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Abstract: Two collec:tlve methods of 
ion acceleration are investigated In the 
experiments with O,=I - 0,; MeV, 0,5-1,s kA I 
4 - 10 mc s intense relativistic elect,ron 
beams (IREB) . The first method 1s based on 
using elect.romagnetlc f 1eld5 excited 1 n 
gof f ered strut ture by modulated electron 
beam. IHFlH mod111 at1 on 1s carried 0 LI t. b Y 
means of two quarter-wave c:oa;:.ial cav3.ties. 
The other method 1s based on an appl1 cat1 on 
of slow cyclotron waves, which are exci ted 
tn the beam by pass;lve H-cavi t.y. Icms i3t-E? 
inJected towards electron heams and are 
accelerated up to the energy of t)1 2-3 ?!5 MC?V. 
co1 1 ector plasma 15 used ds a” I !711 
source. 

Introduction 

It has been shown t-. I ‘, a t co1 1ect1 ve 
ion accelerator-5 may be baciecl on different 
methods ut 11 1 21 CCJ IREB i 1 .J. There are fTlGl”Y 
experlmnrrtal. rerjul.tr- on cn11.ectl.ve 1 or? 
acceleration. The best resul t5 have been 
nbtai ned 3.n the exper1ment.s with nanosecond 
IREH c2,3.41, but for many applications it 
1s needed t. 0 accel et-ate Inn beams having 
microsecond or more duration. Iwo c011ect1ve 
method:; are proposed t.o obtain such beams. 
Clne method 1% based nn knventlan by 8elll:ovt 
k.:hx Jnyal: and Lymar and was real 1 zerl 
experimentally C57. But this experiment was 
performed with the 1 c3w current. electron 
beam. Another method was proposed by Sloan 
and Drummond E6?, hut. there I 5 1’10 
pub1 xcatlon about a ri e:-:peri inent.al 
real lzat.inrr of F-uc.h r: 0 1 1 E!c t 1 VP ion 
accelerator . 

The present. report descr1 hes the 
experimental lnstallatlon and first. r-e311 ts 
of exper~ment.5. Cl n +.a he cnl lect 1 ve 1 m-I 
accel erat 1 on by ml crosecrJnd IREB. .I wn 
methods were i ntiest 1 gat.ed. Accord? ng t.o t.he 
first method ions were acre1 erated hY 
electromagnetic fields, excited 7.n a 
gnff ered structure by modcrl ated IREF. The 
other method was based on ut.i I. lzlng ot slow 
c~yclotron waves lh’l, whlrh were F?>:CX~FC~ I n 

the IREB by a pas3s’~ve H-cavity. 

The Experimental Installatxon _--_ _--.-- 

The experiments were carried out on 
the install.atlon i 7 :I which is shown 
schernat~cally ln FlQ. 1. rha ‘I St.‘31 1 at 1. ‘rll, 
C:~~IRI 5.t.s of the maI n 5y5tem5 dci $01 1 mdci..: a 
liar :: .^ Arkadyev generator; d high lnt.enn~‘l ty 
electron cl~.otl~ (6): a magnF+t.~c: srsi.em <“ti); 0 
vi,c:,.,um t+lamber ! 1. i containing r+?mo”a h 1 e 
Gtrllc-tltrec (2,4) : an electron beam ceil ! or’tnr 
(an 1,on so1,rce 1 (1) : a di agnort 1 c r:hsmhPr 
I -/ :I WI tt, a F’araday r-up is>. ‘IhP l.rlst.~il Jat1r-~lI 

hats the followxng parametr?res: diode volt.age 
up to 0,Y MeV; diode current of 1 - 5 I.: A : 
~.~r.~lse duration of 6 - I. 0 mcs: ma:: 1 ml rm 
magnet IC flelcl Induction cll:b t.n ?T.. 

Ar:celeratlon of loi- by a mod!r~at.+ri 
~lectrnn beam propanatlncl in a clo-t,f F-t’racl 

structure -._. 
l-he modul at.rd It;:EB propagatxnq 1 n a 

~~nffered 5trt.ICtIlre e !i <y 1 t e I; i*r I 
electrrnmagnetlc wave train. The wave I> h a:<” 
‘ieloci ty 1.5 QlVWl try 

v = f * 1 . 
where i 1% the rmc’l~~ I iit.lon fr~~cli~enr.y and 

I ‘IS the noS+eretl strucrtttrr ~per~od. 
‘r heae waves have ii n attrat.-t..Lvk? 

t ext t\re for an 1 on accelerate on t ha? t-he 
phase .~*F-.~.ocI. t.y can e:te mad62 vet- y 5mal I . 

Experiments were3 carried out w1 th 1 
, ” I LA elect.ron beamt. I’ ti I?! ~~Irrtr~~n energv 

was var-ied tram 1>,2 to ‘.).h MN. i^he lbef3m 
nirrdul at I on wa5 perf armed by rr,eFr, 5 r1f t wn 
q~r~r~tsr-wave pass, VI” c c-3 :i I d I. ‘Y-av’l t 1 Pr, 
havl ng thP l.ength of 0.4 m. 

The IREE prc~l~.~cr~:i 111 l-he d1rKJe wa5 
gtl3dwJ i rlt-o ir rlr 1 f t ‘CClbE. I-c,nt.3lnl ng twn 
trav1t1en; ‘and the gnffered arcel et-at. I. nq 
structure i see Fig. 11. 1 t,c. J i c;l cnnc-5 h +tl 4. !I 
periods with the total length n+ 1 m . I ti El 
c-avitlea wet-e excl t.ed at the nat 1.1r-al 
trequency nf t 190 +- 5) MHz. The field If-l the 
?.racond cav1. t ;/ reached an amp 1 I t lltle Of 
1 :‘(-I k, V . The beam rclrrent RF nwl .I I ai I c3r15 

Marx - Aruutiyev getterah 1 

F’ig. 1 Scheme of the experimental installation with two passive cavities (4) and a gnffrred 
structure (2) . 
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appeared 0, “8 mcs after- the pulse begInnIng 
al>!? ‘1 3st.ed i or- 0 I 5 - 4 mcs. ‘The 
cl1 sw~‘r?earer,ce 0) 05~ f 11 at i ens “l%Y t, e 
e:-:p 1 dl nerl bv ail RI:- lrrreal: down QC:~TL.Ir-ed I I? the 
r:wv, ty. -r t7 ~1 beam cut-r ent modul. at.]. on up t.o 
100% was a renult of tht? I nter-actlot-, betwP!?n 
the IRER and RF cav1t.y f>.elds. 

The IREB bomharrled the cr~llector and 
~‘r’odured a plasma whx ch was A scwt-CP of 
~ouriters-treami ng 1 on beam 1t-4 thw<e 
r’:pw-J merits. The 1 c)ns wet-e pr~accel erated by 
3 negat tve potent-i al of the IRFB and had 
Inltlal energy Iif 40 - t?cI I:eS. Then the I on5 
wer-e a~‘: cc?1 er-ated ,n t.he gof fererI 0 t: t-u c t 11 r e 
CjLlP tc, % ti i n t et- 3 c’: t 1 0 n with t. h e fl.elds 
P:~:c1.tel-l I>)/ + h R modr (1 at..~rj 1 tir33. The 
ac c:el eratmerl 7 cwh wet-e co1 1 ectec:1 I n t:hr 
d-t :rlgr-,c~~~t 1 t- I--hamher af t:rar- passing t.hroilgh t I?P 
c-61~1 t I ~?9 and trhw dj ode region. 

A t yp:,. tr a I. “SC 1 I. 1 r,gr;lm of %I-! 1 on 
il lr r ent c. I c-j n a 1 I 5 -ihcwn in FI g. I:!. The fl.rst 
p F’ ‘* I. WriS r~t.?tF?(:tRcl or-,).Y 1.n +-i-x per-1. men t.5 w ‘I t h 
ttl? qr3ftwet-l strllc-tnre. .[t was absent. 3.f t-he 
~_7oii~el~etl s?.r-r.rr-t*l.\r-P was rep 1 aced w1tt1 A 
c’.ninr-tt h clr I ? t -t l.IhF’. 

1 hw vt.:,l 171--:,. 1.y and G?ner-gy Of l.C,rIS !#(I?,? 
r-lF)t *r mi necl by me a 1’1 c, of the t: I me-of-f 1. 1. ght. 
,I, 62 t: 1-i *i 11 . Ihe rral cu? 3 I. I on was based r.rpnn a 
~.ur~ges;C I c)rt t hat a rz c c-! .L P r a t C? d ions wet-e 
pu-“tons. Irideed .tzl-tr t I rst peat (see f- 1 g . L I 
WdEi n,1,c-t-, p r er7 t: PI- rabocct. 0.1 62) lf the 
r.01 J F~~:CIY ma-leer-1 (31 W;~ES ylo:lye,thv:l~rlr cwd Wci!l 
rnc~c ti c~rn;al. 1 er Ii tt-,F- rr11 j ec:tnr WA5 grapti1te 
ml- -:;t ,l, ,,I c)!:.’ %t-ee,l ,, I hC~ ACC e 1 er- At wd pr nt lnl’,‘s 
t I -trl c-~r~vr-gv nf appr ,:.a:: 1 n,ite1 ‘, ,‘Or:l I. FL!?. 

1. I ‘2 I. ‘.? 1 Fm Cl ,I’t- en+ ,nc?a~:,rIr-i~d L-r y Irhs 
F ararlay cur>. 

The SPC cmr/ f,“?%k was much r]rPntw 
t h d 1-1 t t? R t 1 y’ 5.k. ~me and or:r:lwed atz -t-hair tlrne 
whwr t.hc, c at,hc!de arrcl rol I ~ctnr- ,> 1 asmas began 
to f i Il. the varclum channel. These ions wet-e 
ac:c:eleratPcl t:r1 mLrr:-h lower energy and 1 t was 
(.I I f f i c 1 (1 I- t o I iJet-lt 1 f y the Accelera’tl.t~g 
mer-hi;n I Fini. 

Cc11 iectl-ve accelerate uri of 1 0 n 5:. 
by the cyc-1 nt-.rc,n W~“RF, 1 n a count.erstream k rkrj 

electron hf?Gtrn 

The autoresonant met hod for 
ccmt:r’ol led acceleration of protons c h .I 1s 
based on c(tllI z i ng 51.“~ c-\/cl otron waves with 
I-~eg”t:L’~e energy grown C3il an el ixtron beam 
propagat.:i. rig in a vac:~tum and conf I ned by w-j 
a::.~ al magrrr?t.l c- f,teld. FI p I’- P 1 i m i n +w y 
e:.:perx ment waci rrwrled nut. at. Artsti rl C8:I. 
The procedure was to pasr .the 1REB ‘through a 
dacrbl. e--he1 i cal resonant e::c:it.atl.“n sectInn 
dr- 1 VP” by ii power-f ul. RF generator. The 
c’yc 1 otrntl waves were et.: c I. t. ed belt. an 
acceleration of Ior- warj not performed. Wa 
ill so carried out erpw-lments nn exc.1 t f ng 
r-yr- 1 otrnn w13ve5 in an IRER hut QLli- 

experimental installation contained neither 
he1 lcal rerj”n;lnt structure “Qi- %” fit= 
generator. The cyclotron waves wet-e e:cc?L ted 
by a passive H-cavity and had an amp1 I tude 
of 10 MV/m C93. 

The present experiments were carri.ed 
nut nn the same lnst.allatl”n described in 
the previous section ( see Flg.1) with the 
novel structures installed II-I the vacuum 
chamber as It 1s shown xn Fig..;. 

F1 g. 3 Scheine C7f experimental s;trclct.ltre for 
a cnllectivF? loll accelerat.lnn: l-IkEB 
cr.11 1 ector . ?-vacuum chamber I X-magnet 1. c 
l”“ps,4-collectlue acceleration sect3.on, 5- 
k-l-c.nul. ty, h-cl1 aphragm, 7--cci1 I s of t h P 
magn”+rc ~:--y”lem. 

1%~ Ii-cavity had a length of 0, 34 m 
and was J “aded bY drift. tubes which were 
1 nc;tal 1 ed wx th per 1 od of 2 cm and a” 
nper t.ctre of 4 c ,iu . The collective 
accelaratror~ !;ectxt,i~ h*d the tengt.h of 0 I .70 
m arId 1 nner cl] ametw of (1’. 1 m and was 
a.mmer-sed I 1-1 dn a:: la1 magnet xc f leld varLed 
adiabatlc:al.ly from a maximum level of 2 T at 
-the co1 1 act or (ion ziour-ce 1 location down to 
Cl ~ 5 - I 1’ at t.he end of the H-cav1t.y. The 
spatxal variation I:>+ the guide-magnetrc 
f I. e I rl pr-cwx ded t,he synchronl. sm bet,ween the 
ryr:: I c3tron wai/e phase velnc1ty and the 
vel. c)c~ tv of accel erated 10175. 

me rlt?:: t res\11 ts were ohtalned In 
the experiments. The IkEH propagating 
through the cav1 ty e>:c,ted powerful RF 
osc~.llatlnns. I he +t-eqUWlCy of RF 
“SC1 11 <3txr,ns was 636’7 Mtlr and c:“rresp”nded to 
a n a t. 1.1 r’ a 1 one of the cav’1 ty. The active 
I ~sc;ec? power r-earthed a 1 eve1 of Cl,?3 MW. 
C:yr:I. ot t-on wave5 were qeneratsd on the 1kEH 
aci a resu1.t of Interaction between t.he IREB 
and RF c.avity fjeldr. The 3. one, emi tted f ram 
the co1 lector plasma were accelerated by 
cyc 1 “trori waves. Flg.4 shows the 
nscil.lograms of a diode voltage (n), an IHEA 
current, (b) r a detected SIgnal Cc) from a 
magnetic loop located in the accel et-at1 on 
section (see Fig.3 jr eon beam currents on 
the first f c, 1 1 o+ a stopping range 
spectrometer Cd) and on the second foil (e). 

we tirst peak:. at a loop sIgnal (see 
Fls.4.c) appeared e t the front “f IREH 
current and corresponded tn a generat Ion af 
cyclotron waves on the IREB. The generation 
process l.asted for abnlut OY5 mcs. The second 
signal from the magnetic loop appeared after 
4 - h mr.5 and probably w.35 a result of 
interaction between the IREB and a pi asma 
filling the structure by that time. 

The ion current signal consists of 
two parts (Flg.4,d). The 1”” current 
corresponding to the first part reached 3 - 
3 mFI for a graphite collector and 5 - 10 mA 
for a polyethylene one. The delay time of 
the first. peak cat-responding to the 
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Fig.4 
. 

Typical osc i 1 lograms nf a diode 
vmragc (a) 5 an IRf<B c-llrrent (b) 3 51 gnal 
f t-cm magnet1 1: 1 onp (cl and 1 on beam 
currents Cd. e) . 

beginnIng of the genera-t LO” process was (:I? 2 
- 1,5 mc5 . 1’ a 1:. 1 n g 1 n t 0 cons1 derati on t h E 
values of the delay time, it 1s po5sihle tn 
calcul at.e t.he energy of the acceleratPd 
1onFj. Tf the ions are protons- the t?r,c=~‘gy IS 
about 1 Mev. The second part of the c:Iirrent 
was more Intense. It was cnrrel at-d with the 
second peai: of the 1 nnp signal. 

The energy of ions was also measured 
by the strapping range spPctrnmet.er. The 1.r,n 
current measured at. the ~ecnnd spectromc=tc>r 
foil is shown I” F113.4,e. Thickness of .t he 
first foil was 4,A mg/sml F‘roton energy ln 
this case 1.5 1,l - 1,4 MeV. So it was 
def i ned t.hat. the ion beam had RF strilrrtnre 
with frequency corresponded to t.hat nf the 
excited fields. 

Calculation of proton dyr?amlcr; 1 I? 
the acceleration sect i on and the cavity 
showed that the protnns are accelerated I.1 p 
to (:I,5 MeV in drcreaslng magnetic field and 
then are accelerated up ‘to 1 ?CI MeV In the 
cavity gaps. 

Test experiment.% have been car-r i ed 
out. The beam was thrown at the diaphragm 
installed upstream the cavity. In th1.s case 
the first peal:: of the ion cut-rent 
corresponding to the arcel er atj on hY the 
cyclotron wave field dlsappeared. The same 
effect tool:: place when a conduct1 ng t.clbe 
(diameter 3.6 mm) was Installed inside the 

cavity. 
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