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Ahmr[
In spocc-chilrgc dornmm.c-d Imms dir nonlmcar spacc-

chargr Iorccs prl)ducc iI fikrmcnumm pmcm, which

rcsuhs In o 2-comp4mcnl hewn umsmlmg 01 an inrrcr core

uric! an outer hiilo. The IM1O IS vl’ry prmnincnl In

mismo[chml Mums 1“3, and tit” poIc EIMl lor accclurumr

irclwaliorr is ol ~(mmn t’or ir nrxl gcncIiIuon nl CW, h@i-
ptlwcr proum IIn;)cs lh~t could ht upplicd Ior lnknxc

neutron gcncrulors It) process nuclciu nlalcrials4. Wc

prcwr[ ncw rcsulls i+hr)u[ tiilm hirlo and tic cvolurmrr of

spit~~-~htir~:~ domlrrulcd Iwtirns [rorn mulllpar[lclu
slrnulouon (d lni[l;il ltiminar hrirms In ir unil’oml lInctiI
kxusing chnmwl, ml Iron] ir mwdcl consls(ln~ oi smgk
ptir(lclc Ir,khruc[l{m wllh iI lllllll~m]-(1(’llsl[y hcirm corr.

Wc sludy lhr uncrgy }Iillll Irom pur[lclc Irrlcrucll[ms wilh

Ihc spauc-churgc I ichl [)1 IhC corrs. illl(l wc Klcn[it y lhc

rcson; m!chwmlrrlshc 01 1111sInlcrticli(m ilS Ihc hihlc

C:IUSC 1)1 IIIC s~p~rilllon 01 III(S hCLIIII 1111() the IW[)

(OII Il)OII(sIIIso WC Idcnliiy Ihrcc dlf’l~,rcn[ ptiriiclc

uulccumy IYIM’S, ilrld WC SU~g~Sl Illill 0111”01 Ihcsc IYIM’S
Illilv Ic;ul 10 l“ollllrlllollS” hilb) ~rt~wlh. Cw’rl idlrr Lh’ hirh) IS
rlmllwwl hy L“(dlllll;lllws.

1. I’IIASIJ. SI’A(’1: l) YNAMI(!S 1’ROM
MI I1.’I’II’AR”I’I(’I. I: SIM(JI.A’I.ION

WC 11!4’Illulllll;lrlll”lc Slllllllillloll 1:1 Slll(ly 1111’llt4’illl/l”il
prtddrlrl (~1 :1 Itlllll(l C(}llllllll(Jll\ h’illrl Ill il ullli~mn IIIIC411
lIMll$ln~ CllilllllCl wllh purrly rwllol l(lcllslll~, l:[~r IIK’

SIULIKS drsi’rllnxl In 1111sIqwr, lh(’ l’lmqmlrr txxlr hm Iwcll

Iurl WI III U)(N) sllllulmllm pnrllllrs lhrtm@ ff~ steps In’r
l~lwml;l Iwr II MI, WI’ Iulvc (ht)wn lo sludy IIN” dymmllrs [d

IIIIIKII ( iiIIIs51dIi, liIIIIIIUlI (1.m~ rIIIIll:IIuT) Iwnn)s, whrrr
llw III II I;II (lrrl\llv II Iult Il)lIIIOIis :ir(’ llIllk.:Ilr(l ;Il Ihr(x

\lilIlll;llll (1[’Vl;llloll\. Ill 1,1}!. Iil WC SIIOW 111(’Iil(llill t}r I 1’

Ill)il’d’ \l)il(’f. ;Il ?() Illilhlllil 1~’llo(l~ 101 ill) Illlllill 1111Slllillt’tl
11;11:1111(.1(’1M - I \, Wilt.lr [11(’ 1111S111;11(’11I):llillllcl[.r ~lV(.\

111(’ Iilllll Id 1111’11)111;11Iwillll Iwllll\ Ill 1111’111:11(’hrvl l;ullll\
Wr JL.\I}:ll :111 III, II;II lN)wllvr lmllll~ It) ;111Iuullclcs, lull II

tlIIIIN~I, IIw \IIIIIIl;IIIIIII ;I lhlrll~ I(. I I(I\w\ [III* :I,x I\, WI.”

(’h.111~(’ 111(’ ‘.ly,ll {)1 111(” l:llllll\ Ih’1(11(’ plolllll}! :1 Ih)llll Ill I 1’

i~);l(r’ 11}: 1;1 ~ll(nv< Ilw 11111(.1 {(llr wI(I Iiw IIIilt’I h;IIII

111:1111[.111 :l\ lll\llll( I \llll(”rllll’s Al Illrwlll Ihri(” l\ 1111

r\l Nldl\lll”(l I 111( ’11(111 I!v Ilrtllllll}: Ill{’ 11:11{) W(’ (Irllllr1111,
~(M(o iln(l III(. lI;Ih I IIv (h(Nw Ii}: ;I I III(’ I.llilw III I I’ qI.11 I.

wIlh 11110 WIII(’ ( ‘I NII;IIII .Stl V(lr I rll Il)\I’ 1~.ll;llllrl(’r~ .I\ lln’

lltli rllliw. wItl I .III t’llllllmlt c III;II wc lIIIIA (.IIt k)w’~ II III\l

(11 [11(’ ( 11!(. ;111{1(o\{ lllllr\ 1110%1Ill III(’ 11:1111

11}: It) \ll(N’\ 111(’ lll~llltlllll{lll ;11 ?() 1)1:1’.111;1Ik’llo(l
1)1 I) JIII( 1(’ (’11(’l}:\ I I V(”l\ll\ 111111;11)};1111( h’ (’1)1’l):y I II I Ill’

( 01(” ;Ilqlc,ll!t il., 111(. ( 1)11( rllll:llll}ll Ill 1);1111[I(”I ;11..111;111I

r (). u, 1.

Figure I. Rcsulls at 20 ~li~sln~ pcrlods from

mulhpirrlick slrnulalmn of on Irrltml (;ausswn-dcnslly

Iarnirmr in u Lrnitornl hrrcar l’ocusln~ rhwmcl. The Inlh;ll

hcarn rrns sm. In x IS Iurgcr ihun [tw’ mnkhrd vtilur by ir

Iwmr M = 1.’$. Wr sh(w ir) r - r’ ptrmw spwt. h) porticlr

cnrrgy t) versus Itw Irullul ImIIKlc crwrgy ()1

All purticlc crwrgics arc I)ornliillzc(l w thti[ Lhr parLIclc
wl[h the mirxlmum lm[ml rnrrgy (Imgcs[ inilial radius)

htis 111 = 1. Fig. Ih Sh(jWS thii[ idicr 20 pl;L~m;l [;crmds,
lh~ I)lhiln) dIN9S c(mt:m piIrricIc\ WI III [1 > 1. which hi)vc
m[wr crwrgy [hiin [hc M(JSI rnrr~cilc inili;d pirrti~l~. Th
htih} IS IIl[)sIly ~)()[tlllill(-(l by IhC pirr[wks thti[ hirvc krrgc

Illlllal energy. l.c., hirw’ Iurgc Inlllill rirdlus. I hmwvcr, u .

W)illl l’r;wu(m id pmlwh’!i wllh snlilll mitkrl ril(llll!i (only

tmc such pmllck IS IKc.scnl 111[tic ,I(XN) p;wllclc run und II

Is nf)l VI SIIII1’ Ill 111(’ 1)11)1) :11S() lloplllill~ IIIC Ilillo, ;Illll IIIC

Irnclmn 01 Itwsc Ililll) ptir[lck.s wllll smnll mlmrl cncr~y

mcrcmcs rqmlly WIIII mcr(xlslll~ mIsIluIIL’11 pumnclvr,
“I”hc chnr;ic[rrls[lm (} I II!C l~ilill~ :Illur 20 [)liisillti

pcrl[A ilrl. Sh(lWll Ill ‘1’ilt)i(’ 1, All pxr-rlrlc crmr$i(-s In

“I”ilt)l(’ I m lloMlilll/,d Ill III(’ S:1111{.Wily, 10 111111~lot h’
111111:11m,llchwl k.1111 l’il.W, ( “{}1111111)I SII:)WS 1111’Illllltil

IIIISIII:Ikh pm: NWIL.I M, ( ‘OlIIIIIn 2 ‘4110WS Illf’ Vill!l~S 01
IIN’ c{m rllllllilllt’~ 10 rrlls 1-111111:111(”(’ rillll). (.011111111f

sII[)w:; Ih;il [k nl;l~lmlllll lulrll~-lr rrwr~y Imrcnws ir~~lll

Ill{’ 111111;11\’illll(’ Ily I f)’} 11)1 Illl” Illilll’111’11 lil~[’, illl(l
lmrcmt’~ l~y to ‘X 1(}1 il llll\lllill(’11 01 hl ? f “IIIC ~il!il
Iwo tolulllrli show 111(”pm~rrll;l}!r !d 1111;11llilIllCl(’i Ill Ihl’
Ililll);111(1III(’lK’11’(”lllilj!C1)1 Illlill llillll(”ll’S Wllll l.l~l~~; Ill;li
1’ILI’[.111.(1 Ihr r;l;l~llllulll II II II; II l)d III( k cl IrI}:v ‘WC UT

;l~;llrl Ihill lhr lx’1~{.tll III lmfli( Iri III III(o II; IIII IIIiI1’iIsr\

Iilpl(lly W’llh 1111 lr;lslll~ Illl\lllill(’11 . ;111(11(.il(”ll (’\ ;1 V;llur (d
twrq UP’; t~)l ;III III IIIJI IIIlwll;il(li lI; II;lIII(’lri 01 ?.’7

11, I’IIASI: S1’fi,( ‘1: 1)}’ NAhll(’S I:I{OM
{i Nl14)Rhl l)l~NSl”l”}’ (“ORI” hl( )I)ld,

A I tlf”t}:v I I ,ltl.\/t”t Ilf”lw’1’?l ,1 ,\/Il,l:lf’ l’tlr 11(11’{Itlll #ln
( t\ I#//,Jfl~lAo( ‘fltf”

!{1 ~;llll \lllll!. Illlwli ;11 lll\l}lhl Illlo Wll:ll W(3 I) IP4-IV1,

Ill 1111’ \lllllllillll)ll, Wc l’O1l,.lll (’1 1111’ 111(1!1{’1 01 :1 /1.10
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“I”IK ptirtlclc energy IS nlN r(msum[ Iwcamc ot Ihc spircc -

churgc rcplllsl(m (JI Ihl’ ~’(wc. I;or u IllillCtlCd core radius,

[hl’11’ IS Ill) Ili’[ L’hWl~L’ Ill Clll’rgy iW(’rUgL’(1 (NIT d Coll)@CIC
IWI 10(1 01 l)ilr[l(”l~ Illolloll.” l;l~r [Ill 0S4’illilllll~, llllSlll~lCh(”(l

c(mc IIwrc will Ill gl.n~.r:d IY :1 111’1l’hilllkC Ill pilrll~’lc
lhmmrgy, l~l)r :1 SIMII, r;i(llilll~ symmrtm’ C{NC mWIImLCh (!K

Illxml [Ill’ Cqullltmulll r;l(hus R(). WC c:m wrl[c for a < R,

tWIW.’4’n h’ PLLIUC]CWld lhl’ (’or(’. ~L’ L’X[ML’I [hill [tIL” L’tiL’L”l

of h’ I’IonllllCilll[~ ollL\ldt” h’ L“(IW 1< [l) L’rL’J[l’ d Will 1111111

[olht” rwmmx’ Iwduw 01 lhc (h;mgc (JI lr~’qut’11,> WIII)

mnpllludc, v’hlch ~hduscs a loss cd phwc rilhcrcnum. Ihr
core oscillation causcs iI ralc otcncrgy gmn for :Ip21rhclL’
wllhln lhc hcmn core wllh vukwlly i, glvcn by

dl
A pMllL’k! IhaI piissrs [hrougll [hc Iw:lnl c(wc can clllwr

gam Uncrgy, ltnj.wcl]crgy, ort]avl” m} n~$lrlicrgy chimgl’,

dcpcrrdlng on [hc rclir[lvc phuscs (It [k IL” purllclc

dlsplwclllcnl. lt]cm:lnsvl.rw vcllrnl[y, :Iml tilt corrrndius

i)sclllalmn,

f). 7iujt’clor,v(.”lu,v,vffl,uliotl”

A\uIdyol t.hrmyx[orwsol” il)Lll~[(~li~l pilflI~l~shti\
Iwn helpful lorundcrs!.andin~: thcdylmllllcsot lhc nnl[)
I(mlalwn. TIIC unilorm core model (Iuscrlhcd dtmvr
pr(wides an Impomru rclcrcncc lmm! l’or su~h ir s[udy. Wt.

Ililvc nunlL’rwrlly lnw~rtiwd [h~. wti]cc[orws{~l purllclcs

Lhroughlhc ficl(i[lflllcunllt)nll core Il)rh. hl = 1,~ ctiw,

Itiunuhlng pmtlclcs with dillcrcn[ IIIIIUII x VJIUUS, irnd

with R 1.5, k’ - (), irndi (). WC Ilnd [hrcc dlslinc[

classes of wajcc[orws, which tor [hc M = 1,5 L“MC, wc

Liuscrihcmlcrmsof Ltrcmllurl x(ilspltic(’1l~ (’rllo+!ollows:”

a) [;or x < 1.5 [hr piuticlcs oscillntc In phusc wllh Ihc

C(MC rmhus tihout thclr {)wn cquil:twiunl rii(!iiis. “1’hc.scwc
s[nhlc rirdd pliuimu os~illil(loils” WIIIIII] [tic uwc, id wc

rclw U)[hc.xc (whils:ls plusmiI Lrti]cchmrs, b) For x ~ 2.()

111(’parhclcs l)scillirlc iiboul lhr orlgln wllh m] orhll in

phiIsL’ Sl)iICC IhiII looks” Iikc iill Cll I~)SC Il]iII IS piiIchc(l

lnwirrllirhm~[hc Vchrnlly ilXIS(lhc plllchlllg lSUilUSCdhy
1111’Sl)ilCi9 L’hiqc Ii)l L”l’ 01 lhC c(m). “1’h~ illlll)lllll(ll!\ ilW
vtiniihlr illl(l CilCll lmt)i[ IS COIII”lIICII 10 il Ilorrtm’ hilllll Ill

l)llilXL’ sll:l~c,’ fllcwlltirllcics( n’~”lll)y 111(’ll~ll[)illl[l~jccilll

Ihcsc twlmls hctutnm llil,J1’t”lllrlL’S. c) I;lndly, 11)1 1.5 s x c

2.() IIIC Ililrlll’lCS CXCCIIIL’ il :mm ll)lllph’x 11)01101),” “l”Illmy

lllil~ Illll!illly h~klldl)ilfi 01 [111”llllil’ l’hl”(’llllll~ l)lil~lllil llkt-
()\ L”l!lilll()llS Wllhlll [tlL- l“OW, ilfiCr Wt)lL’h ttl(’y Ill:)vr 1111[)

lhc ~)iol)rI phmr rrl:ultlllshlp wIllI rrslw~’1 Ill Ihc Lxm’

l) XL’II IXIIIMI!I S11(’1) 111:11IIICV l’illl ~illll clm~y XII(1 111(WC Illlo

;III (mkv IICI:IIIOII Ilkc IIIIJII II) tlIr tlillo,””l”ll~~ lmliclr~

(“iIll illhl) l~VCISC 1111’ llil[lCIll illl(l 11”111111110111 111(”OIIICI
“I’;ll} 1(”I

lhS;IItI 11:11~~(’ll;lr;wlrrl~ ll~~; ll ?ol’l;lslll;ll’rlllnlsitn

111.;III)\u’1111 1)1111.1~111 lIIIIIiIl Ml\l]\illtll

11( ’1:111{ )11 Ill. (” INllll Ill 111(’ 11;11(1 1(1 ;1 Ill,l\lll,l Ilb.(’ 011)11

\vlllllll 11}(. (’i)ll, \\’(, 1(.11.1 1!1 1:11,.+, ,l\ IIJ,IIIIII ll; ll(yl(lll, .\,

illl(l W’(’ 1111{1111~11II l\ 1111’”1’]Iilllll 1{”. 111;11;I1l’ II II)KI \lllllll!l\
.111(”,11”(1Ilv Il”v)ll;llll l’11[’I~:\’ llJl)\l(’1 wllh Illr ll~!l Ill;lllll!:

(111(’, \vlll[”ll I ;111t :lll\l’ 1“1111(’I(-Ilf’l}?, v 11)’1~111101111”(1}1(-, Ill

ll,,(’1ll; 111011 ln,lll Ml\ 11~.llly 111( 111111(11111 il)ll I 1(1(’1, ibllll
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