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NEUTRON-RICH ISOTOPES OF LIGHT ELEMENTS
PRODUCED TN TRANSFER REACITONS WITH HEAVY IONS

A.G. Artukh, V.V. AVdGlChlkOV) J. Erd **) G5 F. Gridnev,
V.L. N1kheev, V.V. Volkov and J. W11czynsk1 ),
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Dubna, USSR.

I. INTRODUCTION

In the last few years the study of the neutron~-rich isotopes
of 1ight elements has grown 1n importance. The discovery of such
nuclei as BHe and llLi pas shown that neutron excess in light nuclei
may reach a considerable value. This ip turn arose the question of
the boundary for the particle stability of nucelides with large
neutron excesse.

The boundary for the proton-rich nuclei can be estimated quite
accurately, since the Coulombd repulsion between protons gives
strong limitation for the proton excess. In the case of neutron-rich
nuclei the problem is not so clear. Different theoretical approaches
give quite different results.

The liminations for the neutron excess follow mainly from
the Pauli’s exclusion principle. For a nucleus with large neutron
excess more single particle levels of high energy must be occupied
than for the nucleus with the same A but with N - Z = 0. Some of
these high lying levels may turn out to be unbound.

However, the application of the shell model to light nuclei
with large neutron excess arises serious doubts. Recently, the
K-harmonio method/l’z/ was used for binding energy calculations
in a region of light nuclei. In the framework of this method
the ground state solution of the Schroedinger equation for the
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system of nucleons can be obtained with good accuracy. To do that,
the nucleon-nucleon force must, of course, be known sufficiently
well. For the neutron-rich nuclides the knowledge of the V(BB)
potential (it is the potential for nucleon—nucleon interaction
in the S = 1, T = 1 state) is especially important. However, the
magnitude of V(33) cannot be reliably determined from the experi-
ments on nuoleon—nucleon socattering.

As has been pointed out in ref./z/, a small contribution
of attractive V(33> potential leads to the possibility of the

existence of 10 22

He and even ""He. This statement may, of course,

be inverted: studying the properties of light nuclides with large
neutron excess one oan obtain information on nuclear forces acting
between the neutrons. Thus, experiments in this field have a fun—

damental character.

2o PRODUCTION AND IDENTIFICATION OF NEUTRON-RICH
ISOTOPES OF LIGHT ELEMENTS

Several methods have been used until now for production of
light neutron-rich nuclides: spontaneous fission of 252C£’ fisslon
of 235U and 239Pu induced by thermal neutrons,reactions with high-
energy protons, and finally, reactions of negative pion recharging.
In our experiments the neutron-rich 1sotopesuof a number of light
elements were produced in transfer reactions with heavy ions.
Large variety of the multi-nucleon transfer reactions leads to the
production of these isotopes: the proton stripping (projectile-x
protons), the neutron pick-up (projectile + y neutrons) and the
nucleon exchange reactions (projectile - x protons + y neutrons).
Several types of reactions resulting in the production of the
neutron-rich nuclides observed in our experiments are listed in

Table 1.
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Table 1
Types of reactions resulting in the production
of neutron-rich isotopes of 1light elements

1) neutron pick-up
185 (41n) — 19, 22ye (+1n) — 23ye
18y (42n) — 204 22 e (+2n) —» 24ne
18 (+3n) - 21, 22 e (+3n) — 2% Ne
18y (+4n) - 220 22y (44n) — 2ONe

2) proton stripping
1l (-3p) — She 15y (=3p) — 1°Be
Loy(-4p) — 1114 160 (-4p) — 12Be

3) nucleon exchange

21

oy (-2p, +2n)—>15B 22 e (=3p, +2n) =N
16, (-3p, +?.n)—>153 22pe (-2p, +3n)—>230
18, (-2p, +2n)—~—180 22 e (-2p, +4n)——240
18 (-1p, +3n) — 20 22ye (-1p, +4n) — 2°F

The main exverimental difficulty in the study of the direct
reactions with heavy ions is the problem of identification of
the reaction products. The redjochemical method is not suitable
for the detection of nuclides with large neutron excess since
they decay in a fraction of a second. Also, the dE/dx)E‘technique
alone is not good enough because of an insuffiocient isotope reso-
lutione.

For an unambiguous 1dentification of the projectile trans-—
formation products in transfer reactions we use a heavy-lon iden-
tification method which combines a magnetic spectrometer with
the dE/dx, E technique/B/ (see, Figs, 1). The reaction products
pass the magnetic spectrometer and are detected in a counter
telescope placed in the focal plane of the spectrometer, The te-
lescope consists of two semiconductor detectors: a thin AE detec-

tor and a thick E - AE detector.
The pulses from both detectors, after amplification, are sent

to a two-dimensional, 64x64 channel pulse-height analyser., S5ince
only the reaction products with discrete energy values E =constZi{M
can pass the magnetic spectrometer, the values of AE and E-AE
pulses are also discrete, and therefore, the unambiguous identifica-

tion of each isotope in two-dimensicnal spectrum AE)E"AE is
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possible (an example of such a two-dimensional spectrum is shown

in fig. 2).
The method allows an unambiguous identification of all

isotopes of 1light elements emitted from the target of energies
higher than 2-3 MeV per nucleon, In comparison with the standarad
dE/dx,E techrnique our method gives much better separation of
neighbouring isotopes. Moreover, the method allows to remove

the elastically scattered particles from the reaction product

beam before it gets into the telescope. This gives the possibility
to detect the reaction products formed with very small cross sec-—

tions.

3. NEW ISOTOPES OF CARBON, NITROGEN, OXYGEN,
FLUORINE AND NEON PRODUCED IN TRANSFER REACTIONS WITH
HEAVY IONS
The results obtained earlier/4/ as well as the data from

some additional experiments show that the cross sections for the
reactions: (projectile - x protons), (projectile + y neutrons)
and (projectile - x protons + y neutrons), leading to the produc-
tion of neutron-rich isotopes of light elements are large when
heavy elements are used as targets. Therefore, the target of 232

was used in our experiments. It was bombarded with 180, 22Ne, 15

Th
N
and 11B ions.

Experiments were performed with the 310-cm heavy ion cyclo-
tron of Nuclear Reaction Iaboratory, JINR, at Dubna.

The reaction products were detected at an angle corresponding
to the surface collision trajectory. The angular distiributions
in these reactions should have the wide maxima near this angle
(see, for example, refs./s’s/).

At a given magnetio rigidity BR all the reaction products
could be detected only within narrow energy intervals. Measuring
the yields of nuclides at different values of BR the energy spectra

of the reaction products could be obtained,
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As an example, the dependence of the yields of oxXygen isotopes

on the magnetic rigidity BR is shown in Fig. 3 for the case in
which a thoriumr target was bombarded with 122 LieV 18
23

0 ions.

In bombardment of 2Th with 180 ions we expected to produce

the 22

0 isotope in the pick-up reaction of 4 neutrons. The expe-
riment was performed for magnetic rigidity at which the heaviest
1sotopes of oxygen were observed with maximum yields. The results
of the 6-hour irradiation are shown in Fig. 4. Apart from a number
of already known nuclides, three new nuclides: 220, 20y ana 18

20N and 180 nuclides

have been obtained. It should be noted that
were produced in the nucleon exchange reactions: (projectile - 1
proton + 3 neutrons) and (projectile - 2 protoms + 2 neutrons),
respectively. Thus, the nucleon exchange reactions turned out to
be a very effeotive way of producing the nuclides with large
neutron excess.

In the next series of experiments the thorium target was
bombarded with 174 MeV 22Ne ions. In these experiments four new

23F, 24F, 254e and 26ye were obtained (Fig. 5). Finally,

nuclides:
after increasing the effioiency of the detecting system and incre-
asing the time of irradiation we succeded to obtain subsequent
four new nuclides: 21N, 2%, 2%0 and 2°F (Fig. 6).

In bombarding the thorium target with 145 MeV 15N ions all
the heaviest known isotopes of helium, lithium, beryllium and

12Be, 15B) were produced.

boron (PHe, 111,
A 1ist of eleven new nuclides produced in transfer reactions
with heavy lons, together with the heaviest isotopes of light

elements known earlier is presented in Table 2.
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Table 2

Isotopes of light elements with large neutron excess
produced in transfer reaoctions with
heavy ions

a) known isotopes

8ge, iy, 125, 17

11, s, 17c, L9y, 21o, 22p, 24

Be, ’ Ne

b e
) new isotopes 18C, ZON’ 220, 23F, 25yq

21N, 230, 24F’ 26Ne

240’ 25F

It should be noted that the yields of neutron-rich isotopes
in reactions with heavy ions are much higher than in reactions
with high-energy protons. This gives possibility of spectroscopic
study of nuclei with large neutron excess. In the Laboratory of
Nuclear Reaotions, JINR, the experiments in this field were inil-
tiated with the use of the magnetic mass—-separator operating

on-line with the heavy icn cyclotron.

4. THE BOUNDARY OF PARTICLE-STABILITY FOR LIGHT
NUCLIDES WITH LARGE NEUTRON EXCESS. EVIDENCE FOR
PARTICLE-NONSTABILITY OF L%Be

Tt 1s interesting to compare the present 1ist of known nuc-—
1ides with the theoretical predictions concerning the boundary
of particle stability (Fig. 7). It can be seen frem Fig. 7 that
according to Garvey and Kelson /7/ and Vinogradov and Kemirov-
sky/S/ the isotopes of H, He, Li, Be and B which are heavier than
already known nuclides (°H, SHe, ‘11, 125¢ and 1%B), should be
particle-unstable.

However, the guestion of the existence of 10g¢ ana l4ge
has still been unsettled. The calculations of Baz, Demin and
Zhukov/z/, performed in the framework of the X-harmonic method,
d1d not exclude the possibility of particle stability of loHe. As
for 14Be, only Garvey and Kelson /7/ gave a definite answer. They

predict that the neutron tinding ernergy 1in 12Be is equal to
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14Be is equal

-2,7 eV and the binding energy of two neutrons in
to —2.4 MeV, According to Vorobiev et al./9/ these gquantities are
~0s1 MeV and +1.9 MeV, respectively. The analysis in the framework
of the shell model/e/ did not provide an unambiguous answer. Soéme
years ago Poskanzer et al./lo/ reported their experimental results
which suggested that T°Be is probably particle-unstable.

We undertook experiments with the aim to glve an answer

g 10 14

to the question of the existence o He and ~ Be., The experiments

on 1OHe are under way. Here we report only the results of the

145,

experiment on

The experiment can give a definite answer to the above
question because cne can estimate the expected yield of a given
nuclide from the oross section systematiocs for multi-nuclon transfer
reactions, as reported by us elsewhere/lo/. The cross sections
for the nucleon stripping — and nucleon exchange reactions (pro-
jectile — x protomns + y neutrons) depend exponentially on the
Q-values, calculated for the ground state masses of the reaction
products. As an example cf this dependence the data on cross sec—
tions for production of a large number of nuclides in the bombard-
ment of a thorium with 137 MeV 16O ions is shewn in Fig. 8.

The search for 14Be was performed in the 15N + 232Th reaction
at the energy of 15N jons equal to 145 MeV. The values of differen—
tial cross sections (o(G/cL.Q);,Oo for the production of carbon,
boron, beryllium and 1ithium isotores in this reaction are shown
in fige 9. The extrapolated line for beryllium isotopes (shown
in fig.9) should not contain any significant error, since the
neighbouring lines are almost parallel and fit well the experi-
mental points in a wide range of the cross section values.

12

In our experiment we detected about 20000 events of ""Be,

whereas no effect due to the 13Be and 14Be jons was observed.

13Be and 14Be

1

The background, defining the upper 1imit of the
4
yields was about 3 events. Assuming that 13Be and ~Be are extre-

mely weakly bound the expected yields of 133e and 14Be should be
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about 550 events and 30 events,respectively. In the case of the
binding energy of two neutrons in 14Be equal to 1.9 MeV, as sug—
gested by Vorobiev et al./g/, the expected yield of 14Be should
be even larger (about 70 events).

Fig. 9 shows that even so weakly bound nuclei as 14B and
11L1 are prodused with yields consistent with our systematics.
Therefore, we can conclude that in all probability the 13Be
and 14Be nuclei are particle—unstable.

The problem of the particle-stability of 1oHe is now undexr

study in a similar experiment.

The authors are much indebted to Academician G.N.Flerov
for his permanent interest in our work. Thanks are also due to
BoAl.Zager and the oyolotron crew for their cooperation and to
V.I.Vakatov and L.P.Chelnckov for help with the electronic appara-

tuse.
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Fig. 1. Comparison of the methods of particle identification: (A) the
standard d.E/dx,E method; (B) the magnetic analysis with the measurements

of energy; (C) the combination of the magnetic analysis with the dE/dx, E
method.
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Fig. 2. Two—dimensional (aE, E-AE) spectrum obtained in bombardment
of the 2727h target with 174 MeV 22Ne ions. The area of each circle
is proportional to the square root of the numbér of counts.



- 58 -

*gseTotgaed

tsoToTqaRd

umMA.m

oL*#°L = ( ‘m*sp¥ 4L°8 = ¥wd (P

tsoToTgIRd g 0L°e°L =
C ‘wspd OL°g = ¥y (0 seroraxed  0L°6°L = ( ‘wespy €0°8 = ¥d (4
OL*€°2 = ( 308183 oU3} UYSNOIyyz XnTJ uUOT oYy ‘W°SHY /8°4
‘yg A3TPTSTI oTjeulew oY) JO sonTes JULISIITP INOF 38 (AN 22l

]

= Aomrvmv uoTy ORI owr + aemmm oyq woxJ sodonosT Ue8LX0 Jo SPIOTX °C °*3Td

o0F

(3v-3) ¥ITWNN TINNVHD

o
s

IIIHH T 1

(04

llll”l T

L0

]IHIII T

'llllll T

llllll 1T

\
T

0f

|

0

lllllll 1|

0/

|Illlll 11

cOF

|l|lllJ Ll

WOb

‘HIHL 11

O

TANNVHO ¥3d SINNOD



- 59 -

*saToT3xed groT ¥°T = ( 3e8re} 8y} USNOIU} XNTF Ogq
oy} fwespy LT1°8 = 4d fAel 22T = (Ogy) J “UOTI0®AI Ogp + Ul,e, 2UY WOIZ
sadoj0sT uMFTTAIsq pu® uUoxoq ‘uoqaed ‘uadoaltu ‘ua3£x0 JO splotX °*¥ °*S1d

(3V-3) ¥3IGWNN T3INNVHD

oy £ a2 Oh 0f G2 0% oy 0ot nm.‘ \ 0s oh omﬁ 0 0y oS ok o
o0F a‘P \14; ; >—) T _\ T T T ,Nf? T T x\4.__ T T \_ o
o L \ / il / D \ S \ M\ \_ o
% _x G X 7
| AT % i Vo
) + Moz -
00 M 4 * 282 JV_A \ mi / -7 % \ *02 N
*8e mm: M N / N ox \ * ) Vw >kx I EN
O x,)w Y % \x Vq x>xa\ *zm_ x\ *oa x,e
ok Hos ] ‘/ \ “\ * Uo_ 1 x\ * x\ |,.‘.;o»

TINNVHI ¥3d S1INNOD



21F

Ly

>

COUNTS PER CHANNEL
-~ 3 3,
Eﬁ
~7

5

-8

-2
1 1 Illlllll 1 llMll_I.l 1 Illlllll 1 IIIII[I

190 180

e
o
+~
n
&
—7

a7 14
nr N c

-
o
w

210 8N "GN 15C l o

ﬁc‘ ‘

II llll

v/ T —/

P 30 w0 50 60 02 30 40 50 20 30 40
CHANNEL NUMBER (E-AE)

4 |
40 zlyN e 190180

‘zsNe z°o } | N
103 46N t4¢
25Ne ‘ 15N |*c
18 15
N C
19N ‘ C
26Ne *
10
4 L0 L

4 50 Sb 30 40 50 60 30 40 S0 20 30 40 '2'0 30 40
CHANNEL NUMBER (E-AE)

COUNTS PER CHANNEL

Fig. 5. Yields of neon, fluorilne, oxygen, nitrogen and carbon
1sotopes from the 22Ne + 2727h reaction. E (?2Ne) = 174 MeV. (A) BR =
= 9,92 kGs.m, the 2Ne flux through the target J=9.2.10 15 particles;
(B) BR = 9.74 kGs.m, J = 2.3.101” particles.



- 61 -

*saTof3xed oHOH.H.n =( q88xe} 8y3} ydnoaysl

x0Ty oN,., 83 fwesHX ¥°0T = ud CABN ¥LT = Aozwmv 3 uCTIOEAX UYL, , + ON,, U3
woxy sedo30sT UOQIBO pu® UBTOIITU ‘usgLxo Yeutaonty ‘uosu JO spPTaTX *9 *TTd

(3V-3) ¥IGWNN TINNVHD

09 0S oy 0Ot 02 09 0S 0% 09 05 oY

1 I I 1 1 \\ i 1 1 1/ —._
a w | tool
9+ ]
m+um_‘ *m,v 8 ! *m.,wZ 92 @
Noz ]
* ?ut * ’ w+oZmN .
m,,ui * o+Zt *z } g
s m;, N ]

m+Um— w+Zw«

[

oy

20¢

€0F

40

gor

T3INNVHI ¥3d SINNOJ



- 62 -

*$590X8 UOINau oFrIeT Y3Tm sapiTonu 3y3fl I0JF
£3TTTqe3s ar1oF3aed jo Lxepunoq ayj SuTuxaouoo suofjofpaexd TeOTIaI0LYL °L 314

Y3GWAN  NOY1N3N

0c g 8

I

—

| |

|
uos jay |puo | s
hanipg \hg Ayspoayway hg

| “Aupopunog |

fm\m“_

SINJFW3T3 LHIIT 40 S3dOL0SI

© N
d38WNN NO10Yd

@



-S -10 -15 -20 -25 -30 -35 - 40

Q. (MeV)

Fig. 8. Differential cross sections (CLG/diz) 40° for
production of Be, B, C and N isotopes in the 232Th+1bo

reaction as function of Qgg'
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