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RAPID PLP .. CEMENT OF A SYNCHP,OTRCN BE.Alv1 
ON AN INTEHNAL TARGET 

Warren Fenton ~:;t,uhbins 

Radiation Laboratory, Deparbr:.ent of Physics 
'Urd.versity of C;tiiiorur~a, Be.rk.el~y. CatHo:rn.ia 

October 1, 19 34 

ABSTRACT 

Twc1 r:r!ethods oJ placing high·-energy el~ctli."Onl'J h~ a aynch.r·otron on an 

inter!,lai t.arg<~t withi:r.t one microsecond a.re p:roposed.. One r.nethod uGes the 

forced radial o~cillations that occur at n oc ~';. 75 i:n the pr-..:.::Jence of a !irs~ har­

mo:::'lic nz.imuthal va:riatim.1 in the magn~t:ic Held vthich gives rise to a Mathieu 

Equatior1. The effect oi the first harn:l(mif.:: in general a.ncl c-S n !:: 0. 7S is examined. 

The requirem~ntlil for changing the radial field g-radient t:(.) n ·:; O·. 75 are deter­

mined. An operatin$ cyde is s\lggested. Th~~ second method propos~s the :lp­

vlication cf a radiofreqttency electric fidd resonant with the r.adi~l osdilation 

tlme producing blo~;rup in <An uttmodified magnetic field. The axial and radial 

oscillation fJ:equ.encie~ a1·c not C{>rtln'H'!ln~nlr>able, thus reuonance blowup i:!ll a.voiC.ed 

in the axial direction. The conditions to accomplish these are de~er:rnined in 

pmeral and :.1pccifically !or the Berkeley synchrotron. 
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RAPID PLACEM.ENT O.F -~~ SYNCHROTROI'\ B.E:.a.M 
ON AN INTERNAL '!ARGr:T 

Warren Fenton Stubbins 

Radiation Laboratory, Depal'tn'":icnt of Phys:.cs 
University of Ce.lifornia, B~rkelcy. C.'l!.liion1ia 

Octob~r 1, 19 54 
I 

INTRODUCTION 

T ... •vo method~ o£ ?lacing th~~ circulating electron. bear.n in a eynchrotro11 

on an internal target in one microsecond are proposed. The fi:r1:3t u:ethod re~ 

quires the modification of the magnetic !ield ·of the synchr;:;.tron at the end of the 

accel.e:r.t.lth-;n -::ycle tc permit the use of a reeonar.ce betwotJen the electron osdl­

lationl'S and au azimuthal field variati(JU. The second. rnethcJ. uset; the resonar1t 

blow-up caufH!d by an rf eh,;t:dc Htld perturbing the clectrone at the fu;quency 

··;. 

of their oscillations at the end of the acc:ele:r,,tion cyd<&. The conditions to ac­

compliah this are determined in geut~ral arid specHicsUy for the Berkeley eynchr1.1-

tron. The ae methods may be applie(.L to betatrons as ·r.rell . 

.At the end o£ the acceleration cycle in synchrotro.nz, the radio!requcncy 

voltage is removed and the r:nngnctic fi~lld is static· or changing very iilowly. 

Under these conditions, the dectrons spiral slowly in-.;r:J.!'d bec;;mlle of tJ~~ir 
1 'I 

les:; of energy by radh.tion. '• t.. A target placed at a.n inner :radius inter.ce-pts 

th~ bearn as it moves inward. In the Berkeley eytlchrob·on the beam consumes 

about 15~l5 microseconds in being decelerated. by the target. The bremsstrahl­

ung 3pectrum is present thrc\lghout. 

lr1 son>e expe:dmento, an example of which is tht~ mc~asur•.ennent of the 

decay of~ meeon in flight, it is necessary to obtain a very 9\'H>rt burst oi radiation 

!rem the r:i1achine ·#ith no sutHH~:quent :ntdiation. The first part o! this paper 

tells how one-rnicrosecond duration may be achieved by making v.se of a forceu 

oscillati<.m occurring at an n •alue of 0. 75 with a fi:rst harmonic vari;ation in \l:he 

m'ii'.gnetic field aaymml!try. In the Berkeley synchrotron the variation of th<:! 

field with radiuSi must he modHied to change the n valui!. f.rom 0. 67 to 0. 75 at 

the time the beam pul11e ls desired. The requirements for doing this axe de­

termined below. ___________ .. .._ ___ 
1. I-1. I. Schiff, Rev. Sci. In.str. 17, 8 (1946}. 
2. .T. Schwinger, Phys. R~v. 7~, "1912 (1949). 
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·The. second. pal't of this pape1· ccmsiders t:h:e application of a radio 4 

.fx·eqaency voltage .r.esonan.t with the J.•adial oscillation frequency <.YiU indue~ 

a rapid increa!\e of oscillaticn amplitude and the prece:iision ·..vill carry the 

particle on.to the target. The rc;;quirements to ~.ccomplilsh this are also detern:d.ned 

below. 

A pulsed electrostatic de£1ecth1u aystern hal'.! be~n trie~ an.d is unau~..:.cCJasfu1 

for the following reasons: Firl!t, t:th~ voltage gTadient requilt ;;::d could: not be m;: . .d.n­

tained in the a.ccele:rating cha.mb~1·, and S!f!cond, the strong ioc'l!sing action. oi 

the field reduces the initial deflection into an oscillatory· path and fu.::-tb.cr- it.c:n~alH:!O 

the voltage requirements. 

Attempt21 b' auddcrLly pulse the magnetic field to a higher value and st~~p­

wisc reduce the radius of the orbit of the partfcl,~s a.H invcliv<~ ::~.'longer th>H': in 

making the required change of field tha·n im used by the beam in :3piraling hlwai'd 

because of radiation loss. 

• 
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P.:'\RTICL.E 1'<-10TlCN I!\" THE PRESENCE OI' .A l:-ll~.s'!' HARMCNIC 
OF AZIMUTHAL 1i'lELD VARIATION 

Th~ derivation for t..lte particle motion is rnade to ahow the effect of 

the fil:"st harmonic in general, U.lld i.1.t the condition n = 0. 75 in pa::ticular. 

:f'Qr a circular pnth in a n:H~.gnetic field the equilibrium orbit is obtairted 

when t.hc centr.ifugal fo!'cc.g eq_ual the m!\.gnetir.: forces. 

2 eB~ v 
rnv o 
--= ------r c 

(1) 
0 

• 

whe1•e r is the radiuo of the equilibrium orbit and Br is the rl1agn~tic field 
0 0 

.at the ra~lius. For a pa.rticle not on the eq'llilihriur_? orbit a fo1'Ce- arises given 

by 

2 n;v eBv 
F::: --- ... --· r c (Z} 

8Br 
0 Lettit1g r = r + p and B = B:r + p, and letth>g the azimuthal variation 

0 0 or 
be such that Br0 :::: Br0 (l + h. cos 9), we have a force 

2 \ 8B l 
I :e (l + h COG A) + ~~0 

p (1 + h cos !)) j F -· mv ev 
- r+·r- c­

o '
; rc vr ' 
l J 

., 
1 1 ,,. 

' •.. tt... ~- - ' !l (!" 
.no~.tng uat -~-· -- -· - -...,. + -·-..-· ... 

r. P ro r ·~ r 5 
"' . 0 0 

Sinct:: f• << :r0 , this sed.es may be cut o£f aftex the seco~d. tel·n1. Then the io-rce 

may b·~ -.... ·xitten 

r ~ oB 
1 2 : 2 r 

1- . ., 1mv ev .... , :-nv ev o 
~: - ·L' r-- - c- .t> r \ ·· r ""· P - c "1)1~ 

0 O_i 0 

p -

,... 
! 

evh L1 
'P 

-- .:> c 'i. 
0 
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but-··f:tO'il'l E:q. !.·~-the first two tarms on the right-hand aide &1:"~ equal. a.nd thus 

the bracktet is ;.:;e:ro. 'fh~: [():rce rnay be repla.ced by the product of the mass of 

the pnrticle a.nd its accderation (since the particle energy. is aseumed constant): 

Sin<:.i<': n < 1 and p 

., 
. d'-

.Lettn;,p, -~ 
. dt'-

.l 2. 
F _ n; ~-.£. ::- r.nv~ p dtZ- r •· 

eh v 
--r c r o 

0 

0 

8B 
r e v o ----r -~ c r

0 
o u 

... ~ 

cos (1. 

as r 

( 3) 

1' '0 - .... _ - , we may write the B.,.. ar 
"o . 

. ( 4) 

<<r ' 
0 

t:his equation rnay be written as 

''l' 

:: - v/"h ro C:08 e. ( 5) 

- ~r CO" f.'l.·.·, u ... o ... (6) 

The solution c:f equation ( 6} is of "he form 

hr 
0- ""· ---corn u. 

n 
(7) 

Since for the a.ynchrotr'.m ~/f··:·-·;- is not clo~;r.~ to unity and since h is srnall, the 

third torm is a forcing term f.:u.· from r.e.sonance and i,t does not contribute a 



lU'l.idh•ectional incl'ease in p. Thus, exc~:pt c,.••rh£;:n. n-=- 0. 75, the _pi:'('H:h'!XlCe of. a 

first h~l.rmorli.c: of a::.imut:hal H~ld varb.ticm hae nc. se:rioue effect on the pa1·ticie 

rnot.ion, as reve~led hy thiii; linea:rL~ed ~?.qnation. 

If the te:'m np ie Ut)t d.t<·~pped. the equatio11 bc~cc•trH;,"J 

'} ... I 
..:!,(.. ' ' i 

!? ·}. I {1 - n) - nll CCJS p! p ::: hr coo 0. j ,, -
! 0 
L _) 

( 8) 

V'!e may consider the auxiliary equ.a.tion for Eq. 8 and sub3tituta for the inde­

pendent variable (I :::: 2·? to obt~dn 

} r- -· 
~:.r;. _._ 4 ! { 1 - n) - nh f;()~~ 2 r!; i p -· 0. I -
cl¢.'~ l 

. t 

'· j 
(9) 

~ 9 . , " tt. . ti h . 1 " 3 . .11.q. 15 a .lv~a m.eu type equa · tH.L w o se cannn1c a torn1 lS 

2 d y. -- ·"'" ( ·~ .. :.q ,..(··~03 ~;.T,'J y :; n. l . •• h ~ •v -- • 

dz 
(10) 

bl I.'Jhich 4 {l :- n) ::: a ;.u~d 4 nh :-: .::q. F'nl:' 1H:1al! vah:ws o{ h. L e., 5% - 10·~~. 

and ... ,.a.lu.es of n f 0. 75, this equation i<~ stable:! aw:i its soluti'-m is O!?lcillatory. 

How~ver. at n ::: 0. 75, Eq. 8 become:! 

wh(HH! solution is 

.. 2 
·~ + (l p 3h coa 2. 
d$"· 

.. 

(H) 

(121 

where ¢ (,1>) it a periodic function of pe'rind ~· and p. ie an u:xponent which i~ 

·--...... --.. ---·----
3. H. Mc.Lachla.r., Theory at'l.d Appiication:;; of hb.thieu Function~. Oxford, 

1947. 



reaL The fir~:~t te:nn of the s«>lution r·~~:n·esents .:; .. n exponential gro·Rth cf the 

oscillatory nv.>tion. 

For the conclitionf)l a = 1, 2q :::: 3h, the solution l'nay be obtaint::d from 

lkl..achlan3 (Sect1c~n 4. _?,!)) :1;; it ~ ·t ~h. The a::-npHtude d <Jscillatiou is increased 
l 

by a factor of e each time ? bccom~s ~· Thus the nuxn~er o:f turns :required 

to give tl;le growth of e is 

( 13) 

Thus as an exZ~.mple, a l-pe1·cent first harmonic wiH re{!'~ir~ 43 turns to grow 

a factor of e. A 5-pt~rcont first harmonic will give an increas€' of e in about 

9 turns. In 1 microsecond the elc:ctrona n:ia:ke 50 turns, BO the increase in t.he 
' 50/9 

latt<tu· case will be given by e "'""2.60. It. is expected this inc r.ease \Vtll destroy 

tht.!\ b~!am by bringing all particles onto the target. 

MOD!FIC.AT!ON OJi' THE SYNCHROTRON FIELD 

The modification of the field pattern o-f the syn.chrotron may be rnade 

~y adding curr~nt loops in the region cf inte:re~t. The i:ntentlon is not to change 

the mean field value, but merely to chang0 th~ dist:dhution within th~ gap. 

Figtt:re l shovls field distribution under n.o:rma.l opera.ting conditions. 

Figure 2 shows the phyaical arrangem~nt of th(~ ga;>, including compensating 

cons. The compensating coils are dosed through r~sisto:r.a whotJe value fo1.' 

each set was arrived a~ experimentally. :Figure 3 shows the magn~tic cych: 

.and tlu;: cutoff for the radi.ofr~quency sifi;nal. 

F h d -· i · f r 813 h ' £" 1 • "=' 11 AI"!(' . • rom t e ean tlon o n ::: - "'"" -- at t, e peii\.K '-'3 •:1 .u :"! ~ >tv • gauss .0 3r - c::s 

at r 
0 

"' 39 in., one may obtain the change in radial gradient required. 

Table I 

aH/!.lr Cl H/8 .r. '\~H A~~~ 
l" at n=0.6'7 at U-.!0,75 4. .... Hr &l' 

3611 -1. 96%/h<:ch '> 19"'' l • ...... · 'o 1nc.t 0 , 3-' !. l - ..... '\l/lUC l 26.2 gauss/in 

39 11 t --, 
- - • {f • --1.9.3 ~G. Z 1 .,~3. 9 

..;!711 
. t' ..... -!.52 -1.70 -0 . lG 20.fJ 
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The change in t1H'!' !P-'adi:.!nt .:iu~ to one pail' o:f c-oils b ~sti.n:at:..'!'l .ae fe>llCl',Vt:1, 

Th f . ld f . d . • b "!.:! 0. 2 I . .. ·o • ·. e tc J."(•n1 a cu:r:r~nt-carry1ng con. uctor u; g .. ven y .u "' -- \Tihere u lS r 
in ga\iiiU, I in amparcn5. and r in ern. Th-e p>.·esmce o£ nonsa.turat~d iron i.nc.z·ease$ 

this by a factor of Lvo. and the presence C•f the nther men:1b0r of the pair gives 

at! additional factor ~f twrt. The ve:rtkal COl~;")?Or•e:!li: at th£! n:edian plan-e rnay 

be ;;cm1puted t.'ten from B. ::: . ~· ~ ~~- . Figure 4 sho•vs the Held from i:he 'No. l 
¥ X. - Y" 

pair •. The additional contribution fron1 ~-,e first set of imagct1 i5 given for the 

lh·st pair of <:oils. The ~um of. the field from the coil and its fi~at reflectio1'1 is 

shown. Finally, ;lh appxnxi.!'n:atio~" sh<,.,vn ·,va.G tak.,;n as th(;} contributinn of the 

coil and all itt3 reflectiNu;. 

From the n,pp:roxh'l;at:ion. cnrrent.$ in the eight s~ts of coils wer•~ c.s­

st.:~.rned to have various values to give the dist,~ibution d0ai:\'·li!,( Th{~ bt::t.t fit i!~ 

6bf.ainod wh~n coHs 4 and 5 have abo~t 192 amt·"'".n:-es in each conductor .~.nd all 

the other coHa have ·no current. The spacing between cons 4 and 5 is the optimum 

for this gap. Figure 5 C'iho·f.ti'J the field from th~taP.! twn pairn. 

The ef.fe:ct of char.gin~~ gap width has not been conaidt!!red in t;his approxi­

r:nMion .. The effect is t:o increase the gradient in th~ amaUcr gap !'eglon and 

-d.ecret.ti1le it in th"~ lG'.rger gap region. Thi.s is just the }H'Oper compeuaation to 

·giYz:J·the .f'orn-.t in::plicd in Table I. Adjustments in the currer.ts in the pa.irs of 

ccHs perm.it a.;ditional tximming. 

'J;'he force on the co:ndttctcn·'-1 is 14 a.di;"l and is about one and one-quarter 

pcm,nds pe1: inch. 

A siza.ble first harn~onic in the full field of thc1 synchrotrou is bt~lil'~ved 

to e:det. A more pron_ounced ha.:rmonic may be induced by adjui!ltirt.g the qua ... h·ant­

coil curr<mts during the fina..i portiQn of the cycle. 

OPERATION SEQUENCE 

The change of th~ radia.l fieirl gnd.i.c~nt may takc-; plact': slov;rly, with 

the rapid increase in radial oscU1 ation amplitud~: occu:trbg only when t.hl!' n. :..: 

0. 75 condition :iliJ r.ca•:hed. Thus the beam rmty b1:: destr.-;.yed in a. Vl::ry short 

time ~rithout the pulse rHf.fic,..llties of th~:· othel" Ult~thcd.s. 

The rate of rise of c•.1.rrent in the pairs of c'bU::J must tnect two requir(!­

ments. Fi:rgt:, the rate mu$t be sn:a.U enough. to ave hi. aubstar.tial cancellation 

of the field uy the induced currertts. Sec(md, the duty cycle of tlte current must 

be short enbugh to avoic1 r..werheat!ng the cnn-.lucto:r s . 



A tmita~l<e <:ycHn_iJ Ctpt:,'l'otion n.1a.yiH~ <!.;'! fotl(~;v~;~. Nt~;:;.t· the e.nd of the 

acr:~leration cyc1~ cun·1w.t rnay be supplied to tht""! pairs nf coils,· perhapfl each 

tu:r.n being in sf.ries with tho others. The rat.;: of rise of thb .c-urrer..t mny be not 

n~or.e than perh.a!;.S five ti:::'lH"':;; the rnaximum :'ate ..:>f :rise of the mab field .. Tht~ 

calculated condition for radial blov.'tl~:l may be .?\.Chicved after :1. suffic1'ent perir.:d 

of inward fJ;;>ira.lh1.g to carry the beam near th0 tar geL . Th~ current may be 

stopped in any n"~nnner. 

The slo.v rat-e at which the be<oun l•.JI.ir!!S ener.gy and .lt:::(~:teases l."a.nhts 

appe~rt.J t~: J,').t'ed'.ld.;,- any ~~xt:.t·en:H~ !:::~actuc.ss ~::1 the t=ydi.ng operation. 
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PAR TlCLE MCT'IO!;i lN THE t:-'.RESENC.ii: Ci.F' 
A PBRlODlG Dl!.;TURBANCE 

in the .iyn.chrotrcn •. and t is tin:e. 

• 

( 
V r.: I 
L ~'I 

Th~ ralati.r:m between the r.adi;ll. a.n.i a:·:ial osdn:atiotl a.ngul<.n· £:req1:t~'lnd.ea: 

and (..,)0 ~Jo):'e: 

Z.n th:e Be1·kel~y ayndlr.oti·on the value. of •• is 0. C. 7 ancl r~Sn.·,ainu 1.mchangcd. 

Likewis.e 0)
0 

ren-:ain.s r<>:'actically unchar;.tged. fo..s the p?.:r.·tidea t.:ravf~l at alm0st 

the velocity of light, i;,) is' given by 
. 0 . 

giving 

The~ cha-.;.ge~ in ~0 cr.:cuJ~::.·in6 as the particles spiral ix:.·.orard ia very zmall 

bec~H.'I.'i-'~ of th.'O $!-:ni?.ll cha11ge in the rn.dius. T!H: n>;;,xi::.nuP-1 cho:u:;gc in w is about 
0 

0. 5 p<.!r.c ant. 
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c 'i ~ ·r "'r l ~ n 
·r- ='·- :;::_ -.--. 
1 w ~ n 

-~ z 
( 16) 

• .. 
1/2 = 0. 707. •.vhir.h ;.s not ccmmer:,!lurahle . 

. Now ·.v·~~ shaH conside:r the cli!:ferentia.l equationG when there- i6 a forc­

ing tern: present. 

d ?. /.Jt2 .... t'' P~ .r_\ I " -

.. 2 2 
n •·./dt + 

) z 
n w 

(! 

Kt sin 1.0 ~ + B cos (.o.l,,t - .,..--cos w t. 
r r ... • .. <•J r :r 

.\.. CO" t • K . t' +- n .,. <,-', ..,..--
2

-·----r s1n w • 
l. :';.,. ... . ~~:. 7. 

(jJ - w z. l. 

(17) 

( 18) 

( 19) 

(20) 

ln the z solntit .. nl., the third term on the right has a constant a.rnplitude 

but a different fre<{uency than the free oscUlations. This may be considered 

as a modulation of the f1·ee-cacillation amplitud<.~. 

In the r i!iiOlution. the linear increase oi the amplitude O·f the CCH:fficient 

of the third t~:rm o:n the- right in tir:-:e is observed. This amplitude increas~ 

will pr~dominate !he situation and Luge oscillations will cause the particles 

· to strik.:: the target. 
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i'. :::: \ H 
I"' i 0 

L 

thu~ 

') ,_ 
Since ·g: -· 

m 
e•: c 
--~:; ·,; 
me~· 

.-lJ-

I 
I 

S"ctti'ng 

( 1) 
.,, . ., f 

··~=<- .l:i_l, 
~) \ 

l 

·o~te obtain 

,.....,..._,..,....._......_. 

., ' ,. '( c.. i.-J ·).< - l'1 X 
0 v ' 

'·) ·.:.- r -.{ J.) ~ 

0 -.. -~ ..... ------- .. ---·-~.....-----------··---· .... 
c~·t 

:: 0. ·.ve vbta. in 

This is the tot;,d for.ce normal to the eynchron.ouz ortbit ~equir<~d to give nn i~ • 

<: rease in amplitude of { x - 1) in tin:;e t. 

Since th.e length of th!:l deflector is J, a.nd the ~1 ~~rdrt':ins are perturbed 

only in this r~gion, the :field gra.di~:·nt must be increased to rr.ake the net f.:~rce. 

equai the Vfllue computed ahove. This ratio 'is giver\ by 
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.: ·~:P'"' -r 

Thus the l'iH~Jui:red electric field grndient in the deflector is 

2 4.1 )r::--;; (X - p B }'; 
o ' o ZrrR 

tt:r. :.; • ·-------r.;------ --r 
c -

A>t. an. exar:o:)1.\',, ff.H' 350-J\lev electrons, H.:"'- 3. 5 :>: 108 .ev, x = 500, 

3 X 108 l.''"!d/s£:c, R ·'= l rrH:::ter, r ::; ?5 en;, t.::;: l0- 6 sec, n::: t:/3 

(l2) 

h;. th(; ~Jrncilr~·tron i;'{~.c; vn..iu-::• C.if h 2"t the tin-;e <t }.)ertu:rbad.ort v.;•.:n:tld be applied .o 
io srr..hli, <~bout ~~. i. c;:..-:, ovcing t~) lh.e (!.am?ing c\'H:;er·~·ed. The amplification factO :I;' 

x :r..-:uut b(~ s.nialle.:: :for larver B ; thus the value conip· uted in the.: ~:xamule is 
~ 0 . ' • 

ce~:-tainly high~x th~:~r. t'('quir(~d. ThE, ?rOd\.ICt of grd.dient and deflcct.:>r length 

.. ~ ;")5 
.... 1. j X l .. , electron volts cn-:/crn 

I. 

O~s.fc t:.;·,tc·J. the co··.n::;en~j:;;.tic:,:t b""t·.vecr~ Bu anrl ~t reqnir•:d to :;n·oduce ;'-1. given atnpli­

tuce; thus the fb:)l ::.tT:p~itud.r: is independent of the initial 2i.r..'1plitudc and iliil a 
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Fig. 2 --- Synchrotron· Cross Section 
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