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Fourier decomposition of the
longitudinal THz electric field into
multipole components (mMonopole,
dipole, quadrupole, sextupole,
octupole, etc.)

Dielectric Lining

Quadrupolar field and correlated
transverse energy distribution
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Orthogonal-multistaging configuration™
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phase space Six-dimensional phase space preservation in a terahertz-
| driven multistage dielectric-lined rectangular waveguide
Conclusions and outlook accelerator
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Synchronisation with a relativistic beam

-ind the roots of the dispersion relation to find ff = ky using
Newton-Raphson method. Alisa Healy, Thesis, Lancaster
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A single frequency of 0.465 THz synchronises to the
relativistic beam, vp ~ C.
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drop time dependency for single
frequency and vp=C
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Voltage induced on longitudinal
axis due to TM+1 in polar
Coordinate§

/A
—_ " d a e
V.(r,0) = — zAﬁka cos(—r cos(@))cos(ky rsin(6)) .
w VZ(X, y) = Ez(x’ y)dz = Ez(x , V)L
J0
0.25
. ¥ ——— Vz monopole

3! Ymonapote 0.2  Vaguadrapote _ O
Y z,quadrupole (33) Vo cadraole = 1-10

\ - ‘/;,quadrupole (y) P 0.15 —Vi’,z,octupile S d.
S N N - ‘;voctupole (337 y) /7 N _ Vi sum % 0+ 20
Qﬁ 27 N N _‘;vz,sum(x) P 7 g 0.1 - - - ‘\~\ ~ = = Vysum o -20 - |30
[ R = = Vs (9) -7 _0.05 s 0. |
o N *g -50
= S n 60
N =~ 0.05 £ 7
-0.1 %100 \ e
| 3 0.2 -90
-0.15 N -100
-1+ 0.2 0 110

~NnAutiadiNnal vy AldbnAan | | | | | | | y (mm) e 05 X (mm)
0.5 __UI IHIL Ull 1Al VUlLaH\J 05 _0.2?0.6 04 09 0 03 0 06
r/w Radius (mm)
ic [*
Multipole components = (Fourier Cqmponents) / Vo (axial monopole field), Vi=——1| dzV, EZ(Z’ z/c)
Transverse voltage induced according to Panofsky-Wenzel theorem. @ J,



Amplitude of the deflection voltage (DC) is related to slice emittance (ignore time dependence). 7
No DC contribution from monopole components. V J_(x, y)szn(a)—)

Quadrupole: linear effect, no slice emittance growth (only phase space rotation) but small projected VZ
emittance growth.

DC octupole component prominent for larger radii.
Time dependent voltage (AC) introduces projected emittance increase.
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Correlated Energy Spread and Correction

CST - Beam Real Space
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.~ Beam dynamics with CST, not ideal.

- Computationally heavy for systematic studies.

Initial parameter:

10um, 1mrad, 25fs, 45MeV
Energy gain:

390keV, spread 1.6keV

" Custom thin lens tracking code using multipole
components calculated.




Incident beam
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Total interaction length, 4mm

Eo (MeV) 45

Trans. emittance (mm mrad) | 0.0

Beam Size (10, mm) 10
Divergence (10, mrad) 1
Bunch length (fs) 25
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Kick

B eV,
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Qkick — 90 + AH
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Interaction length is assumed to be 4 mm.

Multi step trac

e [hinlens kic

KINg:

K (zero-length) due to V| applied,

* Phase space tracked for the slice length.
e Same repeated N time with linearly decreased kick amplitude.
Quadrupolar transverse energy distribution after single DLW
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Energy gain: 400 keV, 10um, Tmrad
and 45 MeV beam total energy.

Identical distribution imported both

in CST and custom thin lens tracking.

N both case beam drifted across the
norn until interaction
(4 mm co-propagation).

CST presents kinetic energy rather
than total energy.

Remnant fields (~5kV/m) induced in

the horn causing minor energy errors.

Transverse phase space iIs
benchmarked within statistical
tracking errors (0.3% for 100k
particles.)

Energy distribution In the
transverse plane is benchmarked
against CST: 5.2 keV energy spread
and ~400keV energy gain.
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Can we correct the correlated energy
distribution using orthogonally staged DLWs?

DLW,
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Multi-Stage Case 1: Longitudinal field cancellation with zero drift

The First Stage Drift Section The Second Stage
«--Omm---++«---Ld---> «--Omm---++«---Ld--->
| Kick Drift | : Kick Drift
I
| I 1 L I
I eVJ_ 1 Ld | Rdrift — < d) | eVJ— 1 Ld
: Al E, Rari <0 ] > i o 1 E R =\ 4
I
l . .
I | I
| | |

Ld=

2nd structure 90° rotated

<x11 . .x1N>
911 . o HlN

- D
45.402 DLW pass 1 45.800005 - LW pass 2
45.401
g g
\é 45.4 ‘9; 45.8 -
o 45.399 - ()
(T (0
45.398 45.799995 .
" Double pass scheme 0.04 0.04
, - 0.02 op = 260eV_—_ " oo o2~ op=0.2eV o OO
.~ with no uncorrelated initial energy spread. i 0.02 o
B 0.04 -0.04 -0.02
.~ Quadrupole terms cancel out. y(mm) 00400 mm) Y (mm) 0.04 x (mm)

- Very weak higher order effect (octupole).

11 For infinitesimal bunch length.




Multi-Stage Case 2: introduce a drift between stages

The First Stage Drift Section The Second Stage
«--OmMmM--+«---Ld----~» «--O0MMm---+ «---Ld---->»
| Kick Drift | : Kick Drift
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< 45.401 S
N = 100k s v s
> > 458
O-E,uncorr =0 % g
c 45.399 c
L L

0.04 B
: - 0.02\\\\0 = 260 eV oo 0.05 O.p = 017 eK//
Energy spread induced as particle o iv//o 0.02 0 o . 0.05
' -0.02 -

positions diverge during the driftand | ym 004 004 - y (mm) O mm)
experience larger off-axis quadrupole field.
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Solution: One needs to match the positions of particles before
second pass to their initial positions before the first pass.
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The First Stage Drift Section The Second Stage

«--0mm---+«---Ld---~ «--0mm---+«---Ld---~
| Kick Drift ; | Kick Drift
I
I | I
| . €VJ_ - 1 Ld | R | . €VJ_ _ 1 Ld
: Af = To Rdrifr — <O 1> G i ( matchmg) i A0 = E Rdrift — <O i
: | |
| : |
| | o X: initial beam matrix
xll...xlN 'le""XZN 11+ *NVIN
(‘911 3 ‘91N) <321 o 92N> <91.1 . 91N> Y. beam matrix before second pass
Ve R X Calculate matching matrix
The least square fit to a system of linear equations. — \DLW
YX! =R, XX
X591+ Xop o X11-.-X1n DLW
— DLW T T T T
0r1..0n 0,1..0n YX'(XX") = Rp; XX (XX")

X - \
YXm = RDLW Moore-Penrose pseudo-inverse
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The First Stage Drift Section The Second Stage

~--0mm---»+«---Ld---~ «--0mm---»«---Ld---~

Kick Drift Kick Drift

| |
| |
eV, 1 L ! | eV, 1 L
Al = — = d | - I A =—— R, .= d
E, Rari (o 1) G . Rmatchmg . E dri <o 1) G
| |
|
. :
| |
xll...xlN 'le""XZN <x11x1N)

Double pass scheme with no 46.404 - DLW pass 1 45.80002 - DLW pass 2
uncorrelated initial energy spread. o 45.402 |

. . . ) 45.80001 -
Point to point optics, reconstructs S a4
ey . 'y S 45.8 |
initial particle positions at the DLW?2 g s
entrance . 45.79999

. 45.396 .

Correlated energy spread induced 0.05 46.79998 .

by transverse effects of DLWSs are
compensated with matching optics.




=
=
S
D
O
-
............................................ - %
< O
3 &
Q — O
o S Q.
lllllllllllllllllllllllllllllllllllllllllllll £ D
S >
S ®))
S Pl
k- = D
s D S
E ; A
T g oD .S O
<5 = S )
= m = > +—
ol : S T
¥ s 9
||||||||||||||||||||||||||||||||||||||||||||| <t S %
< O =
s . O
Q = O
- -
a S o0 o < N - Q0!
(A2%) 9 %
> ©
h
Q.
|||||||||||||| > N S Anu m
- ) : 5
llllllllllllllllllllllll I 3 -
_ £ .
g S S D
= S © N
: s € Sng e
llllllllllllllllllllllll = SN P~ D O ©
- TS S S
= /,,, . ._hL - *+
B ).|o 8 C = D
S @) O C
3 o= O -
/ IS C - O
/ = o O
f: SEEE = ~ ©
dem > 2> D @)
el s 0O O S €
S5 Wu O O T
o @ O O
e e
QO O O
O += o @
\ o O += O
o - o o o - - o - > m N O)
m S & »®» K~ & 9w F ®» & C C ) S
(el ‘suia) 9z18 wWpag Wl 5 ._m p
v o




Hill’s equation defines the particle trajectories under periodic focusing. Solution to Hill’'s equation
and its derivative represents the rms position and angle of the beam. This can be arranged into a
non-periodic matrix that can be computed between arbitrary points of “0” and “s”.

R R g—s (cosyps + apsinig) VvV BsBosinis
M — ( 11 12) _ 0
R21 Rao \/ﬁ ((Oto — ag)cosths — (1 + aoas)simps) %(6081#3 — Qs 8INYs)

(a9, Po»Y0) . Twiss parameters that define initial beam distribution in (x, 8) space (phase space).

(a,, P, ¥s) — Twiss parameters that define final beam distribution in (x, @) space (phase space).

Y —> Rms phase rotation that beam undergone during the propagation through a certain segment.

Any physical transformation should satisfy the non-periodic transfer matrix.

s (on o2 _ ((z*) (za’)\ _ (B —a) _ Twiss parameters can be computed using
- \o91 099/ - \—a 7 rms values given in beam matrix.

17



) p/m

x Solutions
— — Spline interpolation —
1.5+ 4 Optimisation point e
y /
/
/
/
/
L+ /
/
/
/
/%
/
/
0.5% 7
N 7
O ' | |
4 -3 9 1
Rys x1073

No simultaneous solutions at a single phase advance value.

Energy spread is sensitive to R12 the most.
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— Ry = —0.0004, Ry, = —0.0001
—0.0022, Ry = 50.25

Ry = —0.003, Ry = 74.83

—0.0033, Ry, = 89.2

Ry = —0.0035, Ry = 89.19

Ry = —0.004, Ry = 103.7

—— Ry = —0.004, Ry, = —0.0001 PME

=
I

=
I

|
Matching section)

0 1 0
Propagation Distance (mm)

TABLE I. The solutions of nonperiodic transfer matrix for the
matching section at given phase advances and resulting final
energy spread values for each solution. The residual energy
spread is minimized for the solution at 4 = 1.816.

1.5

OFE(keV)

0.9

DLW,

Matching section

DLW,

Ry = —0.004, Ry = —0.0001 PME

—0.0004, Ry = —0.0001

~0.0022, Ry, = 50.25
—0.003, Ry = 74.83
—0.0033, Ry = 83.3
—0.0035, Ry, = 89.19
—0.004, Ry = 103.7

1

0

Propagation Distance (mm)

Correction using Twiss matrix helps converging to

p Rn  Rp Ry Ryy  AE/E (keV) a physical solution.

198  1.001 —0.0004 —0.0001 0.98 1.7 - , , ,
1.883 0.898 —0.0022 5025 0.9 0.75 But... Does a realistic matching lattice exist?
1834 081 —0.003 7483 096 035

1816 077 —-00033 833 094 031

1803 075 —0.0035  89.19 092 033

1.77 0.672 —0.004 103.7 0.8711 0.5422
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Transfer matrix elements for each lattice
calculated using thick elements via multi objective
fitting to the matrix elements deduced from

pseudoinverse matching and non-periodic matrix

correction steps.

Design Ry, Ry, R;, R»)
No drift 0.6897 —-0.0033 13.1928 0.9039
Q100D510 0.7845 -0.0033 51.5138 0.9738
Q50D510 0.7629 —-0.0033 97.2900 0.9003
Q100D150D,150 0.8118 —0.0035 129.0208 0.9870
Q100D,200D,200 0.9157 -0.0037 139.9490 1.1135
Q100D,200D,200D5;200 0.7461 -0.0033 46.8733 0.9202

Design Matching section length (cm) g (T/m) r (mm) AE (keV)
No drift 30 20.4/111.5/7.3 50/9/138 0.92
Q100D510 31 75.3/0.5/66.2 13.3/201/15.1 0.54
Q50D510 16 310.2/-0.18/219.2 3.2/567/4.6 0.46
Q100D{150D,150 40 48.8/—1.8/50.2 20/55.8/20 0.49
Q100D,200D,200 50 46.5/-3.7/47.9 21.5/268/21 0.86
Q100D,200D,200D,200 65 61/1.2/10.5 16.4/807/95.4 0.5
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-mittance

» Unlike all symmetric THz and RF structures we find the monopole term has zero transverse
variation at the synchronous point, meaning no monopolar defocussing term

> The only strong transverse field term is a quadrupole that if DC would not cause any
emittance growth, we get zero slice emittance growth

> As we have a time varying quadrupole, a small projected emittance growth of 0.4% of
a 50 fs, 100um beam with a 400 keV acceleration.

—nergy spread

» Plonly - 0.75 eV

» PI+NPTM - 0.31 keV

» PI+NPTM+MOO - 0.54 keV over 800 keV energy gain.
Demonstrating the 6D phase space preservation.
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THz bunker
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Waveguide characterisation

800 nm Disc

THz-driven injector development KN

» 100 keV photo-electrons boost to > 1 MeV
» Compression, acceleration, diagnostics i
> Test concepts for scaling to relativistic energies P

Optical probe
(back-
reflected)

" moved to DLW exit

V. Georgiadis et al. Appl. Phys.
Lett. 118, 144102 (2021)




Backup Slides
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kya, y-directed propagation constant in vacuum.

p = k., the propagation constant inside the waveguide.

w, horizontal width of the rectangular structure.

Longitudinal field propagation in Fourier components of longitudinal voltage.

vacuum. 1 00 00
2 _ 1.2 2 2 V.(r,0) =—ay+ ) acos(nl)+ ) b, sin(nd
k2= k2 + k2 + Z<>zon§ ()ZT (n6)
o\’ o\
& pc ay = —J cos((n/w)r COS Q)COS(ky“r S1n 6’) do
TJ_g
At ultra relativistic limit (f = 1) and o (7 i
for very narrow band (single a, = ;J' COS(W1”6089)COS(kSrsiné’)COS(nﬁ)dH
frequency) -

k.= ik 7
A Y b, = EJ' COS(zT‘COS@)COS(kyCZI”Sine)Sin(n(g)dQ
1 W



Capability to import ¢
Custom thin lens trac

# particles

%107

B xp
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(00) o
o o
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60

# particles

N
o
S

X' = tan_l(px/pz) —ax

1200

1000 |

# particles

vx (m/s) «108
1200 -
|\
1000 | ‘ :
o» 800+
@
O
§ 60 y, = Gauss(vz,,,ef, GVZ)
* 40
200 |
0
2.9977 2.99774

vz (m/s)

><1O8

ustom beams into CST
KIng for speed.

1200

1000 |

# particles

1200

1000 ;

# particles

P|C.

800 ;

600 |

0

px (Mme*c)

800 |

600 |

pz (me*c)

4 -

o Exy =0.010252 mm mrad

RS o X

Induce initial beam divergence

Non-relativistic transverse velocity

X' = tan_l(px/pz) — ax

Induce initial uncorrelated
energy spread

Spread particle velocities around
the reference particle as a
Gaussian distribution.



Correlated Energy Spread and Correction
CST - Beam Real Sp:clce

Analytical field distribution for 400 keV gain Thin lens tracking: Single bunch slice ey
0 4.53933e+07

€ 1-10

S 45.402 - 4.5392e+07

= 0. 20 o

D 5. 30 @ 45.401 - 4.5391e+07

L 3 g 4.53%+07

o -40 - 40 = 454

g 50 E’ 4.538%+07

m -60 5 w 45.399 - 4.5388e+07

— -60 .

© -80 -

£ 70 45.398 - 4.5387e+07
-100 -

% 00 80 a.84 4.5386e+07

C

S oo -90 4.5385e+07

N 1 4.538425e+07

LLJ -100

Initial parameter:
Field pattern maps itself onto 10um, 1mrad, 25fs, 45MeV

the beam energy distribution. Energy gain:
Energy spread 0.3keV. 390keV, spread 1.6keV

Longitudinal field distribution
on transverse plane

Can we correct the correlated energy distribution with a 90° rotated DLW?
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