


Experiments on synthesis and 1nvest1gat:|.on of properties of new: .

) *'neutron—rich nuclei . of light elements a.re carried out at- some scientific

‘ centres of heavy ion. physics |1—4|

S Such 1nvestigations pursue two goa.ls. i

'~-‘investigation” of the ‘properties of ‘a wide variety of nuclei lyingv ’ :

; near neutron drip line,

: — identification of nucleon stability (or insta.bility) of these nuclei.

.. The: synthesis - and investiga.tion of properties of~neutron-rich nuclei

. present a great  interest.not only- for miclear phys:Lcs but also for. Vastro—’
physics (for explanation of ‘nucleon synthesis and. stars evolution) ;
el ~The “main difficulties ‘in . the realization- of ‘experiments. on: obta.ining :
neutron—rich nuclei a.x‘e -due to':their small* yeild.  These difficulties can’ !

- be overcome with 1ncrea.Sing intensity and’ beam energy of “heavy: ions a.nd L

2o with? designing a set—up sepa.rating secondary beam formation from correspon—'

ding products of ‘nuclear reactions. ;- o RN
‘ ‘One - of - the methods “ to ' obtain . secondary. beams is’ the i‘ragmentation'
rea.ctions and multinucleon transfer-reactions at.energies of. ~.20° MeV/nucl ‘
: . In the present report. the ‘results of.the works studying the properties .
) :‘ of. neutron-rich  nuclei . of He and Liat: secondary -beams of a: cyclotron»', :
= -of the La.bora.tory of Nuclea.r Rea.ctions JINR (accelerator U—&OO) a.nd set-ups'
 designed |5| for these purpose are presented e : 8

! - The main: components of the set-up are:

- ma.gﬂetic sepa.ration cha.nnel o et S R TR B e

; ~..system. of detectors for: nuclea.r identification a.nd studying of
_their properties . : i Ty et R B SCRT
R electronics, ma.intaining this system of detectors and” the‘,set—u‘p.u
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EXPERIMENTAL PROCEDURE
1. Magnetic separator MT—1MT-2 '

. The ‘schematic view - of the  experimental set-up for separation -and
‘identification' of nuclear reaction products is presented in fig. 1. The
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Flg. 1. Scheme of exper:.mental set—up.

prJ.mary beam - of .- heavy ions from the accelerator U—J+00 focussed ‘on. and
e bombarded the ‘water cooled . target T the ‘thicknessof which was calculated -

for total absorptlon. The separatlon of light reaction: products is achieved
by an"ion-optical -system - for transportation and separatlon of the - beam

“on - the cyclotron which includes a quadrupole lens Q) and’ d1pole magnets'.'

MT‘I a.nd MT2.. The products produced and " emitted at’ angle -0° "are separated
by A/Zz in-MT. The second magnet MI2 is used for dispersion compensatlon.

Such system is double achromatic — both in angle and posltlon. 'The 'meximum
‘magnetlc rigidity .of such a" separator - equals +1.5 Teslam’ and the SOlld"
angle " is ‘about 10 .msterad.  For better 'separation it is planned to “set .

slits -and -an ‘additional :stripper. foil - between MM “and “MI2 -like ‘at the
LISE—set-up |6| The quadrupole:lens at the MT2 exit is-used ‘for transporta—

tion of “the secondary “beam. and’ 'its ‘focussing onto a telescope for 1dent1f1oa— -

tion a.nd 1nvest1gatlon of characteristic of exotic nuclei’ decay. :

One “should note,  that the - intensity: of the secondary beam and’ the - '
ratio of particles yield~ from the target depend:‘on A mucleus—target and

'selected magnetic. rigidity : of ‘the MIM-MI2 system.: ‘In reactions with B
“ions (20 MeV/nucleon) and targets from 12

e M 181 A, 12

B targets with C and Be is near to 1:2:4 ratio. The
w1dest range of "secondary products ‘is oberved in rea.ctlons with. heavier
: targets and ions, for - example, oNe (20 MeV/nucleon) + Ta (fig. 2) The

ment o

C and 9Be  the yield of qﬂe and’
e isotopes.is predomnnatlng. The measured yields ratio of: 6He at bombard—f

‘scmtllla.tor are 100 X (6 50 nm

eff1c1ency of separatlon of . seconda.ry beams ca.n reach’ seyeral,per‘,icent'

from their total yield in the glven solid angle. L

"Ne(zcuev/b + 'rq

dE (chonnel)

Energy (channel) - .

- Fig. 2. A E—E—natrlx for reactlon Ne‘ (20 MeV/nucleon) + Ta -
2 AEvE telescope a.nd identlf:.cahon of
rea.ction. products (R

In order to analyse the isotopic purlty of secondary beams after

- the magnetic separator MT‘I—MT2 the  method ‘of . specific losses and - tofal

 energy measurement was used. A sem1conductor telescope app11ed for. this

goal - includes two solid 'state A E—detectors w1th a thickness ' of 40—50 n

- and: E—detector w1th a’ thlclrmess of” 2 nm Registered part1c1es are 1dent1f1ed
. by means of the image po:Lnt on the’ matr1x correspondlng to’ coded amplitudes '

of A E- and’
that telescope resolutlon allows to 1dentify correctly the reactlon products
by A and Z._ N

E-pulses. From the matrix presented “in flg. 2 it follows

o P B — partlcles detector erp

“For " reglstratlon of B—partlcles , em:n.tted from :unplanted nuc1e1 1nto i

,the senﬂconductor telescope, ‘a”"scintillator - of NE—EU type in" the" form

of “a cy]:mdrlcal glass w1th a bottom was app11ed The dlmenslons “of the

registra.tlon at energles typical for B—decay of:. neutron—-rlch 1sotopes of
,llght ; elements, approa.ches 95%. A signal. from the PEM proceeded after

ampliflcatlon to’ the ampl].tude—code converter, the 11near ga.tes of whlch

. ‘opened after the perm1ss1ve signal of fragment registra.tlon w1th selected
]_A and 2 the propert1es of which are investlgated ’

.>3"

: “the walls thic}mess is 5 im.  The - bottom o
*of “the sclnt111a.tor is’ optlcally bound with’ a. photomult1p11er PEM—93
‘As’ 1t was ‘shown by ‘the results of measurements the eff:.clency of B—pa.rtlcles



) ) 4 ‘Neitron detect1on and measurement of
. their multlpli(nty

Proportional counters fllled with 3He w1th 1% - CO, admlxture at a

,pressure of 7 atm were chosen as. neutron detectors. In the given set-up

56 . proportional  counters | were used whlch were -positioned in 4 rows by

3

. 14 counters in a cyllnder made of plexlglass w1th ‘a volume of about 0.2 m
and a cavity inside for a serruconductor telescope and B-particles detector.
The - scheme. of neutron counter positlon is.given in fig. 3 and the
.'detalled description is presented in ref. |7|

Scheme of neutron counters pos1t10n w1th 3He—fllllng
3He—counters, 2 7 8 - plex1glass, 3 - cadmlum f01l
4 - steal tube 5 - plex1gla.ss plugs; 6 — cav1ty for

o F1g ,3

detectors 9 - preampllf1er and hlgh—voltage scheme.’ s

1si ’12>°> The electron1c system used for neutron detector ma1ntena.nce permlts
'to obta1n mformatmn about the quantlty and numbers of counters ‘which
Hreg1stered the neutrons._k SR Lo S

' : The detect1on eff1c1ency of smgle neutrons . £
relat1ve to the:
. was ta.ken. -At the

EmlSSlon probabllltles

. per one event of spontaneous fission . )) =" 3.14+0.001-"

same t1me the eff1c1ency was f =:0. 315+0 010.:

of d1fferent neutron numbers P

d1str1bution over mult1pl1c1ty of the reglstered events by .a system of

equat1ons H

The angle between counters ‘

4 was determined -
ABCm standa.rd for which the mean value . of . prompt neutrons

‘are related w1th exper].menta.lly measured.

i

i
gl

Hewenn

P

_of'a preass1gned

1nvestlgat1ng the properties of. B - decay of : 8He, 9L1
- carried out -and- prellmlna.ry data on B-n decay of -

. . £ . L . n -
. with normalization condition: ¥ p =1
' : BT
S N . :
P ¢ W
. ‘where En : n . . *
’ 1N
i=o
and N — events number with i - reglstered neutrons.

:

In order to “determine’ P values and their- errors, the method  of

. statistical regula.rlzation 18] was employed

5 System of data acqu1s1t1on S

A block—-scheme of electronic system of the given set—up is presented in
|5|. The process of experimental data acquisition’ is reahzed by means
of a PS/AT computer and proceeds in the follow:mg way. After measuring

the spec1f1c stopping power losses & E and the rest energy E the data

‘selection over given value of A and Z for a short perlod (tens of us)
by the ana.lys1s of applying the registered event to the internal reglon'

AE-E contour on the matrix is performed In case of

- fragment reglstratlon, the propertles of whlch a.re 1nvest1gated the permls—

s:.on signals proceed to B—partlcles and neutron reglstratlons. The time

"of a.rrlvalof B—pa.rtlcle is measured. At the same time the max1mum expectation

time of B-particle equals ‘a few half—hves. Beslde “the

“of B—n correlatlons smmltaneously w1th them, “a” signal “locking the HF-
. generator of the U-400 cyclotron is formed.: One should note, that’ the
) t1me _from the reglstratlon (of' the fragment moment .on the

telescope up

/“to the:locking of the HF-generator of the cyclotron is essentially lower -

‘than the - time-interval. between’ successive clots of accelerating ions.

"In case 'a signal from-the B-counter into the :computer memory is :absent thev

information enters only - from the semiconductor  telescope. In case'

there apprears a slgnal -from a B-particle during n T1 /2 the 1nformat10n

‘ 'is added by. the time: of: arrivalcode, the amplitude’ of B~signal and data

‘ about. the registered neutrons.

" RESULTS AND ANALYSIS OF EXPERIMENTAL DATA BY

g HALF—LIFE AND 8-n DELAYED NEUTRON DECAYS oF LIGIITEST NUCLEI

sepa.rated seconda.ry beam of the U-lIOO accelerator experlments
12

On.a
13B “were
L1--were obtained. .The
B (20 MeV/nucleon) +

B nuc1e1 the rea.ction with 20

secondary beam of 8He a.nd 9L1 was obtained in reaction

, 181 1250 ong 13

Ta, and for produclng Nek ions

sta.rtlng signals g



and’ energy (20 MeV/nucleon) seened to' be. optimal. As an “illustration of
this in fig. &4 the distribution of B — pa.rticles corresponding “to. the
investigated nuclei decay are presented. For-He and Li 1sotopes the inter-
- ruption time  of secondary beam for B - particle waiting for was - 1- sec

8He and 9L1 ;
) Straight lines ;present

decay of .

.
= 1245 ms
1/2

“a ' fitting  of experimental

yields

“'method. -

100 zoo 380 400" 500 soo 700 N
it time, s ms s s

~3.,and for Be and B - 100 msec, respect1ve1y As follows from table 1 the

‘ ‘obtained values of half 11fe (T1 /2) a.re 1n a good agreement w1th the

"prev1ous1y measured values w1th the exceptlon of 12

ol e ] Fig 4 Experimental curves of nuclea.r‘

'data‘ by -the ‘least ' squares--

42

Table 1.

- Muclews 1/2("‘5) o T Pty (B B (B
S _exp.. - . -other works . : exp. . - other works
Bhe 12854 0.2 7119+1 5. |1o] P, =87.041.1+ - . P =841 |10
e e Py =12.742.6 © 0 Py =164 - |10[
O 181.8:0.0 178 3+o . |1o|k P, =86.640.9- - oW =50+4 . |10]
11‘ : s s P, =13. 334 .
SULi o 8.011.0 ;(8 540 2 |1o| Py =H5. 0486 e

S TR P, =20.442.6. - P, =851 |11]
Py =15.2¢3.0 = Pyo=h120.4: 11|
Py ;5;.1;3.0 o oo Py=1.940. 2 1]
s B TAFIUE L SN SEPES I SO wn =.9,l.*19 wn "95i8 ',!1” :
““Be 13.140.5  11.440.5  |9] R
Gl 2364009 - MOl W . 0.08 - W< Jofo
Bp 0 7.0 17.830.2 - }10) w £ 0.03 P =100 |10

‘The ‘definition of wn~ =% Pi is given elsewhere |5].
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"of neutron emission for

The obtained value clearly:conforms with: T1' /2=11.4;ms measured in paper |9 .

Besides half-life - measurements  the . present' detection‘ system' allows ™
- to measure rrmltipllcity d1str1butions of neutron -emission a.nd also angular
‘d1str1but10ns of neutrons at different rrmltlpliclty In table 1 the probabi—‘ o
11t1es of B—delayed neutron em1ss1on for :mvestigated nuclei a.re given.

The data analys1s shows that P probabilities of B—delayed neutron em1ss1on :
“gor Be 1sotope "¢onform w1th table values |10}.

FOP 12

permits “to obta.ln the 1:Lm1ts whlch do not contradict to the known data |10|

U As to 9L1, we have rece1ved a smaller value of neutron emission probability

;‘compa.red w1th that in l11l Note that data on multiplicity distribution

11L1 d1sagree w1th the results l10|, though the‘_

’ experunental values of W ‘are in good adreement ; The cause of such disagre— :

ements is not yet determ:med These uncertainties require additional expe—

"riments on prec:1se determination of properties of neutron—rich isotopes

For nuclei of greater 1ntens1ty in secondarv beams such .as,. “He

i;kand 9L1 a.ng;ula.r neutron d1str1but10ns emitted a.fter B—decay a.re obtained

'HIn f1g 5 the ang;ular d1str1but10n spectra a.re presented From spectra :
':analys1s one should ma.ke a conclusmn about 1sotopic neutron d_istribution, o

'”‘at n = 1. The experiments on study:mg the a.ngular corre1at10n between'

B—delayed neutrons in case of mu1t1p1e emiss1on are of great interest

yields " (arb. units)

LT TR 150 200""%‘50 TR0
o neutron emlssmn qngle (degree) :

f-‘ig. 5. Angular d1str1but10n of neutrons emitted
after B—decay of 8He and 9L1 nuc1e1 -

tand should be’ cont1nued The other trend” in - the works on - the 11ghtest ]
nuclei properties is the investigation of B—delayed emission of d, t—clusters e

and o(,-partlcles and other still heavier nuc1ei

Be a.nd 13B decay the neutron em1ssion was not observed which L



STUDY OF: ELASTI(l SCATTERING-
- OF 6He AND 9L:'l. ‘NUCLEI ON 2OBPb

Rapid development of secondary beam technique offers a unique pos—
sibility to make spectroscopical studies of nuclei far from stability 112].
One of the main goals of such investigations is to study the interaction

fparticle cross ‘section of the secondary beam with target nuclei.AOne of

the most interesting results obtained in such experiments is ‘the radius
of intera.ction of light neutron—rich nuclei from systematic analysis of
. total rea.ction cross sections measured at high a.nd intermediate energies’

of secondary particles |13, 14] Nevertheless one should note, ‘that data
“on rea.ction cross sections are ‘rather insensitive to the details of nucleonv'

B distributions in peripheral region a.nd in the :Lntera.ction potential between
“ the colliding ions |15},
- Earlier, another method ~ }16] of nuclear - structure investigation,

based on’ applying the class1cal :Lnterpretation of heavy ions interaction :
) w-ith muclei at ion energies above  the - Coulomb ba.rrier was proposed and

. developed According to- this approach a pa.rticle moves along "the Coulomb

tra:jectory and can undergo inelastic’ interaction deducing it from the -

“channel - of elastic scattering. Studyi_ng the dependence of experimental
i "data on elastic scattering from the dista.nce of closest approach :

=) )
2

R W

‘ i Ty Te?
where - g a= “E‘P"‘e—f—
‘ ~(Z e and Z - e are the. charges of projectile-nucleus:and target-nucleus,
E - energy ion in c. m., e - scattering angle ‘in c. m) one can determine

both interaction radius’ ]16] , and strong absorption radius 117}.

On the other hand, one can interprete the ela.stic scattering of_

heavy ions in the: framework of optical model (OM) both with a phenomeno—

logical optical potential (OP) " and senu.nu.croscopical real part calculated "
118] from nucleon-nucleon intera.ction a.nd nucleon distributions in colliding L

nuclei. )

The experiments on a.ngular distributims research of elastic scattered
~.nuclei. 6He :
_the help of . “the mentioned methods ~ were _carried out.,.6He a.nd 9Li ~nuclei

obtained at bombardment of a thick target from ta.ntalum by B ions w:Lth’

" energy of ~ 200 MeV |19], were formed into secondary beam by means oi'

a.nd 9L1 on nuclel from 08Pb and. their investigation W'.Lthb

P

reduction system and 'extracted' beam d"formationb “of U400 Isl ;‘:aocelerator

and -via collimators: system of 5'nm:diameterk"with the help of a quadrupole . o
‘lens ‘were  focussed- on- a. thin  target . from- separated: isotope of- 208Pb of

~ 300 pg/em? thickness. Separation system of reaction products was ad]usted",
to 6He emission .with- energy of 57 MeV a.nd 9Li with.energy of, 86 MeV and.
w1th energetic- accuracy ~ 2%. The scattered nuclei 6He -and 9Li ron Pb—targetf i
were registered .by plastics: of CR—-39 type.. The / monitoring - of- secondary‘_‘_
beam ‘was ..performed .with the help of a telescopeﬂade of silicon semiconductor,

detectors: 24E x E containing - 2aE detectors with a sensitive. layer from v_" R

70 “up-to -450pm and- an E—detector of . 2-2.5mm. thickness" pla.ced An’ the

- centre of the plastic hole |9].

6 After etching the plastic was scanned under- microscope a.nd the tracks
‘of “He and 9Li were identified by their diameters: ta.king account the: a.ngular‘

direction-in relation to.the'secondary beam. .In: fig. 6 the elastic scattering’~' i

10 = T A BT B e
i s i “"Fig. 6. ‘The : elastic "to. - Rutherford'
i ag 0, o :

! 'ng?d:ou sto o P ‘ cross section ‘ratio as 'a
\10": e °°°'—' S EERR function kdof distance ceof
t?' : 2 o 6L -+ 208Pb closest approach parameter

03 o { s _for 6L1 (51 Mev), Ctie (57.MeV)
. G o Li (86 MeV) elastically
19857 250 355 scattered n 208p

. S (fm) :

. 'differential cross section of 6He, 6Li and. 9Li on 08Pb div1ded by the:

p corresponding Rutherford one ‘are given: asa’ function - of the D—distance"

of the closest approach more exactly as 'a’ function of d D/(AV3 1/3) o

) ’,where A ‘and Ap are ‘the mass’ “numbers-“of  the target a.nd the - proaectile,,f:" o

respectively. ‘The .data for /6L1 (E = 51 MeV) taken : from ref. I20l are- also'_

: shown. It s seen from the figure that the ratio 6’ 1/ R undergoes‘
ithe brea.k at some values of ‘do’ which indicates to_the. beginning of a.b .

nuclear ‘or a.nother process of strong interaction that leads to the particles"
deViation from the Rutherford tra;|ectory. - ) '
The determined in this way parameters d are: given 1n table 2



- Table 2. ' Values of d parameter for elastic scattering
' R 6H 9 208P
of e, LJ. a.nd Lion “Pb

Reaction: . - = Sl L - 'Energy A do, fm
T . C(eom.) . . K . .
3 CMev
6y 208y, oSS T 1.6540.05 "
S 63 2Bpy s 1.6540.03
-9Li'+ _‘%981:5 I 08 e T S22 00

' 'Note, tha.t d parameters appeared to be practically equal to 6L1 ‘and- 6He»'

'scatter:.ng As it is. seen from fig. .6 a.nd table :2,- the determ:_ned values

of d for 9Li are signiflcantly hlgher ‘than’ for 6L1 For: value 6’1/ G’R, .

equal to 0.25 ~one can' obtain the . value of ~effective 1nteraction radius.
In table 3 the values of T, parameter for 6Li 6He and 9Li obta.ined from
e experiment characterizing these radii a.re given. 'For comparison, the values
: rs obta.ined earlier for elastic scattering of: 6He ,and 9Li and ‘Ag nuclei

' |19l are’ also’ shovn: there._ The compam.son of these values for 9Li obtained -

le :2 Comparison of r parameter at scatterlng on”
L ohgand Py - ~ s
. Nucleus- - ¢ ‘.Energy R ‘rc on Ag, fm r, _'on Pb, fm'-"
: : «(c.m.) MeV ' T T e
e 55 ©149:10.06  1.5:0.05
% e 157005 1-57i°-°5 7
e w3 asm00s -
Trasid i  n L T i 143+o 03‘5;,‘,; N

from elastic scatterlng ‘onAg a.nd Pb shows that such r pa.rameter 1ncreases

at- mteraction with 208Pb cannot be related with nuclear absoI'Ptlon- Such’ L o

‘increase of effectlve radlus on 208Pb can’ be caused by other factors such

_as ‘the Coulcmb dissoclation of 9L1 in the f1e1d of 208Pb nucleus or dynaxmcal'

B polarizabil:.ty of 9Li nucleus in the f1e1d of 08Pb nucleus. It.is poss1b1e

that “in the g1ven scatter:Lng processes the Coulonb ralnbow scatter:mg, :

g1ves a predonm1ant contrlbution that leads tostrong dev1at10n from the
Rutherford scattering ~|21}. It ‘is of interest to analyze "these factors

10

on the ground 1- d1fferent model: concepts

“In connec 1on “With > this.- the experimental elastic scatterlng cross
9L1 on 2081’&1 show:mg anomahes were a.nalyzed in the framework‘
of the~ optical model - (OM) The calculations were performed both with a
phenomenologlcal optical potential and a semimicroscopical potential of -
a double-foldmg model. “Siich data analysis on 9Li w111 be reported at
this "School. Evidently, “that _the " works connected w1th secondary beams

sectlons “of

* on studying the properties of exotic nucle1 in sp1te of their difficulties
: ca.n prov1de a number of new results for further development of model :

approximations.

Our Admmediate plans for the investigation of exotic nuelei properties

and of reactions on seconda.ry beams formed of such. exot1c nuc1e1 are connec—

ted with the 1mprovement of heavy ion accelerators of JINH: constructiony

“of  new sepa.rat:mg channel of secondary pa.rticles (COMBAS) on-line with
a 1+J, - detector (FOBOS) .. = .

It is xpected that in 1992—1993 1ntens1ve extracted heavy ion beams. -
(-« 1013 pps) w1th A‘ 440 and energies up “to 100 MeV/nucleon w:xll _become
available “for -the researcners -This = will’ prov1de 1ncreased production ‘
of secondary pa.rticles The. sepa.rating channel COMBAS w111 allow to puri fy

,seconda.ry pa.rticle beams from: the primary heavy 1on ‘beam in order to. trans—
port :and- focus the seconda.ry beam on the ta.rget of the detector -array
. (FOBOS). |22[ T :

- FOBOS - prov1des w1de possibi11t1es for studying both light a.nd heavy‘

-products of - nuclear reactions _since ‘it 1nc1udes 3 subsystems an .array -

of 190 phoswich telescopes, 30 combinations of position sens1t1ve avala.nche k
counters with axial . 1onizat10n chambers and a special ‘forward: wall |23|
' W:Lder prospects of researches on seconda.ry beams at JINR ‘will be

. opened - at the construction of the heavy ion storap=~ Ring Complex K4-X10

|24] which will include the ex1sting heavy 1on accelerators of the Laboratory

; ‘of  Nuclear Reactions the shapmg r:mg K-4 with electron cool:mg of pa.rticles‘
g and the synchrotron accelerating’ ring K—10 : N

The . authors express their gratitude to Prof Yu Ts Oga.ness1a.n for :

Lthe possibility of carrylng out these 1nvest1gations a.nd for .the valuable

conments on this work
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