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s . 1, \Introduction
A reliable estabhshment of the atomic number Z and the mass
number A of the nuclear reactlon products is necessary both for
's‘tudying the mechanism of n_uclear reactions ‘and for producing new
isotépeé, ‘ o : _
- When identifyihg‘ ngclear reaction products withZ < 10 the fol-

lowing methods have been widely ‘used.

1.1, The method' of simultaneous measuring of par'ticle speci—' |

fic energy losses AE  and its total energy E =AE +E with a te-
" ‘ /1]

leséope consisting . of thin and thick detectors. E‘or 1dent1f1cat1‘on

i

the relafion' L -
AE~xE0 ~ const x AZ* y ‘ : L (1)
' is used which follows from the Bethe-Bloch formula, The relation

: T/g,~=(E +AE)" —E" | | @



is. also ‘widely used/ 2/ ‘which- follows from the empirical energy .
range dependehce 5 . )
R =axE’ . - . 0

v

‘In relation (2) ,T’ is AE  detector thickness, a is a constant de— ’
pendin‘g oh the particle type;n = - 1,73 for a wide range of partic-

-

les and energles. C . LT L

-
The most important advantage of thls method is rich . mforma—l ;

tion since all -particles are detected w1thin the sohd angle 1rrespee-;/

tive of their charge states and in a w1de energy reglon. However,

_sometimes 1ts application faces serious difficulties, Two. bar’hcles

AN
~of which one has larger Z but smaller A can generate in the AE. :

and  E ‘detector pulses: close in values, Thus, the, detection of

neutron—mch or neutron—defiment 1sotopes turns out to be unrehable.

The limited AE . detector resolutlon ( > 3‘}’) compllcates the . 1sotq—

pe separatlon of elements heavier than oxygen or the separation

of nelghbour'mg isotopes ‘greatly dlffermg in their yields. The de— ‘

tector loadmg with elastic scattermg partlcles makes’ it. necessary

- to reduce’ beam intensity. This comphcates jhe detection of reacti~

on products  with a low. yleld. S : o R
. The combination . of. the AE, E l'method and the ti‘me-ef-.-v

fhght method/ 3.4/, a]lows the 1mprovement of 1sotope separatlon but

in this case -a smaller sohd angle is used

1,2, The magnetlc analysis with

simultaneous meas_uring -particle’

energy with a de{ector in . the

+ output focus 5 .

The energy of particies passed thro&gh‘ the analyzer is de-

termined from the expression: -

B L




E - = const (BR) Al y ’ (9)

0 . Ly

.

‘where BR is magnetlc r1g1d1ty, { is the ion charge,

, Identlfu:atlon is made: by employmg the Z /A parameter, This
method provides high mass resolution (O, 5 -1%), 1t permits one to
‘remo‘ve the elastically scattered ions loading the detector by using

" the d1fference of partlcle magnetlc I'lgldltles. But thlS method ensu-

: ‘res no unique identification of particles, Since for partJ,cles with

Z >2 various charge states: are p0551b1e, partu.les—-lsobars having:

22 +e 22 +a 2271, +8
equal energles and ion charge, as for instance, 0 ‘F e

» cannot be separated No particle pairs can be separated which
possess equal or very close. values of Z /A as e.g. “Het? o

: vg Lite " 14B+5 and eBe+4 ) |

: By combining“ the magnetic analysis with. the time-of-flight mea~
surement/ 6/ one improves ‘the  information property of the method but
keeps ambiguity due to various charge states, l

‘ . Here a method of charged particle identification is proposed
which is based on the combination of the magnetic analysis and the’
" AE, E - method, A telescope of thin and thick semiconductor de-
tectors’. is put into focal plane of the magnetxc spectrometer. Pulses
"Afrom the -detectors .are.sent .to the multi-channel analyzer operatmg
"m the two—dlmensmnal mode. Such a combmatlon of methods perm1ts
.on the one hand, the conservation of valuable propertles of the mag-

'; "netlc ana1y51s, hlgh mass resolutlon and detector unloadmg with

_e1ast1ca11y scattered partlcles and on the other hand the e11mma—

tion of 1dent1f1catlon ambiguity. The comparlson of the A E E me-
thod the magnetlc analysis and their combmatlon are shown schema- '
t1ca11y in F‘lg.l Since our method permlts the identification of partic-

les whose properhes satisfy 51mu1taneously two equatlons (1) and (4)
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~the continuous hyperbolae of the AE | E me_thod are .broken into
separate points, each of which corresponds to the ‘definite isotope.

_in a definite’ charge state,

2.,Apparatus and the Method of Measurements

The ion beams accelerated with the Dubna 310-cm heavy
“ion cyclotron were used for our measurements
\ The magnetxc analyzer with the homogeneous fleld and the
double focusing of the second order was an 1dent1ca1 version of .
' the analyzer developed earlier for analysmg 400 MeV/c electrons/ /

It has the following basic parameters:

Radlus of central trajectory : o 1,26 ' m
Deflection angle = : . "~ 20°

B max , 18 kG

; o . : . =3 k4
Solid angle . ' 3*10 sr
Momentum dispersion o 12,7 mm/1%
Momentum resolving power o , 0.3%

“with a source 10 mm in diameter

The spectrometer magnet is of armour type, it welghs 40 tons.
‘ The magnetlc field is stabilized within 107 %.

The silicon surface—barrler detectors AE _were 26—200 pm

- . thick, plane—parallelxsm was =0,1 pm and the sensmve region was

' 10-25 mm in dlameter. ‘The pecu.hantxes of detector ‘operation in
heavy ion beams have been considered in ref /8/. The typlcal energy
resolution of these detectors when detecting heavy. 1ons was about
4%. Pulses from the AE and E detectors after amplifying are sent

to the mput of the’ mu]tl-channel amplltude analyzer ) operatmg in

‘ the 64x64 channel mode.



The.two—dimensional amplitude spectrum obtained in bombard- E
~ ing the 232Th - target 4.4, mg/cm2 thick with the 174 MeV % Ne lons
is shown in E‘lg.2 The detection angle of nuclear reactlon products ‘
is 40° . The AE detector is 46 pm thick and 16 mm in diameter, The 7”‘1
magnetic rlg,ldlty is 9,68 kGm, The number of counts in each chan— '
nel is proportlonal to ‘the circle area squared . . ' )

. The 1dent1f1catlon of maxima was carned out as follows. The
energ,y of all particles, W‘thh passed through 'the magnet and “hitted -
the telescope, has fixed values determined by equatlon (4) Knowmgf“
these energies one can determme energles released by a def1n1te '
" isotope in the AE and’ E detectors by using the range-energy
curves and, consequently, to establlsh its: pos1t10n on the: AE , E
plane. Energy calibration of the AE and E detectors was carrled
" out according to elastically scattered. ions, The 1n1t1a1 energies ' of
. all particles were also determined according to relation (4) with
respect to the energy of elastically scattered i'ons.' This made it
possible to reduce conslderably the 1nﬂuence of errors in the de-
termination. of ions. 1n1t1al energy and the AE detector - thickness :on " -
- the accuracy of identification, The dlscrepancy between the calcula- ;
“ted p051t10n of maxima and the expemmental one 1n E‘lg. is within
one channel both in E" and AE |, '

1\/Iax1ma in the two—dlmenslonal spectrum- correspondlng, to the
isotopes of the glven element lie -on the curves of hyperbolical type

which are ’approximately described by the equation

(AE) E, = const x BRZZ, o = (5)

It has been obtamed from relation (1) when taklng, into account

1]

tively (5) contaln,lm fact, the effective charge Ze" < YA 1nstead of Z .,

eq. (4). As has been mentloned in ref, .expresslons (2) and respec—,
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. Pig.,2., Two-dimensional amphtude spectrum obtained in bombar'dmg
the - 22Th target with 174 MeV' 22 Ne  ions, The area of
each circle is proportional to the square root- of the number
of counts in each channel,
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Ow1ng to the fact that the energies of the detected 1sotopes are re-
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isotope yields\obtained from the two-dimensional

"Ne and F :

spectrum, shown in Fig.2,

Fig.3. -

duced’ with increasing A according to r'elatlon (4), thexr Z«“A are
also reduced. This results. in streightening the curves._ln.two—dlm'en-
sional spectra. - : ; > o T 7]
Flg. 3 shows data descmbmg the E separatlon of Ne and F \ i ?.L =
isotopes. Each point has been obtained by summing. up the counts ? . —
in the AE channels, referring to a definite element in the fixed char- : f{ —
ge state in the two—d1mens1ona1 spectrum in Fig,2. : . f —:
Fig.4 shows spectra from the AE detector,. VV'thh correspond ol —_
to the cuttmg—off the two-dimensional spectrum in the maxima of ) (\}f = __‘
~25Ne +9 and 23F *8 isotope ylelds. ' ' ;(‘ ?L :"\',L_— Iz:_
As it is seen from the flgures, the 1sotope resolution’ is suf- ' | "'_}‘ E____ :
ficiently reliable both “in E and in AE . ' > L —'
The absence Qﬂ Ne and F - isotopes in spectra in the char- = . i © 3
jg‘ed states Z, - 7 is due'to the choice of the magnetic rigidity,. .)~" , ,::{'}- = .
. S 3'_»Massi‘ Separation // o : : | ] 82‘)—’— » f:
‘With' AE « E | from formulas (1) and (4) for the isotopes in the T o ' ~ _:z” . E
'glven charge state and with the fixed magnetic r1g1d1ty we obtain . °-?.2m . . ':
. ‘ ) g .
AEzconst x A% .- o D (6) 0’92.,___ :
The comparison of (6) and (1) shows that the dlfference in ‘ ‘M’\ A . . ? \.92"' ‘ _
the speciﬁc ionization produced by the nelghbourmg isptopes of . ,5 ' R
one element is ihcreased by two times when using our method com- %‘l f
pared tothe conventional AE, E  method, ; | if _
. The relative variation of E for the isotopes of the given . . ’1 %- = - ;
element depends on the A E detector thlckness. Considering E_E AE— i :"-}0 Té)___ t:=-
=const 1 /A-const x'A? according to relations (1) and (6) it can “ - - . S ‘_‘] :?
be easily shcwn that _— ] L <L =] <L L

e sesily, shown fhat. : R i | RELATIVE YIELD -

10
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in the maxima of

- (B) vields,

23 F+B

the . two-dimensional spectrum from Fig.2

homzontal magmﬁcahon of our spectrometer is O. 36, wh1

- (A) and

25 Ne +9

R o (EO/AE)+‘2 JdA S @
~ (E/AE)-1 A : |

The expressions for AE- and dE/E can also be obtained

by using relat1ons (3) and (4) The obtained expressions are valid

for AE comparable withE they are clumsier than relatlons (6) .and'

. (7), but provide results close to them, This makes it possible -to

obtain approximate estimations of relations (6) and (7) also for ra-

ther thick AE detectors. - : .
. Keepmg in mind - that accordmg to refs. / 9"10/ the AE det,evc—- )
tor  has optimal energy reselutwn with AE - > EADI one obtains
in this case ' ’

.dA

d == —
E/E 4 A

The peak width in our spectra is determmed by the statlstxcal

‘spread of pulse amphtudes inAE ‘and E - detectors and by the tar—

get and detector’ d1mens1ons. The selection of target and detector
sizes is determined‘ dsually by the'reasonable compromise between..
the resolutlon and senstt1v1ty requ1rements. Smce the coefficient’ of

le momen-

tum dispersion is 12,7 mm/l%, the target and detector 10 mm in

diameter provide amplitude spread in the AE and'E detectors smal-
ler than 2%.

1‘ |
' 4. Identification Reliability

In our expemment we . need to estabhsh four particle charac—
ter1st1cs Z, A Z,, E, .In order to determine them.we have

(4), E,=AE + E and AE= I(EO,Z AT ).

four equations: (1) ,



The latter equation is determined by the range-energy curves. A
question arises on the unlqueness of parl:lcle 1dent1f1cat10n. T

- To prowde the. condition when two d1fferent partlcles mlght i ; |
produce a similar effect in the. detectlng system, it is necessary
that their E and AE . ~should . coincide - or be close in values, The :‘
conventlonal AE , E. method can provide such comc1dence for -

heavy isotopes of the Z element and the llght lsotopes of the Q\

Z =7 +1 element: (see Flg.l) In- our method with Z Z these lsotopes
turn out to be greatly energy-sh1fted accordmg to relatlon (4) As

a result, the - 1dent1f1catlon of light lsotopes for the case Z, Zu"‘, ;
turns out to be always un1que. For heavy isotopes the SLtuatlon :
turns out more complicated, ' _ 7‘
As it is shown by the analysis, in some cases the llght lSO—

topes of Z ~Z +1 element which'is in the charge state Z ..Z._2
.can imitate the effect of the heavy lsotopes of Z element, .m the
charge state Z Z « Such a sxtuatlon arises for a pa1r of lSOtO—
pes which has close values of Z / A and the close rang,e—
energ,y curves in the energy 1nterval under study. I—Iowever the ‘
d1fference in the charged states of the parl:lcle of 1nterest and of :
' the background parl:lcle con51derably 31mp11f1es the’ problem of se-:
paratlng the effects of light and heavy isotopes ‘with our technlque
compared to the conventlonal AE 9 E method. The matter is ‘
that at energies of tens MeV at wh1ch nuclear reactions on an
heavy ions occur, the partlcle y1eld from the target in the charged
states Z =7 -2 is tens t1mes as small as in the charged states
Z, -1 /11/ v R , v -

" This fact allows ther precise check experiments with our tech-
nique. By chang,mg the magnetic: regldlty to Z va Z times vie shall
detect light isotopes with a consxderably hxgher efﬁcxency. The /

14
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effect from heavy 1sotopes when retreatmg from the magnetxc rlgl—

rodity opt1mum can - only be decreased

The check. exper1ment of ref/ 2/ has performed ]ust m this

way, when new 20 , 2N , 1B C  isotopes have been obtained

in irradiating the ***Th target with® 0 ions. It has been estab-
. lished that the admixture of the effect from VF* , 1 0*s -

+ +
220+ 20 N¥7

lsc +6

and 12 N*S isotopes to that from . and

1sotoi:>es, respectively, does not exceed 1%.

It is worth notmg that to hold conditions (1) and (4) simulta~
neously is a more rigid requirement than to hold the same requi-
‘rements separately.' We have performed the analysis -of energy'-f
range curves by using the compliter for ’the isotopes of ’elements
with Z < 10 in the energy interval below 200 ‘MeV, 1t turned out
that .in all the cases by selecting the AE detector thickness in
our method it . is poss1b1e to prov1de condltlons when the’ difference
in the AE and E walues for any two isotopes will be 5-10%, ThlS
allows quite reliable separa’uon of effects both from hght and

heavy 1sotopes in each defmlte case.

5. Method Application

Our techmque has been used to identify neutron-rich isoto—
-pes of hght elements in exper1ments w1th heavy ions accelerated
: with the Dylbna 310-cm.cyclotron. In these experlments together
j'with‘ the already kriown isotopes such as °He , ''Li ," ”Be , °B
Y€ and others, new *C. ,® N, *0 12/ isotopes have been
obtamed in bombardlng B2Th with 180 iand besides new?*F 2*F
and 25Ne' and 26 Ne / 13/ 1sotopes have been obtamed by bombard-
ing :‘.23;2Th with 22Ne ,

15



The employment of the method for detecting neutron-deficient

iéotopes\ proves still more e‘ffe;:tive.f
‘ In conclusion the'.aufhlérs wish . to express their deép ghafi—
~ tude-to Academician G,N; 'F‘Iero{r‘fqr his il:litiati\}e in perfor;hirig~
this work and helpful assistance in cccdmplighing it. . ‘
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