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The paper deals with the efficiency of the capture of a photon flux of the synchrotron radiation (SR) - and n-
components by the optical window in the SR quantum extraction channel of the NESTOR generator. It also analyses
the dependence between the capture quality and different radiation wavelengths. Consideration has been given to the
beam size effect on the shape and dimensions of the angular distribution of the photon flux. A model has been con-
structed to describe the optical imaging in the registration plane. Expressions are given for estimating the efficiency
of the capture of SR quanta into the optical window of the extraction channel. The factors that exert influence on the
efficiency of capturing through the window are analyzed. Examples of nhumerical calculations are provided for for-
mation of the final SR spectral density of the 225 MeV relativistic electrons at the output of the optical channel. The
dimensions of the optical window have been determined, which ensure the reliable registration of the total flux of

SR quanta for the chosen spectral range of SR quanta wavelengths.

PACS: 29.20.-c, 41.60.Ap, 29.27.Fh

INTRODUCTION

The synchrotron radiation (SR), occurring during
operation of electron storage rings, makes it possible to
carry out fundamental scientific research and applied
technological developments by virtue of the fact that it
shows unique properties such as a continuous spectrum
from infrared to X-ray regions, acute directivity, a high
degree of polarization, the feasibility of exact calcula-
tion of characteristics [1, 2]. Owing to all these proper-
ties, the SR has recently begun to play a decisive role in
the intensive development of the most promising re-
search studies in physics, chemistry, biology, medicine,
microelectronics, tomography, materials science, etc.
[3 -5]. The SR from bending magnets with having ex-
actly determined parameters can act as an absolute
standard in metrology [6].
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Fig. 1. Scheme for observing the flux of SR quanta

The influence of the distribution of particles oscilla-
tions across the vertical oscillations of the beam on the
formation of the angular distribution of the SR was in-
vestigated in [7]. The present work deals with the effi-
ciency of capture of the flux of o- and n-components by
the optical window in the SR quanta extraction channel
(see Fig. 1). Consideration is given to the analysis of the
capture quality at different radiation wavelengths. Ex-
amples of numerical calculations are presented for the
formation of the final SR spectral density of a relativ-
istic electron with the energy of 225 MeV at the output
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of the optical channel in the "NESTOR" generator [9 -
11].
MATHEMATICAL MODEL

The SR of a relativistic electron is characterized by a
high degree of polarization. In particular, at zero angle
(w =0) to the orbit plane, the SR is linearly polarized.
The spectral-angular dependences of the flux of SR
quanta are calculated in accordance with the expressions
that describe the distribution density for the
c-component w (1) (in the orbit plane) and the

n-component of the radiation w, (/) (perpendicular to
the plane) [8]:

w, (v) = GlL+ 729//2)2K§/3@;(1+ 72%1/2)3/2]’

Ae 12
W, () =Gy (L 72w2)Kf/3(2/1(1+72w2)3 )
here G :87re§R2f I(3chA%y™), Kas() and Kys(.) are

the Macdonald functions, A is the wavelength, E is the
electron energy, E, is the electron rest energy, = E/E,
is the relativistic factor, e, is the electron charge, R is
the radius of rotation of the magnets, f is the rotation
frequency, c is the speed of light, 7 is the Planck con-
stant, A =47e2Rf /(\/3chy®) is the critical wave-
length of radiation. The total angular density is
WY =Wy )+ ).

The photon flux of each of the electrons is character-
ized by an angular distribution, the axis of which coin-
cides with the particle direction, and the top of the dis-
tribution coincides with the place of radiation site.
Fig. 2 shows a family of angular flux density distribu-
tions for the - and n-components of polarization, cal-
culated for one of the SR output channels in the genera-
tor. The calculation parameters in this figure and further
were E=225 MeV, R=0.5m and f=19.46 MHz, while
2.=2.45-10° m.
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The electrons in the storage ring oscillate around the
equilibrium orbit. These oscillations are due to the re-
coil of electrons during emission of SR quanta, and also,
to intrabeam scattering and scattering by residual gas
particles. As a result, the beam particles are distributed
around the equilibrium orbit with a normal law in
6-dimensional space.
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Fig. 2. Angular distributions of the flux of quanta N ()
and N_(v) for different wavelengths; 1=0.54 (red),
A=A¢ (brown), A=21. (blue)

Let us consider the influence of the beam particle
distribution on the properties of the flux of SR quanta.
The distribution in the longitudinal direction does not
affect the spectral-angular characteristics of the SR
quantum flux due to the azimuthal symmetry. For the
same reason, the radial distribution of particles also
does not affect the characteristics of the SR flux. For the
vertical distribution of particles, we use the formula:

, 1 2 12
p(y,y)=—exp[— y__J J 0
27ray0'y,

- 2
20y 20y,

where o, and o are the root-mean-square dimen-

sions of the beam along Yy and Y’ respectively.

At the distance L we now consider the receiving
plane perpendicular to the tangent to the radiation point
on a circular orbit. We locate at the distance L an optical
window of width S, with the aperture (h,, hp) along the
vertical.

The quantum emission angle ¥/, as well as the co-

ordinates of emission (Y, Yy') and reception h in the
vertical direction are mutually related
h—ylL=y+Ly'. On average, the total number N,
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and N, of photons of the o- and =-polarization compo-

nents passing through the window will be:
h, 2

N, =[ds[dn [dy(s(h-y-yL-yL)w, ),

S hﬁ -7l2 (3)
a 2
N, =[ds [an ay (3lh-y-yL-yL)w,(y),
S h -7l2

where &(.) is the Dirac delta-function. In expression (3),
the angle brackets denote averaging over y and Y’

according to (2). Taking into account the width of the
receiving window leads to the multiplier:

S

R 4)
2 27VR? + 12
S0 we have:
h, ml2
N, =ufdh [dy(s(h-y-yL-yL)w,@v)
hy -7z/2 (5)
hy 712
N, =ufdh [dy(sth-y—yL-yL)w, ).
hy, -z/2

Bearing in mind (2), we note that at fixed {7 owing
to the normality of y and Y’ the random variable h is
also normal with the mathematical expectation y L and
the dispersion:

GE = 65 + 05, L? (6)

Therefore, for the angular distributions averaged rel-
ative to the beam, we obtain:

IUL l2 (l//L—h)Z
N (h)=—— |[d - :
. (h) o ,,I,z'”exp( 27 Jwg(w) -
,UL 2 (l//L—h)2
N _(h) = d - .
L (h) J%LJ,ZW'O( o jw,[(w)

It follows from (7) that the resulting angular distri-
bution is the convolution of the normal density associat-
ed with the beam with the angular distribution that de-
scribes the emission of quanta of the o- and
n-components of the SR. Due to the parity, the first
moment of distributions (7) is equal to zero. The vari-
ance of the resulting angular distribution <h%/L*> will
decrease with increasing L as 0% = o%, + o° / L.

By its unimodality, the distribution of quanta for the
o-component of polarization is more resistant to this
effect. Considering that the angular spectrum of the
n-component of polarization has two symmetric maxi-
ma, its broadening by virtue of (7) turns out to be more
noticeable. In this case, with an increase in the distance
L, the spatial pattern along the vertical axis will also be
expanded. With decrease in the wavelength A, the corre-
sponding decrease in the angular dispersion of the =-
component takes place <l//,f (,1)> , therefore, this polariza-

tion component will be normalized if 05, > <V/§(/1)>'

Otherwise, the angular distribution would not be nor-
malized for any L.

Let us perform the integration over the vertical co-
ordinate h in formula (7) within the limits (hg, hy), using

the integration variable t = (h—yl)/+/2c, . Then, for
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the total number of photons of the polarization compo-

nents N, and N,, we find:
l2

N, =2 [dwE,(y.h, ., L)w, (),
2 -l2 (8)
L zl2
N, =2 Ty b w0
-zl2

where the function is introduced:

(v/,ha,hb,L):erf[f haJ rf[vl\/ll h] ©)

and erf(.) is the error function.
In the symmetric case, when h, =-h, = H, expres-

sions (8) are simplified to:
H
JWJ W),
(10)

zl2
=u |dyerf
Joverl 5
zl2 H
=u | dyerf W, (y).
;,2 5]

On account of a rather small value of the variance
Uf, expressions (8)-(10), are difficult to use in numeri-

cal calculations. Therefore, we reduce expressions (8) to
a more convenient and visual form. We use the integral
functions of the angular distribution of the components.
Fig. 3 shows the family of integral angular distributions
of flux density o- and m-components of polarization
calculated for one of the SR output channels in the gen-
erator.

14
W, ()= [dy'w,(p),
—zl2 (11)
174
W, ()= [dy'w, ().
-l2
The calculation parameters in Fig. 3 and further
were 0= 0.2 mm and o= 0.15 mrad.
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Fig. 3. Integral angular distributions of the flux
of quanta W, () and W, (), 1=0.52 (red),
A=A (brown), A=2J (blue)
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Fig. 4. Derivatives of distributions w’ () and W’ (/) ;
A=0.52¢ (red), A=A (brown), A=2). (blue)

Using functions (11), we take the integrals in (8) by

parts. As a result, we get:
7l2

Zﬁ J.dl//Ez(lr//lha!th L)Wa(l//)f

—l2
72

N, =§ [dwE, (w.h,.hy, LW, (),
—l2
where the following function is introduced:

1
( w,h,,hy L) ——x
V2o, (13)

C(wL-h)*) _(wL-h)’
M 207 ]Xp[ 207 H

Due to the smallness of o_ the exponents in (13)
have the filtering property. Therefore, only the regions
around the points w, = h./L and y, = hy/L of size (-3o;
3oy) each, will contribute to integrals (12). Thus they
take the forms:

(12)

N = H X

* 270,

£ ha+&) o (N +E
_!fgexp[ ]{W( L j W“( L ﬂ (14)
N = # X

" J2zo,

Joenl- oM

It follows from (14) that for op —0 the leading
terms are equal to:
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N, = uW, (v,)-W, ()]

Nﬂ = lLl[\/\/ﬂ(l//a)_Wﬂ(l//b)]
and correspond to the boundary angles y, and y, of
quantum flux capture by the window. Due to the

parity with respect to the angular functions w.(y) and
w, () the terms linear in o, vanish.
The corrections quadratic in o are:

2
APN_ = ﬂ;—LLz[W; ()W, ()]
(16)

(15)

2
NN, = 2w ()~ w, ()]

where W’ () and W/ () are the derivatives of the

angular functions w () and w () (Fig. 4).
In the symmetric case, when h, = -h, = H, expres-
sions (10)-(12) admit the representation:

R AR A )
17

2

. =W )W )= )|

NUMERICAL RESULTS

We now present the numerical calculation data on
the spectral-angular flux of the number of emitted SR
quanta. The calculations were carried out for the case of
the window of width S=0.06 m and vertical dimensions
H=0.05 m. Thus, at the base distance L=3 m, the capture
angle was ;=10 mrad.

The calculations were carried out under the assump-
tion that a single electron revolves in the orbit.

Fig. 5 shows the number of captured quanta N, ver-
sus the emission wavelength A for different capture an-
gles. For comparison, the functions N, are shown for
H=0.05 m, H=0.02 m and H=0.01 m. It can be seen that
starting from the wavelength A=1-10" m, the number of
photons decreases, falling at A=1-10" m by a factor of
~100.
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Fig. 5. Flux of quanta o-component N, at H=0.05 m
(red), H=0.02 m (brown), H=0.01 m (bluge)

Similar dependences for the number N, captured
guanta on the wavelength 4 are shown in Fig. 6.

In the z~component case, the decrease is more no-
ticeable; moreover, it begins at shorter wavelengths
4=10"%°m. This is due to the fact that the peripheral
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parts of the angular distribution W{1/) are more pro-
nounced than those of the distribution W ().
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Fig. 6. Flux of quanta of z~component N, at H=0.05 m
(red), H=0.02 m (blue), H=0.01 m (brown)
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Fig. 7. Dispersions D of angular distributions of the
o-component D (1) (red) and z~component D (1) (blue)
From Fig. 2 it can be seen that the density of the -
component occupies a larger angular interval than the
density of the o-component. The calculated dependenc-
es for the variances of the angular distributions
DU(/1)=<1//§(/1)> and D”(i):<‘//§(ﬂ)> are shown in Fig. 7.
From Fig. 7 it is evident that the angular dispersion
of the m-component is nearly twofold greater than that
of the o-component. This property leads to a less effi-
cient capture of x-component photons into the window.

CONCLUSIONS

From the given dependences it follows that the main
factors determining the capture of the quantum flux in
the channel are the vertical size H of the window and
the standard deviations of the angular distributions
S,(4)=DY?(1) and S_(4)=DY*(1). With an in-
crease in the wavelength A, the LS,(4) and LS (A) ap-
proach the value of H values approach the H value, and
hence, the capture efficiency is also influenced by the
peripheral parts of the distributions W{ 1) and W { ).

Fig. 8 shows the wavelength A4 dependences of the
fraction &(1) of quanta that are not captured in the win-
dow It can be seen that at A<5-10"" m the capture into
the window with having the angular opening (-3;
+3) mrad occurs with a sufficiently high efficiency.
With a further increase in the wavelength, the fraction
of uncaptured quanta increases. Moreover, this value is
larger for the m-component, quanta. The reason is that
the standard deviation of the w-component S (1) always
exceeds the standard deviation S (1) of the o-
component of the SR.
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Fig. 8. Fractions &) of uncaptured quanta N (blue),
N (green) and total flux of quanta N,+N  (red)

In channels with an increased base length L, it is the
standard deviation of the angular distributions S,(4) and
SA) that will exert a decisive influence on the formation
of angular distributions in the receiving plane and, accord-
ingly, on the efficiency of the capture of photon fluxes.
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HPEOBPA3OBAHUE U30BPAKEHUM - U n-KOMIIOHEHT U3JIYYEHMSI PEJIATUBUCTCKUX
SJIEKTPOHOB U METPOJIOIT'NTYECKHUE XAPAKTEPUCTHUKHU IIOTOKA ®OTOHOB B KAHAJIE
BbBIBOJA CUHXPOTPOHHOI'O U3 JTYUYEHUSA

A.C. Masmanuweunu, H.B. Mockaneuy, A.A. Il]epbakos

N3zyyena 3¢pexkTHBHOCTH 3axBarta MOTOKa (POTOHOB G- M T-KOMIOHEHT CHHXPOTpOHHOTrOo M3ityueHus (CH) ontu-
YECKMM OKHOM B KaHalle BbIBoJa kBaHTOB CH, u mpoaHadu3upoBaHa 3aBHCHUMOCTh KaueCcTBa 3axBaTa JUIsl pa3ind-
HBIX JUTMH BOJIH H3TyueHust. [IpoBe/icH yueT pa3MepoB Mmydka Ha (pOPMY U pa3Mephl YTIIOBOTO paclpeeieHus mOTo-
ka ¢oTtoHOB. [locTpoena Moesb, onuckIBaroias GopMupoBaHUE ONTHYECKOTO M300PAKEHUS B MIIOCKOCTH PETHUCT-
patun. TIpenioxeHpl BRIpaKEHUs, TO3BOJIIOMINE OIEHUTH 3G (HEeKTUBHOCTH 3axBaTa kBaHTOB CH B onTHUYECKOE OK-
HO KaHaJjia BhIBOAA. [IpoaHanm3upoBaHbl GakTOphl, BAUSIONINE HA 3QPEKTUBHOCTh 3axBaTa B OKHO. [IpencTaBieHb
MPUMEPEI YHCICHHOTO pacyera 1Mo (OPMHPOBAHHIO HUTOTOBOHM CHEKTpanbHOW TUIOTHOCTH CU pensTUBHUCTCKOTO
9JIEKTpOHa ¢ 3Heprueit 225 MaB Ha Bbixoje ontuyeckoro kaHana. [logydeHsl pa3Mepbl ONTHYECKOTO JIIOKa, BEJIH-
YHHA KOTOPBIX MO3BOJIAET FApAaHTHPOBAHHO PETUCTPUPOBATH BeCh MOTOK KBaHTOB CU At BEIOPAHHOTO CIIEKTPalib-
HOTO JMara3oHa BOJIH kBaHTOB CIH.

HEPETBOPEHHS 305PAKEHD o- I i-KOMIIOHEHT BUITPOMIHIOBAHHA PEJIATUBICTCBKHUX
EJIEKTPOHIB I METPOJIOT'TYHI XAPAKTEPUCTHUKHU NOTOKY ®OTOHIB Y KAHAJII
BUBEJEHHSA CUHXPOTPOHHOI'O BUITPOMIHIOBAHHSA

0.C. Ma3maniweini, H.B. Mockaneuys, O.0. Ilepoaxos

BuBueHa epeKTHUBHICTH 3aXOIJICHHS MOTOKY (DOTOHIB G- 1 T-KOMIIOHEHT CHHXPOTPOHHOTO BUtpoMiHioBaHHs (CB)
ONTUYHHMM BIKHOM y KaHaji BUBeneHHs kBaHTIB CB, 1 mpoaHaizoBaHa 3aeXHICTh SIKOCTI 3aXOIUICHHS ISl Pi3HUX JI0-
BXKHMH XBWJIb BUIPOMiHIOBaHHS. [IpoBenieHo o6k po3MipiB mydka Ha GopMy i po3MipH KyTOBOTO PO3IOALTY HOTOKY
¢otonis. [ToOynoBaHa Mozenb, IO OMKUCYe (OPMYBaHHS ONTHYHOIO 300payKeHH B IUIOLIMHI peecTparii. 3armpornoHo-
BaHO BHUPa3H, IO JI03BOJISIOTH OLIHUTH €()EeKTUBHICTD 3aXOIUIeHHs KBaHTIB CB y onTnuHe BIKHO KaHAJIy BHBEICHHSL.
[MpoananizoBaHo (akTopH, 110 BIUIMBAIOTH HA €()EKTHUBHICTh 3aXOIUIEHHS Y BiKHO. [IpeacTaBneHi NpuKiaam YuCeIbHO-
ro pO3paxyHKy 3 ()OpMyBaHHS IMiJCYMKOBOi CHEKTpaibHOI HIiIbHOCTI CB peisTHBICTCHKOTrO €JIEeKTpOHA 3 EHEPTielo
225 MeB Ha Buxozi ontuyHOro kKanaimy. OTpMMaHO po3Mipy ONTHYHOTO JIIOKA, BEJIMYMHA SIKUX J03BOJISIE TapAHTOBAHO
peecTpyBaTH Bech MOTiK KBaHTIB CB 1111 00paHoro CrieKTpalibHOTO JTiana3oHy XBHIL KBaHTiB CB.
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