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Sl:ilcothir.( Circuit fer ~C ?late ::unt~l;; to R. ~-. ..l.znn l ifier 

· 1 • . Ir.trcduction 

·] In rU'A, the RJi' power which has to be supplied to the 
accelerating structure ar.d to the beam rises durir.g the 
acceleration period to compensate for the increasir.g radiation b:,· 
the electrons. The P~ power is switched o~ durir.g the decreasir~ 
half of the magnetic field cycle. 

Csir.g the latest available figures for power amplifier 
efficienc:,, and an estimate of the most strir.gent requirement 
during extraction, tr.e !:C power input to the RC!>. 2C54 tube 
plate will be as shown in fig 1. 

The DC component_ of ;:late currer.t is obtained from this by 
dividing by the· voltage, .,hich can be assumed to droop durir.g the 
acceler.tion period from 12.5_kv to 11 kv. This is sho~n in 
Fig. 2. 

A good approximation to the current curve is a sawtooth 
sureriwposed on a square wave, and the idealised wavefcrm also 
shown in Pig. 2. has beer. used ir. ~~~ calculatior.s. This is 
pessimistic over mcst of the period as it :-t.sswnes a rathe~ lower 
~fficienc~-than u~ed in Fig. 1. The "on" a"c "off" periocs 
have however been made equal to si:::plify th~ C"llCulaticr.s. r.!l 

open circuit voltage of 14 kv was used in all the calcuhtior.s, 
which is about 1 u,; high. 

The r·roble!t then is tc cheese 9. srucothi.r.g cir~uit ~hich will 
li!!.it the voltage fluctuations at the output to 9. level SOltis: ... actor~· 
for the !U:~lifier, ar:d limit th·c fluct'..ia tion of currer.t Cr:ti":'r. 
from the ·pmver sup?lY to a. level satisfactol")· to the rectifiers ~r-d 

the electricit~ ~~ins suFrlJ. In ~rinciple the p~r~eters of the 
rectifier se:t should be kr.c'lir., but v;e shall lu;::p ttese ir. the :rcrr: 
of serie5 re~i~t~r:ce ar.d ir:ducta:r:ce ir..tc the exterr-al c:.rc'Jit, 
which wit..~ l::.rge ext.err.al smoothing com~or.ents, should be-suf'ricientl~y 
accurate. 

-1 -
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2. ~imp1e C<:tse witr.out i~ductarce: P -C 5moothir.c. 
-~· ----~--.-----·-· ····--:-·· -,..,. .. ·-,-~ .. .,.._ . ., .. -.·.·· 

The circuit used is s.'Jowr. in Fig 3a. V is the urJu:o"r. load voltage. 
This gives the rollowing equation: 

"hence 

V = VB -IBR 

I:a = Ic + IL 

dV 
Ic = c dt' 

dV V+RC--V.,: -Rlt dt ~ . 

'I 

.. 

~ is given by ~= 
. i2 
1, + -t 

T 
from t = 0 to t = T 

It = o froa t = T to t = 2T . 

Boundary conditior.s are: V is continuous at t = T 

v ' = v . t:O t : 2J. 

l':olving t.'Jese equations, we find V is given by: 

a) t=Ctot=T Ri2 t 
v = V:s ---T + 

t 
A.,-RC-Ri, + R

2
C i2 

'T 

( 1) 

(2) 

(3) 

(4) 

( 5) 

ar.d b) t = T to t = 2T 
-t V = A' -,.,. -e rt\, 

where A' = 
Ri, + Ri2 -:a2c 

-e 

T 

+ VB 

i2 T 
y--Ri, -~ e + 

T 21' 
1<C' (e-!e' -1) 

iz 
ar•d A = A' + ef.C ( Ri, + Ri

2 
-R2C x) 

R2c i2 e:
T 

T 
~ 

~quatior.s (5) (6) &nd (7) oar. be used to plot V against t. 

(6) 

', 

.. / 

The voltage drop f:. V from time t = 0 to t = T car. be calcc:h ted 
directly from 

6V = r 
l' 1 -

... ~ 
RC 

e ) (Ri, -R2C 

-2 -

i2 
X' l • l Ri2r 

J 

....! 
( 1 + e-F.·: -1 

·""" 

(7; 

(;; '. 
\ '-'' . 
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The rectifier currer.t is giver. by 

V:e -V 
~= R 

" I:e occurs at t = T ar.d is given by The maximum value, 

6V 
" ~= 

R ( 1 -e 

T 
-RC ) 

.3. !·l..:merical F:esults for R-C <:-moothing. 

a) 

b' 
' 

Fie 4 shC7;s 
1\ 

6 V ud Fig 5 shows Ip 
v -

II IE,.,.,"'"'" 

for various values of R. 

as functions of C 

T = 0.01 sees, i, = 39 .amps i2 = 73 amps. V-, = 14 KV. 

Curves of VB -V are giver, for two particular cases in Fie 6. 

. ( '-. -, R = 1 (., oh.-::s c = 200 t' f. 

( ii) E. = 20 ohms c = 300 f-f. 
v 

The other param~ters are as i~ (a) above 

r: .B. The !\~:3 value of'· the currcrt is J5.5 a1r.ps, so the power 
TiS'sipa.ted in s. r~sistor is 3.1 l'Ji per oh.;;.. 

':he rectifier C'Jrrent is giver. by (-9) and is seen to be the sa"'e 
\.. ("l .. , s.~pe as 'B -'-'; • 

c) Sum.clary: F..-C s.::.ootr..ir:g (11.eglectir:e the proble:::i of li=:itir.e: 
surges at sT.itch-cr.) will ei.,:e ~de<:u3.tel;; low valut:;s of~ V, 
but: le~ds to eitter large va.riatior:s in !~, for low V.S.lUE:-S 

cf" R, or a l::rce 'i'.a.ste of pC"r"1er for large-R, witt. ereater =.eq,r. 
vol t:J..CE:: Crop. r~ fl_r.y C.'3.se' ar:.:,· practic:].l ;:0':'7er ur.:.. t ')":.:.1 ~ h::.-;e 
su:f'.ficie-:-:t ir:herent inductar..ce for these calcul.'1ti6r.s to be 
-l" . ::.r~va. :.a. 

I.... ::.x~er-!"':.cr. tC" ::r.c!',_:~e e. s::-.oot:--1:.:,=-cho':--e or i:~nctive sauTee. 

·.::-:-:·= c:J'""·c'J..: t , s s~:m.,.r ir. 't'..; ·-:::tb \ P ,-ov; l-.'!:1.::: !=1.-.; r.·..:; .• ct~ ... ct . -,_ -\ ' . .. . " " . ' --~--.. 
l ir: series with it, so the et;e>3.tiors ( 1) become· 

di., 1 
V = VE -IER -L Tt 

T -T + I .. 1: -..,.C T 
. -I 

dV 
Ic = c 'IT ..J 

-3 -

(9) 

( 10) 

.... ..!,_ 

( 11: 
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• • • whence LCV + P.CV <> V = V:e -a1 -I. IL . .... , "'i-... ,_, ~-~~--,.,. ,,.,...,._~_.... . {;.·; -~--:. . 

i2 
and as before, Il = i, <> T t t=O·tot=T 

' 11 = 0 t=Ttot=2T; 

Solving ( 12) for V as before, we find: 

For t = C to t = T 

V =A, e-cxt cos ("'t + p,)-K, t + D 

For t = T. to t = 2T 

V = ~ e-<Xt cos (wt +,52)+ VB 

"here o< = ~ 21 "'2 = ~ 1 
rr-

D = V.., -Ri, . - ~. . 
12 

LT 

4!.2 

+ R2C i2 
T 

Ri 
K, = 2 T 

• .c.~, A2 ~~-12 . are to be four..d f'rom the bcu:r.dary cor.di tions, wtic~ -. . . 

are that both V ar.d 11: must oe continuous at t = C ar:d t = T. 

~ is eiven by 

t = 0 to t = T IE = i, + 
i2 
-t 
T -c r -<><t 1 L-t..,:.: e cos\""..ut + ,J,: 

, 
• -<><tir~ -''· •.. : +.r..1we .=:n\w ... +p1i+~.,j 

t = T to t = 2T 
[ 

-<><'t f. .I) -""t Ip = -C A2 
D< e .. co~,.._,t + ,

2 
+ .~

2
,...,e sin 

(w t + 12
) 

The boundar;y cor:ditior:s lead to: 

. -o<T t ~ .1 ) ,. ~ , , -<>< T ( m j , V rt,e cos,w~ + Pv -Ae.J.. + J.,. = .t'.
2

e cos (..t.} .L + p
2

J + p 
I 

-o<Tf ( . ") IT ')" .. , ... _ I -~· f' A, ~ L' <.-·· ...,.,... +/'I 'I' ·' ~··· (" ... ,, .., ''.-c ~ . '-t L"'"-{.·T·· ··}·"·., 

-'..,.;"i . ) 
A, '-'-of, ... :;;,.,. .L c. -:..-·"(-::. ... '~;'.... ..-v~ 

( 1 "; 

( 1 '·' -I 

{ 1G''· \ . ' 

(1 ~' .... 

I • t:, .._ 
\. I _, i-

( 171 

( '-. ./ .o 

( 
A,) ' '-

. / I .~ /If -+' ~~-·~ -} \ .. <.-., • ,.. {><. / ' ' ( 'l... .• "T'. / .., ,_, .-.. ··-{ ... /, .l j i 
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2iml)lifj.ir:S. e~'Uatior.s (18:· fer the cor starts, v."e t:et 

-"'T . ( .L , -<>< T 1 .L , 
A,e cos lc.,T + p1 ,' -.:..

2
e co~vi-'T + p21 + D v\::. Y,T = C 

, -O!T 1 '~' .L ~·, -<xT (w"' .L ') v it· · · 0 .t1.1e C COS\<...l ... + p1 +c. i--'1.
2

e C COS ... +p? + ;:, +.-.,-';\.1.1 + l., / ::::: 
-' I.. . . '2. 

.L , -2 o< T ( .L , 
A, cos , , -.,

2 
e cos 2 w T + , 

2 
i + !' -V E = C 

i, 
( .L C) -2"' T . (' •. -.L ~' A,c cos\P, + c. -A

2
e c cos 2.:.o.'t· t ,2 + ei + K, -c = 0 

0( 1 
where cos E c 

sir. £ = ~ 
c 

2 
c = r.c 

~elution of the e~uations: 

T.rite the.:u as 

'{.., -!) 
. 

-'ap-bq+ax+ by = 
cp-dq-cx+dy = 
p+ex-f::r· = 
gp+hq+~X+ly = 

T.hei-e p = A, 

G = ."".I 

X = --~-) 

-· = .• 2 

" 
:;:: -k, 

b 
~ 

k, 

c = k2 

d = 
), 
.. ) 

e = -:12 

f 
2 

= -a 

g = k, 
~ 

h '· ::::: -z.3 

'" 
r 
T> 
y 

cos 

sir. 

cos 

p, 
~. 

pl.. 
sir. P2 
a cos··~/~ 

s si~ t..,)T 

A C COt'((.,)'J:l + S ) 

c sin(w .. + S ) 

cos (2,,· T) 

si."l (2c.vT) 
r 

c cos c. 
, r 

c s:.n t.. 

~ 

j = -¥. a-c cos(2wT + E 
) 

= 
, 2 . ..., ..., ~ ' ::

3 
a c s~~-(.::::.wl + c.. 

c:-= -n) c 
.(."I := -

•r • "':l -I:. + ":.' ,., .... --1-
1•2 ~ . ' . 1, + l2 -~-.~ 

-c.;T i~ -?2-~ a = e Y =: V~ -D = Fl., + !. 
~ ~ 

. 
i2 
'!' 

k = 3 

c .... _ -T' ~ r •' ~ 

.... 
.. r 
' . -
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whe~ce 

~(~h -:-,. bg~ + bJ. +, ~eJl)+ y(bh + t1 + bgf ,fh) = Y.h • n -ne. + ""h 

x( -ch-i!ee + dj • ceh)+ ~·(db + dl + dg:t' + cfh) = Y.h + :Kd -Xdc -i:ch 

It' the ::..ctual r.umeric~.l v"1ues or a ••••• t are computed ar.d used in 
these two equations, x and y ard easily found, and hence p and q. 
The constants 41 A2 p, p2 are then known, and can be used in equations 

(14) -(17) to plot V and La 

l"ote that to obtain results for a simple squar~ w<tve for r
2

, we 

cerely p~t i2 = O, and i, the emplitude o:t' the square w~ve. 

5. Altern-!ltive ~:ethoC of· -\r.al~--sis 

a) 

t; 

~·etho~ l..r. ir.terestir.g ::t~C B-?!"lro~riate alterr.ative methoii of" fir.dir:e 
the vel tac;e r.e.veform is ~iver in the pap.er "Circuit -ave:forms for 
·Periodic :· avesn b~· !'. I.-. 7.'~i0elich ir the I:::..:.r:. Tr~_r.s.:!cti~rs cr: 
Comr:::t=nicatior:s Ard ::.lectro:r.ics, !S~rch 196~ _;'':!.~e 1 C3. :r.i~-;·~;cr 
t:iv-.::s ir: a T9.Cle the sum fur:cticr.s of ~ nur::her of use:t'Jl Fourier 
~eries. The techr.is_ue is to convert the appliel( w~vef"orm to n. Fourier 
~eries,. either from the 'I'e.h1e or by !lr.alysis, qr.d to arrl:.· t.:!!:.~ 
~eries to th~ circuit. ':'he steaay-~tate sir.usoiC~l !tr:~l.:,·~i~ is 
straight-fcn3.rd. '.:'~e re~u1tir.g Fourier ~eries for the ~r:!rcv;-r. 
voltage, of little use in itsel:f, iS cor.verted back to a si.=rJe 
waveform ~~cticn by use of the Tab]e again. 

Fourier .J.'ll.)"sis of t'::e lo;;d ··~'l:.vef\:r~ 

Py tb~ r.on:al methor~, tht..: voavef'crm of ~_ig.M 2 is easil:· ~!-:orn tc-1--~S:: 

, ( . 1 . \ T ---, 
•L -2 ~. + 2 -21 

2i 
.2 2 
-rr 

= 

L n=1 

cos(2r. -1)=t 

( .2n -1 ) 2 

"" 

+ 

4 

L sin ~n wt -2 
-..,.,. "n n=1 

where w = -rr 
m 
• 

2i,+i __ 
" 

11 

oO 

~ 
. c· •• ~:!.r..~r.-; ,w .. 

..:::r:-1 
r.=1 

( ' 1>i 

c) ~o1ution fer V 

As l:efore, the e·~l:':!.tior. to be solved is 
n 

LCV + F.CV + v = v E -F.I -u L l 

this ti.:.e with r
1 

~:..-.,en by (19). The solution is E. ~te~d:,·-st~te 

solution, so there are r.o ~rbitr~r~; ccr~star:ts. 

:he zolutior: for this wa•:eior;;; is ra.ther CO.:::lplic.::lttd., hut is 
~uoted here for co~rJeteness: 
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'l 1. 

, .1 (" 1 . ) A ~ 
• = 'E -"'2. J., + 2 l.2 + I L 

cos( 2r.-1 )"-'t 
,2 

(2n-1; 
+ Aa L 

cos(2n-1 )wt . 
{2r.-1 )2+ a2 +"b I 

ccsk-1 ;,t 
. 2 " 

-(:Cr.-1: +b-

0 

0 

+ E a 
"' (-1 )ncos nwt 
L 2 2 

n + a ·~ 
'(-1(~os 
L D + 

nwt 
b2 

+ c, L 
sir.( 2r.-1 )wt C 

-1 + Ln-a I 
(2n-1) sir.(2n-1 lwt 

2 2 {2r.-1)·+a 
+ cb )" 

-
( 2n-1 }sir. ( 2ro-1 ),., t 

. 2 
(2r.-1 )"+b 

+ D " ( -1 ) nsin n wt + l) 
• L n ~ 

"(-1)nn sin nwt 
L 2 2 

n + a 
+ Db 

k, k? ( 2 2, 

" (-1 )nr. sin n ...o t 
L 2 2 

n + b 

k 2 z, 2a.(c -b 1 

'< ~·1 

·.\here: 
2Ri2 

A, = 1i2 
. a_ 3. -c , 

A a = 2 ( 2 b2) + .,_;;..:(~2 -b . ..;;.2 '.J.· 

a a -a -i 
A. = 2 2, 
D (a -b 1 b2(a2-t") 

E 3. 

2 2, (a -c 1 

= k3 (a2-b2) I\ 

c a = 

D, = 

<~ . .r:d 

2 ') t ' 
(c -a~)k

1 
+ k2 a 

a2(a
2 
-b2) 

• 
2_ D = ~-2 a a o 

2Ri2 

k1 = 2 . 2 2 
"1/. U) ~ c 

'< 
2i2 

. 1 =~ 
1'(-c..> c 

= k {c2-1,2) 

3 (a2-b2) 

• k, 
~ 

2( :2 b2\ a a -1 

2i, 

c = b 

k --,.. 
2a trw""' 

-2P.i, 

k2 a ---,--- t '' ') 

7rw "'l"c~ 

2 2 R2 

C2k ' 
1 

c, = "22 + 
a b 

2 2 • 
(b -c '·k - I 1 

b2(a.''-b
2

) 

I 

k3 

• k 2 a 

a2b2 

• L .::: .'3. 

Db = b2(a2-b2). 

k3 
i 

= _2_ 
tr~C 

• Ri2 
k3 = . ~ 2 

ffw "1_ C 

2 ?.2 1 2 2 1 a b = 
"r.22 

a +b = w 2L2 
L_ c = ---:o-
"•c 

2 ... 2 
w c "'~ 

0),!.. ....,-r.c 

'Ibe series car: all be cor:.verted to al,:ebraic f\n:ctior..s b.:,~ trn.~s.rorms oiver; in 
t~e ?~rer or elser.here, and ~ sicple co~puter program~e could produce the 
wavefcr::Js ~"..lite quickly. 

•. 
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d) Solution for a S C'-l?.re-~·,:ave lc:1d 

0 To obtair. a u~ef'ul algebrai.c result, wi tl:out putting ir. r.lll:lerical 
values.at an earl;,· stage·, we.,make the simplif'icaticn that the load 
current is a squarewave (7ith the s2l:l.e avere.ge value as before). 
Then i2 = O, and the solution simplif'ies to: 

. 1 k 
V = VE -F. 2 i + 2a 2 2 (a -c ) 

{a2 -b2) 2: 
cos(2n-1).,t 

2 2 {2n-1) +a 

k 
+ 2a 

(c2-b2) 

{a2-b2) I 
cos(2r.-1 )<..>t 

{2n-1)2+b2 

k/ 
+ ? ~ a_b;:: 

" sin( 2.n-1 ) wt + 
L 2n-1 

k • 
2 a 

2,~ b2' a a. -1 

~ (2n-1)sin(2n-1)~t 
L .. -~ ? 

(2n-t)" + a-

L 

k • 
2 a -}( 

b2(a2-b2) 

(2r.-1) si,-,{2n-1 )u.•t 
2. 2 

wher.ce by the table, we f'ind (2n-1) + b 

A) 0< wt .C::. "-:T' 
" " ~. k. '= 'B -lf.i:U + --za 

2 2 (a -c ) 

{a2-b2) 

-71 + k 
2a 

···(c2-b2) 

(a2 -bz) 4b sir.h b7T 

k ' 

~ 
4a sinh a "1T 

[cosh c( ..,t 

[cosh a{""t -11) -cosh a«>t] 

-71) -coSh b<&>t] + 
k ' 2 a 
22 a b 

, 
4 

2 a 
+ 2 2 2 

a (a -b ) 

-rr 
[sir.h a wt -sinh a(u> t-"il8 4 s irc.'l a "f1' 

k • 
2 a 

b2(a2 -b2) 

-rr 
4 sir.h b rr x 

tir'-lJ. b...:>t-sinh b(w t -rr)l 

·0 E) ~~ "-,.,t L 2 '71 
. 2 2, 

{a -c ; V = ·1. -.!. Ri -
E 2 k A 2 

2a (a"-b ) 

-k 2a 

k~ 

i 2 • z, c -o -< 

( 2 • 2) a -o 

-rl 
4b sir""'l b 11 

..,. 
4 a sirJ'l a-rr rash a(...,t-271} -cosh 

[cosh b(...., t-2-r.) -cosh b(.., t-1/)] k ' -2 a 
a2b2 

l 
a(w t-1TJ 

1[ 
4 

.:::a. 71 
fsinh a(w t-r.)-sinh _2;_2 ,2) ~ \~ -~ 4 sir ... h a..,-] 

1<:2' 
' a a(w t-27T; + ...,.....2 2 -rr -:---,...;.,..-:---~ 

4 sir~'l b ''- -. t-(a -b ) 

Einh b(u.a t-'Tt) -sirc.'l b( w t-2.,.,-) i 

! 

l ' 
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f. ow ever, the:;; do ;1ield a simple and useful equation for 6 'l, 

i.e ... V( t=O) -'l( t=T) 

. 2 
(
2 R , 

t:. v c-11 sin y 
(cosh ., x + cos rt y ) + R 

sinh 11 x 
i = 4 

R2 t 
(--....,.. ) 

LC L" 

w!1ere . rt x = 
RT 
21 

and n
2
l = 

6. Infinite Inductance 

.; 
LC 

R2T2 

-t. L2 

(cosh >r x +cos ,-.y) 

The value of the voltsge droop for infinite inductar.ce (i.e. constant 1,,) 
is given by ~ 

,t::..V= I T av 
-c 

0 
This is plotted in Fie 7. fer I = 38 amps and T = .01 sec. . av 

(note I is the averace over tize 2T.) 
av 

?his applies to an:; wavefor~ of period 2T A.nd ut!ity "::.~rk-tc-space;" ratio. 

7. ?.es,Jlts. 

"'l,"e use T = !"C1 sec ... i, = 39 acps i2 = 73 amps. 

or for a squ~re waveform i = 76 am~s. 

VB = 14 r-{ thrcushout. 

Figs 8 to 13 shcrn the vol taee ar,d rectifier currer.t wavefor:ns for 
various :R,l,C values. :.:est '3..re giver! f"or a squ12re T.'"3.Veforc for 
easier comr-ut3.tion and CC!ilJ:'arisor. with the Fourier method. 'l'he 
io?ortant features are tabulated in the ~able belo~. 

(2C) 
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Cor.clusior.s 

In qrder t<:> prHent 1_nr,::: .. e __ vo:).~"-~;.e."fl1J~t;,u.at~ons ~i.~;>,:;:~:nr;)..J:t."' 
is necessary to :woid havir.g _the filter resonant frequency coir.ciding 

with the 50 c/~ operating freqUency. If a hi.!;her resonant frequency 

is used, we find very l~rge. curr~r.t variations, with the current 

cutting off for pii.rt of each cycle. This would cause severe 

overloading of certain rectifiers in the power supply. There is 

then no alterr.a.'tive, (except possil:>ly a more complex circuit such 

as h3v:ir-e; a capacitor in parallel with the inductor), to providing 

a lar~e inductor end a large c~pacitor. It is shown in the t~ble above 

that an ind·Jctor of .75 her.r.:; is almost e'luivaler.t to one of -infi-l'lite " 

inductar .. ce for this purpose. The capacitor can then be chosen si!:iply 

according to tloe vclta,;e ratio tolerable. 250 rf appears to be about 

the smallest possible. 

?;ith this 

rectifier. 

arrangement, the voltage variation 

current fluctuation !. Oi;• 

. + 6. ·1s -;•, and the 

The choice of ciret:it also has repercussions en the crow-bar s:;stem. 

A large inductance means that the rectifier set will ha..C.l~ ",."" the 

short..:circuit before the AC ccntactor is operated. The stored enert;.:; 

to 1% re:Ooved from: the 'capacitor will be high :~owever, fer ir.star.ce 

with 250 r f at 13 i"Y it will be 21 KJ. 

'. 
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