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Beam diagnostics

What to determine?
[ [

Sizes Energy

L
(Longit. & Transv. ) spread 05563

Current Energy

Linear accelerators or

i i . Ring accelerators
straight sections of ring acc.

Destructive methods:

Destructive methods: - screens (T)
- luminescent screens (T) - wire scanners (T)
- profile grid, harp, secondary .
emission monitor (T) Non-destructive methods:
- laser wire scanner (T) - streak camera (L)
- Transition radiation (T,L) - synchrotron radiation

T (including interferometry) (T, L)
Non-destructive methods: _

- electro optical sampling (L) — complicated, expensive
- Diffraction radiation (L)
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Beam instrumentation

AT

'y

N

Coherent Transition Radiation (TR)

Bunch crosses the foil, excites current, that radiates. Can
think of as a reflection of the Coulomb field. Usually
generates from angled screen.

Destructive

Widely-used

Coherent Diffraction Radiation (DR)

“Advanced TR”: similar to TR but with a hole in a screen.
Nature and properties similar to TR.

Non-destructive

Also Smith-Purcell radiation (SPR) — similar to DR, but
from diffraction grating

Monochromatic, directed (large angles to the beam
trajectory).

Non-destructive
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Smith-Purcell radiation
predicted

I.M. Frank, Doppler effect in a refractive medium,
J. Phys. U.S.5.R. 2 (1943).

observed

S.J. Purcell and E.M. Smith, Visible Light from
localized surface charges moving across a
grating, Phys. Rev. 92 (1953).

a’(,B_1 —cosy/) =sA

 monochromaticity
e wide spatial distribution

Applications:
* radiation source (orotron) F. S. Rusin and G. D. Bogomolov, The orotron, an
« beam diagnostics electronic device with an open resonator and a

reflecting grating, Izvestiya VUZ. Radiofizika 11 (1968)
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Time profile measurement with Smith-Purcell
radiation

(ﬂj _ (ﬁj (NS + NS,
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2
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and setting
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(deNe (dﬂl V)

H. L. Andrews, et al., Reconstruction of the time profile of
20.35 GeV, subpicosecond long electron bunches by means of
coherent Smith-Purcell radiation, PR STAB (2014)
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Time profile measurement with Smith-Purcell
radiation
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H. L. Andrews, et al., Reconstruction of the time profile of —
20.35 GeV, subpicosecond long electron bunches by means of chamber
coherent Smith-Purcell radiation, PR STAB (2014)
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Time profile measurement with Smith-Purcell
radiation
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H. L. Andrews, et al., Reconstruction of the time profile of —
20.35 GeV, subpicosecond long electron bunches by means of chamber
coherent Smith-Purcell radiation, PR STAB (2014)

RuUuPAC 2021, Alushta 5



2D diffraction lattice or metastructure
or photonic crystal

Z. Wang, et al., PRL (2016)

Z, Z' C. Roques-Carmes, et al., Nature

M‘ * Communication (2019)
- \‘\ Z. Su, et al., ACS Photonics (2019)

small =) fully analytical

particles theory
additional mmmm)p 2additional
period information
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2D diffraction grating - real

ki N @5cm manufactured at the MEPhI Nanocenter

e Copper on monocrystalline Sapphire (500 pum)
* Ti/Cu seed layer (400 nm)

* Copper (8 um) was electroplated from sulfate
electrolyte

e Laser Direct Imaging was used
e Truncated cones of
e 300%7 um in bottom @ and 150+1 um in top @
e Period: 325.6-330.9 um
e Second period: 1511.9 um
D.Yu. Sergeeva, A.S. Aryshev, A.A. Tishchenko, K.E.
Popov, N. Terunuma, and J. Urakawa, THz Smith—Purcell

and grating transition radiation from metasurface:
experiment and theory, Optics Letters (2021)
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Main analytical findings

0)% wy
— . _k ’ — : _k ’

§Dx V2 X (Dy V2 y

Y 0, L 0,
sz——K()[Lm j+ mKl(Lm—j,

yv vy ) L, vy

Conventional

L = [V,[V,Rm —hez]]/vz. dispersion relation

_ d(ﬂ_l—cosy/)=s/1
D.l. Garaev, D.Yu. Sergeeva, and A.A. Tishchenko, Theory of

Smith-Purcell radiation from a 2D array of small noninteracting
particles, Phys. Rev. B 103 (2021)
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Numerical calculations
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D.l. Garaev, D.Yu. Sergeeva, and A.A. Tishchenko, Theory of Smith-Purcell
radiation from a 2D array of small noninteracting particles, Phys. Rev. B 103
(2021)
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Numerical calculations

x=0

10° dW
dhwd()

50 0 50
& (dea) & (dea)

D.l. Garaev, D.Yu. Sergeeva, and A.A. Tishchenko, Theory of Smith-Purcell
radiation from a 2D array of small noninteracting particles, Phys. Rev. B 103
(2021)
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Conical effect

predicted
D. Y. Sergeeva, A. A. Tishchenko and M. N. Strikhanov, Conical diffraction effect in
optical and x-ray Smith-Purcell radiation, Phys. Rev. Accel. Beams 18 (2015)

and verified experimentally

G.A. Naumenko, A.P. Potylitsyn, D.Yu. Sergeeva, A.A.Tishchenko, M.N. Strikhanov, V.V.
Bleko, First experimental observation of conical effect in Smith—Purcell Radiation, JETP

Letters (2017
( ‘ RuUuPAC 2021, Alushta 11



Prewave zone

nearzone 7 ~ A
(non-radiation nature)

RuUuPAC 2021, Alushta

wave zone
(spherical wave from a
point like source)

r>R_ =0/



Prewave zone

wave zone
(spherical wave from a
point like source)

r>N_ =1/

2
e@\ forTR R, =74
OO
AR
$° E =200MeV
S = > 160m
e’ A=1
g,bk prewave zone A =l1mm
N\
‘(\QO(\ r>A V.A. Verzilov, Transition radiation in the
09\." o~ L pre-wave zone, Physics Letters A 273
) (2000)

nearzone 7 ~ A
(non-radiation nature)
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Prewave zone

wave zone
(spherical wave from a
point like source)

r>N_ =1/

2
e‘e\ forTR R, =74
)
Q""\b =200MeV
R ]- = > 160m
R\ prewave zone A =1mm
o\e
‘(&0‘ r>A V.A. Verzilov, Transition radiation in the
9\.‘ o~ L pre-wave zone, Physics Letters A 273

nearzone 7 ~ A
(non-radiation nature)

(2000)

forsPR R, = maX(LZ//l, 7/2/1)

. B. Kapnosey, A. 1. [lombinuybiH,
UznyyeHue Cmuma-llapcenna e
“npedsonHosol” 30He, lNucema 8 KITP

(2006)
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Prewave zone

There are two ways to solve the prewave zone problem

Constructing optic focusing system

Target

b

Detector

The prewave zone
effect can be
eliminated by using a

f:151mm

parabolic reflector if O\
the detector is ?@:&«0‘
located in its focal

plane

B.N. Kalinin, et al., JETP Letters (2006)

G.A. Naumenko, et al., J. Phys.: Conf. Ser. (2016)
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Prewave zone

There are two ways to solve the prewave zone problem

Constructing optic focusing system Building prewave zone theory

Target

b

Detector

The prewave zone
effect can be
eliminated by using a

f:151mm

parabolic reflector if O\
the detector is ?@:d\“d
located in its focal

plane

B.N. Kalinin, et al., JETP Letters (2006)

G.A. Naumenko, et al., J. Phys.: Conf. Ser. (2016)
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Prewave zone

There are two ways to solve the prewave zone problem

Constructing optic focusing system Building prewave zone theory
Target e-
B Focusing effect in a pre-wave
/@ zone can be achieved without
The prewave zone Detector additional optic devices
effect can be f=151mm : hal olar
eliminated by using a PR P

parabolic reflector if O\ )
the detector is ?9‘:&«0‘ /')

located in its focal

. ———— X

plane trajectory h.i.-—_/_[_
B.N. Kalinin, et al., JETP Letters (2006) L.G. Sukhikh, et al, PR ST AB (2009)

G.A. Naumenko, et al., J. Phys.: Conf. Ser. (2016) G.A. Naumenko, et al., Proceedings

of Channeling (2008)
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Theory results for the prewave zone

after taking into account values of the Synphase condition
second order of smallness: o
—(Xm —Xn)+k(rm —rn) =2rs,

- e
E d (r’ a)) prewave zone - a(a)) 7Z'C2ﬂ2]/ % ’
k .|k ,P r—> 0
S ]
" \% I"m
Conventional
r,=r—-R , dispersion relation
Pm:iXKO(LmﬁjJrhKl[ mﬁj, d(ﬂ_l—cosw):sl
Y% vy ) L 174
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Numerical calculations

WAVE ZONE PREWAVE ZONE

10° d? W (n,w)
d (hw) dQ

-50 0 50 0
¢, (Degree)
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Numerical calculations

WAVE ZONE PREWAVE ZONE

10° d? W (n,w)
d (hw) dQ
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Numerical calculations

RN o
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=
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N

Spectral angular distribution
o
()}

o
N

0.0

Prewave zone effects
are essential at
distances r <R

96

98

100 102 104
0, (Degree)

coincides with qualitative results from

106 108 110

. B. Kapnosey, A. Il. [lomsinuysiH, U3nyyeHue Cmuma-llapcenna 8
“npedsosnHosoli” 30He, MNMucoma 8 IT® (2006)
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Hyperboloid grating

considering synphase condition as an

equation for the grating spatial construction At 7 —> o0 the hyperbolic
equation degenerates into a

DX, - X, )tk(r, ~r.)=27s,, near one
-

brings us to hyperboloid gratings

\ >
/ RUuPAC 2021, Alushta 17




Coherent diagnostics
dl dl form-factor of a beam
Radiation from a beam: (d_QjN = (d_le F « (contains beam sizes)
S~ radiation from a single electron

F:NeSinc(rtr’ﬂ’)_i_NezScoh(rtr’l’ﬂ’)
L o AT2 dl
Coherent radiation: F' = NS __, (l,ﬂ,) £_j has to be known!
dQ ),

Spectral measurements and Fourier transform

2D grating,
prewave zone:

&) g
dQ ), dQ

= [.50mm
® 0.25mm
A 0.05mm

SRS
I

<)
L

0.8 1

L
i\

current (arb.units)

0.001 T T 1 -1

0.1 1 10 100 time (ps)
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Conclusions

* In order to improve the diagnostic scheme for the temporal profile of the
beam based on SPR, a fully analytical theory was created for a 2D grating
in the prewave zone

* Prewave zone effects (broadening of spatial and spectrum distribution)
for 2D grating were verified

* It follows from the in-phase condition that for focusing radiation in the
pre-wave zone, the grating must have a hyperbolic profile

* To develop a beam diagnostics scheme, it is necessary to obtain the form
factors of the radiation of a two-dimensional grating in the prewave zone.

RUuPAC 2021, Alushta



Thanks for your attention!
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Time profile measurement with Smith-Purcell
radiation

Measured spectrum Reconstructed time profile

® |.50mm

o ks 14_'
] grating periods: @ 0.25mm :
] A 0.05mm T
1.2 1
’2:‘ -
‘ = 1.0+
0.17 A" ; |
a , 8 0.8 |
Vo 5 0.6-
:;‘:-" ; k \ I"u-"“ \
0017 5 04 VI
] 0.2 -
0.001 ——— T ———————— 01 ' ' — N
0.1 1 10 100 - .
time (ps)

frequency (THz)

H. L. Andrews, F. Bakkali Taheri, et al., Reconstruction of the time profile of 20.35
GeV, subpicosecond long electron bunches by means of coherent Smith-Purcell
radiation, Phys. Rev. STAB 17 (2014)
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l_- rv Length: 327.7 um

Length: 330.2 um
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Length: 312.2 um
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Smith-Purcell radiation from metastructure

Z. Wang, et al., Manipulating Smith-Purcell Emission
with Babinet Metasurfaces, PRL (2016)

L. Liu, et al., Terahertz and infrared Smith-Purcell
radiation from Babinet metasurfaces: Loss and
efficiency, PRB (2017)

Y. Song, et al., Efficient terahertz and infrared Smith—
Purcell radiation from metal-slot metasur- faces,
Optics Letters (2018)

C. Roques-Carmes, et al., Towards integrated tun- able
all-silicon free-electron light sources, Nature
Communication (2019)

Z.Su, et al., Complete Control of Smith-Purcell
Radiation by Graphene Metasurfaces, ACS Photonics
(2019)
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Two-dimensional Interferometry

2 1 A.l. Novokshonov, A.P. Potylitsyn, G.
® O Kube, Two-Dimensional Synchrotron

' o ' ' 3 4 Radiation Interferometry at PETRA I,
O O Proc. of IPAC (2017)

Implemented idea on SR

e Two periods of the target - possibility to define two transversal sizes of a beam

* Realization on synchrotron radiation (SR) and polarization radiation (diffraction
radiation and Smith-Purcell radiation)

e To define the sizes a theory of radiation from a beam of charged particles is
needed

A.l. Novokshonov, A.P. Potylitsyn, G. Kube, 2D Synchrotron Radiation Interferometer for
Measuring the Transverse Dimensions of an Electron Beam in a Circular Accelerator, Russian
Physics Journal (2017)
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Focusing effect

The prewave zone effect can be eliminated by using a parabolic reflector if the

detector is located in its focal plane

B.N. Kalinin, G.A. Naumenko, A.P. Potylitsyn, et al.
Measurement of the angular characteristics of
transition radiation in near and far zones, JETP

Letters (2006)

Target -
.-----lllglllllll---- e

Y

Detector

f=151mm

N
% e\ o of
««

G.A. Naumenko, et al., Characteristics of Smith-

Purcell radiation in millimeter wavelength region, J.

Phys.: Conf. Ser. (2016)

dW/dQ (W1 sr)

[—

Transition radiation

Reflector
Target \ X
Detector
——————————————— ::/ /bp’q’p\
;e_ ps’ (Ps p (P
& 0
f
. /
4
Experiment N Theory
3| with parabolic / \ /2 for
reﬂector \\ far-zone
\
21 \ /’*‘ # \
\
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Focusing effect

Focusing effect in a pre-wave zone can be achieved without additional optic devicesc

L.G. Sukhikh, et al., Observation of focusing effect in optical transition and diffraction
radiation generated from a spherical target, PR ST AB (2009) (spherical target)

azimuthally-focusing grating

G.A. Naumenko, A.P. Potylitsyn, L.G. Sukhikh, Yu.A. Popov, TF 1
Experimental Investigation of Smith—Purcell Radiation Focusing by 8 j | .
Using the Parabolic Gratings, Proceedings of Channeling 2008 111 Ll/l

E18
d Electron
' n‘aJe(‘tor_\«"

“SPR intensities from azimuthally- focusing and polar- S T
focusing gratings in pre-wave zone are higher than the ones polar-focusing grating
from the flat grating in corresponding conditions.... One
should mention that the radiation intensity maximum is
situated at the grating focal distance in the case of polar-
focusing grating and at the double focal distance in the case

of azimuthally-focusing grating”
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