a, ¢, b with pairs of measurements and
information back-substitution

« But: * Root finding problem

 error function depends on starting point
» Complex error function

» Sensitive to phase error
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Four-term error model applied

« Using measurement at 10.00, 10.50, 11.00, 11.50

From Measurement at 12.00 mm, 2020-06-24 mm
2.0 T T T 1
— measured
— d-ferm
1.6
o Inl
El 1.4 TN |
o
1.2 HH
1.0 I

T
230 240 250 260 270 280 290 300 310 320
f [GHz]
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Time domain transform at different obstacle position

517 in time domain at different positions, 2020-06-24
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Time domain transform of obstacle free measurements
Measurement from 2020.07.02
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Harmonic analysis

Comparison to time domain gating

Based on harmonic analysis Based on time domain gating
2.0 2.0
—— measured 51, (f) — 8.05 mm
—— Fit, a = 0.502 mm —— 8.10 mm
18- —— measured d=0.96 mm 184 —— 8.15 mm
— 8.20 mm
—— 8.25 mm
1.6 - 1.6 —— 8.30 mm
—— 8.35 mm
— 8.40 mm
%14_ %14_ 8.45 mm
> > — 8.50 mm
— 8.55mm
1.2 ——— 1.2 1 —— 8.60mm 2
—— 8.65 mm
1.0 4 1.0
0.8 . . . : : 0.8 - T . . . . . .
220 240 260 280 300 320 230 240 250 260 270 280 290 300 310 320
f [GHz] f [GHz]
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Analysis based on 4-term error model

« While tweaking initial parameters for least squares problem: Found sign error
« > Curve fit works
« Better result than harmonic analysis

2.0
—— FDM analysis —— measured S;4(f), 4-term error model
—— Fit analysis —— Fit, a = 0.502 mm
1.6 - 1.8 —— measured d=0.96 mm
1.5 - 1.6 A
o
3 3 1.4
<t 1.4 1 =
1.2 1
1.3 -
1.0 1
1.2 -
i ! ! | | 0.8 T ' ; ! ,
220 240 260 280 300 320 220 240 260 280 300 320
f [GHz]

f[GHz]
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Phase velocity measured with EO sampling

—8— measured, p=-2 —8— measured, p=-2
: —0— measured, p=-1 : —®— measured, p=-1
Phase velocity, 2020-05-01 Phase velocity, 2020-05-01
1.65 A y —8— measured, p=0 1.32 y =8— measured, p=0
—8— measured, p=1 —8— measured, p=1
1.60 4 —8— analytical, d=1.05 mm —8— analytical, d=1.05 mm
' —e— analytical, d=1.04 mm 1.30 - —8— analytical, d=1.04 mm
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150 - 1.28 A
{é 1.45 - L
= >0. .
1.40 A
1.24 A
1.35 A
1.30 A 122 -
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THz traces with EO sampling

THz traces, 2020-05-06
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Calibration coefficients

Magnitude and unwrapped phase

P21 Py L3
— Py Q1

S11 = Pu + Q11

b
B

mi

0.10 -

S 0.05 A

0.00 A
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Calibration coefficients

Real and Imaginary
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Uncertainty in S-parameter
Waveguide 2 (brass)
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Split waveguide with dielectric, S,

S,, at low frequency

220.00 GHz fixed frequency

0.007
o

0.006 L

0.005

0.004

0.003

0.002 * o

_n:m 0 ol ot s o TT.T ..HTTTTTT

0.000 ,

8.0 8.5 9.0 9.5 10.0 10.5 11.0 —10 -5 0 5 10
I [mm] Blmm~1]

DESY. | Characterizing THz waveguides by phase velocity measurements | Max Kellermeier 17. August 2020 Page 43



Split waveguide with dielectric, S,

S,, at medium frequency

275.00 GHz fixed frequency
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Split waveguide with dielectric, S,

S,, at high frequency

286.61 GHz fixed frequency
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