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~bstract 

A :aiculatlun tetbnd for tile delay lines based on circular 
,n5 - ,oaded wavedgulde wltb 8 on lodes is discussed in present 
pape~ The hoes are Io,ended for use in Rf energy upgrade 
513tels as an energy ltoraglng elelents. SOle practical results of 
l~iay ;lnes :alculation are represented and disculled 3150. This 
,eSU1L5 jnow :nat a saHsfactory paraleters 1f delay ilnes can be 
:btalned when J5Dg CIrcular Iris - :oailed waveguides eIclted at Ron 
lodes 

Tile deiay iinel Intended fcr Rf - energy Itorage are along tile 
lost .Iportant elelents of clrtain Rf - energy upgrade lystels [1] . 
upgrade lptel5 characteriltlcl, e. g. power lultip:y:ng coefhclent and 
~~d efficiency, He in strong cor~elation with the tile delay lines 
lled par~leter5. 

~5 fa .owing 
The lain require.eats lor :,his Lnes paraaeterl are 

linllul pOSSible RF - energy 10lses and dllensions. 
Ruther 3lal, lJ51es one can achieve using a 5uperconducting device. 
Eat :uper'onda't!v:ty ulage IS unconvenlent in lOSt cases because of 
:'lne:derabie growlng of tbe device cost. Also this concerned the 
d'l~y L,e111en510ns I 33peclally It I length I that lhouldn t be 
extr:l.ly b:g That s why an 5ctual problel II a cOlpact tile 
jdH '.In. wlth Ila:l .;nergy :ollel conltruction. Calculations snow 
~nal, '" lcceptable value]! energy losse5 15 not Iligher tban 1 dB. 

R/ .orgy los5es in .1elay lines can be decreased DY using a 
~ir~U~lf wavegUides With Bon lodes. Becaule Jf their anolally ,uil 
:)se", :her He Widely uled In R), - CO.lunlcat:on llnes. histance of 
50le parasltlc ledes :5 perhaps the only but elsential disadvantage 
)1 I,nll lodes uling. In particu lar slnguianty of Ban and Kin lodes 
:axe3 piase tor all frequencies. It leadl for additional energy 
l035e5. The la:n goal of this paper is to lhow that low enoupll 
VA:ile5 of energy IOlses ~an be achieved In :ircular HIS - loaded 
waveglJldel i ':I~ i elclted at H lodes lor relativelY llall values 
:f group veioc:ty ~~ I about 0.~1 - ~.a3! This gIves a possibility 
to construct a ,;olpact delay line at sublicrosecond puis Width 
ba~d Moreover in CI~ ,he E", and Han lodes natural frequencies are 
5epara~.edind S0 theH singulauty elliinated [2J . 

\ par::al regI1nl lethod was used cO calCUlate C[W 

r 

electrolagnetic characteristics for Bon lodel. ~ not big lelory vO:Jle 
and not Iligh operation speed cOlputer 13 acceptab Ie f?r • h: S le·,ncd 
using. 

To carry out tile calculations wavegUide il deVlled Oy 
cylinder sulace with radius r : a into two parts as :t 13 ,~~w:" 

at fig. 1. for lagnetlc - type lodel1iscription ier: ~ag:let.~ 

vectror ny' con51stent WIth a Hellholtz equation can Dw lS'J [:IJ 

(1 ) 

Solution of thll equatlon can be representea as !oi:jWlng 
for both partial regions 

(2) 

n ][ - ~ B <Po(ce~r) . <jrS (1 21!) }' - L s 3 Stn- --
S=1 della. 2 d 

Ber~ 10\11 il a lodilied Bessel funct:on. 

.:} is a pna!e shift for one period. 
Kquatioos for flelds 10 partial region I as IUIs:f 1?aC'; 

harlonlc5 ( I region) aod standJng waves (ll region i Joe can ,el 

u51ng a definition for ny' 

[
1 +~ A K 11 (Pnr ) eihnr. 
'l' = L n -Pn I ( ) 

n=-oo 0 Pnr 
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fig,2, Group velocity and 
parueters M ( a I and ~ ( b ) for 

3ere larked function <1l~ is the derivative lith respect to 
argulent, 

Such a representation sat1sfied a boundary conditions in resonant 
region and floke conditions In axial region. to satisfy a boundary 
:ondition at iris lalls ~nd a tan(ential cOlponents continuity 
"ondition at a res ions boundary one ey represent field I., for 
r: a as folloling[3]: 

ixpressed fields SlPlitudes in partial re,ions by r m and used 
the egnetic field tangential cOlponents continity at relioRS 
boundary 51 Hel of silul taneous linear algebraic bOIOCeneollS 
equation in uninoln r," caD be set up, To set a USpersioD 
equation one should equate the systels deterlillut to lero. Vbe. 
equation root! are found out it is possible to deterliDe ullnon 
Fm and sequently a field decolposition COIPOBeJlts for partial 
regions. Then & eli characteristics (group velocity j?l .. aid a wale 
duping coefticielt CJ..'AS/2 Ibere 'A is a free - space Inele.,tlt) 
can be deterlined, 

Frequency cOlparison las used for equatioD sol,1I, pro,raa 
precision control. Vben H04 lode is excited in Cli Ihich 
paraleters are close to a Booth circular 'ave,uide ( r : 4.838 CI ; 

~ : Urad; alb: 0.991 1 relative calculation error is about 1.54' 
and for a cylinder cavity with 80+1 lode l r : 4.038 CI and its 
lengtb 1: 3.89 CI I this error drops to a. as l. 

Solution convergence investigation is very ilportant for a partial 
relioDS lethod ase. ! special investigations were carried oat to 

deterliDe an optil&l values of puueters K (accordin, to (3) and 
(4) I :tl;±2,.,.,±K; S : I, 2, ... ,211 ) that defiaes the cOlblned 
equations order aad N (accordiD( to ( 3 ) n : e,±I,t2, ... ,tN ) that 
defines a 5111 turu nUlber in the deterlbant elelents. Yalaes of 
this parueters should be chosen iD sach a ray that one cu 
obtaia a satisfactory precisioD lith acceptable calculatil( tile. ! 
convergme of J!I .. and a."tfJ. can be illustrated by fig. 2 ,here this 
paraleters are ,iven as a fulctioDS of II ( a ) and I ( b ) for 
copper CIt lith follolinl parmtm: 0./).: 8.4'2; tj)..: 8.'821 ; 
{to : 1(' 12 ; ~ph : 3,88 ; alb: 1.4729. All further calculation are 
carried out lor II: 13 ... 15 and.: 81...1H. 
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daapin, convergency against 
H04 lode, 

Calculation results of duping coefficient CJ..A3/Z and group veiocity 
~ for tile delay line bued on elM with Bon lodes are piotted. 

Morlolized dalping A')..¥1/'t as a function of phase velocity ~ph for 
804 lode is shown at fig, 3, NOlelized dupin, A"A¥'lfc is the who> 
duping in the line lith length L and delay tile 't ! and so 
A: 29la.CQe}. ! plot of group velocity ~ .. Y5 ~ph is given at 

fic. 3 also. Vith!n considered phase velocities band a lioilum 
enera losses are for ~ph~ 3.6. ror en.ple at Ie - CI vav",lengt~ 

band a lowest value of duping !5 lOOut 1" dB/}J.s an~ 50 le,; 
then 8,6 ps delay tile is penitted in order not to exceed Q' 

dupilg nlue. At this point ~ ... <>< @.865 and the delay Hne WOil ,.1 

~e 12 I lone. 
IIuch lOre interestin, results can be obtained for B O'l lode 1n 

CII. Plots 01 A."Atftj't and ~ .. against ~ph and 0./" lor B02 lode are 
shon at fil. 4 aDd fi,. 5 respectively. A group velocity sign 
chanlin' is observed lithiD cODsidered values 01 ~ph and Q/').. . In 
tbe sip cllan,e paint a A).fr'1j1: function has a singularitJ. At tne 
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fig, 5, The plots ot noraahed duping and group velocity against 
paraleter 0../'>... tor Hoe lode, 

rilht side frOi tllis poilt ! see til. 4 ud fi,. 5 ) dalpiac is 
telded to aero, A 5.11 elou,i nhes of nOrlolhed dAipillC and 
(roup velocity both can be achieved in this region. for elalple 
when 0../').. : U85 (~pIo: U) we are hning r>.-: 8.8182 and ",,,l/Ij-£ "" 
2'18-1 dB,cl¥2'j.lS-4. Delay line energy loms would be about O,7 dB! 
at 18 - CI wavelength band and about 1.5 dB!JLs at 2 - CI band, So 
in this case a cOlpact tile delay line with 1 dB energy iosses 
and about 8,5.,. U I long ( it s depended on the t/'A paraleter! 
en be constructed for 1.5 jls delay tile at 10 - CI waveiength 
band. 

Bowever it's ilpowt to note that given calculated results dont 
take account of the eli inner surface conditions ( surface treatlent 
clearniness, ilPurities ets. ). Real values of energy losses are 
about 18 I to 78 I higher, 

The results obtained shol that the tile delay line lor RF 
energy storace can be constructed based on eli !11th Han lodes, An 
acceptable values of enerer losses and line dilens10ns can be 
obtained for wavelength bands frol 18 - CI to 2 - CI, The iloe5 

parueters can be deterlined by the lethod descr ibed, 
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