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Motivation
On features of the radiation from an electron moving
along a helix around a cylindrical waveguide

Electromagnetic fields Inside a cylinder

+ + ++

Radiation fields inside a dielectric cylinder

4+ Conclusion
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4+ The motion of charged particles along a helical orbit is used in
helical undulators for generating electromagnetic radiation

4+ The Unique Characteristics of undulator radiation are the following:

® Broad Spectrum (from radio or millimeter waves to
hard X-rays

* High Flux

* High Brilliance: highly collimated photon beam generated
by a small divergence and small size source (spatial
coherence)

® High Stability: submicron source stability

® Polarization: both linear and circular

® Pulsed Time Structure: pulsed length down to tens of
picoseconds allows the resolution of process on the same
time scale
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Experimental Techniques and Usage

<4 Synchrotron light is an ideal tool for many types of research and also has
iIndustrial applications

<4 Some of the experimental techniques in synchrotron beamlines are:

¢ Structural analysis of crystalline and amorphous materials

# Powder diffraction analysis

¢ X-ray crystallography of proteins and other macromolecules

# Tomography

# Photolithography for MEMS structures as part of the LIGA process.

# Photoemission spectroscopy and
Angle resolved photoemission spectroscopy

¢ High energy X-rays which can penetrate matter and interact with
atoms

# High concentration, tunability and polarization thus ensuring focusing
accuracy for even the smallest of targets
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Radiation processes in medium

+ Wide applications of synchrotron radiation motivate the importance
of investigations for various mechanisms of controlling the radiation
parameters

4+ From this point of view, it is of interest to consider the influence of a
medium on the spectral and angular distributions of the radiation

4+ Itis well known that the presence of medium gives rise to new
types of radiation processes:
® Cherenkov radiation
® Transition radiation
e Diffraction radiation
4+ High energy electromagnetic processes essentially change their
characteristics when boundaries are present

+ We consider combined effects of medium and boundaries
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Geometry of the problem

Dielectric
permittivity for
surrounding
medium

- Dielectric

wy = V1 /Py cylinder

|

Rotation frequency

U] U .
Notations used:  Bj1 = —,/&; » Bj :—”@. J=0,1
¢ c

The components of the charge velocity along the axis of the cylinder (drift velocity) and on
the perpendicular plane we will denote by v, and v, respectively

5th International Conference, Channeling 2012, September 23-28, Alghero (SS), Istituto Nazionale di Fisica
Nucleare — Laboratori Nazionali di Frascati, Italy



Radiation intensity in the exterior medium

4+ Under the Cherenkov condition, ﬁ1|| > |, the total radiation intensity at
large distances from the charge trajectory is presented in the form

[ = 1o+ Iz

+ Iy describes the radiation with a continuous spectrum propagating
along the Cherenkov cone of the external medium

b = 1y = arccos (ﬁl” )

describes the radiation,
which, for a given angle 7,
+ Inz0 = Z f dQ— dQ =smd drdd, 5 3 discrete spectrum
m=| determined by

o
L om=12..., ey=v/p
|1 = Byjcos |

Wy =

e Normal Doppler effect By < | and B > 1,0 > 1y,
e Anomalous Doppler effect 1} < ), In the case fy) > |
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Features of the radiation

The asymptotical cases

<+ Non-relativistic motion, g,, B,, « 1.

2
2o (n 2(m+1) ~ "
d/l, ~ 2q=c(mpPy/2)~" |:1 + ‘1 ¢0 (,0]) i| (1 + cos’ ) sin?"—1) g

d€2 JIPSE]W (m!)? €0 +T8] £0

Induced by the presence of the cylinder

Contribution of the harmonics with m > 1 is small compared to that in the
fundamental one, m = 1

+In the limit P4 — 0, when the radius of cylinder is small, the difference
between the radiation intensities in the cases when the cylinder is present

and absent, dr,/dQ — djfg])/dg o(pfm form > 1
dljg,f}) B quuﬁmz )
dQ  2me/e|l — By cos )}

SIn 1}

) 12 cos? — B\~ s
Pridn” (Ripo) + Jo (A1)

<4-In the same limit and for the radiation corresponding to m = 0, the part
induced by the cylinder vanishes like p,?



Features of the radiation

4+ Behavior of the radiation intensitv near the Cherenkov angle when

dl,, .
10 o |1 ,B1||c0315‘\_2, |1 =By cost| « 1

<4 Near the Cherenkov cone the frequencies of the radiated photons are
large and the dispersion of the dielectric permittivity &, should be taken
into account

<4 For the radiation intensity in a homogeneous medium with dielectric
permittivity £, we have the same behavior

4 For the charge helical motion inside the dielectric cylinder (p, < p,) the
behavior of the radiation intensity near the Cherenkov cone is radically
different for

dr,
| . —4
Bo| > ) o |1 = py) cos V|
dr, 4 ) 5
Poj < | |1 =P 1 cos 1|~ exp[ (fUm/UH)(ﬂ] — o)y = ﬁﬁ”]

aQ



Strong peaks in the radiation intensity

+ Strong narrow peaks are present in the angular distribution for the
radiation intensity at a given harmonic m

4+ The condition for the appearance of the peaks is obtained from the
equation determining the eigenmodes for the dielectric cylinder by the

replacement /Hm — Y,

Hankel function AN Neumann function

of the first kind
Bessel function

Z |:)LI Im+1(Mop1) Y (K1 p1) B li|—] 2¢

=5 Lo Jm(hop1) Yisr (A1p1) &1 — &0
o (k
2 a}m( -1’-) 2 . N ,
j 2 €j — kz! J = 0, 1, Wy (lt:) = Mmawy + I\EL‘”

This equation has no solutions for the case €o0<€i
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Strong peaks in the radiation intensity

+ As necessary conditions for the presence of the strong narrow peaks in
the angular distribution for the radiation intensity one has

@0 )P

Veo — £ cos? ¥

|1 — Bijcos?H <

4+ These conditions can be satisfied only if we have

. ~ 2 )
£y > €1, U,,HS[]/C > 1, where U = UH +a){2]pl'

velocity of the charge image
Analytic estimates for the heights and widths of peaks 5 the cylinder surface

+ Angular dependenceiof the radiation intensity near the peak

df 1 dl
— X - . b, ocexpl=2mc(A m
2 o ( dQ)MF p o exp[=2m¢ iy /m)]

4+ Angular widths of the peaks: AU X expl—2mc(A1p1/m)]

V] = 72 may sin 1
((z) =In L+l -2 — \/j A = ‘\/_ “cos 7
Z C S
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Numerical examples

Angular density for the Number of the Radiated Quanta % L dI,

Bip = 0.5 Theve, dN,
2

T = 21 /w B =0
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Radiation Inside a Dielectric Waveguide

4+ Vector potential is presented as the Fourier expansion

[ o0

441 (r: f) _ Z Eiﬂl((ﬁ?—wclt) f djzﬁzf_’.ikz(z_v||t)¢4ﬂ1..f(ﬂ'1g 'll_-z._ ,O)

m=—ono o0

4+ Fourier coefficients for the fields determined have poles corresponding to
the zeros of the function

Oy, = =0 )\OL’T (Aop1) Z ] Hypti(Aip1)
mo— £ — o ) v T
I=+1 m+l1
OF (A AT (A
Notation: Vi = fm()\om%"”) — Fr(A1p1) i.fpl”"’l), F—JH
) (U!%I(kz-) 2 :
M= —ej —kz, j=0,1,

2
+ Function a., has zeros only under the conditions )\% <0< /\3 = £1 < &

+ Corresponding modes in the exterior region are exponentially damped
with the distance from the cylinder surface

4+ These modes are the eigenmodes of the dielectric cylinder and they

correspond to the waves propagating inside the cylinder
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Poles and the integration contour

4+ We denote by 2001 = Ams, s = 1,2,..., the solutions to equation ¢z, = 0

<+ Corresponding modes for k, = = k&b o =+(=)forz—vt > 0(z—yr <0)

m,s

may C:*um.s
kr(:rzj,zs — C(l || :|:\/ + bh :'|| 1)]‘ bm,S =

+ For By < 1, the condltlon for km . to be real defines the maximum
value for s: mao
. 0014/€0 <1

<+ If the Cherenkov condition Poj > | is satisfied, the upper limit s is
determined by the dlsper3|on law for the dielectric permittivity via the

condition gy(wy) > ¢/ L”
<+ Integration contour in the complex plane k, should be specified: By taking
into account the imaginary part of the d|eIectr|c permittivity it can be seen

® For fy < lin the integral over k, the contour avoids the poles /\m ;
from above and the poles kS from below

e For By > 1 poles km . should be avoided from above



Electromagnetic fields inside the cylinder

+ Closing the inteqration contour by the large semicircle, under
the condition fy| < | one finds

(rad) _ (o) — im(¢p—awpt) - ik (z—vyt)
F 77 (r,t) =o0F, (r,1) =0dn Re|: Ze Z Resﬂe Foi(k,, p)}

m=1 slk k””‘

o =+(=)forz—vyt > 0(z =yt <0)

C}LJH.S

<4 Describes waves propagating bm.s = mwopPy /20

* Along the positive direction of the axis z for 0 = + and for 0 = —, by s < |

* Along the negative direction to the axis zforo = —, 1 < b, s < 1/V1 — ﬂ(z,"
<+ Radiation fields under the condition fy > 1 ______ —Heaviside unit

F(' ld) Z F( (r.1)0 —2) step function

+ Describes waves propagatlng

° Along the positive direction of the axis z for 0 = +and foro = —, by, s > 1

° Along the negative direction to the axis z for 0 = —, by s < |

<4 For b, > | there are no waves propagating along the negative direction of

the axis z
All these features are for the laboratory system



Radiation energy flux inside the cylinder

4+ Energy flux through the cross section of the cylinder

C £1 27
I = / dp / dop(EpHy — EsH)p)
47 Jo 0

<4 For simplicity consider the case V)| = 0
2 2 % Smo 79 2 - (1) :
q v, 2 Jm ()\m s) A"m .8 L‘m,s Z—hm—l—l(/\m,sﬂﬂl)
I = £1 — €
8¢ (F1=%0) mZ::l; K2 (A% (1) ) U2 (Fp.s ) muwg l—zi:l V., — lmu
2,2
X Z [(m ;D pleo + L?n N ) (Vin +pm-u)2 — )\ (L —m 1.12)]
c
p==1
(m +p)?
[J;??—I—p()\m,-@) + J'?n—l-p(/\m,S) (1 - /\2— -

<+ Notations mwo \ 2 muwg \ 2
/\m,s = I ( O) <0 — ;‘m 8" )\:E?ps — A’?n 8 ( O) £1

C

v o= AW Jin(Ams) o K;n()\(l)) _ s . /\(1)
m m. SJ (/\m,s) J-le()\(l) ) /\%)3 /\mrs-.
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Radiation energy flux inside the cylinder (continued)

<4 Notations

, T (A K (AD, N2+ A
Un=Vnm SD)\(I) M +€1Am,s &m( ) —m” (51)\2 +-€§)\(1)2)
| " Ko (A A2 A2 |

m.s

4+ Eigenmodes of the cylinder are solutions of the equation

4+ Number of the radiated quanta at a given harmonic m per period of the
charge rotation TI, I
2 L=
m/ hT??wD wo

Corresponds to that we have the same amount
of the energy flux in the regions z>0and z< 0

<+ In addition to the radiation propagating inside the dielectric cylinder, in the
exterior region we have also radiation fields localized near the surface of
the cylinder

<4 These fields are the tails of the eigenmodes for the dielectric cylinder
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Numerical example

<+ Values of the parameters: Electron energy=2MeV, £ =1, £y =3,01/py =0.95
Red points -> Synchrotron radiation in the absence of the cylinder
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<4 At m=8 and m=28 new modes of the dielectric cylinder appear
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Numerical example: Helical motion

<+ Values of the parameters: v, = 0.85c, v =0.5¢, 9 =3,¢; =1

, Number of radiated quanta Radiation frequency
f _. . ] mao
f m=10 P1/ Po 097 | o, . - 0
| - l—vH,/eo cosf, s /¢
>t 096 * ]
[ ] a)m,s
<, f 1 k5= y £ €080, ¢
§ : 095 ¢ 1In the numerical example
> 3 ] P
£E kZ,S > 0
2f 1 There is no radiation inside the
i [ ] cylinder propagating along the
] . e {1 negative direction of the z axis
0 :-g P e £ ] (in the laboratory frame)
C 1 " " " " 1 " " " " 1 " " " " 1 " " " " 1 " " . 2
10 20 30 40 50 q
indegrees > o ENm,S -~ —(42. 498, 7.02)

Total number of radiated quanta at a given m o4 py—0.95 0.96 0.97
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Helical motion: Radiation in homogeneous medium

<+ Values of the parameters: v, =0.85c, vy =0.5¢

Angular density for the number
of radiated quanta
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Conclusions

+ We have investigated the properties of the radiation from a charged
particle moving along a helical orbit around a dielectric cylinder

4 Under certain conditions on the parameters strong narrow peaks appear
in the angular distribution of the radiation intensity in the exterior medium

4+ We have specified the conditions for the appearance of the peaks and
analytically estimated their heights and widths

+ Peaks are present only when dielectric permittivity of the cylinder is
greater than the permittivity for the surrounding medium and the
Cherenkov condition is satisfied for the velocity of the charge image on
the cylinder surface and the dielectric permittivity of the cylinder

+ Presence of the cylinder provides a possibility for an essential
enhancement of the radiated power as compared to the radiation in a
homogeneous medium
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Conclusions (continued)

+ Radiated energy inside the cylinder is redistributed among the cylinder
modes and, as a result, the corresponding spectrum differs significantly
from the homogeneous medium or free-space results

4+ Radiation emitted on the waveguide modes propagates inside the cylinder
and the waveguide serves as a natural collector for the radiation

<+ This eliminates the necessity for focusing to achieve a high-power
spectral intensity
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