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GENERATION OF MULTI-CYCLE MILLIJOULE
PULSES BY A SINGLE-PASS THz FEL

Ruslan Chulkoy, Vitali

Goryashko, and Vitali Zhaunerchyk



APPROACH

We consider an approach in the form: We would like to have:

« super-radiant FEL source » central frequency: 5-15 THz

« planar undulator (K~1)  relative spectral bandwidth: <10%

» prebunched electron beam * output pulse energy: >1 mJ

» singe-pass interaction geometry » spatial properties: diffraction-limited

Gaussian beam
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OUTLINE

(s

total charge of the electron bunch

")

number of micro-bunches

"™

bunching factor

"™

bunching period

"™

bunch focusing conditions

"™

electron energy spread

"™

undulator length

parameter space being under consideration

electron energy 20 MeV B, -function 0.6-20m
bunch charge 0.5;1.1 nC undulator magnetic field 03T
total bunch energy 10; 22 mJ undulator period, A, 50 mm
number of microbunches 1-16 number of periods 12
electron energy spread, rms 0-2% resonant frequency ~10 THz
bunch emittance, rms 0-4 mm-mrad | | effective Fresnel number, N; 0.009-0.3
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THE MODEL

IFT free-space HG modes

dC_ (z,w) 1 (= .
UL = J(F,o) (¥} )dS
N ¢« (i = [
DFT
EX(F, o) :Zcmn(z’w)\};;n % hybrid modes of a slab waveguide
do 0 dy. € - =x,e
—I=F EO,U'O, 1 /10 —I=_—U'.EX r’t nmﬂﬂm
dz {' ' A,;/,} dz mc® (5. 4)
 field integration over the ponderomotive potential period 0-Y0q
» optical field decomposing onto a complete set of |:>
orthogonal modes v, , | ‘
» quasi-particle approach for the electron bunch interaction ..||| |||..

: .. . - i-particl
* model takes into account statistical properties of the e-bunch RS

electron bunch Y. Pinhasi, et al., Nucl. Instrum. Methods Phys. Res., Sect. A

« approximations: paraxial, linear 475 (2001), 147.
polarization V. Zhaunerchyk et al., PRST - Accel. Beams, 15 (2012),
050701.

R. Chulkov, et al., PRST — Accel. Beams, 17, 050703 (2014).
B.W.J. McNeil, et al., PRST — Accel. Beams, 6 (2003), 070701.
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TEST CASE. FEL PULSE ENERGY & SPECTRAL WIDTH

Parameter  No bunching  Single bunch  Periodic bunching

Aw l/Nw l/Nw I/NM
A. Gover, Phys. Rev. Spec. Top. Accel. w, N N2 NyN?
Beams 8 (2005) 030701 dW,/dw N N; NulN;
P N N} N}
dP,/dw N N} NuNj
180
| —®—N_=12;Q =50pC; b=0.25 18 — —e—  —8— rms width
150 —o— N =6; Q =100pC; b=0.72 —O0— , —O0— FWHM
4 pulse energy
120 scales ~ linearly /

with number of
1 microbunches /
90 /
60 - /

)4

FEL pulse energy, pJ
spectral linewidth, %

1 N, =11 - A<8%
0_ I L] L] I L] L] I L] L] I L] L] I L] L] I 0 L] L] I L] L] I L] L] I L] I L] L] I L] L] I
3 6 9 12 15 18 3 6 9 12 15 18

number of microbunches number of microbunches
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BUNCHING FACTOR 0.25

J(t) = J, cos® (xt/T,)




KNOWN SEMI-ANALITICAL MODEL. THz PULSE ENERGY

E.L. Saldin, et. al., Nuclear Instruments and Methods in Phys. Research A 539 (2005) 499-526.

resonant frequency: 9.7 THz bunch energy: 10 mJ

Fresnel number:

——33L,:1.0mm: 0.3 :

——5L,:04mm:0.05  |N_ = Keslms _ Keeo
E

——L,:0.177mm : 0.009 AN, AN,

o [I® exp(i o) dt
bl = [EGEE

J(t) = Iy (1+ M cos(2m,t))

THz pulse energy, uJ

M =4lb] =1

0.8 0.9 1.0 1.1 1.2 1.3 14 1.5
bunching period*resonant frequency

e-beam narrowing — enhancement of the light energy
— progressive shift in an optimal bunching period
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NUMERICAL SIMULATION. THz PULSE ENERGY

resonant frequency: 9.7 THz bunch energy: 10 mJ
. . . 220 —
2004 190 pJ @ 5=1.08
180 : : —— 33LU :1.0mm : 0.3 theory, §=1.02
1 —— 5L :0.4mm :0.05
160 - v
- - +LU:O.17mm : 0.009
2 140 — theory, 6=1.14
> . : : 14U =
© 1204 ; g ; 1 plane-wave
2 .1 98 uJ @6=1.05 120 +
g 1 ? ? 5 100 -
» 80 1
é ] 80 5
N 00 60 —
= 40 - I
] 24 4J) @ 8=1.02 40 +
20 - : 20 -
05 ' I ' | ' T ' T ' 0 T T 1
0.9 1.0 1.1 1.2 1.3 0 2 4 6 8 10 12
bunching period*resonant frequency undulator period

both the theory and numerical data predict nonlinear dependence of the light energy on N
probable cause: change in the optimal detuning as N increases
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THEORY VS CALCULATIONS. THz PULSE ENERGY

300 0.08
resonant frequency: 9.7 THz |

bunch energy: 10 mJ | 0.07

N
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peak pulse energy, pJ
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optimal relative detuning

analitical
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e-bunch Bo-function, m

o difference in peak pulse energy: 0.8%-0.4%X of the theoretically expected energy
in optimal detuning: 1.2%-1.5% of the theoretically expected value

‘;f probable cause: depletion and spread of the electron energy

Workshop on the generation of single-cycle pulses with FELs , May 16 - 17, 2016, Minsk


http://www.google.ru/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjykoSAnpDMAhUChg8KHfylC6kQjRwIBw&url=http://ruscpo.ru/?attachment_id=6167&psig=AFQjCNGfZF7SU4KmRDQ1BEC_ifze8g_uHg&ust=1460795611204918
http://www.google.ru/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjC98CJwI7MAhVpb5oKHfhfAbIQjRwIBw&url=http://kogott.livejournal.com/2259.html&psig=AFQjCNFf_O3aJWU0BkvDByTOozYk3x_6pw&ust=1460736067312515

9, ‘ABisua |euonjoe.y

ivergence

o =
L <
0 73
s S
=) ©
4 ®
| =
Ll 9
.w S
v =
v 0
™ ks
7)) £
w ks
=
m 5
5 5
o S
o I§
—
@) A
(&) 2
Ll =
nDU 9
®
()
— 2
z ©
- -
-



http://www.google.ru/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjykoSAnpDMAhUChg8KHfylC6kQjRwIBw&url=http://ruscpo.ru/?attachment_id=6167&psig=AFQjCNGfZF7SU4KmRDQ1BEC_ifze8g_uHg&ust=1460795611204918

LIGHT BEAM VS FRESNEL NUMBER

B,=20m , N.=0.3 B,=3.2m , N-=0.05 B,=0.6m , N-=0.009
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0 light beam quality gets degraded only ~2 times when N decreases by >30 times
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SPECTRA & PULSE PROFILES VS FRESNEL NUMBER

8.9 THz 9.2THz 9.5 THz

N_=0.3
—— N_=0.05
—— N_=0.009

0.61 THz

0.65 THz
0.69 THz

THz power, arb. un.

7 8 9 10 11 12 -05 00 05 10 15 20 25
frequency, THz time, ps

0 FEL spectrum shift towards the low-frequency side with decrease in the Fresnel number
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SPATIALLY-RESOLVED THz SPECTRA. N=0.009

at the near at the far |JESETGYe
field field [ERYS
- 0.7
©
s
S
5 10 15 5 10 15 20
1.0 - 8.7 THz 8.9 THz 9.1 THz 1.0 4 8.7 THz 9,0 THz 9.2 THz
J 0 mm J 0 mrad
—2mm — 10 mrad
: 0.8 - 0.8 -
C —_— C —_—
5 | 3 mm S | 15 mrad
£ 06+ 0.63 THz T 06 0.47 THz
o 1 - T.H59 THz - |
q;‘) 0.4 : z g 04 -
o | o ]
o o
N 0.2 - N 0.2 -
T T
= 1 — 1
0.0 A 0.0 -
— 71 r T r 1 T T 7 — 71 r T r 1 T T 7
7 8 9 10 11 12 7 8 9 10 11 12
frequency, THz frequency, THz

0 high-spatial harmonics of the THz radiation are enriched by low-frequencies
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THEORY VS CALCULATIONS. FAR FIELD

2
Ak, = kpae 1 M ke ak=2 k,

T 2R(2) - 2. (1+ %2) cp 0 mrad - 9.7 THz

= 11 mrad — 8.9 THz
analytical model numerical data |
1.0 - (\ 1.0 -
. 0.8 - 0.8
C
- ] 4
£
o 0.6 0.6
= J
j2 —— B .=20m , N_=0.3
g 0.4 4 0 *F
> ! — B,=3.2m , N_=0.05
’g 02 — B,=0.6m, N_=0.09
[
0.0 A 0.0 jl
| ' | ' | ' | ' | ' | ' | ' | ' | ' |
-20 -10 0 10 20 -20 -10 0 10 20
angle, mrad angle, mrad
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THz BEAM SPATIAL QUALITY AND BRIGHTNESS

B— Eri _ Ery, _ Hd —, I P(o)M?(w)d @
el e (we) \emmrad® /| MT =T rp
9 ;
o 4 —e—33L :1.0mm:03 _ ]
5 v 8 5
© - —o—5L,:0.4mm : 0.05 -
£ . —e— 1 :0.17mm:0.009 ']
5 _ 8-
) S A :
3 = :
& 8 51 |
8 o 7 :
c = 4 - :
< - |
5 9 ?
= 2 -
o) ] :
o] :
15
I L] I L] I L] I L] I L]
0.9 1.0 1.1 1.2 1.3 0.9 1.0 1.1 1.2 1.3 1.4
microbunching period*resonant frequency bunching period*resonant frequency

tight focusing of the e-bunch ensures greater brightness of the THz beam despite
its worse spatial quality
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equivalent
Gaussian beam

2.5 5.0 . d . . . 20.0 . - -2 0 2 4
cm mm x10°

l. Minin, O. Minin, Active MMW/Terahertz Security System Based on Bessel Beams, ISRN Optics 2013, 285127.
H. Meng, et al., The Generation of Bessel Beam and Its Application in Millimeter Wave Imaging, J. Infrared Milli.
Terahz. Waves 35 (2014), 208-217.

A. Bitman, et al., Computed tomography using broadband Bessel THz beams and phase contrast, Opt. Lettt. 36
(2014), 1925-1928.
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THz COHERENT TOMOGRAPHY: BESSEL vs GAUSSIAN

Axicon 60mm Lens

12 = | S T 7T
.130.//\-/\./\‘/\_‘*\{\.,{\.-\ L 14 L N
10 = - " ..130 -
g 100 /\/W SR I .
1 10 | i
™ - _100 B B
%e_vo/\/’\/\/‘uw\/\,\- Z osf ]
E s ' ~ 5 - /\_/\_/\_/\.Nw-\...-
=Y T A WAWAW,Y 4 E 0670 — =
i - 04 L _/\_/\N\nmx-
2 |- - L 40 —— J
SE[VaVAVAVAV VAN 02 |- -
0} - oo L10 T — | —1

[l M . 2 I [l ' 3 3 | Ll 1 . 1 . 1 2
-40 -20 0 20 40 40 -20 0 20 40

X (mm) x (mm)

Fig. 5 Scan of a line array consisting of 4 mm metal stripes with 4 mm gaps (dark grey, left side of the individual
images) and 2 mm metal stripes with 2 mm gaps (light grey, right side of the images), showing the resolution of
(a) the axicon imaging system in comparison to (b) a lens imaging system, at depths of 10 mm, 40 mm, 70 mm,
100 mm and 130 mm.

reproduced from: S.F. Busch, et al., Focus free terahertz reflection imaging and tomography with
Bessel beams, J. Infrared Milli. Terahz. Waves 36 (2015), 318-326.

enables objects to be imaged in situations in which their distance from the source is uncertain
allows for 3D objects with a single 2D raster scan
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NONLINEAR SPECTROSCOPY WITH BESSEL BEAMS

homogeneous sample axially structured sample reconstructed projection from far-field
1.0+

0.8

0.6 4

0.44

N(z) / arb. units

N(x,z) / arb. units

reproduced from: S. Heuke, et al., Bessel beam CARS of axially structured samples, Nature Scient.
Rep. 5, 10991 (2015).

structured samples

0 a single diffraction pattern yields sufficient information to retrieve the depth profile of axially
potential for 3D imaging at scanning the Bessel beam in xy-direction over the sample plane
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DISPERSION-FREE PROPAGATION OF BESSEL PULSES

reproduced from: M.A. Porras, Diffraction-free and dispersion-free pulsed beam propagation in
dispersive media, Opt. Lett. 26, 1364-1366 (2001). (Bessel beam central frequency: 300 THz)

1.0 1.0 1.0
B (a) 7 = L (b) / Z = ZD = (C) Z_4ZD
~~ i - Bessel B
=T - beamin - plane-wave Bessel
E oo - fused - in fused beam in
0.5 0.5 silica 0.5} silica Vacuum
E I i o. . I ag@00g
L B y ’ R L&"OQ ........... C‘)E‘Qoeee
0.0 | | | | 0.0 bessss | ! Ooftaa, ) | | | |
—306 0 t (fS) 36 —3b 0 t (fS) 36 —36 0 t (fS) 36

effects of material group-velocity dispersion and diffraction can mutually cancel
possible applications: ultrafast spectroscopy; pump-probe experiments
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BUNCHING FACTOR 0.72

J(t) = {‘Jo R [ T, jsgn{cos(-rb j:|}positive




THz PULSE ENERGY VS BUNCH WIDTH

bunch charge 0.5nC bunch charge 1.1nC
bunch energy 10 mJ bunch energy 22 m)
- 14
404 —e—0.17mm 1 —*=0.17 mm
400 —— 1.0 mm
{4 ——1mm - '
350 + _zero emittance
_:’: 1 zero emittance, g
& 3004 spead >
o - 5 0.8 -
S 250 - 5 |
2 200 4 2 0.6 -
-] -]
o - o -
N 150 — N
E | E 0.4 +
100 - -
7 0.2 5
50 —
04 T T T T T T 0.0
0 2 4 6 8 10 12 0 2 4 6 8 10 12
undulator period undulator period
0 ~400 pJd (>450 pJ ) @ Q=0.5nC 0 >1200 pd (~1300 ud ) @ Q=1.1nC
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EFFECT OF THE UNDULATOR LENGTH. Ng=0.05

0.1 0.7 THz

0.01
| ' |
9 01 —

1E-3
0.2 -

1E-4
’II‘ 4 0.0 §

1E_5 L] I L] I L] I ] I ] I ] I ]
60 -05 00 05 10 15 20 25
frequency, THz time, ps

contribution of the higher-order harmonics is enhanced for short undulators
spectral width of the THz pulse is fairly insensitive to number of the undulator periods
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EFFECT OF THE UNDULATOR LENGTH. Ng=0.05

Y undulator?

mm

—0— 5:1.0m
—o— 7 :1.6m
1—0—12:3.2m
084 —®—17:4.8m
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N
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3

N,=9-12 is the optimal number of undulator periods for N.=0.05
pulse energy dependence on N is essentially nonlinear
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STIMULATED SUPER-RADIANCE

super-radiant case

prebunched e electron bunching increase in
electron sugﬁlri Srgg'r?nt current factor radiative
beam modulation enhancement output
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bunch charge

electron energy spread

bunch emittance, rms

0.5nC bunch charge 1.1 nC
1% electron energy spread
2 mm-mrad bunch emittance, rms

0.0

0.2

0.4

0.6

time, ps

0.8
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0 2 4 6 8
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interaction with SACSE promotes the electron bunching enhancement
the enhancement is further destroyed due to spread and depletion in electron energy

~ELs, May 16 - 17, 2016, Minsk
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EFFECT OF THE BUNCHING PERIOD. N=0.009

o peak pulse energy: 1.7 mJ @ 8=1.18; output beam brightness: 36 pJ/cm?/mrad? @ §=1.10
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0 cause of the shift in the optimal bunching period with increase in the bunch
&P charge and bunching factor
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TAPERED UNDULATOR. N:=0.009
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N.M. Kroll, et al., IEEE J. Quant. Electr. 17 (1981), 1436. Down-shift tapering of B ;:

- phase velocity of the ponderomotive wave slows down relative to the e-beam velocity
- electrons, trapped into the slowing down buckets, are forced to emit more efficiently
- requirement: tight bunching + high light intensity
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o no essential positive effect on FEL pulse energy in our conditions
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EFFECT OF THE ENERGY SPREAD AND EMITTANCE

conversion efficiency, %

&) ow energy spread with low
- Y bunch charge or high energy

spread with high bunch charge?

—o— 0.5% Q=0.55nC
—o— 1.0% Q=1.1nC
—o— 2.0% Q=2.2nC

| | ' | ' | ' | ' |
2 4 6 8 10 12
undulator period

conversion efficiency, %

&>\ 'ow emittance with low bunch
Y charge or high emittance with

high bunch charge?

—o— Tmm*mrad Q=0.55nC
—o— 2mm*mrad Q=1.1nC
—o— Amm*mrad Q=2.2nC

undulator period

0 up-scaling the bunch charge is preferable despite degradation in energy spread and emittance
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FEL SOURCE WITH A PLANE WAVEGUIDE




WAVEGUIDED FEL SOURCE

Incorporating an optical waveguide:

prevents diffraction defocusing
enhances THz light intensity
=" potential for THz power increase due to SACSE effect

@ additional radiative losses due to resistance of the waveguide wall material?
pulse broadening due to the group velocity dispersion?
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EXCITATION CONDITIONS FOR GUIDED MODES

waveguide gap, b 2.5;5;10; 20 mm magnetic permeability of waveguide walls 1.008
material of waveguide walls | AISI 304 Cr-Ni Stainless Steel conductivity of waveguide walls 1390 kS
10 1000
- 100 low-frequency
] . branch
E 8 — outrunning = -
= pulses ] X
= - S
o o
c 6 - s
) — n=1 o
-
I 1__ grazingmodes ) n=3 o 0.1
= 4 n=5 O Q
€ >
c S 0014 20 mm
C - ) O
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branch
O 0 LI I L] L] L] L] L] LI I 1 1E-5
1 10 0.01 0.1 1 10
waveguide gap width, mm operation frequency, THz

o fundamental mode energy loss over undulator pass: 4-10% for low FB; <1% for high FB
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THz SPECTRA & PULSE PROFILES VS WAVEGUIDE GAP

resonant frequency: 9.7 THz bunch energy: 10 mJ bunch radius: 140 pm
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frequency, THz time, ps

contribution of the low FB is an order of the magnitude less than that of the high FB
THz pulse broadening due to GVD in the waveguide is negligible
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LOW-FREQUENCY BRUNCH CONTRIBUTION

waveguide gap: 2.5 mm
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0 effect of the LFB reveals itself as a low intensity plato at the pulse end
the plato width increases with the undulator length
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EFFECT OF THE WAVEGUIDE GAP. NEAR FIELD
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RESONANT CONDITIONS IN AN FEL WAVEGUIDE

_ _ __ |, plane plane 2 . 2 . 2
Ng=0.009 Akz B kW&VGQide kFEL kFEL - cf kU kWaveguide - \/(%) _( %)
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frequency, THz frequency, THz

o untermode frequency decreases with the increase in the waveguide gap

Workshop on the generation of single-cycle pulses with FELs , May 16 - 17, 2016, Minsk


http://www.google.ru/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjykoSAnpDMAhUChg8KHfylC6kQjRwIBw&url=http://ruscpo.ru/?attachment_id=6167&psig=AFQjCNGfZF7SU4KmRDQ1BEC_ifze8g_uHg&ust=1460795611204918

% ‘ABisus |euonoeuy
N

- © < o
/ . / . / . /

detuning +0.36

N(=0.009

9, ‘ABiaua euonoeuy

1. NEAR FIELD

THE DETUNING EFFEC
detuning -0.03

Ie!
N
S
[
—
[
o
+—
n
o)
—
o
N
N
>
=
=
[
o
N
[
=
>
.
3
Q
c
S
L
o
<
a
S
@
]
£
[=
o
Z




THz PULSE ENERGY

bunching factor 0.25 bunching factor 0.72
bunch charge 0.5nC bunch charge 1.1 nC
bunch energy 10 mJ bunch energy 22 mJ
guide gap 10 mm guide gap 2.5 mm
021 : : : : | 2.0 | : : :
1 : 0 nearly the same operation efficiencies
0.18 with and without the waveguide
- : 1.0 : :
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SUMMARY

o the free-space and waveguided linear undulator geometries of the
single-pass multi-cycle THz light source driven by a prebunched
electron beam have been considered numerically; both the undulator
types ensure nearly the same operation efficiencies at ~10 THz;

o for the electron bunch, comprising 11 micro-bunches each with the
emittance of 2 mm-mrad, energy spread of 1%, and charge of 100 pC,
the FEL pulses with energy of up to 1.6 mJ is feasible at the
conversion efficiency of 7% and spatial beam quality of less than 3;

o within the parameter space considered, the optimal number of the
undulator periods was found to be 9 — 12;

o tight focusing of the electron bunches when the B,-function value is
comparable to the undulator length can be recommended as it
enhances both the pulse energy and beam brightness;

o up-scaling the bunch charge is preferable despite degradation in the
energy spread and emittance.
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RECOMMENDED PARAMETERS

optimum at:

o number of micro-bunches: 10 + 12

o detuning of bunching period : 0.1+ 0.2
o bunch focusing conditions: B, =L

O number of undulator periods: 9 = 12
for:

electron energy: 20 MeV

electron energy spread: 0.5+ 1% (rms)
bunch charge: 0.5+4nC

bunch emittance: 1 + 4 mm-mrad

undulator period: 5cm

©c O O O O O

undulator parameter: K~1
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