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The contributions from lossy and inductive vacuum chamber components to the broadband impedance of the

NESTOR storage ring are obtained by using both low-frequency analytical approaches and computer simulations.

As was expected considering the small ring circumference (15.44m), the main contributions both to the longitudinal

impedance Z /n and the loss factor kioss come from the RF-cavity. Cavity impedance was also estimated with CST

Microwave Studio (CST Studio Suite”® 2006) by simulating coaxial wire method commonly used for impedance mea-

surements. Both estimates agree well. Finally, we performed the simulations of a number of inductive elements with
CST Particle Studio 2010 by using wake field solver. We have also evaluated the bunch length in NESTOR taking the
conservative estimate of 3 Ohm for the ring broadband impedance and have found that the bunch length o, = 0.5cm

could be obtained in steady state operation mode for the designed bunch current of 10 mA and RF-voltage of 250 kV.

PACS: 29.20.Dh, 29.27.Bd

1. INTRODUCTION

At the design stage of any storage ring it is custom-
ary to study the effects of beam interaction with a
vacuum chamber (or a beam-pipe) because these ef-
fects determine, for the most part, the bunch pa-
rameters and limit the stored beam current. Since
pioneer work by Sessler and Vaccaro [1] these ef-
fects are treated in the frequency domain in terms of
coupling impedances: longitudinal impedance, Z)j(w)
and transverse impedance Z, (w). Generally, the
beam current is characterized with higher moments
which describe the dynamics of charge distribution
in the bunch, and one has to match to all moments
m=1,2,3... the corresponding impedances Z|" (w) and
ZT(w) (see, for example, [2]). In practice only im-
pedances with m=0,1 which describe rigid bunch
movement are studied in order to optimize the design
of beam-pipe components and to consider the forth-
coming beam instabilities and their possible cures.
In this paper we consider the longitudinal broadband
impedance which determines the bunch length in the
NESTOR ring.

The longitudinal impedance is related to longi-
tudinal beam component (m=0), which for a point
charge is I, = Iod(x — 21)0(y — y1) exp(—i%z), and
can be expressed in the following way:
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where F, is the longitudinal component of the elec-
tric field along the beam axis, c¢ is velocity of light.

For convenience, one usually consider broadband
(BB) ring impedance, that corresponds to all low-Q
components of the beam chamber, and narrow-band
resonances originated from high-Q elements, first of
all, RF-cavities. RF-cavities along with fundamen-
tal (accelerating) mode T'Myio have a whole spec-
trum of higher order modes (HOM’s) which can drive
coupled-bunch instabilities (CBI) [3]. Cavity HOM’s
as a possible origin of CBI in the NESTOR were dis-
cussed in the previous paper [4].

Longitudinal broadband impedance is usually
normalized to a harmonic number n = w/wy, where
wo is a rotation frequency, and is expressed as Z /n.
For many beam-pipe elements Z(w) is inductive, so
it is supposed that Zj(w)/n is constant in a wide
frequency range. Z)/n is used for estimation of
single-bunch instability thresholds with help of half-
empirical criteria obtained in low-frequency approx-
imation (w < ¢/o., where o, is a bunch length).
Obtained with this approach, Keil-Schnell-Boussard
criterion [5] relates Z) /n to the microwave instability
threshold:
2y
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where « is the momentum compaction factor, €y is
the electron beam energy, e is electron charge and
dc is the relative beam energy spread. Ipeqr repre-
sents the bunch peak current which for the gaussian
bunch of length ¢, is Ipear = Iquv\/27ro/0,, where
I, is the average bunch current and r( is the aver-
age radius of the ring. This approximation is good
for a medium bunch length: o, < b, where b is the
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characteristic transverse size of the beam pipe. For
short bunches (o, < ¢/w,) one has to use in Eq.(2)
instead of the low-frequency impedance Z)/n the ef-
fective impedance (Z)/n)cys, which is averaged over
bunch frequency spectrum, thus taking into account
that at high frequencies the bunch does not interacts
with the low-frequency part of broadband impedance.

The real part of BB impedance determines beam
energy losses. Parasitic energy loss per turn due to
bunch-environment interaction is proportional to the
bunch charge squared (Ae = —kj,s5¢%), where factor
kioss is a loss parameter which for gaussian bunch can
be presented as follows:
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Below the cut-off frequency of a beam-pipe, weyt,
broadband impedance is an additive value and the
sum of contributions from various vacuum chamber
components (so called ”impedance budget”) is usu-
ally evaluated in order to minimize this value.

Total parasitic energy losses have to be considered
in designing of heat-removing circuits and in develop-
ing of the RF-system as a whole. The latter is espe-
cially important for low-energy rings like NESTOR,
in which the parasitic losses exceed synchrotron radi-
ation losses and define the synchronous phase of the
beam.

We have evaluated contributions from various
beam-pipe components to the longitudinal BB im-
pedance of the NESTOR ring which is under con-
struction in NSC KIPT [6]. Both analytical formu-
las and simulation codes were used for this purpose.
The obtained data were used for evaluating the bunch
lengthening in NESTOR due to microwave instabil-
ity. The preliminary results were presented in the
e-preprint [7].

In this paper we present the main results of this
electronic paper together with new estimates of Z) /n
and kj,ss obtained recently with new version of CST
Studio [8].

2. THE BROADBAND IMPEDANCE OF
THE NESTOR RING. ANALYTICAL
APPROACH

The next ring components can give a substantial con-
tribution to the ring broadband impedance:

— resistive wall;

— RF-cavity;

— pumping holes in dipole vacuum chambers;

— injection section with inflector chamber;

— beam pick-up’s;

— holes in the laser-electron beam crossing
chamber;

— RF-liners (bellows);

— flanges and welding joints.

2.1. THE RESISTIVE WALL IMPEDANCE

The resistive wall coupling impedance of a beam-pipe
of elliptical cross section with major and minor semi-
axes a and b can be evaluated with the following equa-
tion [9]:

ZMW 748 L

n 2b 27r)

(1+5)Go(a) , (4)
where L is the pipe length, § = (2cp/wZy)'/? is the
skin depth of the wall material whose specific resis-
tance is p, Zp is the impedance of free space. Go(q)
is a function of the parameter ¢ = (a —b)/(a+b) and
is calculated via elliptic integrals and Jacobi elliptic
functions. For NESTOR ¢=0.49, function Gy(q) ~ 1
and the resistive wall impedance is given by a simple
equation: Z‘Il"j”W = 1.35(1 4+ i)y/n [Ohm].

The resistive wall impedance ZII‘%W /n is tradi-
tionally evaluated at the roll-off frequency, wroni—off
(the frequency at which the bunch spectrum power
density |p(w)|? is one half of its peak value). For
gaussian bunch w0y = cx/i/az and for the
bunch length 0,=1 cm (wrou—osr =~ 25GHz) the
resistive wall impedance Z‘f‘w /n amounts approxi-
mately to 0.13 Ohm.

The estimate for k2 according to Eq.(3) gives
0.06 V/pC for bunch length o, = 1 em.

2.2. THE RF-CAVITY

The contribution from the RF-cavity HOM’s (Higher
Order Modes) to the ring broadband impedance can
be estimated by using the following equation [10]:
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where w; and (R/Q); are the resonance frequency
and R/Q factor for the cavity mode with mode in-
dex ¢. The sum is taken over all HOM’s with reso-
nance frequencies lower than we,;. HOM’s parame-
ters were calculated with ANSYS code [11] using ap-
proach described elsewhere [4]. The estimation gives
le‘JOM/n = 1.40 Ohm.

Cavity HOM’s give a significant contribution to
the total loss factor. This contribution was estimated

as sum of energy losses over all cavity HOM’s:

R w?o?
o (3) enl2E)
It gives kfIOM = 0.48V/pC for bunch length

o, = lem and 0.54V/pC for o, = 0.5¢m. Energy
loss at fundamental mode doesn’t depend on bunch
length in this range of o, and amounts to 0.54 V/pC.

2.3. BEAM POSITION MONITORS

The beam position monitor (pick-up) represents four
electrostatic electrodes - buttons - placed on the in-
side surface of the beam-pipe and separated from the
latter by a narrow annular slot. The beam-pipe cross
section at pick-up location is given in the Fig.1. Im-
pedance of one button can be estimated as impedance
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of an annular slot in the elliptic beam-pipe. The lon-
gitudinal impedance of of a hole in an elliptic beam-
pipe in static approximation (hole dimensions are
small compared with the wavelength) is given by [12]:
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Fig.1. Beam pipe cross section at pick-up location
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where 1, and x are the susceptibility and polariz-
ability of the hole; v is an azimuthal elliptic coordi-
nate; ug is related to ellipse semi-axes via: coshug =
a/va? —b%; dn(v, q) is Jacobi elliptic function of the
argument v = 2K (k)v/7n); K(k) is the complete el-
liptic integral of the first kind; &’ = v/1 — k2 and ¢ is
defined above. The azimuthal elliptic coordinate of
the button center is v = 75.3° and Fy(v)=2.58.

The susceptibility ¥ and polarizability y of a nar-
row annular slot (W = regt — Tint < Tegt, Where ez
and 7, are external and internal radii of the slot) in
a thin wall are given by [13]:
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Calculations give ZﬁBPM/n = 1.1-10"2O0hm for
one pick-up (4 buttons). It should be noted that the
value of pick-up impedance obtained as a difference
of impedances of two circular holes with radii 7.,
and 7, [14] is four times less than the value given
above.

For estimation of the real part of the pick-up im-
pedance we used the formula obtained for a circu-
lar beam-pipe [15] and modified in accordance with

Eq.(7):
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where Fyy(v) is defined by Eq.(7). The loss parameter
is given by:

Zovm (¥ +x°) - FE(v)
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Calculation gives k2PM = 6.8 - 10750, [cm|~® V/pC

loss
for one pick-up.
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3. THE BROADBAND IMPEDANCE OF
THE NESTOR RING. COMPUTER
SIMULATIONS

3.1 SIMULATIONS WITH CST MICROWAVE
STUDIO

For some beam pipe elements the BB impedance
couldn’t be estimated analytically. Such are pumping
slots in the vacuum chamber of dipole magnet, which
have transverse dimensions comparable to those of
the beam pipe. At the beginning of our studies we
have tried to estimate their impedance by simulat-
ing coaxial wire method, widely used for impedance
bench measurements [16], with CST MWS code (CST
Studio Suite” 2006).

The basic concept of this method relies on substi-
tuting the beam by a thin wire and thus simulating
the fields of ultrarelativistic beam on the beam pipe
wall by the propagation of TEM mode in the trans-
mission line so formed. In the transmission line
framework a single, lumped wall impedance Zy, can
be expressed in terms of S-matrix coefficients in the
following way:

27,
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and 521 = (11)
where Z, is characteristic impedance of the transmis-
sion line. In principle either coefficient can be used
for impedance determination, but the transmission
coeflicient is applicable in more general configurations
and is usually preferred in bench measurements.

The question to what degree the simulated im-
pedance Zy approximate the BB impedance is raised
from time to time [17, 18]. A good agreement be-
tween calculations and measurements has been shown
for a simple cavity-like structure with a thin wire
(d =0.75mm) [17].

As the first step we applied this approach to es-
timate the broadband impedance of the RF-cavity
and to compare it to that obtained with analytical
approach.

The simplified cavity model (without ports) used
in simulations is shown in Fig.2. The calculated
S-parameters in the frequency range 1..5 GHz are
presented in Fig.3.

Fig.2. Cavity model used in simulations
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Fig.3. Scattering matriz parameters: a)
S11 (reflection) and b) Soq (transmission)

The analysis of the electromagnetic field distribu-
tion at resonance frequencies (minima in Sy ) reveals:

1. The field patterns at resonance frequencies in
peripheral region are similar to that of cavity modes.
In particular, first resonance corresponds to 7'My
mode but the mode frequency is shifted to higher fre-
quencies. The field in the output beam pipe is zero
i.e. the cavity acts as a notch filter.

2. At frequencies corresponding to minima in Si;
the electromagnetic wave doesn’t excite the cavity
(field in peripheral region is zero) and the structure
behaves as an usual coaxial transmission line.

Cavity impedance obtained from So; with Eq.(11)
is presented in Fig.4. To show small peaks in the
spectrum the latter is stretched along Y-axis so two
large peaks are cut off. Contribution to the ring
broadband impedance from cavity HOM’s was cal-
culated with the following expression:

feut
fo
/ 2w () s

c

__
_fcut_fc

Z{'oM In (12)

Bottom limit of integration f. was taken in the min-
imum between the first and the second resonances.
The integration was performed up to feu: = 5.9GHz
(this value was also obtained with CST MWS).
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Fig.4. Cavity impedance

The obtained value ZﬁqOM/n = 1.290hm well
agrees with the estimate obtained with analytical ap-
proach (see 2.2).

Our efforts to obtain the contribution to BB-
impedance from pumping holes in dipole chamber by
using this approach were not so successful, we could
only estimate the upper limit: Z)/n < 0.05Ohm for
one chamber (see ref. [7]).

3.2 SIMULATIONS WITH CST PARTICLE
STUDIO (CST STUDIO SUITE™ 2010)

At the final stage of our studies the impedances of
a number of inductive elements (the pumping holes
in the vacuum chamber of dipole magnet, RF-liner,
strip-line pickup, the slot between welding mem-
branes) were obtained with CST Particle Studio 2010
by using the wake field solver and FFT (Fast Fourier
Transform). The BB impedance Z)/n was ob-
tained from calculated Z(f) with the Eq.(12)(taking
fe=10), the loss factor values were directly calcu-
lated by the code. All simulations were performed
for a 10mm bunch and wake lengths s = 10 ¢cm and
s =50cm

3.2.1. THE CHAMBER OF THE DIPOLE
MAGNET

The cross section of the main chamber in the dipole
magnet is similar to that in a straight section. The
main chamber is joined to the antechamber through
16 elliptical holes with axes dimensions of 22 mm and
14 mm. Two chambers from a whole number of four
differ in their design by presence of additional holes
for electron beam injection or X-ray beam extraction.
Fig.5 shows a segment of the dipole vacuum chamber
with two holes.

Fig.5. The segment of vacuum chamber in the
dipole magnet (bottom half)

Fig.6. The model of dipole chamber segment with 4
holes used in simulations

Fig.6. shows the model used in simulations which
represents the internal volume of the ”straightened”
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segment of the main chamber with holes between
main chamber and antechamber. In simulations
this volume (vacuum) is surrounded with PEC back-
ground material except holes, where open boundary
conditions are imposed (electromagnetic energy can
radiate through holes).

In order to exclude the possibility of the ef-
fects of interference between holes we simulated the
chamber segments with a different number of holes
(n=1,2,3,4). Fig.7 shows the calculated wake func-
tion for the 4-hole segment and the normalized dis-
tribution of the bunch charge for reference. Fig.8
presents the real and imaginary parts of calculated
impedance Z(f) for that segment. One can see that
the real part is negligibly small in this frequency
range.

0,08 4
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0,02 4

0,00 e — L A
-40 20 40 60 80 100

-0,02 s, mm

W, V/pC

-0,04
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-0,08 -

Fig.7. Wake function (solid line) and bunch charge
distribution (dotted line) for the 4-hole segment

200

150 4

holes’ Ohm

100+

50

Fig.8. The real (solid line) and imaginary (dotted
line) parts of Z,lloles (f) for the 4-hole segment

Fig.9 shows the dependence of Z||/n versus num-
ber of holes. The linear fit to obtained data does not
show interference between holes (at least up to feus),
so the BB impedance of the dipole chamber can be
obtained as the sum of impedances of single-hole seg-
ments.

The simulations give Z/n = 0.0330hm and
kioss = 0.002V/pC for the single chamber. It should
be noted that the value of Zj /n well agrees with the
estimate for the upper limit given in 3.1.
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Fig.9. Impedance of the dipole chamber segment
versus number of holes. The line is linear fit to
obtained data (points)

3.2 2. THE STRIP-LINE PICKUP

The strip-line pickup represents four wires (d =
3mm, | = 105mm) stretched in the longitudinal
groves (d = 7mm) milled out in the chamber wall.
The model of strip line pickup, used in simulations,
with the cross section taken through two wires is
given in Fig.10.

Fig.10. The strip-line pickup model used in the
stmulation

The simulations give Z)/n = 0.0120hm and
Kioss = 0.003V/pC.

3.2.3. THE VACUUM CHAMBER JOINTS
AND RF-SHIELDS

The various elements of the NESTOR vacuum cham-
ber are joined together by two ways: by flange joints
and by welding. In the former case the vacuum joint
incorporates bellows with circular cross section, so
the RF-shield is used to reduce coupling impedance
of the bellows. This shield represents a piece of ellip-
tic tube with 22 pumping slots 3 mm wide and 80 mm
long, equidistantly distributed along tube circumfer-
ence. On the one side the shield is welded to the bel-
lows flange and on the other side it tightly fits into
the adjacent piece of the beam pipe thus bridging the
bellows gap and providing the required RF-contact.
In the latter case the adjacent sections of the
stainless-still beam-pipe are joined together by weld-
ing for which operation there are membranes at sec-
tion ends. After welding between two joined sections



an annular gap ~ 1.0mm wide and 4mm deep is
formed.

Simulation models for both type of vacuum joints
are given in Fig.11.

a) b)

Fig.11. Simulation models for the bellows
RF-shield (a) and welding joint (b)

The simulation results are presented in the next
section.

4. THE BROADBAND IMPEDANCE OF
THE NESTOR RING. RESULTS

The obtained results are summarized in Tables 1,2.
As follows from the tables for bunch length consid-
ered (o, = 0.5,1.0cm) the main contribution both
to longitudinal broadband impedance and loss factor
comes from the RF-cavity. From a comparison of
the loss factor data for two bunch lengthes one can
see how the contributions from other components are
increased with bunch shortening while the contri-
bution from the RF-cavity isn’t changed essentially.

Table 1. Longitudinal broadband impedance budget

|Z)/n], Ohm

Component | N | et N RYS | OST PS

2006 2010
RF-cavity 1 1.40 1.29
Res. wall 1 0.13
Dipole 4 < 0.20 0.13
BPM 2 0.02
Weld. joint | 8 0.04 0.21
RF-shield 4 0.003 0.11
Strip line 1 0.01
Total 2.01

Table 2. Loss factors of beam pipe components
Component | N kioss, V/pC
g, =1cm o, =0.5cm
Anal. CST Anal.
RF-cavity 1 | 1.02 1.04 1.08
Res. wall 1 1 0.06 0.17
Dipole 4 0.008
BPM 2 | 0.0002 0.0044
Weld. joint | 8 0.08
RF-shield 4 0.008
Strip line 1 0.003
Total 1.2 > 1.3

It should be mentioned that for the time being
we have no estimates for the following components:
i) the beam-pipe section for the crossing point of the
electron and laser beams; ii) the injection section (in-
flector); iii) the DC monitor assembly, that includes
a circular ceramic ring and bellows with RF-shields.
The first element at the commissioning stage will be
replaced with a straight section. The injection section
is essentially non-symmetric, it gives, presumably,
a substantial contribution to broadband impedance
and so it requires to be studied with 3D time-domain
codes.

5. TURBULENT BUNCH LENGTHENING
IN THE NESTOR STORAGE RING

There are two mechanisms of bunch lengthening in
cyclic accelerators. The first one is caused by the po-
tential well distortion [2] and can lead to both bunch
lengthening (inductive impedance) and bunch short-
ening (capacitive impedance). The estimates show
that for NESTOR this effect is negligible.

The second one is usually explained by coherent
mode coupling effect arising through overlapping of
mode frequencies at high bunch currents. This effect
displays itself as a longitudinal instability (microwave
instability [19]), leads to turbulent bunch lengthen-
ing, observed at bunch currents higher than some
threshold value, and is accompanied with growth of
the beam energy spread.

The threshold bunch current It for a given value
of Z)/n can be obtained with Eq.(2). Above thresh-
old the bunch length can be estimated with the equa-
tion [20]:
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where h is the harmonic number, V. is the amplitude
of RF-voltage and ®; is the synchronous phase of
the beam. One can see from Eq.(13) that the bunch
length doesn’t depend on the electron beam energy
above the instability threshold.

It should be noted that all these equa-
tions are obtained in the low-frequency approx-
imation and they are valid for the inductive
impedance and medium bunch lengths (o, >
lem).  We estimated bunch lengths for a rea-
sonable range of RF-voltages. NESTOR parame-
ters used in these calculations are presented in Ta-
ble 3, the obtained results are given in Table 4.

Table 3. NESTOR ring parameters

Parameter Units | value
Average radius, rg m 2.46
Harmonic number, h 36
Compaction factor, a 0.01
Bunch current (maximal), I, mA | 10
Ring broadband impedance, Z|/n | Ohm | 3.0
Synchronous phase, @, deg 89
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Table 4. Bunch length in NESTOR

€y = 60 MeV €) = 250 MeV tbl
Ve RV (s o5 om [ T mA | o o5 cm [ T mA | 7= O™
10 0.17-1072 1.32 7.7 0.47-1073 0.71 1.2 1.46
50 0.19-1072 0.67 5.1 0.53-1073 0.36 0.8 0.85
180 0.21-102 0.40 3.7 0.59-1073 0.21 0.6 0.56
250 0.22-1072 0.34 3.4 0.60-1073 0.18 0.5 0.50
In our calculations we have taken Z /n = 30hm, 5. D. Boussard. Observation of microwave longitu-

that is factor 1.5 greater than the value given in the
table, in order to make compensation for the contri-
butions from beam-pipe components not considered
in the paper, first of all, the inflector. The values
of the energy spread §%° and bunch length ¢ pre-
sented in Table 4 were calculated with DECA code
[21], which takes into account the effect of intrabeam
scattering (IBS) — electron-electron scattering in a
bunch. The threshold currents obtained with Eq.(2)
for these IBS-corrected bunch parameters are below
the goal value of 10mA per bunch, so the bunch will
be lengthening in the ring. For the designed RF-
voltage of 250 kV estimation gives ol?! = 0.5 cm.

At the commissioning stage of the NESTOR
project an RF-amplifier with output power of 1 kW
is available thus providing the accelerating voltage
of 50kV and the stored beam currents of up to
100mA. We have no equipment to control the filling
pattern, so all 36 RF-buckets will be filled up, and
the maximal bunch current will be decreased down

to 3mA. For this case estimation gives o*?! = 0.6 cm.

6. CONCLUSIONS

The conservative estimate of the longitudi-
nal broadband impedance of the NESTOR ring
(Z)/n = 3 Ohm) confirms the possibility of obtaining
the bunch length of 0.5 ¢cm with the goal bunch cur-
rent of 10 mA for the designed RF-voltage of 250 k.
At the commissioning stage we can obtain 3mA in a
0.6 cm bunch with the RF-voltage of 50 kV'.
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IIINPOKOIIOJIOCHBIN UMIIEJIAHC HAKOIINTEJISI HECTOP
B.II. Andpocos, I1.U. I'nadxux, A.M. I'eo3zdv, U.M. Kaprayxos, FO.H. Tenezun

HoﬂyqubI OII€HKHU BKJIQ/O0B B p€aJIbHYIO U MHHUMYIO YaCTHU IIHUPOKOIIOJIOCHOTO HMIIeTaHCa OT Pa3/IMIHBIX
KOMIIOHEHT BaKyyMHO# Kamepbl Hakonutes HECTOP c¢ momompbio Kak aHAJIUTHYECKUX BBIPAXKEHUIl, 110-
JIYI€HHBIX B HU3KOYACTOTHOM IMPUOJIMKEHUU, TaK U KOMIIBIOTEPHOIO MOJeJUpoBaHus. Kak u 0XKuIajoch,
UCXOJgl U3 TOrO, YTO JJIMHA OKPYKHOCTH KOJIbIla HeBesmka (15,44 m), OCHOBHON BKJIAJ], KAK B IIPOJIOJIbHBII
UMIeJanc Z)|/n, TaK 1 B (aKTOp SHEPreTHIECKHX HOTepb Kioss, AaeT BY-pesomarop. IllnpoxomoocHbrit
MMITeIaHC Pe3oHaTopa GBI TakzKe Tosyden ¢ nomorrbio CST Microwave Studio (CST Studio Suite?™ 2006)
[yTeM MOJIEJIMPOBAHUsI MeTOJ[a "KOoaKCHabHOM MPOBOJIOKU" , MUPOKO UCIIOJIB3YEMOrO [IJIsi M3MEPEHUs] MM-
neyarca. Obe OIEHKM XOPOIIO COTJIACYIOTCsT MeXK Ty coboit. [IpoBeneno mMoempoBanue psijia WHIYKTUBHBIX
ssremenToB ¢ nomomibio CST Particle Studio 2010, ucmons3yst mporpaMmy, BEITHCJISAIONTIYI0 KUJIbBATEPHBIE
nojs. MBI Takke OIEHMIHM JJIMHY CIyCTKa B HAKONMTEJe, B3AB KOHCEPBATHBHYIO ONEHKY Z|/n = 3 Om, u
[IOKA3AJIU, YTO JIJIsl TPOEKTHBIX BEJIMINH TOKA B crycTke 10 MA n ammmryasl BU-nanpsikenust B pe3onaTope
250 ¥B pnuHa crycTka coctaBiser o, = 0.5 cm.

IIINPOKOCMYTOBUM IMIIEJAHC HAKOIIMYYBAYA HECTOP
B.II. Andpocos, II.1. I'nadxkux, A.M. I'e030v, I.M. Kapnayxos, FO.M. Tenezin

OpepkaHi OIMIHKYN BHECKIB B PEAJIbHY Ta MHUMY YACTHHH IMMMPOKOCMYTOBOIO IMIIEIAHCY BiJl PI3HUX KOMIIO-
HeHT BakyyMmuOI Kamepu HakonumayBada HECTOP 3a jgomomoroio sik aHAJITHIHUX BUPA3iB, OJIEPKAHUX Y
HU3bKOYaCTOTHOMY HaOJIMKEHHi, TaK 1 KOMIT'IOTEPHOTO MOJIe/IIOBaHHsd. fIK i 09iKyBajI0Ch, BUXOIAIHN 3 TOTO,
110 JIOBKHMHA, OKPY?KHOCTI KinbIist HesesmKa, (15,44 m), OCHOBHUIT BHECOK, fIK B TI03J0BXKHUI iMmenanc Z)/n,
Tak 1 B GaKTOp eHEePreTuIHUX BTPAT kg5, Jgae BU-pesonarop. [llupokocmyrosuii imneganc pesonaropa 6yB
TaKOXK ofleprKanmit 3a mornomoroio CST Microwave Studio (CST Studio Suite?™ 2006) masxom MozemoBan-
Hsl MeTO/Ty "KoakciaabHOro npory" | SKuii MIPOKO BUKOPUCTOBYETHCSI JIJTst BUMIpY iMmeanca. O6u/IBi oriHku
J00pe y3rOIKyIOThCsS Mi2K c00010. BUKOHAHO MOJETIOBAHHS JAEKITHKOX 1HIYKTHBHAX €JIEMEHTIB 3a JOIMOMO-
roio CST Particle Studio 2010, BUKOpUCTOBYIOUN TPOTrpamy, IO OOUHMCIIIOE KiTbBaTepHi moJist. MbI Takok
ONiHMIIK JIOBYKUHY 3TYCTKA B HAKOIMYYBadi, y3sABIIN KOHCEPBATUBHY OIIHKY Z| /1 = 3 Om, Ta NOKa3a/u, 1o
JUUTsI TIPOEKTHUX BEJIMINH CTPYMY B 3rycTKy 10 MA Ta ammiityaun BHU-manpyru B pesonaropi 250 kB moBxuHa
3rYCTKY CTAHOBHUTH 0, = 0.5 cMm.
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