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1. 'Introduction 

A reliable establishment of .the atomic number Z and the mass 
) 

number A of the nuclear readio~ products is necessary both for 

studying the mechanism of nuclear reactions and for produCing new 

isotopes. 

· When identifying nt:tclear reaction products with Z < 10 the fol-
"" 

lowing methods have been widely used. 

1.1. The method· of simultaneous measuring. of particle speci

fic energy losses 11 E · and its total energy E 
0 
= Llli + E with a te

lescope consisting of thin and thick detectors. For identification/
1

/ 

the relation· 

l:iE- x E
0 

roost X AZ
2 (1) 

is used which follows from the Bethe-Bloch formula. The relation 

Tli!,=(E 
n n 

(2) +!:iE) -E 
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is also widely used/2.7 which· follows from the e!'llpirical energy 

range dependence 

R == a X En 
0 

) 

(3) 

In relation (2) T is ~ E detector thickness; ~ is a constant de-

pending oh the particle type; n · 1. 7 3 for· a wide range of partie-

les and energies. 

The most important advantage of this. method ·is. rich ·i~fonna.;..l 
tion since aU-particles are detected withln the solid angle irre~pe4-

tive of their charge states and in a wide energy region. However, 

, sometimes its application faces seripus difficulties. Two particles 
\ . 

of which one has larger Z but smaller A can generate in the ~El 
I 

and E detecto-r pulses close in values. Thus, the, detection of 

neutron-rich· or neutron-defident isotopes turns out to b~ u~reliabl~. 
The _limited ~ E ' detector resolution ( ~ 3o/o) complicates the isotq

pe separation of elements heavi~r than oxygen or· the separation 

of neighbouring- isotopes 'g~tly differing in their yields. The de-. . . 

teeter _loading with elastic scattering particles . makes· it. necessary 

to reduce be<:~.m intensity. This complicates ,the detection of ;reacti4 

on products with a low . yield. 
' 

The combination .of. the ~ E ' E method and· .. the time-of-

flight method/3 •4 /·au6ws the improvement of isotope ·separation but 
' . \ .. 

in this cas.e a smaller solid angle is used. 

1.2. The magnetic analysis with 

simultaneous meas.uring . Particle· 

energy with a det~ctor in the 

' output focus/
5

/. 

The energy of particles passed through the analyzer is de

termined from the expressioh · 

4 
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E' 
0 

. 2 z 2 

=roost (BR) T (4) 

where BR is magnetic rigidity; Z 1 is the ion charge. 

Identifi~ation is made· by employing the Z 2 I A parameter. This 
.. : . 1 

method .provides· high mass resolution (0.5 -1°/o). It permits one to 

remove the elastically scattered ions loading the detector by using 

the difference of particle magnetic rigidities. But this method ensu

res no unique identtfi'cation of. particles. Since for particles with 

z > 2 various charge states are possible,. partlcles-:isobars having 
22 o+e., 2.2F +e, 22Ne+e equal energies and ion charge, as for instance, 

cannot be separated; No particle pairs can· be separated which 

possess equal or very close. values of Z :I A as e.g. 
4 

He +
2 

and 

9 u+3 I 14 8+5 and 9Be+4 o 

· By combining the magnetic analysis with . the time-of-flight mea

suremen/6/ one improves the information prop~rty of the method but 

keeps ambiguity due to various charge states. 

Here a method ·of charged particle identification ·is proposed 

which is based on the combination of the magnetic analysis and the· 

!:1 E, E method. A telescope of thin and thick semiconductor de

tectors . is put into focal plane. of the magnetic spectrometer. Pulses· 

··from the ?detectors . al:'e, serit . to .the multi-channel analyzer opera~ing 

in the twO-aimens(onal mode. Such a combination of methods permits, 

on the one hand, the conservation of valuable properties of the mag

netic analysis,· high ~ss resolution and detector unloading with 

elastically scc;tttered particles and,· on the ·other hanc;l, the elimina

tion of identification ambiguity~ The comparison of the !:1 E , E me

thod, the magnetic analysis and their combination are shown schema

tically in Fig.1. Since our method permits the identification of partie-
• 

les whose ·properties satisfy simultaneously two equations (1) and (4) 
'.. 
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· the continuous hyperbolae of the 6. E , . E method 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 magnetic analyzer with the homogeneous field and the 

double focusing of the second m:der was an identical version of . 

the analyzer developed earlier for analysing 400 MeV/c electrons~?/ 
It has the following basic parameters: 

Radius of central trajectory 

Deflection angle 

_8 max 

Solid angle 

·Momentum dispersion 

Momentum resolving power 
· with a source. 10 mm in diameter 

1.26 m 

70° 

1~ kG 
-3 f# 

3•10 sr 

12.7 mm/1% 

0.3o/o 

The spectrometer magnet is. of armour. type, it weighs 40 tons. 

The magnetic field is stabilized within 1o":""2o/o. 

The silicon surface-barrier detectors 6. E were 26-200 ll . m 

thick, plane-parallelism was _:" 0.1 ll m a!'1d the sensitive region was 
' 

10-25 mm in diameter. The peculiar,ities of detector operation i'n 

heavy ·ion beams have been considered in .ref/
8

/. The typical energy 

resolution of these detedors when detecting heavy. ions was about 

4o/o. Pulses fro~ the /),. E and. E . detectors after amplifying are sent 

to the input of the multi-channel amplitude analyzer . operating in 

the 64x64 channel mode. 
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The two-dimensional amplitude spectrum obtained in bombard

ing the 23 2Th target 4.4 •. mg/cm
2 

thick with the 174 :tyleV 
22 Ne ions 

is shown in Fig. 2 •.. The detection angle of nuclear reaction products 

is 40°. The ~E detector is 46 ll m thick and 16 mm in diameter. The 

magnetic rigidity is 9.68 kGm. The number of counts in each chan

nel is proportional to ·the circle area squared. 

The identification of maxima was carried out as follows. The 

energy of all particles, which , passed through 'the magnet and hitted 

tre teles<7ope, has fixed values determined by equation (4). Knowing 

these energies one can determine energies released by a definite 

isotope in the ~ E and · · E detectors by using the range-energy 

curves and, c~nsequently, to establish its. posi~ion on the· ~E , E 

plane. Energy calibration of the ~ E and E detectors wa:s carri!?d 

out according to elastically scattered ions. The initial energies of 

C· all particles were also determined according to relation (4) with 

respect to the energy of elastically scattered ions. This made it 

possible to reduce considerably the influence of errors in the de

termination 'of ions. initial energy and the ~ E detector ·thickness .on 
' 

the accuracy of identification •. The discrepancy between the calcula-

ted positio~ of maxima and the experimentcfl one in Fig. 2 is within 

one channel both in E · and ~ E • 

. Maxima in the two-dimensional spectrum corresponding to the 

isotopes of the given element lie ·.on the curves of hyperbolical type 

which are approximately described by the equation 

. y, 
(~E) x E 

0 
= const x BRZZ 1 

. (5) 

It has been obtained from relation (1) when taking into account 

eq. (4). As has been mentioned in ref/
1

/ ~~pressions (1) and res~ec-. . 

tively (5) contain,. in fact, the effective charge Z eff ~ Z instead of Z. 
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each circle is proportional to the square root· of the number 
of counts in each channel. 

9 



owing· to the fact that the energies of the "detected isotope~ are re

duced with increasing A according to relation ( 4), their ~'u .~ are 

also reduced. This results. in streightening the ~urves. in two-dimen-

sional spectra, 

Fig, 3 sbows data describing theE separation of Ne and F 

isotopes, Each point has been obtained .by summing up the counts 

in th~ 11 E channels, referring to a definit-= element in the fixed char-" 

ge state in the two-dimensional' spectrum in Fig,2. ; 

Fig,4 shows spectra from the 11E detector, which correspond 

to the cutting-off ~he two-dimensional spectrum in the maxima of 

25 Ne+ 9 and 23 F +a isotope yi.elds, 

As it is seen from the figures, the isotope resolution· is suf-
·' . ~ 

ficiently _reliable both in E and in 11 E • 

The absence of Ne and F isotopes in spectra in the. char-

ged states Z 
1 

= Z is due · to the choice of the magnetic rigidity •. 

3. Mass· Separation 

With· 11 E « E 
0 

from formulas (1) and (4) for the isotopes in the 

given charge state and with the fixed magnetic rigidity we obtain 

11E ""const x A 2 
• 

(6) 

·I. 

The comparison of (6) and (1) ~hows that the difference in 

the specific ionization produced by th~ neighbouring isotopes of 

one element is increased by two times when using our method com

pared to the conventioY}al 11 E , E method, 

. The relative variation of E for the isotopes of the given 

element depends on the 11 E d.etector thickness, Considering E=E -&:= 
. 0 

=const i I A- conSt: x • A 2 according to relations (1) and (6) it can 

be easily shqwn that 
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'I'he expressions for ~ E ·. and . \dE/ E can also be obtained 

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

for ~E comparable with E
0 1 they are clumsier than relations (6) .and· 

(7)
1 

but provide results close to them. This makes it possible .to 

ob.tain approximate estimations of relations (6) and (7) also for ra-

ther thick ~ E detectors. 

Keeping in mind that according to refs/
9110

/ the ~ E detec-

tor: has optimal energy resolution with ~E ,· + E 0 one obtains 

in this case 
• dt\. 

dE/E =-4-A 
The peak width in our spectra is determined by the statistical 

·spread of pulse amplitudes in ~ E ·and E detectors and by the tar

get a_nd detector ·dimension~. The selection of target ·and detector 

sizes is determined. usually ,by the reasonable compromise between 

the resolution' and sensitivity requirements. Since the coefficier:tt of 

horizontal magnification of our spectrometer is ?•36, while momen

tum dispersion is 1.2.7 mm/1."/o, the target and detecto~ 1.0 mm in 

diameter provide amplitude spread in the ~ E and, E detectors smal-

ler .than 2o/o. 

4. Identification Reliability 

In our experiment we need to establish four particle charac-

teristic~~ Z, A, Z
1 

, E
0 

• In order to determin~ them-we have 

four equations~ (1) 1 (4)1 E 0 =~E + E and ~E=f(E 0 ,Z.,A ,T ) · 

1.3 



The latter equation is determined by the range-energy curves. A 

question arises on the uniqueness of particle identification. 

To pr?vide the· condition when two different particles might 

produce a similar effect in the. detecting system, it is .necessary 

that their E and 11 E should coincide or be close in values. The. 
0 

conventional 11 E , E . method can provide such coincidence for: 
r , 

heavy isotopes of the Z I. element, and the light' isotopes of the 

Z ,z +·1· element (see Fig.1). In our method with Z "" Z these isotopes 
2 l ' ' - I · 

turn out to be greatly energy-shifted according to· relation (4). As 

a result, the ·.identification of ligh!_ isotopes for• the case Z 
1 

"" Z. 

turns out to· be ah'l."qys unique. For heavY- isotopes the situation . 
turns out more complicated. 

As it is shown by the analysis, in some cases the light iso-

element vvhich · is in the charge state z' =Z -2 topes of Z "" Z + 1 
2 I 

can imitate the effect . of the heavy, 'isotopes of z 1 
21. 2 

element, . in the 

charge state Z r"" Z • Such a situation arises for a pair of isoto-. I I 

pes which has close values 2 
·Of z I A . I and the close range-

energy curves in the energy interval und~r study. However,· the. 

difference in the charged states of the particle of interest and. of 

the background particle considerably simplifies the problem of se

parating the effects of light and heavy isotopes with our technique 

compared to the conventional 11 E , E 
that at energies of tens MeV at which 

method. The matter is 

nuclear reactions on 

heavy ions occur, the particle yield from _the target in the charged . 

states Z "".Z -2 is tens times as small as in the charged states 
/11/ z ""z • 

1 

This fact allows ther precise check experiments with our tech-

nique. By changing the magnetic' regidity to Z 
1

/ Z times we ·shall 
. 2 2 

detect light isotopes with a considerably higher efficiency. The 
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<. 

effect from< heavy isotopes when retreating from the magnetic rigi-
' ' ' / ' 

dity optimum can ·only be decreased. 

· t -/12/ h f • t · this The chec~ . expertmen of ref. . as per o~med JUS 1n 

way; when new 22 0 , 20 N , 1e C isotopes have been obtained 

in ir~adiating the 232 Th ta~get with 
18 0 ions. It has been estab-

lished that the admixture of the. effect from t7 F +7 t 4 0 +6 

anci 12 N+s isotopes to that from. 22 0 +a , _20 N+7 

isotopes, respectively, does not exc;:eed 1o/o. 

and 18 C +6 

It is worth noting that to hold conditions (1) and (4) simwta-

neously is a .more rigid requirement than to hold the same requi-

. rements separately. We have performed the analysis -of energy.:.. 

range curves by using the computer for the isotopes of elements 

'with Z- < '10 in the energy interval below 200 MeV. It turned out 

that in all the . cases by selecting the !1 E detector thickness in 
0 . 

our· method it. is possible to provide conditions when the difference 

in the !1 E and E values for ·any two isotopes will be 5-10o/o. This 

allows. quite reliable separation of effects both from light and 

' heavy isotopes in each definite cas.e. 

. . . . . . . . . . . . 
5. Method Application 

Our t,echnique has been used to identify neutron-rich isoto

-pes of light elements in experiments with heavy· ions accelerated 

with the Dubna · 310-cm cyclotron. In these experiments together 

with the already krlown isotopes such as 8 He , 11 li , 12 Be , 158 

17 C and others, new 18 C , 20 N , 220 /12
/ isotopes hav!= .been 

obtained in bombarding 232 Th with 18 0 and besides new2 3 F. , 2 4 F 
' /13/ and 25 Ne and 2 ~ Ne isotopes have been obtained by bombard-

ing 232Th .with 22Ne 
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\ 
'l'he employment of the method for detecting · neutron-deficient 

isotopes proves still more effective. 

In conclusion the .. authors wish. to express their deep grati

tude to Academician G.N. Flerov ·for his initiati~e in performing 

this work and helpful assistance in c.r:complishing it. 
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