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1 Physical problem 

Recent experimental study of the lightest and light neutron rich nuclei have brought 

a lot of interesting information on the properties of nuclei with abnormal ratio N/Z 

and_ on the many-body problem of quasi-neutron matter [1]. 

First of all, systematic experimental study of the neutron drip- line position 

in C-,N-,0- isotopes have shown that N = 16 neutron number is a new shell 

closure, while the shell closure at N = 20 tends seems to disappear for N e and 

heavier neutron rich nuclei on the contrary region of stable nuclei. 

Secondly, the anomalies in the behavior of the binding energy (two-neutron sep­

aration S2n) for N a-isotopes [2]-[4] with a large neutron "overdose" near shell magic 

1\' = 20 (Fig.la); the abnormal ground state spin at 31Na and the very low exci~ 

Lation energy of the z+ state in 32 Mg suggest the existence of a large ground-state 

deformation tha.t contradict the expectations of a standard shell model [5, 6]. 

The evidence on "losses magic') of N = 20 shell closure and occurrence of new 

neutron magic numbers have been interpreted [7] as "the collapse of the shell moder' 

a.nd force to revise its basis radically. 
Two basic theoretical approaches have been taken [6, 8]-[11]. The first is essen· 

tially the Strutinsky shell correction method and the second incorporates an explicit 

dependence of nuclei properties on proton and neutron number through a proton -

neutron force. The latter approach predicts shape coexistence (or shape isomerism) 

which will be found near closed shells when the other type of nucleon is near mid 

shell. Subshell also plays a role . They can suppress shape coexistence if they occur 

at or near mid shell for a closed shell for the other type of nucleon and they can 

give rise to shape coexistence by playing the role of major closed shells. , 

Results of theoretical fitting [9] of the experimental masses for several Na heavy 

isotopes at and near "magic shell" N = 20 are shown in Fig. lb. From this Figure 

it is seen that the energy potential with neutron number evolves from sph-erical to 

strong deformed configurations, while in the transitional cases of shape coexistence 

both compact spherical and prolate deformed configurations are occurring. 

The observed ovefbinding energy in comparison with the shell model predictions 

for the neutron rich nuclei and the existence of shape isomers would have dramatic 

consequences both for theoreLical models [6, 7, 11] and our understanding of nuclear 

stability limit. Rea1ly the boundary of nuclear stability can be considerably shifted 

to super- neutron rich isotopes and the existence of the shape isomers for the loosely­

bound neutron rich nuclei can lead to appearance of the quasi-stability islands of 

quasi-neutron nuclei beyond the neutron drip-line position. 

The factors controlling shape coexistence are rather subtle and not always simple. 

Furthermore, it is known that the extrapolation of the properties from the stable 

nuclei to exotic neutron-rich nuclei does not describe static deformation phenomena 

near neutron shell closure. 
Thus, it is necessary to carry out systematic experimental study for the neutror. 

number dependence of the nuclear deformation as it approaches to stability limit. 
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The important information about shapes of the exotic nuclei can be obtained 

from the scattering experiments with the secondary radioactive beams. It is known 

that elastic cross sections at low and intermediate projectile energies show the Fraun­

hofer diffractive picture at the small angle region and for greater angles it displays 

a nuclear "rainbow-like" phenomena. The small angle region corresponds to the far 

peripheral interactions, i.e. one can say that the cross section cre1 is determined by 

the "tail" of the single particle distribution at the large distances. Therefore one 

can obtain from these data an important information about the root-mean-square 

radius of the single particle distributions and information about optical potential 

details at very low densities of the nuclear matter. Moreover the period of the 

Fraunhofer diffractive oscillations is determined by the radius t)f strong absorption 

as 60 = 1r / kRaba, where k is a wave number. One more details about the nuclear 

structure we expect to obtain from measuring the cross section ae~(O) as the angle B 

increases. Therefore it is necessary to start the investigations just from the clastic 

scattering as it was done by GANTL [12] and RlKEN [13] 
\Ve propose to study the evolution of the properties of the large group heavy 

isotopes for iight elements from N e to Al near and at the N = 20 neutron shell 

versus increase of neutron excess in the elastic scattering of this nuclides on the 

protons. For this group isotopes experimental1sts [14, 15, 16] have already measured 

masses ·with sufficient accuracy and there are evidences on possible onset of a new 

region of deformation aL the N = 20 neutron shell closure for 31 N a and 32M g 

isotopes. 
It should be noticed that the updated intensities of ~econdary beams of exotic 

nuclei are rather low because these experiments demand high effectiveness and high 

informativeness of the detecting complex. 

2 47r-geometry tracking detector multiplicity 

used in regime detector-target-detector 

The study of rare decays (processes) of the exotic nuclei with ultrasmall yields 

make use of the detecting complex which would provide the measurements of a full 

multiparticle kinematics and simultaneous carry out unambiguous identification of 

all type particles. 
The time projection chamber TPC as an electronic tracking detector allows three­

dimensional reconstruction of multitrack events with a high spatial resolution and 

Identification of charged particles by ionization samphng [17, 18]. Furthermore,the 

large sensitive gas volume of the TPC and its property to visualize all the tracks of 

multi- particle process permits to use effectively the detector TPC itself in the mode 

detector-gas target-detector. Thus, we can reach the 47r-geomctry for simultaneous 

registrations both the unstable projectile and the nuclei- recoil of the working gas. 

Principle of operating of a TPC assembly is shown in the Fig. 2a),2b) l detailed 

description was presented in report [19]. 
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The TPC is a perspective detector for full-scale study of the binary processes of 

elastic and inelastic scattering unstable projectiles on the simplest nuclei of the gas­

filled detector in the inverse geometry (mass projectile larger than mass gas target). 

Tn the inverse kinematics by use of TPC one can measure: 

• the tracks of both partners simultaneously; 

• the scattering angles of both nuclei {angular correlations); 

• to determine the energies of both partners (in the ranges and stopping-power 

or on magnetic rigidity by installation TPC in magnetic field); 

• to measure the trajectory entry of projectile to target (for precise determina­

tion of entry angle and point interaction projectile also); 

• to study the excitation function (cross-sections versus energy projectile by 

slowing its in stopping processes); 

• to separate inelastic and elastic processes with sufficient accuracy. 

The advantages of the method are evident in the cases when it is necessary to 

measure the elastic scattering near zero angle or its excitation function (potential 

and resonance ) at 180° c.m. (back semisphere) by registration of recoil-particle. 

Furthermore, the elastic scattering on the lightest nuclei (on the protons .in mix­

ture C H 4 or helium-filled TPC) is especially convenient for theoretical analysis be­

cause it simplifies a problem of interpretation of the results obtained by excluding 

the structure of the simplest recoil-nuclei. 

The existing TPC at JINR Dubna has sensitive volume 0.35 X 0.8 X 1.6m3. Stain­

less steel gas box has dimensions: 0.5 x 1.2 X 2.0m3 , it is designed for atmospheric 

pressure. The TPC has 80 layers of 20 mrn thick for ionization sampling. Vertical 

coordinate (Z) is measured by electron dr.ift time with 0.2 - 0.5 ( mm ) accuracy. 

horizontal (Y) by delay lines with 1-2 mm accuracy. The double- track resolution 

is 8 mm and 30 mm in Z and Y coordinates, respectively. The TPC is working well 

in magnetic field up to 1.5 Tesla and in the flux up to 5 x 105 minimally ionizing 

particles per second. When heavily ionizing nuclei are registered gain have to be 

lowered, so the counting rate can remain the same. The chamber can be triggered, 

which sufficiently increases its counting rate capability. The electron sampling time 

is 7-10 microseconds. 
The electronics of the existing TPC: 80 anode channels including preamp., ad­

justable amp. and FADC - 6 bit, 64 ns sampling period, 16 f.'S full sampling time, 

256 samples. In non-linear mode the FADC dynamic range can be extended to 8.5 

bit, but with deterioration of the resolution. 40 channels of cathode electronics (on 

both sides of a delay line) consist of: preamp., adjustable amp. and 14 bit MHTDC. 

The electronics ( FADC ) should be tested yet. 
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At present optimization of TPC parameters is carried out on the ion beam for 
Z region up to 25. The existing TPC for proposed experiment on protons in in­
verse kinematic can not be used because, firstly, configuration of TPC from a single 
proportional plate counter does not permit to register effectively recoil-protons near 
90°. lab. system and, secondly, quality of our electronics is not sufficient. 

For the COMBAS separator Dubna prepare a new TPC. Its parameters should 
fit proposed experiments at ion beams but it should be a universal vertex tracking 
detector. It should have pressurized vessel (0.1-5 atm). TPC structure for operation 
in the regime detector-target-detector is shown in the Fig. 2c). Its sensitive volume 
will be 30 x 100 x 150cm3 . Gas box has external dimensions: 40 x 120 x 200cm3

. 

The TPC can operate in the magnetic field fi II E (B ::; 2T, E ::; 500V/cm). 
The electrons are drifted to the proportional chambers in the bottom of the TPC. 
The TPC is divided into 3 volume : Nl. target and detecting projectile volume 
simultaneously; N2, N3 - recoil particle volume. All the volumes are inside the 
common drift volume, they are defined only by the structure of a proportional 
chitmber. The structure of the N2 and N3 volumes arc similar. Each sampling 
layer in the TPC is 2 em (may be 1 em) wide. The length of the anodes is: 10 em 
in the area Nl, 150 em in the area N2, N3. 

Two systems of the second (horizontal) coordinate read-out can be used: a) delay 
line read-out, b) cathode pad read-out. The distances between the delay lines {DL 
or cathode pad rows (CPR) are 10 em (may be 5 em) in any area, e.g. there will 
be 17 delay lines (or CPR), of 10 em long in the target area, 10 DL (or CPR) 150 
em long in the recoil particle area for N2 and N3, respectively. The Y coordinate 
of the projectile is measured in 17 points, Z coordinate and dE/dX in 32 points. 
The X coordinate of a recoil particle track is measured in 5 points, Z coordinate 
and dEidx in 20 points for N2 and N3 areas, respectively. All these should provide 
sufficient precision of the a~gle momentum and dE I dX measurements. 

Electronics for the new TPC should contain 75 + 20 + 20 = 115 anode channels 
(preaiD:P·, +amp. + FADC). The number of cathode electronics channels (preamp. 
+ amp. + FADC) depends on the read-out system, which will be adopted. For the 
delay line read-out it will be (17 + 10 + 10) X 2 = 74 channels (or 148 channels for 
the distances between DL is 5 em). The spatial resolution ( rms ) for 10 em DL 
are 0.1 mm and for 150 em DL- 1-2 mm. The cathode pad read-out (the width 
of a cathode pad is 5 mm) : 20 X 17 + 200 x 10 + 200 x 10 = 4340 channels. The 
spatial resolution cr(y) (rrns) will be at any point 0.1-0.2 mm. The total number of 
the channels is 189 for DL read-out and 4455 channels for the cathode pad read-out. 

The proposed TPC should be an universal vertex tracking detector for the angle 
distribution and momenta measurements with an identification capability. The final 
decision about the chamber dimensions and parameters should be made after testing 
of the studied reactions at Lab. of Nucl. Reactions. 
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The 189 information channels (e.g. for DL) of the TPC force to use multichannel 
and very fast (for tracks resolution) electronics modules (for example STRUCK and 
LECROY corporations). In Fig.2c) the possible structure of the electronic module 
is shown. 

3 Kinematic analysis of elastic scattering Na 
isotopes and optimal choose of experimental 
condition 

The optimal reaction for production of the proposed heavy isotopes group of Ne-Al 
light elements seems to be 10 Ar fragmcritation with energy region 50 -lOOMeVIA. 

In Fig. 3a),b) and 4a),b) angular distribution (em and lab. system) of two iso­
topes 23 •32 Na for two energies (for comparison) are shown. As seen, the projectile 
angular distribution is focusing in narrow forward cone (O~b < 2°). In this situa­
tion the registration of projectiles only demands to provide very high precision of 
angle measurements, while associated recoil-protons (Fig. 4b) have a wide angular 
distribution (up to Blab~ 90°), which is very convenient for registration. 

Taking into account the very low expected intensities of 32 N a radioactive beam 
one can consider that range of angular distribution measurements in this experiment 
can reach the second and third minimum position only. For 32 N a projectile with 
50 MeV I A energy this corresponds to the angular region et:b ':::::'_ 0° - 2°' while for 
recoil-protons an angular region is erab ':::::'_ 55° - 900' respectively. 

Therefore, the maximum angular sensitivity of TPC for both partners must be 
concentr<tLcd in this angular regions. Choosing of the TPC configuration (Fig. 2c) 
was determined by these requirements. 

In Fig. 5b an energy distribution (lab. syst.) of two 23
•
32 N a isotopes at three 

energies of the projectile versus their scattering angle are shown. In Fig. 5c the same 
energy-angle [Ep, 8p] correlations but for recoil-protons are presented. The angle­
angle [Gt:b, 8f"t>J correlation for 23

•
32 N a projectiles and their recoil-proton partners 

arc presented in Pig. 5a. In Fig. Sa a rectangle angular region [8~b, 8f"t>l of 
the projectiles and recoil-protons optimal for TPC registration (determined from 
conditions. of low intensities of unstable projectile) are shown. This [0fab\ 8fabl 
region contains more than 90 % of the elastically scattered particles and it depends 
weakly on the projectile energy. For detailed analysis outlined rectangle [0~b' ,8fa.b] 
angle-angle correlation is shown in Fig. 6a) and b) in enlarged scale for 23 N a and 
32 ~Va isotopes with the 50 MeVIA energy. In the same Fig. 6a) and b) we show 
the dependence of [8{;:b, 8Fa0J angle-angle correlation on inelasticity of the scattering 
process. 

From Fig. 6a and 6b an extremely high sensitivity of an angle recoil-protons 8fab 
is demonstrated even at such small energy variations as 1 or 2 MeV in comparison 
with 1.6 GeV total initial energy of 32 Na projectile and 1.1 GeV initial energy of 
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23Na projectile. For separation of an inelastic processes from elastic ones with ac­
curacy ~E = E* = 1M eV it is necessary to realize angular resolution better than 
0.5° for recoil-protons and better than 0.1° for projectile in discussed angular re­
gions. The spatial resolution of the TPC chamber with good electronics in proposed 
configuration (Fig. 2c) is sufficient to reach necessary angular resolution. 

Concerning energy resolutions and possibility of separation inelastic-elastic pro­
cesses we present in Fig. 7a) and b) energy-angle [EP, 8p] correlation for 23 Na and 
32Na isotopes. From. Figs. 7a) and b) it is seen that separating of inelastic-elastic 
processes with accuracy 1 MeV requires to rich energy resolution for recoil-protons 
better than 2%. This energy resolution is reached for the cases of total stopping for 
recoil-protons in sensitive volume of the TPC. To achieve the better separation of 
inelastic-elastic processes on the energy, the TPC should be installed in magnetic 
field. 

4 Estimation of effect 

Let us estimate the necessary integral beam and exposure time for elastic scatter­
ing of the radioactive nuclei 32Na with 50 MeV/ A, for example, the energy. In 
Table 1 calculated cross sections Ureac and elastic cross section in the angular bins 
corrt:soondintz: to the 2nd and 3d maxima and their sum. resoectively, are presented. 

' 
E{MeV) 15 30 50 u(mb) 

Na 883 711 472 O'reac 

1050 980 730 Ll.<T,,(2nd) 
1170 1080 790 Ll. o-,, (2nd + 3d) 

Na 1326 1185 688 O'n:ac 

1100 1100 976 L'I<T,,(2nd) 
1180 1140 1120 Ll.o-,, (2nd + 3d) 

In the 471' geometry efficiency of detecting by TPC the number of 32 N a elastic 
interactions with protons (CH4 gas-filled TPC) under one atmosphere pressure is 
equal to np~a(2nd) ~ 9.8 · 10-5 cm"" 1 , where proton concentration nP ~ 1020 cm-3 

and Ll.u(2nd) "' 9.8· 10-25 cm-2 (see the table). Then, calculations take into account 
protons inCH, molecule n,"' NA · 4/22400"' 1020 cm-3 . The sensitive length L 
of TPC is 150 em, therefore npLl.o-(2nd) · L "' 1.5 · w-z. To achieve I% accuracy 
of the measurement, of about 104 events are required. In this case we have to use 
104 /1.5·10- 2 ~ 7 ·105 total integral of 32 N a particles. If we have 32 N a intensity about 
102 pfs then the exposure time of the experiment Ll.t"' 7 · 105 /102 = 7 · 103s "'2 
hours. This exposition is sufficient for measurement in the region of the first and 
second diffraction maxima.. 

There is an opportunity to increase the efficiency of the experiment. The number 
of working protons can be increased considerably by a series of mylar insulating 
foils (targets) with thickness~ 501' on the beam trace in the sensitive TPC volume. 
These additional mylar targets should be installed inclined in two axis in order to 
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Enlarged scale angle-angle [8/al>lJ 8/ab2] correlations for 23 ,32 N a 

exclude losses of low energy recoil protons in the 60 - 90" angular regwn. The 
additional targets allow to mcrease summary density of protons to factor of tens 
and, therefore, to decrease correspondingly the exposure time. This procedure can, 
in principle, achieve the higher diffraction maxima region. 

5 Using of the TPC for drip-line protons study 

Possibility of three-dimensional reconstruction of multitra~k events with a high spa­
tial resolution and simultaneous identification of their charges by TPC can be ef­

fectively used for systematic studying of rare decays for proton-rich nuclei near and 

10 

"-') 2~ 
~ 

In 
~ 

.3 10 

·' " ,, 
·' ·,_' ,, 

""• 
YJ iHV/A 

-.... ", 
' ' '', 

' ' ·,_ ', 
'· ...... 

--£.oo0""" 
--·£.-1-
·-·- [.-2 ... '1 

o ·-·--" ~' ---- I 
eo 1o eo tO 

8klbZ 

~) .. .. 
" 2JNo -- [,-ON•V 

~rrr-~-~---------, 

.. . ' 
" . ' ' ' '' 

..... 
30~/A 

- (....GW.V 
---£.-1-
---- L.-2W.Y ! IS 

,, 
~ 

.11 •• 

• 

· .. 
"' -~ '~ 
» . "" 

. ' ' ' ' ' . ' '· ' '· ...... 
' ' -, ...... 

.,.· -' 
" .. ... , 

~No --L-ONeY 

.. 

T S' 
-- • Eo" 1 _. 

S' ·~ 

"' 50 ll.eV/" L· 2111e~ lO ' 

--- (,:ol .. .., 
--(.·2 ....... SO MeV/A , . 

• • " ~ " "' " 
,,. -,,. 

-,--: ,. 
• 

,. 
w .. '·' ,, .. -..... ~ '-

" 
' · ..... ::._ ....... -
0 .. " .. • 

8Qb2 

Fig.7 a),b). Energy-angle [E'""' 8,".,] 
system at large angles. 

; " w .. .. 
' 
0 .. 

,, ·,z .. _ .. 
'', 

' ' ::. .. _..._, 

" .. 
8klb2 

.. 
correlations for recoil protons in the lab. 

beyond drip-line, for example, for the investigation of the direct or beta-delayed 

proton and heavier charge particles emission (cluster radioactivity). 
It ls knmvn as approaching to the ground-staLe proton drip-line, /3- delayed. par­

ticle emission takes place. ln the last process, the particle emission is resulted from 

excited states of daughter nuclei povuiated in the decay. Experimental investiga­
tions of the proton radioactivity show that branches ratio /32p/ /31P strongly increases 

at approachiug to proton drip-line and energy decays Q2P > Q1P can occur. In 
Lhe case of Q·lp > Q1P and Q2P < V2P ( \12P is the Coulomb barrier of 2p-emission), 
the direct 2p emission from the unbound nuclei on and beyond proton dnp-line is 

expected. The existence of the Coulomb barrier V2 P in the weakly unbounded mi­

clei (Q 2 p s; -lMeV) with (J 2p < \12P leads Lo considerable delay of their Coulomb 

suhbarrier-dec:ays (T-delay:::::; 0.1 -l.Orn.s). 
Investigations of Lhe direct 2p-emission from the ground staLe exotic uuclei are 

possible by Lhc TPC detector. It is predicted that candidates at the direct 2p­

emission are 2p-unbounclnuclei 3 ~Ti, 12 Cr,45 Fe and 18 Ni. 
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Aprrox A.f. H IIP-
11ay'<eHHe caoACTB HeliTpoHoua6biTO'<HbiX uaOTonoa 
Ne-Al MeMeHTOB BMH3H aaMKHyToA o60JIO'IKH N- 20 
MeTOAOM ynpyroro paCCeliHHll B o6paTHOH KHHeMaTHKe 

E7-93-74 

PaCCMaTpHBaeTCll np06JieMa CyllleCTBOBaHHll jle!jlopMaUHH B OCHOBHOM 
COCTOIIHHH CHJibHO HeHTpoHOH36hiTO'IHbiX ll)lep BMu3H 3aMKHYTOU o6oJIO'IKH 
N ~ 20 AJIII MeMeHTOB HaTpHll, ):Ln11 uay'<eHHll 3BOJIIOUHH !jlopMhl 3THX 1111ep 
C B03paCTaHHeM HeHTpoHHOro HJCihiTKa npej~nOJiaraeTCll HCITOJlb30BaTb TpeX­
KOOPIIHH3THbiU TpeKOBhlii AeTeKTOp MHOJKeCTBeHHOCTH (BpeMll-npoeKUHOH­
Hall K3Mepa) B pelKHMe AeTeKTOp-MHmeHh-AeTeKTOp. ,!l,aeTCll aH3JIH3 ynpy­
roro pacceliHHllll.llep Na a o6paTHoii KHHeMaTHKe. Opu&OIIliTCll oueuKH oxu­
t~aeMoro :JcjMjleKTa ynpyroro pacceliHHll 3THX 1111ep a KpynHoraCiapuTuoA 
apeMll-npoeKuuouuoii KaMepe cneuu3JihHOli KOHCTPYKUHH. 

PaCiOTa BbiiTOJIHeHa B Jla6opaTOpHH !JIIepHbiX peaKUHA HM. r.H.cllnepoaa, 
011S!I1. 

Coo6IU,eHue 06be,nuneHHOrO HHCTHTfTB H)l;epubiX HCCJie,nOBBHHit. )ty6H8, 1993 

Artukh A.G. et aL 
Study of Properties of Ne-Al Neutron Rich Isotopes 
at and Near N ~ 20 Magic Shell · 
Using Elastic Scattering in Inverse Kinematics 

£7-93-74 

The problem of the existence of the ground-state deformation for neu­
tron-rich nuclei near closed shell N ~ 20 for Na element has been discussed. 
For experimental study the evolution of the nuclear shapes of these nuclides 
versus increase of neutron excess we propose to use a three-demention trac­
king detector multiplicity (time projection chamber) in regime of detectqr­
target-detector. The analysis of the elastic scattering of Na nuclei in inverse 
kinematics has been given. The estimation of effect for the elastic scattering 
of Na nuclei expected with a low intensity has been presented. 

The investigation has been performed at the Flerov Laboratory of 
Nuclear Reactions, JINR. 
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