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,Heavy •iori '. beams 'have opened wide prospects ,for· in~estig~ting ,.the ; pi~perties, o( .. · 
riudear matter in its extreme state, -cat•high'.valuei; o(thdsotopic spin, ;defomiation, . 
an'gular'.rrioinent an,d excitation energies. Such exotic states of nuclei are: being ,studied , '. 
at,the Flerov'.Laboratory of Nuclear,Reactions ,with.the use cifbeams of.heavy ions >in . 

- . · '. · , . . _ . , , / , f - • •- , ••. I • , 

the 5,MeV/ME5100:MeV/A.range: The Laboratory. has three heavy ion cyclotrons - ·. 
•U-290,U-400'and U:400M. Their,characteristics:are,given,·in Table'•I.The"high:beam I 

intensity '' 'up to /2-4~ 10 13 pps, is worth. noting,,;It allows investigating ;processes 'with 
,a cross:section-approachlng 10-35 ~m2• The ·'FLNR accelerator facilities a~e ~onstaritl~ 
being developed. A'tand~m combining the •U400 and.U400M ,cyclotrons . has been 

· designed, extending the ra~ge ofaccelerated,particles:up to uranium and increasing-the 
'energy ofthe'heavy 'Xe-'U:niidei.' ' ',, . ' 

: -) ., ~ ~ .. - ' - " 

. \, :Table I . 
Cheracteristics. ofthe FlNR heavy-ion.acceleratorfacilities • 

.,-' ... - ' . . ·. ,' ,-- :. . : 
,> ' 

·, . )or:rENERGJES (Me~/nucl) .· J . 
' ,· ' : _· ' ~ ' ,. '·.· . ·1, ___ _ 

, ·r;IC-100:(operating) 
i U 2 200 ( operating) 
iD:400 (operating) / _ 
· U ~400M. (The first, beam 

· .' ;in May J991)> 
•U400+U~400M-(under · 

,' · :. ;construction) _' · 

'. MASSES OF IONS 

,1c;ioo (operating) -
-u~ 200 (operating), 

. · . :U-400 ((?perating) , _ 
. U~400Mi(The first beam 

· · iniMayj991) ·' 
U-400+U~400M (under - . 

· construction) 
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The U-400, cyclotron has been. in operation over 10 years. I! has been used for' 
research in fields traditional for. FLNR involving ·low energy physics(E~20 :MeV). 

. Primarily. thes~- are fusi~n r~actions producing new t~ans-fe~ium elements. 
0

The . 
stability of trans-fermium elements ·and their properties are entirely deterlll.ined by 

. shell corrections to. the liquid drop'b-arrier I I]: .The. stabilising role of the shell effects 
manifests itself at excitation energies ES40 MeV not only in. the ground state buf also 

_in the deformed state -~f the n~clei. 1J1e theory considering the· shell corre~tions (they· 
. are just ~ '. few Me V ~ while . the total energy of· the nuclei is several GeV) provides -
. suffide~texplanatiori for most ~xperimental facts,'i.e.' nsing of ih~ fission barriers and 

isomerism ·or ~ctinide nuclei, spontai;"eous. fis.sion ·cir_ trans-actinides, change; in the 
Ts/ near'.the' shells; in particular with 'N::::152, et~.These· effects c~nnot· be expl~ined 
from the standpoint o( the classical liquid drop model. That is why the ;o called ~old- . 
fusicm reactions :are•effectively used .for the synthesis ofnew nuclei. In the_se reactions 
targets and projectiles clos~ tothe· magic nuclei (e.g. 208Pb"and 48(:a) ·are used. The 

.. minimum . excitation . en~rgy , of the compound miclei, determined by the Coulomb ' 
barrier and by the .difference between the nuclear masses, then amounts -to :only£: .. · 
:::::,s-20 MeV [21'.Thetransition ofsuch~udei ihto the gro~nd state'is-accomp;~ied b~-. 

·. emission of 'o"ne or two neutrons and. y-quarita. _ The rri'ajority of i;otopes of elements 

\l{ith Z~l04 have been ·synthesised in coldfosion·'reactions. Ho;ever,' ariy further, 

advance into the 2>-II0-114 region by rneans:-of cold fusion p~Jes
0

ihe problem of 
using a heavy bcmibarding p~rticle with A~.50, ~hich ih<it/ tum 'leads to limiting the 

-- -p~obability of fosion· due to thei~rong Coulomb 
0

forces (Z1Z2~2000) [3.f. For example, 

the
0 

cross-section ofthe 208Pb (62Ni,n)270! I0 reacti~n producing ~lenient I IO.was J pb 
(IO· ·36cm2) [4]. Therefore, for the synthesis _of nuclei ,with Z~I08 ~re. us·~ very . 

. asym~etrical target-projectile combinati~n; (Z1Z2.;1000/for_\Vhi~h dyn~rilic:°Iimita;ions . 
of the fusion' are· not very significant .. Meanwhile, the minimum eXcitation_ energy for-._. 
hot fusionreacti~ns· is, E:;.~O ~eV. At.such excitation_ energies)~~:fissi~~ baffier is_, 
determined , mainly by the macioscopic component (liquid drop f of, the nucleus 
deformation energy; \\'hich is, practically zero fonranscactinide nuclei (Fig. I). Such 

. nuclei decay into the ground state ~milting a neutron ~~Cade (~~4) a~d the,pr~bability 
. ~f ·residua·, nu-~l;us (EVR)'formation "wi!H5e determined to ;a large degree by the 

. - dyna~ic properties of the e~cited ~~mpound, mi'cl~i. ~hicl! may depend on' diffeient 
parametersof the. nucleus, Thus, 'it was demonstrat~d that the drop in the cross::section 
of EYR:formation for superheavy-element;( Z~1062JQ8) in hot fusion reactions is not 
as dramatic as· predicted - by · con;entional models . considering only -one.:partide · 

•\ . - : . . _,. . . .. ·- . . 
excitations _in nuclei (Fi¥::. 2). • _ · ~ , •~ -

Henc~. the-Flerov Laboratory: of Nuclear Reactions carries out experhnents invoiving 
the synthesis of trans:actinide nucleiin coll and hoifusion reactio~~- Two separators 
are used in the·s; experimenis' - a gas~filfecl sepa~ator [5] and the kin·e~atic separator 
'.VA-SILISA'. [6] combining ~lectric-'and magnetic fields, B~th sep~r;tors utilise the , 
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Fig. 2. The cro~s-sections cr5n.:(o.•) 
.. '_. _and O'~n (□) vs. the atomic number of, 

--- . EVRs. Nuclei of CJ and Fm wer~ 
'Produced in . 16O-induced .·. fusion 

, reactions and n'uclei with Z-d:]02-106 · 
ir, Jeactions induced by 2We; 26Mg, ~ 
27Al. >fhe dashed line is d;~wn r 

' ,through , 'th;,••- e;perime'ntal. cross-

Fig.' /.:Energy of ;he 272108 n~cleus, 
v~: . its · deformation_ at 'diff;~ent 1 

'excittitioh-, energies. 
1

indicai'ed, in th_e. ;. 
,. figure (LD - liquid drop component.\. 

Ew), " 
' - ,.,,·~. 

: section'values of (Hl,n) -cold fusion 
'· reactions. ,_, ·;_\ -\- · \ ,_ 

. . , 

-~·, 

. differerice ; betwe~n, the; angular· distributions · of the recou' nudei i1{ complete and 
incomplet~ fusion t'of separating, the ·prod~cts 'of the t~o- processes.: Since . both 

_, separators are positioned at'0° relative to:the primary.beam it is necessary to separate, 
, the recoil nuclei from, those of the beam: ; , . . . ~- . , ' .· . •. . . . . 

In' the gas-filled separator:~t low g;; pres;ur~ (H or H~) the charge ~f the recoil nuclei 
. changes d~pen'ding, on . th,ei/ velocity. This . allows,.- , in the . m·agndlc fieid. , highly -

---efficienlseparation oftlie recoil: nuclei of complete fusion reactions f;oni 'others (those 
of incoriiplete fusion, the beam. nuclei and n~clea~ scattering)., From the ~haracteristlcs 
of the gas-filled separator presented in Table n follows that the purification coefficient 
may reach several_ units of 1016. Jn 1993~1994 / seriet~f experiments using_ this-. 

.separator and a system of positiori:sensitive silicon detectors. was cairied' out -in 
collaboration with· the LLNi (Livermore) to; investigate 'the .~tability of.qeutron~rich · 
isotopes of element 1Q6 in the 248Cm _+.}2Ne reaction [7]: At 22Ne energies of.I 16 
MeV 'and 121 MeV corr~sponding to 'ihe maxim~m:of the_excit~tfon functions of the, 

-com~lete ,' fusion . if actions emitting 4, ~nd 5 'neutrons two ne\V: isotopes }~6106 'and 
256.I06 were synthesised. Fig. 3. presents the theoretical arid experimental lifetimes of 
element I06 isotopes relative to spontaneous fission and a:~decay.Ji isseeb.that in the· 

' . ' ,' .. :. . ~ ,_, ·;_. ,._..; ,' ' ' . . . - ,,, ,_', ' ' -~ .-
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_; ._ .Table 11' 
" 

Ch<lracteristics of the ~ubn_a gas-filled r~coil separator. 

Target 
Projectile 
Z of EVRs · 

Beam energy (MeV) 
<ER>.(M_eV) 

<q>_ 
&c (%) .. 

Suppression _of. 
full e·nergy 
p~ojectiles 

scattered 
proj~ctiles _ 
witli E>35 MeV 

natw 
22,Ne 

Po 

112 
11.0 
3.3±0.1 -

16±3 

>1015 

·. 23S.238U 2Jsu 

•so 22Ne 

Fm 102'. 

-: 

93 122 
5.8 . 8.7 ' 
2.1±0.1 2.3±0.1 

. 3±i 6±2 

. >5x1o16 : ;;. 10 11 

242Pu 238U · 206.207pb 

22Ne 26M{ 34S 

104 104 Cf 

114 134 170 · 
-:: . 7.0 · 11.5 21'.8 _-

4.8±0.2 

6±2 ·10 ; 35±10 . 

>
0

2xio 18,. ~xJOl7 >3x10l5 . 

207pb 

40Ar 

Fm 

196 
28.2· 
5.9±0.2 

45±10 

5xJOl2 : l
·.1 target-like 

. products- >la3 -
·•1-,-

, \ .--~ 
Image ~ize (full wid~h-;i half:maxi~uin) . 

hodzontal ' . . 6_8±0.2 . 8.7± 1.4:. 

-- 3.5±0.2 

' ')1·· 
/ 1 :~ . -r 

region-of- the deformed:
0

sheU·N;,162, .. the Hfetime:_ is significa~tly longer"than its 
. theoretical _predictions (Ts.f. (266106),;,,l .3~·: s)'. This provides evidence of the existence 

·o·f a high -stab
0

Hity region for sup~~heivy: el~ments. At present .i~~e;irnen;~ are ~ein"i ·• -
carried. out. with the gas-filiect separator tci':study the stability of ·neufron~rich. fsotopes . 

f . "bf eleme~t ·10s .• ~These experiments wm' ultimately re;olye the controversial' issu_e of 
· . the. existence of the stability:regi~n fo(superhe·avy' elements. . '. . 

~ :. ·, ;'. ,_ ._ ,:. . ' . . - ,· , '' - ,: .: ' ·', ~: ··.; . :·, -' :, 

Experiments with the 'V ASIUSA' ;pe~tn:imeter ·are being carriedout to in:estigate the\. 
mechanism' of hot •fusion producing comp~und nuclei aJ·e;citation- e~ergies of up,to-
200 MeV. Fig, 4~present; a typical exdtaiion function fo{a·fusion reacti~n involving ·< 

. the einis?ion of x neutrons (x=3-12). :: ·, · : ..... / : ._ ·• • . ' , . __ , . . -

! 
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. It can be _seen that for :the fissioning nuclei. the· probability of ,s.utvi_val -of the -
compound nuclei with high 'excitation energy is relatively-high: ,Of 'great interest are ' 
direct' measure~ents ·.• of the crnss~section of. compound'. nuclei' formatiO!l at _beam' 
energies of up to 40 MeV/A (E'a::400 MeV). su;h, ineasurements are. expectedjo· be. ' 
p;rforinecl on the U-400M

0

cy~lot~onin tfi~ 186W(7Li,xn)lr~75:169 re;~ti~:n (wherex=l8-
.24). In tliis reaction compound Ir nudei \Viii be measured by<means'.of'i-egistering' 
their a-decay. The experiment )s expected to be performed i~ .·collaboration with-. 
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Fig.: 3. The half-live; of isotopes 
of element -106:. 6. • ~, a decay 

· and spontaneous fission ✓ half-life . / 
(seconds) . . the full line is . drawn· -
through the calculated values fig. 4. Excitation f1111ciions 

, of Ta. and T;f. [8.9 ]. The_ dashed 130Te(f 3C.xnJJ43-'"Ce. 

line_ conne~ts · --_the f,J .1 v~lu~s 
calculcited Jn the,symmetric fissio~z . 
vaUey {1()/ ' . ', -

for''. the. reaction , 

~-

. · Slmultaneously ~ith further; increase_ of the energy .. of . the bo~b;i:dintparticl~ the' 
c(oss~section <JL the.'' rea~tions -producing ' compound nuclei· .. ' begins ' to . decrease 
dramaticaHy due to the competitive emission of pre-equilibrium ~harged particles.' This -
process t~kes place even at energies close io the Coulomb b~rrier_ [ 11 ]. At energies bf 

' IO' _Me V //\ the_ ·cross-section .. of pre-~quilibriuin a-particle.; erriissi~n -:c~mp~ises a 

significant part-of~the total. reacti~n 'cross-section. With {he use of a rriagneti~. 
. speciforrieter. having high momentum r;sol~tion an<i multi-layer sdntil!aii~g detecto~s, 

. systematic _ investigation ,of energy . spect~a ~f light charged particle~ has • been 
perform~d'atFLl'JR iri,a wide range of energies:up io the maximum' a\·a_ilable for a 
given _reaction and determined_ by the energy coi;iservation'laws supposing a:two~b.ody 
nlliure of the mechanism for_ the production of fast particles (breakup-fusi01~),- .. 

' ;-, 
I 

Fig; 5 displays .·the• energy spectra for light. particles produc:e'd in. the 18 tTa +h;-{e 
reactjon:. The arrows in the diagram indicate the ~alue of.the two-body. kinematic limit 
_correspo~ding to the fusion .-of the prnjectil~ res-idue (I-LP) and 'the target and 
produdng a final_ nucleus in ihe ground state. Application ofa multi-layer scintillation 
telescope· improved, the ,sensitivity- of su~h experiinerits. Fig. 6 presents the: c11ergy 
spectrum of 'protons measured, with the- aid of the tel~scope.: It shows _ that at ; 
bombardlng-be~m energies of20,MeV/A, protons with energies up to-160 MeV a~e --
observed in the'spectrum: . . , . . . 
. . ,.' - .; •' ' 
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· possible energies assuming a 
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\ 

-· '~ '---'0'' 
.0 X . ~ '\ __ E 10:•L• 

·.,o -

c:•o:· 
"~Jo -si ·u 

. -~ ·' 

·, ......_ 
"-,o ➔I 
b 

N-6 10 ·• o•••• Awes ., 
•u•~ Our data 

50 100 

" 
Fig:• · 6,_ Energy· ~pi:ctruni of protons -

.. producedJn the reacti~n-27A/(16Q,p) at 
£=310 MeV [14{ : · · · · 

·. Energyi 'MeV 

The follm~ing conclusions about the prnperiies of energy' spectra of light charged . 
particles were mad~: ' . . . · . . 

An in'c:reased yield for;ri-particle· ~mission was ~bserved in· comparison to, other 

.particles;:even to .prntoris. ]'he ma~i~_um of !he ~-~ergy_~p~ctrum is lying' it light 
particle · velocities' less thari, the beam velocity, which ptqvides evidence (or a 
signific'ant r~le of the relaxation piomses 'at the stage of Hght particle emission: With 
an increase in the beam energy ihe'.peak ~f the double differential emission. cross
section of light p~riicles \hifts in. thi direction of the en~rgies corresppnding to the 
beam velocity. However, ·even at energies a· few tens of Me'{/A in the spectr~m of 
forward~ peaked light particles there i~ a considerable dissipative contribution (vt (a.)< 

Ea<E!~u,';).At a smaller prnjectile ma~~-A, the peak in the ~pe~ruJTI approach1:s Ybea,;, :-: 
: which imp lie; a decrea~e :in 'the 'dissipative' part of tlie spectrum. Withan increil~e in . ' 
• ·the projectile energy the maximum· value of the differ\!ritial cross-~~ction .·.· t,f. (~'.f.') .. :: 

at first rapidly rises(' by a facto~ of ten at the transition from 'E1=:=5/MeV/A to'.·E1=20 
MeV/A ); and then a saturation is ohserved.< And finally; for low energies :__- IO 

Me v / A the_•, energy spict;um· of Hghr' pi~Jes extends; ~p to the t;o-body k1n~m'aiic 
. limiti; corresponding • to . the fusion o( the proj~ctile residue '(I~LPf and the 'target·.' 
accompani~d by thqir~ductl~n of~ final nucleus in the gro~11ci'state, an abiupt change 

~ ,, , . . ~ • l '· - . ' , . ~,• • , 
6 ' 

~ --:: . 

i 

",_ 
/, -~-, 

t" /. 

being_obse~ved at th~ very end o[ the sptictruin'. Theanalysis' of. th~se' data as ~ell as 
the results of other experi~ent~ show that the ~nergy spectra of light charged particles 

/_, reflect'all possible.interacdon inechanisms'between ions and nucleiat'Iow arid medium 
. _energies. In ref.[ 15] :ar; pointed out 4. basic rri~cha~isms. for- light .partide production 

C • J' . • • . ~ ~. • ': • • 

, .. 
(a), I 

•. 1·· .\ .. ' ''-' . 
. . 
. , 

. : : 

I. 

,oo 

7. Sch'ematic 'p'icture o/ the a.
particle energy spectra and. of expected 

I I r I . . f . f . I ,- contributions of the four. mechanisms ·of 
'theirforma,tion. cif beam :energies ,;,20 

·,'MeV/k (I)•- "evaporatioir from the: 
compo·und .· .n~cleus, (2) ~ .· if!,COmplet¢ 
fusion reaction, (3) - inelastic breakui 
'(4) __ : _elastic: breakup._.The dashel line 

·. co/responds · to th[ .. · total . yie[d . . · of 
' evap~rative . a.-pa~tic/es' 'ifrom '. process, _" 
. '(]) andfr;fm d~y:other, heavy residues, 

so . ·· 120 ~.Jorrhed in•processes (2J a~c1 ?1;J. ·•· ·. 
, E

0 
(MeV):~ 

' -~., !', . '<~{"" - - .···,::~ ,:~.. ' 

'.·l .--~he process of c~,mplet~ ,fusioiJ ?f;the' n,oclei .~ith. ~ubsequ.ent e~apo~ati~n ·•?f
1
1ight., 

particles from . the. compound· nucleus or, from fisswn. fragments. A d1stmc11ve _feature 
of the -e~aporatlng' particles is· their' low'. energy and isotropic angular distrib~tion. . 

:. - , w ,· :,. ., • ., •'" • - - • _- • '•. ,· 

_ 2. The initial two~body_;pioces~ ~f incom~l~teJ~sion. with emission ~f only d'ne pr~
.. :· equilibrium·· particle . ·.The light particlei ·produced._in:t_hi_s process·can 1be. fas.l (up _to. 

.,_ energie~ corresponding to the _two~b~dfkinen.1a_t!c limit £';') or. slow. }'hey ca_n_ be 
fo~med both •. fiom the. projectile, nucleons · (~assive .. transfer) and· the target ·nucleons . 
(knock-on process). :These particles cannot be accomp'anied by , other particles,· 
however, tbey may be accompanied by slow (evaporation) light'particles, neutrons or 

;fis~ion frag~ents. · • ' : ~,; , '. . · : '._ ' ' · · . : '. l' 
3> The two-body primary pr~~ss of few~nucleon tr'ansfer,inelastic excitation. (M=O) · 
follo~ed, by d~cay of the, e~citecL prnj~ctil~-like _nucleus. 'This . process prod~ces b~th , • ' 
fast arid slow Jight 'particles.'. The former are accompan1ed · by'Jasi projectiie:mce 

, : frag~ents or~' other, fasL-particles, 'the .latter (when the dissip~tion is . high) are 
\" . ; .·· ' . . . . . . .. . ~ .·. ' ._· - ; ' ' ... ( ' . . - ' '\ .. . ' ,- . 

· ' accompanfod only by sl?w fragme_nts; This group ,of tile mechanisms should also 
' . indude the' deep;inelastic, excitation of the target imd the projectiie either without any 

mass tiansfer (M;;,0) or ~ith mutui exchange of an equal number of nii'deons., ., 
. ,,,.· ,:---. ' . ' \ . ,• ,: 

1.· 



.·,.,:. ,'. 
; 4: The· quasi-inelastic break-up process of the incident ion and the q~asi:inelastic -
pr~ess of ~ocking out a Hght particle: from the;· target. It is rather' difficult to 

. experi~ental.ly discriminate between these processe~ , because the· evaluation of. the 
•· tot~l cross-sectiO!} of. a three-body p~ocess requires i~tegration over all , the, angles , of: . 

' . the complementary .fragment. which can be.performed only by means of _a 4-1t detector. 

. - . ,. ' 
' • -- - > '• 

Naturnlly,. this differentiation of the processes is .purely. conventional. Besides, it 
. depends on the mass and energy of the incident ion. However, it: points to the 
possibilities for investigating the light· particle emission m6chanism~ This i~vest1gation · 
should be perfo~ed with the aid of detectors allowing high~sensitivity measurement 

· (geometrical efficiency, capability to use high i;tensity initial beam) oC the energy · 
~ spect~a and·cross-sections, as. ~en as g;anularity and gemrietry'_close, to·_·. 47t making i_t .• 

• possible to measure the _correlations, the multipli~ity and angular distributions; ,FLNR 
has two facilities with these features : the 4ic detector of multiple ~vents FOB OS [ 16] 

arid the sy~tem of:multllayer scintillation t~lescopes in conjunction ~ith the BGO:ball .·: 
from LAMPP (Los Alamos) [17] to be iilsialied at the beam.of the U-400M cyclot/on.'' 

. . , . /- ·,,. ' . ' ~· '. ' : ' ' . -- - . ; ' 

F~g. 8.TheFOBOS_set-up. 
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Fig. 8 presents "a general view of th~ FOB OS faciiity and Table )II displays. its ·,· 
chJracteristics. The facility has 30 gas-filled detectors . which are parallel-plate' 

: avalanch'e· ~ounters. providing a , time-signal, and measuring the incidence co-ordinates;,. 
o( the particles., These are· follo~ed by Bragg·fonisation chambe~s rri~lsuring ihe 
energyand the ch;rge'~f the particles a;/rr~gments. Ami' finally there are scintiUation 
Cs(I) detectors allowing identific~_tion of fast parti~les b/mean~ ofp~lse>haJJe and 
'measurement· of their energy i The BaF2 . scintillation multidetector ARGUS from HMI 

· (Berlin) is. proposed as. the forward ·detector;· This facility' is u~der construction' within 
. the Dubna ~ Rosse~dorf - Berlin -KrakoV.: ·~ 'soria: collabciratio~. -Rese.arch, in. the·, 

following "dirediO!)S will be conducte~ ';,,;,ith its aid:.' s, ' 

i 

,-.. ·j 

<II 

,,:'·'1J 
.· ., 

· .Particle ~ 

,,· 

. H: 

. He' 

,,.-, ,: 

/. 
Table ll/ .. ·/~. -

Characthistics ~j th< FOBOS facility. 
i 

' ', 
PPAC + BIC CsI Shell. . :A.RGUS array; Array :·o-cleg." . . , , " • . . • . r 

,[/5mm] · BGO [20mm] · Cs! [150mm] · 

E min E max 'E min E max · E min; E rriax 
·. MeV/A .. MeV/A · · MeV/A :¥eV/A MeV/A' MeV/A .. ,· '·/ .· __ ( '. . . 

E min 
MeV/A 

~ 63.0 
'65.0 
'.82.0 · 

· 2.0 
2.0 

100.0 ·5_0 
, ·, 

101.0 , 5:0 

E,max:. 
MeV/A 

250.0 
,, 253.0 ,, 

' , 

320.0 
·;·.,., 

,/ 

Li~ . . 
'IMF (Z<l5) :: 
Ff=,. ,, 

0.2 ·,· 
·. 0.2 

0.15 

1.5' 
"4.0 ·2.0·; 
5'.o'' 2:0· 

,10.6' 
'fo.o. 

. 3.0 
4.o·.: 

· 125:0: 1.0 
150.0 \---- - \ , 

. 0.15 •.·..,,,.-, 
,·-----

• •' ·_. ' ·• •. ' . _I, . ' '.. ' ·' . " \" ., - " •.\ • 

,1; Investigation· of the induced"_binary, ·ternary and multiple fission of: heavy nuclei in 
. reactiori~-wlth: ions from l7Li to 40Ar. ;t energies E,<30' MeV/A, 'including light nuclei 

·. fissi6A with.emission of ·two clust~Js (28Si~ 16Q+i2C, ~4Mg➔ 1 2c+12C) [ 18]. ~ . • 
, .. ·, _,- 1- ·.' ,• .. ( ., ,- ._) ,'- '.· - . .,. - ''. ,_, - •• \ ·.' ., ' . ·. ',·', ' .• "" 

- •, \ 'f 

'2. Irivestig;tioA 'oi the 'emission' ~e~hanism Jor fast. charged pa~ticles. in_ coincid~nce 
_with residualnucleidecay products at E1~30 MeV/k In th~t case the· cha;ged particle 

• / m.iy .· act as a .. trigge/ for the' s~lection:: of a defiried. st1te oL the residual · nucku~ 
- according toits excitation energy and ~niu1airrio~entum. , ;\--. . , . . ·. , , , : ( .-/ > , . ' " . ' ;. ' ·: / ; ' ,·, ,·, , , . 

,3. Investigation _of·the· target nucleus-·fragmentation and measurement'oLthe particle 
, multiplicities'· and their correlatio~;. iriclucling, those for backward:-··angles.; These 

experiments ~an p~ovide ari explimati~~ -f~r the· characte'ristics · of ihe transformation 

process~s \\lith, c9mplete ,'.mo111entu~ tiah~fer and_ C(!~pl~tt,: fragmentation;.. New 
mechanisms are expected' io be r,iveaied here·; including 'the. semi peripheral mechanism. 

. of deep-inelastic transfer with the formation\:,n~termediate mass fragment~ from the· 
: . ·' .- ' '. - - - ' .. ·~. ·, '. - . '' ' . \ . '' - -•·. -- ' - . 

neck·region at the energy of.E1:::40 MeV/A, predicted by M.Di Tofo [19]. ' ·•·. · 
. . ' . '• ,'-- ··,/\·~,., _>-~. _\_·'" .• - .. \• ,- . ·, 

4, -Investigation o_f the multifragmentation process ~~ar )he E1 = 40 Me V /A thr;sh~ld.- . 
,. .,. _. ', ' '--, ,, •. ' , > •:. • '\_ ' , ,_I ,"~' • I 

. 5. Reactions with~radioactive beams. The problem of•obtaini~g beams, of radioactive · 
-. ' . , , ' ., , ~ l - ~ ' : ' '.' -. • ',- _ f • 

nuclei will be considered later.in this paper.· · · · · \ ' · · ' · · 
. ' -, ···--:' -

Importa'nt informatioii. on th~ mechanism' of heavy ion reaction:~ can be obiained while 
invesiigating e,missio~, of high energy;'-r-qua~ta with Ey>E;/A,.·Invcstigation of. the 

electromagnetic rndiatiori characteristics f o; this purpose is, in , s0;1i/ cases more 
informative tha~ investigation of light· cha~g~d j:>article e;nission [20], -Firstly. the 
relative weakness ·of electromagnetic interaction allo~s app~itio~ o(Jmyer orders ofc 
the perturbation theory:· Secondly,' the siructuie of electromagnetic currents'

1
is well 

' known' and this, eliminates any uncertainty in constructing the matrix elements of 'the' -

- emission'iprocess, Thirdly, ther~ <is no problem of th~' nuclear field: affecting •th~ 
._ • ,, " - - ' - • , - ! ._,, .---



emitted particle. - 'a phbton. AndJinalfy, the relatively s~all mo~~tuih of the phoiori, . 
·in some' cases allows utilizing the rriultipole expansion of the amplitude✓ of the 
electromag~eiic int~raction. .. . ·> · ;_ ' . . . . . 

NT 
_Studies~ ~f · .. the ·. rigid component_ · of y- · 

radiation· in,'reactions .with· heavy. ionscat, 
· <energies up"to 20 MeV/nucleon have been ·- · 

. performed . _at : FLNR [20] .. _. v·ari~us 
combinatio~~ of scintillation NaI,CsI and ; 
BGO deteciors were used: The discovery of 1_ 

the complex nature ·of ~e. y-ri.y emission . 
with 8<E

1
<30 MeV ~as one- of.the in°ain 

~es~Its. It \irovided -experimentai ~vicfonce' 
: _.: of 'an >increase .jn y:ray emission '. 'in' 

·. com~ruison\~ith the calculai~d values ,from,· 
· _ the formula>Y

1
~exp(-E/f) for)?8 ·~eV. 

(Fig .. 9),,. _The• buro"pi . observed in .• the . 

-~xperimentai · y:qwi~ta_ . spect~a for . E.,,>8 

MeV was interpreted. as excitation ·of the 
. giant dipole ;_resonance~ (GDR) in the 

compound. __ nuclei/ The . shapes ;·of. high-

. 10° I . J J . I - , . I I I I I I I ,· I I'. energy y-quanta were ,measured , depending 
· 0 • _4 ' :_a.· : ,12 • to 2[! ,· E7, M3B . . '. on the parameters of the compound nucleL , 
Fig:· 9. Spectra pfy-rays"measure~by , A double~peak spect;alshape corresp6~ding ~ 
.21Ne-induced reartions on different·- : '. to, GDR fissioh: due' to thitiarge ~ngufar 

targets. . . ·• ~ , :. . ·_ ~omentum .of th~c.ompotind· nuclei .~a~·: 
· revealed: Angular anisotropy . of' high~energy yaquanta ii'a( _been . studied .. A · special 

feaiuie of these e~periments· was selection of the formation channel' of r~sidue imclear 
products by a direct technique according to the registered characteristicx~ray 'e~issfon,· 
fi~sion fragment~ orlight~harged p;rticles [21]. '< _.-_ :"" .. ; : • '. . . . ' .... ·, .. 

> -· • ' ' ' -. • - ~. '.'\ ' • " • -"- ' ~ -·.··. ' ' 

The main ~;suits of the' illea~u~ements' couilbe stated as follows: 

·-L The· emission of. y~quanta 'can be explairied by three processes:: statistical. 
~remsstrahiung' and that invol~ing excitation ,with sub'sequen-t ~ultiprile giant resor1ance_ 

· decay'. Ai Ey<30 l\1eV· all three processes,_contri_bute significantly,-at E;,30 MeV the , . 

bremsstrahlung. r~diatiori has• th~ greatest. ~~ntribution. -·Fo~ dimimiri;iing _·between: the_-.·• 
contributions of these pfocesses.itis necessary'to,selecp~e reaction ~hannel during the .. 
measurements. ', . . . . : , ' .' ,' , " ' .. . ..• , ' . . . .. ' . ' ' ., ' . 

~, 2,_ Hi~h:energy°ph~ton ~ini~si~Il (E?30 MeV) e\ti~~ntly t~l2es pace at ·a~-ea,rifstage oF 
. -.. - ~ .. ,, -:-··_ '.'' ,. - : - . ' : - /. ,., 

the collisi_on _process: · · · · · · · · , · · 

·j 
i 
l 
( 
f , 
I 

·~: 
~ ·~ 
i i ' .. ·. __ r. 
1~ ~, 

'/ .cc: "''\ 

· 3. ·1n _th~ ,E, ':= 30, Me\l range .y-spectra shape irre~~-I~ties::fbumps') cannot be 

... explained within stati~tjc~l approaches. Orie can "suppose that the· 'bu01ps'. are H~kedto . · 
the decay of collective·nuclear states. · · · 

---.- . . ,. 

- ' . , - ,, 

__ 4. A comparison of. the-~biained e~perimental data on the energy an<l'angular y-quanta 
distribution with the, available information on the sub-threshold produ~tion -:of 7t
mes~ns in~~~logous ;reactions allowed a. supposi~ion. about pos~ible ', similariiy. of die 

. 'production mechanisms of high-energy y-quanta arid 7t:mesohs. , ' 
' . . . , - . " . ·. . ' ' 

. This. supposition allows· a different -view of the formation mechanism of:the sub~
threshold pioO prod~ctiori in reactions ·with medium-energy heavy ions. J~st ~s 'i~- the .. 

, case'ofhigh-energy.y-quanta, iri rea~tions with heavy ions at ihe:energy of Ei/A,=25 . 
'Me v I A in the iridepe11de~( partides . model,, on~~ .•or• two-nucleon.· pion producilo~ 
•. mechanisms are. either kinelriatically forbidden, or hav~ a, negligible Jow probability 
(e:g:: taking into ac~oimt the i~t~mai movement in 'colliding nuclei)'. Then arises the C, 

. . question about the physical mechaniim of' conveying . a ; considerable portion'. ci( the . 
collision energy to the' 1t~ines~n. which is absent from the mass' surface of the 'system . 

'Compared to aii arialogbus,.proc~ss'of the high~e_nergy ph~tcin~prodllction, obtaining· 
.· experimental information. about 1t~meson characteristics is· more difficult due to a 

_-··\e1atively, low , prooability· of .its produ~tiori (the ,cross~~ecticin range\;Jr()m ··one- to' 
severalnanobam (Fig; IO): Besides, investlgation ofneuti~I and .charged ', piori spectra : 
· · <, · : ./ . • _·. . -. r' >. .: .. · · ~ · , ~orrespbndi~g/y ..:. r<!quir~s'. 

. different ·:,; techniques; -: > which 
makes · ~ di;ect compiu:ison of• 

. , ,• .the , ol:itained , i-~f ~Jts • difficult . 
( e.g. • there - are practically 

-.. ex·perimental . results on. -· 
' angular. '._distribution.'. of 7t

~esons). Jdentificati~n . of 7io . 
. ~esons· is done :J,y mean·s of 
measuring the coincidence;_ of 

. . the,· .. two' -•high~energy. :r-quanta 

from : the . n?~r+Y"' de~ay; ,, 
occurring ·~it~- ' 98.~% · 
probability.· Th·e characteristics 
of . ··• charged· .. · mesons. , are 
determined. eith_er · by a 
scintillatiori•; telescope. or by a, 
m'agnetic.:•,:. :~ .. --~ ~pwromet;r. 

. · Measurements of neutral .pious. 
' . have advantages over charged1t 

· ~mes~n me~~lirements_[22j: · 
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0

-J'.y-qu~nJ~ registration· can be done in a comparatively large solid angle (5-

.,_iO% of 4n), ~hich allows measuring cross-section of aboutJ0·33cm2. 

2. The. Coulomb field of the daughter ~ucleus does not distort the. measured 
spectral and angular characteristics of n°-mesons. . . . . 

, ' ,. . . ' -

3. For registration ~f n°-mesons there is no low ~nergy threshold. One can 
\ ' . ' ~ - ' . : . . '. 

measure n°-~~sori pro?uctions with energies practically_ e·qual to zero. • 

~-joint' Dubna' -· Los-Alamos. - Rez.~xpe~ment at,the ·lJ-4~M ·accelerator iri' FLNR . 
JINR is pla~ned . for systematic ·inve~tiga_tion of the . m~chanisms •· of · high:eneigy. y- ' 
quantum and'n°~meson form~tion at the_,energy of. E1-~ 50 MeV/A. Multilayer;' I 

scintillation and seiniconduc'tor telescopes, (he 4-n BGO'ball f;o~ :LAMPF [17] and 
1 

,;/ • ,' ' - ' ,... ' ,' , < I ., , ,' • ,• - • , ' •. - • • ' 

the·BGO-wall from· IPN (Rei;· Czech Republic) will be used for.this purpose; Fig. 11 
•. • I .. • .·• ·. .· :- _.;--; _.· .. . ·. ·,._. ·, ·., , .... _ ._·-

,presents a schematic view of. the · experimental' set-up; Table· .IV> displays , the 
·:chara~tenstics of the BGO-ball and the scintii1:ation det~ctors, , , ,' 

-~ 
T 

1' - lase/ for sie'tup alignriient 
BM - ,. bending magnet 
Q. - ·quadrupoles ._ · · . . . 

. 2>0 pump. and beam diagnostic box·-
. 3 ::' · scintillalio_n telescope . , 
4 -'. semiconductor detector telescope 
5 · - forward detector · • · , 
Tl ;T2 - . targets· · 

_6 - Faradey. cup 
7 - concrete shield· • 

. ·Fig .. fl. _A sqhematic •view· o] the. e:1:perim,ental set-up to 'be'· 
used for studies of the ;mechanism of high-eizerg)i y-qiwnta 

:a~d n°-111eso~ prod;,~tton . . 

. The fol~owing IJrogramme of expe~i~ents· is_pla~ned: •. 
T •• ., : • ~ ~ } •.. > • < ,i 

"/: 

' 

. I. Measu.ring the angular di;tribution of the >emitted n°-mescins, including ,tJ·10se at 

...: 

' backward angl~s. 'This Jm. allow, determining ~espective c·ontrlbutions of. the coherent --~-. 
' . and th~ in_cohererit sources ()f pion emission. · \· · · ··· . : . · ·. . '· . 

. . . . 

2. -Investigation of th~ spectr;I ·. distribution ;ith' simul;an~ous r~gistrntion of. the pion 
and s·cattered ion emission angles. Possible diffraction structure of such distribution 

, . . . . ' ' .. ~ . ~-· ~·' . : : , . ',. ':.. ' . . . '.:, , ' 

~-

'l t',) 

·:_·/ 

'~ :. ~ 

.,_ 

,,_.:~ 

Table IV.-
_Characteristics of the BGO-ba// and scintillation detectors.-. 
. '. .. •, , . " . .,• ' - . 

. <l_n-BGO_detector.,p_aram_eters. 

• • I • 

A number of plastic-BGO 
phosvich-detcctors ; : , 30 

·; ·Solid angle ·· / 0 0.88•4it sr 
·- ·. - , -··~ ' 

Thickness of plastic scintillator 
• I , • , 

-+ - • Thickness of BGO-crystall ... 
• t ' . . · .• · •. 

Maximal detect ~ro~n energy. · 

istics of semicond 
intillation 

'3mm 

5.6sm, 

185 M;V ' 

:90MeV 

SCD-telescope 
·.',. " 

· 6'.50 Mel· 

_ 3-25 MeV•. 

, ~n~rg_~ resolution, ... '-;: 0.5-0.7 MeV 

. Solid angle. '. 1-20msr-· 
• - .• •• I 

Max: nu.mb~r of ~;ents 
per second . IO' s~c·1 • • 

10-100 .~eV 

2-3MJ 
·•·1-30msr _:-_; 

io•,,p· 

./ 

·-: .. 

could be an. indication of the :nuclear bremsstrahlung' m~chanisin of t_l;e n°-meson 
e~ission and provide"pre~ision d;ta· about ·1ht form of the ~ter 'nuclear pote11;ial. 

. . . ' ' ' . ) , . •.· .. , . . . . •' - ' . . . , ~·. 

3., Investigation of 'the e'nerg; and ma~s depend~nce' of, ihe threshold in pion -e11~i~sion: · 
This would ~l~o a;sist a ~ore concrete definition of the r~action mechanism .• 

4 ... l~vestig;tion of'.piO!J "spectra :on ._!ht= _high-energy 'side in: ·the_ kinetic .energy· range 
··above-·200MeV.Dctectionof a· relative enhancement. in.'the n°-meson vield aloi1gside 

.. their. energy_ inma~e _ V:i1Cpr6vide a more: precise. ~I~erstanding ()f th; .rol~. played · ti>:' 
the t.~resoriance_ mechanism of pion· production;, .. . 
·, " ' '" •. . ' .. -..: .. , , 

·AncCfinaUy;one·of th~ topical tasks pursued.at nianyhea,·y ion researchcenir~s of;. 
the -~orld is investigation with radioactive b~ams, FLNR • also has· a prograni;nc i;i this:: 
field._ \\_'.ith 'th~ ad~ent o[ radi~aciiv~ nuclei beams' it h~s become possible not only -to -

',study.their properties, _but also tostudv reactions induced by. them.~ The main probk111'. 
of produ.cing se~onda~y bea~1;ds, linked \vitli the synthesis' of iadioaciivc ~uclci. AL 

·• present; direct'relc·iions prnducingr;,Hoactive ~ucleicat energies up lo 20· MeViA and: 
projectile_fragmentation reactio~s- at.e~ergi(;S 6f Eh~50 are the most effe'ctive ones.,!~ C 

the fi~st cas~· ne~tron and 'proto~ stripping and pickup r~actio~s a;e used,. as ~ell 
,•/h S ::•::, ',•,,! ;• 0.<: • " • "' S 

·J3 .• -\-
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transfer reactions and (p,2p),' (p. 3p) and (p. He3) reactions ·on hydrogen'targets using 
invers~ kinematics.,In the~e reactions the energy resolution of the secondary beam. can 
be 1-3%. Usir{g th~ maxi~~m i~tensity oflow energy ions (IQ13~10'4lls). beams-~f 
6He,9Li, 12B e, etc. can be produced with i~tensiti~s up to.· 106 1/s .. Ra~ioactive beams 
of secondary low eneJgy parti~Ies are ' of great interest in.; in~estigating ' nuclear, 

· 1reactions Jnduced. by them close to the., ~oulomb barrier. A few years ago_ it "?; _ 
demonstrated that in the. very neutron-rich nuclei of light elements. such as 11u. '4Be 

. ' ' ' ' I- ' ' ' ' ' . ' ' ' ' 
and others; there can .be neutron halos characterised by' a large root-mean-square radius,· 

_of the neutron distrib~tion [23] ,(Fig. 12) .. Thus. for the 11Li nucleus this radius
1
proved 

1. 

.· NEUTRON DENSITY DIST~ IBUTIONS ·. to be close to the neutron: 

V. . ' . 
distribution radius of the 

.. uranium nucleus (-13' fm). 
' ' This. allowed i a number "or ' Rrms16H~f=2._ .20 . F_1· . , · , · ... 10 _, 

Rrmsl'i-lel=1.57 ,. -· , predictions to be made 

--,,~-~-:.:. · 102 ·,about: the peciilia~ities ~f, 

, · •. -.-.}H~--: . . . · 3 imerac' tio~s of' s~ch n,'ucl. ei . 
· 1 · ·: :. - 1 10 , ,,- a_ relat1vely high _ cross-

I . . I _' 
10

~4 14He~co~ . section . o_f_ t?e sub-bairie~ 

-). .·. I· · · ·· . · · ·· .. nu~le:11" fus19.~ ~f · ha!~ 
I 1 - 0 4 6 8 · nuclei producmg • weakly- .·. 
I -~---'---~-~ ., . . . . . 
I I ... . excit_ed ,compound nuclei, 
I '. _· I . 10-1 11u ' . sub~barrier valence ne~tron 

1~ . _the soft. mode ... of, _gian'. 
{0-3 ,c-·· -• resonances,. At . the. _U- . (I) . -2 , . . . t.zn" 0.34 ·· _tran·.·sfe.i .. a. nd ex·c· itau··.on .. · o. f " 

. ' . 9u.:; ~OOM cyclot~on in FLN_R . 
. . / ' 11 . ' ' 10.4 ·, radioactive A,eains of 6He, 
'Rrmsl/P: 3·19 ' . ·o· 9Li and 11 -i2Be,h;ve ,beeri 

Rrmsl LI I - 2.32 • d d · h. · · · f ,·, • .... · - - . ,: · , . .. -prn uce ~wit ..energ1es:o_ 
Fig. ·J2. A_ presentation of the; ,neutron density lw MeV/A. The .. have. 
distributions for 6He and II Li, showing the difference·b.. , ·d ... t.• ·_· : 'ft. t 

• .: · , . · · · . . r · . een use . o : mves 1ga e 
between two tvpes of halo (1st type <//Li, 2nd tvpe -~ • 

1 1
- : · - · ·

11 
;--,-.. . · · d 

6 
. • · • · - ,. , e as 1c , - sea ermg .'• an 

He). : fusion-fission : ,. reactions .. 

. , .· . .. -. . . ._ . • . . . ' Fig: 13 ~ displays the rati~ 
. b~tween the, ela~tic scattering crciss~~ection of6He; 6Li'; 9:Li and Ruth~rford ·scatte;ing 

. versusthe parame'te/ of closest approach betweeri·. two nu~lei in the quasi-~lassical 
appro~ch "[24f I_t i~ seen that the curves Jo~ 6He. and 6Lj coi~cide, which corresponds , 
to the same. interaction radii. between these 'nuclei and 208Pb nuclei. and "diffuseness. : ' 
1The cur~e for. 9Li :is different ;rid_ has _a large· in,tedcti;;-~ radius, ~hich. permits/ thi . 
conclusion,ab~ut a high degree of defo~ation of this .nucl~us, whi~h is· close t,o·the 

,_ ' . \ .. - . -. - '' .·. , . . ' ' - ~ --- .. - . - ' , ' ·. 
nucleus· having a neutron halo (11Li), in. the Coulomb field of the target-micleus,-\\'.ith 

'- the use of. the· secondary 6He J;eam: the ·excitation function: of the fusion-fission_ .. 
reaction •6He, + 209Bi. in"-th~ Ec.M.= 30-50 Mey was' studied [25]: (Fig.; 14). A ; : ·._ 

~ _ comparison or the crnss0section data for 209B i_ fission · by 4He and_ 6He, nuclei shows 
that at the same excitation ene~gy the crns~-section of209Bi, fission by 6He nuclei is 

. .\. · ~ 14 
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. Fig. 13. a,la, vs, .. _the' 

parameter. of the . distance. -
of close'st approach [24]. • . 

-}-1-...:r0·+V . 
'·t:<. - : ,- .. ·· ... _ -;,;~ 

...o,..;·•...:.:~_ - .. :-- ! 
',. ,-

., . ' ,.;_~,;,;.{ ' ' ', .. , ' . 
-~ ... -, ,u.:~;."Rn ,;,.,ie*ben} 
..:..-4He+'""eio>'"AI .. * . 'He+~"'AI 

◄o .. · ◄5 50 / 55· so · 
·EnergyCM '.,MeV-

,·'-....-:. 

··-, - __ , ,-_, 

Excitation'. functi~n 
fusion:fissi~n: reaction 6ffe + io9Bifor. , 

· Ec.~_=30-50 MeV; Other reaction eras~ 
· 'secti~~s ;i_re shownfor comparison. . 

. . ··~;-. ';·,.: ·._ 
about 5 times larger. than tliat for, 4He. nudei. ;A large energy shift between 

• ' thresholds of these reactions also ;!tracts attention; It is indicative of an increase of the 
.. Coulomb barrie;,, oL~the . fusion for Jhe· riiiclei. -having the neutron' halo (6He)'. . 

U~foi:tunateiy, ,the re;trictioris ,impo~ed by the target· thickness in -the case of, u~ing ·· 
low~energy primary beams do' not ~llow a large yield of secondary nudei, particularlf 

'in . the . .'mass iange' of A:2::10. •· Fragmentation reactions 'are used 'for. such' radioactive, 

bea~s ~t primary ion beam:energiespf E/=50-100 M~V/A. For p;ciducing a ~ec~~dary ... 
.. beain of exotic _nuclei it- is necessary to ~se beams -of .hjghly~~eutrcm:rich. or neutron-:_ 

-~, , ; ' .. ' , • · · • . . •. ,.,. '·· ' • . - .- : - ·· , ' ' . . ; l ~ '"· _ -.- • 

rich .. nuclei, such asJ6Ar, 36S, 4sca: and others. Joint Dubna-GANIL (France) 
experiments . ~ith the 'i.ise o'r, 18Ca be~Iris , have demonstrated : it~ advantages. for/ 

· producing -highly-neution-rich ·•nuclei·· in. frag~e-ntatio'n reactions ... Fig:' 15 ·.displays_, 
- - - ·. ::..._•. . . . ' . '' ,-- - . ·- - ,, . - . - -
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isotopic distributions/ of Mg. in the' case ~f 48Ca and 4°Ca fragmentation. In these_ 
', . . . -, . . ' - \ : - ' ,,. . . . -. - ' ' 

experiments_ about. 40 nuclei 011 the _nucleon stability border have been ·synthesised for 
the first time (27]. It should be noted, that iri' reaction~ ~ith 48Ca ions al the en_~rgy of 
~60 MeV/A nuclei with·the miiss ofA~48 were:also observed. Iris indic.rtive ofthe 

fact that at such ene;gies besides the fragme~tation of theprojectile nucleus. reictions 
simiiar to ,deep0 inelastic, tr~nsfer reactions can also occur with high ·degree of...
probability. They· were first obser~ed at low energies (28]. An analogous res~lt was 

.. obtai~ed during the fragnientation' of the neutron~deficient nucleus 'of 112Sn. In the 
·,_, joint Dubna~GANIL. experiments recentiy c;rried. out in• GANIL (France)":°the double--· 

magic ioosn nucleus ias produced (29]. At FLNR exp~;iments are ~nder way. using 
/reactions with 6H~i1udei produced in'the7Li(40MeV/A)+Cl-Iz:re;ction: With the aid 

of the transport' system of ihe pdmary beam it has become pos~ible to shape 'a 6He 
beam \Yitli :an energy resolution ofJ %, The fragment~separator COMBAS project [30) 
·is urider way. Fragrrientiition reactions ~f'.the high~intensity primar)'beam ofithe 
U400M cyclotron will be used lo produce bea~s ~f radioa~tive nuclei . .The parnmeters 

I ,_. ·. ·'. , - , • , •. • ,.. , • 

of this separator are, given in Table V'. And-·finiilly, .astorage rint-project (the 
TREBLE. Project) is under discussion· (31]. R;dioactive beams •from the fragment
s~parator ~ill be 'inject~d into it. Table VI presentnhe parameters of the radioactive . 

. '- .,_ '.-. . _- ,. . ,_,.--:--· ·'- { -· - ·. . , ' : - .- . . 

. beam storage ring. The storage ring·. will bring .about anew· and higher quality of 
· radioactive beam research·, (monochromaticity, .. operation in. continuous mode_ (high : 
duty~factor value)): Mi.Jltip!_e" trarisjtio,ns of the.nuclei through the target '(lo6rev/s) wm _ 
allow increasing the_product yield of nuclear reactions with radioactive beam_s: . 

• - • • c-' • • /' •• ' ' 

16 :,,,· , ·., 
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_ Table V. - Table.VI.· 

-:E;pected parameters pf the. COM BAS fragment:• . 
. •. '. separation ivith other existi~g separators. 

Basic parameters of the· ... 

' ~ t ' , . . ~ . 

. Comp1uison of Fragment Separators 
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