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Introduction

The study of fow-nucleon systems may serve as an important tool
to test different nuclear models as well as the nuclear potentials
they use. Prom this point of view a special role is played by the
nuclei c¢lose to the limit of stability for which the choice of the
potential parameters becomes critical, It is known that in the
light-element region one can find neutron-rich nuclei whose binding
energy is close to zero while for medium and heavy elementg their
neutron~rich isotopes have (neutron) binding energies that are still
far from zero, Thig fact may be explsined as follows: most of the
mass calculations include the symmetry energy term which is proporti-
onal to (N—Z)z; with increasing N/Z ratio this term tends to diminish
the neutron binding energy so that at a givean N/Z2 value the neutron
becomes unbound. For light elements this condition is met for N/Z=
=3,5-4. No such valueg have been observed yet in the medium and
heavy element regions. However, it should be noted that any such
calculation is based on extrapeclations that start in the region of
N/Z corresponding to the (3 stability valley or close to it. Conse-
quently, they may lead to results that are different from reality.
One also cannot exclude beforehand situations in which the neutron
stability line does not exist or a second region of stability
appears for anomalously large values of N/Z. In this respect the
system of two neutrons (the dineutron) may serve as a qualitative
example: the resonance in this system appears at an excitation
energy of 70 keV; a little dipping of the potential well would msake
this system stable. The addition of neutrons has this effect. The
glestion of the stability of multineutron nuclei has been considered
by Zeldovich and Goldansky /1/. They predicted the existence of
gtable 8He that subsequently was observed experimentally /2/. Their
work has stimulated the search for gtable neutron-rich nuclei and,
in particular, for pure neutron nuclei. According to the microscopic

73/

potential that do not affect the phase analysis of nucleon-nucleon

calculations of Bagz , 8light changes in the nucleon-nucleon
scattering may lead to a stabilization of neutronic nuclei. These
calculations indicate that if the tetraneutron (4n) is stable, then
there is a high probability that other, heavier neutron systems may
also be stable and, to limit, big "neutron drops™ may exist. More-
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over, the non-existence of & stable tetraneutron does not exclude
the existence of heavier multineutrons. Calculations of 4n binding
energy using the variational method /4/, the resonating group

method and the method of hyperspheric functions have shown
that this system has no stable states. A negative result was obtain-
ed in the resonant state calculations of the 4n system using the
Hilbert-Schmidt method /77,

On the other hand, the calculations done by Komarov et al /8/
indicate the possible existence of the bound tetraneutron. 4As one
can see, the theoretical predictiong concerning the tetraneutron
atability are not univocal. Many experimental studies were aimed at
recording stable or resonant states of multineutron systems. All
these experiments can be divided dinto two types: direct registra-
tion or registration of the multineutron partners in the exit channel.
In the first case the multineutrons were detected either using the
time-of~flight technique or applying an activation method with the
subsequent radiochemical separation of decay products coming from
nuclei that absorbed the multineutron. Most experiments have given
negative results, However, the authors of 79,10/ uging an activation
method claim to have observed a stable multineutron, It is note-
worthy that such experiments need extremely high purities of target
material and a detailed analysis of all possible background sources.
Therefore, in our opinion, the results of the experiments of the
gecond type may be considered less ambiguous. Moreover, registration
of the partner energy spectrum permits also the obgervation of un-
bound (resonant)} states of the multineutron system as well as their
mass measurements. One experiment of this kind is described in /1/
where the double pion charge exchange reaction T 4He-*77* + 4n
was studied. By analyzing the T energy spectrum the authors come
to the conclusion that in the given case the 4n system may be
congidered as consisting of two pairs of neutrons, in each pair the
two neutrons interacting in the final state. Their result differs
from that obtained earlier by Stetz et al./12/
reaction under other conditions.

Heavy ion reactions have also been used in an attempt to produce
the tetrasneutreon 713,14/ but with negative results., On the other
hand, the use of intense heavy ion beams proved to be efficient in
studying the %E, °H and ®H systems 719216/
to perform the present work,

who -studied the same

and this encouraged us

Bxperimental

The aim of the present work was to mearch for the stable or
quasistationary states of the 3n and 4n gystems. For this purpose,
binary heavy ion reactions were used. These reactions give the
possibility of establishing some characteristics of one product by
measuring the energy spectra of its partner in the exit channel,
This way one can establish its stability, measure its mass and, if
the product is unstable but still manifesting itself as a resonant
state, define the parameters of this resonance. For this inclusive
type of measurements we were able to attain a level of sengitivity
of 1 nb/sr. Obviously, along with bound/unbound {ground or excited)
states of the searched product stetes of its partner also show up in
the energy spectrum of this partner, This is a complicating factor
in the data analysis. From this point of view, nuclei like 140, 150,
and 12N are very convenient since for the first two nuclel excited
levels are more than 5 MeV above the g.s. while the third one does
not have nucleon stable excited states at all., Table 1 presents the
reactions studied in the present paper and their main characteris=-

tics.
Table 1
Beam energy Exit channel Q values, Measur- Lab,angle
Reaction X products MeV ed ener- of measu-
(E‘hab/ECM)MGV gy inter- rement
val, MeV
Mg, Tei e8/34.22 o4t -16.716  48-71  8° L 0,5°
5042 -3.492 52-76
9Be + "Li  107/46.81 T2y, -23.366  58-85  5° % 0,50
98e + JBe  107/53.5 140440 -17.596  72-90 50 * g,s50

The Q values were calculated for zero binding energy in the 3n and
4n gystems. The experiments have been done by uging heavy ion beams
from the U~300 cyclotron at Dubna. The bombarding energy was perio=-
dically controlled by measuring the elastic scattering on a thin
gilver target. During long runs changes in the beam energy were by
lesg than 250 keV and these shifts were taken into account in data
reduction. The Li targets were prepared by vacuum evaporation of
99,2% enriched TLi on a thin (20 pg/cm2) organic backing. Their
thickness was 350 pg/cem®. The Be targets were also made by vacuum
evaporation but on a copper backing that subsequently was etched off
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with niftric ocid. Their thicknesses were 230 pg/cmz. The typicel
beam intensity on target was 0.5 pA electric and was limited mainly
by the appearance of pulse pile up in the detector. Reaction products,
after passing through a stepped pole magnetic spectrograph MSP-144,
were recorded by a position sensitive (AE,E) ionization chamber
placed in the focal plane., The spectrograph wasg placed at 5° and 8°
with regpect to the beam; its energy regolution was AE/E=5.10'4 and
the entrance slits were opened to determine an entrance angle of 1°
in the reaction plane which corresponds to a 0.6 msr solid angle.
This value was chosen in order to reach an optimum between the
luminosity and resolution of the AE and E sections of the ionization
chamber. Indeed, thes E and B parts of this chamber are placed, res=-
pectively, before and after the focal plane and trajectories thsat
croge at the focal plane have different lengths in these sections
though they correspond to the same energy. Thus, the observed reso-
lutions of the AE and E gections of the ionigation chamber are some=~
what speiled so that the mentioned optimum has to be attained in
order to have both a reasonable sclid angle and good isotope separa-
tion ensured., The resolution in pogition detection was 0.7 mm.

A detailed description of the experimental set-up is given in /17/.
The measurement of 4E, E and x parameters permits a clean isotope
separation and determination of energy with an accuracy of ~ 300 keV.
For each event these three perameters were recorded on tape and
subgequently processed off-line, In fig. 1, the AE-E matrix for the
9Be + 'Li reaction is shown. One can see that different elements

are clearly separated, A special progrsm allows then to encircle on
the display the events corresponding to a given element and then
build the (x,E) or (x,AE) matrices for these events. As an example,
fig. 2 shows the (x,E) matrix for the nitrogen isotopes obtained
from the corresponding events in fig. 1. These matrices served to
identify and then build the energy spectrum of the given product by
making use of the relation E = k(Bx)zzz/A, where B ig the spectro-
graph rigidity, Z and A are the atomic charge and mass of the product,
x is the point of its incidence on the focal plane and k is the
spectrograph congtant.

Experimental results and discussion

The energy apectra of 140, 15O and 12N from the reactions induced

by 118 and 9Be ions on 7Li targets are shown in figs, 3-6. The full
lines represent phase space calculations, In the general case, the
phase space curve is obtained as the weighted sum of contributions
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Fig.1. The ( AE~E) matrix for the ’Be + 'Li reaction.

coming from different exit charmels that contain the observed
product. These channels differ in the number of constituents and
their excitation energies, The weights of their contributions remain
as fit parameters. Any deviation of the data from the phase space
curve indicates that a group of particles is emitted together in

the exit channel and this fact is not accounted for in the given
calculation., These deviations show up like Breit-Wigner resonances
and their widths are connected with the lifetime of the particle
group.

A. The 7Li(118,150)3n reaction

The 150 energy spectrum for this reaction is shown in fig. 3.
The upper scele indicates the excitation energy of the system of
three neutrons and starts at zero binding energy (see the arrow).
The full curve represents a phase gpace calculation that takes into
account the following two exit chanpels: 15O +n+n+neand 150*

(B =5.783 MeV) +n +n + n. Their relative weights are 0.34 and 0.64
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Fig.2. The (x~E) matrix for nitrogen isotopes obtained from
the corresponding events in fig.1. The gaps in the middle
come from the shadowing effect of some detector part.
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respectively, ag determined by fitting. Inclusion of contributions
from other exit chennels, in particular the one in which two of the
three neutrons are grouped with zero binding energy, does not bring
any improvement to the fit, As® one can gee,the data sre rather well
reproduced and no significant deviations can be obgserved. This fact
indicates the ébsence of any quasistationary state in the 3n system
populated in the presgent reaction. The lack of events at the right
of the arrow leads to the upper limit for the formation cross sec-
tion of a stable 3n configuration set at 10 nb/sr in the ahove
reaction.

5. the 'Li(''B,'%0)%n reaction
Fig., 4 shows the 140 energy spectrum measured in this reaction.

The full line is a phase space calculation for the five-body bresk
up in the exit channel: 140 +n +n +n + n that describes the data
gntigfactorily. The inzlusion of contributions from other exit
channels does rot improve the fit so that they were not considered.
The small bumps over the phagse space curve at 14O energies of 58.5
and 61.5 MeV may be explained as being due to reactions on carbon
impurities in the target: 120(118,140)9Lf*(ﬁx=2.7 MeV and O
respectively). Thegse reactions were measured for a thick carbon tar-
get during a short run; comparing the yields in the two cases one
zemes to the conclusion that a level of 3-5 pg/cm2 carbon impurities
in the Li target may explain the observed bumps. In the neighborhood
of zero binding energy in the 4 system (Eq4, = 65.8 MeV) 6 events
appear in two channels while the background observed in the adjacent



channels is at & 0.5 events/channel level, To the right of the arrow
that indicates zero binding energy a number of events due to pulse
pile-up in the ionization chamber appear; they give a uniform back-
ground that limits the sensitivity of the present experiment to a

1 nb/MeV.sr level. It should be noted that at a close energy of
140(65 MeV) & peak may appear from the 160(11]3,140)13}3 reaction on
oxygen impurities in the target though the energy resolution allows
onz to separate two peaks at a distance of 0.8 MeV.

C. The 9Be§989,140)4n reaction
In the 140 gnergy spectrum measured for this reaction few events
show up in the 85-89 MeV range (see fig. 5), which would correspond

to a bhound 4n aystem and their cross section is 4 nb/sr, However,
the feehle statistics does not allow any definite conclusion about
the production of & stable tetraneutron in the given reaction. What
is more, a detailed analysis of possible contributions from resctions
on impurities has not yet been performed, In this respect it should
be mentioned that Be targets, because of the technology of their
preparation may contain some heavy impurities such as Cu. The‘140
spectrum for EL 83 MeV (that corresponds to zero binding energy in
the 4n system) is well described by the phase space calculation for
the five-body breskup in the exit channel (140 + N+ N+ N+ n),
Positions of some peaks coming from reactions on light impurities
in target are indicated in the figure by arrows.
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Fig.%. The 140 energy spectrum for the 9Be(gBe,MO)’d‘n
reaction. The full line is a phase space calculation
for the five-body decay in the exit channel. The arrows
indicate the position of peaks from reactions on 120
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D. The 'Li(%Be, '?N)*n reaction

This resction was chosen in order to exclude contributions from
reactions on the target impurities which prevented us from drawing
a pogitive conclusion in the case B. Indeed, peaks from the 12C(9Be,
125y901 and '60(%Be, 128) 178 reactions lie 6.6 and 2.6 MeV to the left
of the 2N energy corresponding to zero binding energy in the 4n
system. Moreover, the reaction Q values (~30,95 and =-27.3 MeV resg-
pectively) are unfavourable as compared with the studied reaction
(-23.37 MeV) and this fact may lead to a smaller production cross
section. Fig, 6 shows the 12N energy spectrum, The full line is a2
phase space calculation for the five-body breakup in the exit
channels 12& +m +n +n +n, Other exit chammels need not be includ-
ed as they do not improve the f£fit +to the data. No significant
deviations from the phase space curve can be observed and this fact
mey indicate the nonexistence of a bound or quasistationary state in
the *n system. The 1limit of experimental sensitivity attained in
the present measurement is 1 nb/MeV.sr.

The first reaction studied that leads to the formation of the 3n
system is the 3pin transfer from the target to the projectile, This
reaction is characterized by rather favorable (-3.5 MeV) Q value




(as compared with the rest of the reactions studied) and by an
available energy (ECMéQ) of 30.7 MeV, Taking for orientation the
cross gection values at forward angles for different transfer reasc-
tions compiled in /18/ it seams that the reaction proceeds in two
steps: the first one is & Tpin transfer to foxrm 130 with a closged
proton subshell and the second is a 2p transfer regsulting in 15O
with & closed proton shell., In the first phase the proton transferr-
ed does not change the subshell while the neutron does, In the
second one, the two paired protons rise to the p 1/2 subshell.

No deviations from the phase space curve were observed in the
range of excitation energies of the 3n system from 1 to 4 MeV where
/19.20/ mention possible quasistationary 3n states. The
gecond reaction studied, Li(11B, 40)4n, represents & 3p trangfer
with Q=-~16.7 MeV and EcH+Q=17.5 MeV., It probably proceeds in two
stages: first, the trensfer of a p3/2 proton from 7Li to £1i11 this
subshell forming 120 and, second, the transfer of two paired s
protons te fill the p 1/2 subshell and complete the p proton shell
in 140. It should be noted that an additional short run at the U-~400
cyclotron with 17 MeV/A ions and with a spectrograph placed at 10°
has given & yield in the phase space region of 9 to 12 MeV excita~-
tion energy (in the 4n system), which is & times higher than the
corresponding yield in the same excitation energy region, as shown
in fig. 4. Though this increased phase space yield doeg not permit
any conclusion about the population of states in the "n system i%
nevertheless claims a more detailed study. We intend to pursue such
a study in the near future, As for the problem of target impurities,
gome considerations are in order. The reaction of ¢ impurities has
an unfavourable Q value of ~24.3 MeV but a higher available energy,
ECM+Q=21.6 MeV, This can be viewed upon as a 3p transfer from the
target to the projectile but 2lso as a kick-off of the target nucleus
after a 2p capture from the projectile; in the latter case it will
have a much higher crogs section as the reaction proceeds to the
£illing of the p shell in 14O. Then, even small amounts of C impuri-
tieg will give peaks and the problem of background subtraction becom-
es very important. For safety, the peak regions should be excluded,
ag in the above analysis. The 7Li(98e,1zﬂ)4n reaction, ag compared
with the previous one, has an unfavourable Q=~23.4 MeV but a higher
available energy, ECM+Q=23.4 MeV, This 18 again a 3p transfer from
target to projectile, but it does not proceed through clogsed sub-
ghells or, if it does, then it should bresk pairg and change orbits.
Nevertheless, the phase space yield is almost the same as in the
previous reaction. An explanation may be the increased available

gome papers
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energy in the present case as well as the smaller measurement angle,
The 9Be(%Be, 1%0)%n reaction with Q=-17.6 MeV has the highest

available energy ECM+Q=35.9 MeV. On the other hand it represents a

complicated 4pin transfer. A4 possible path is the following: firgt

a 1p transfer to form 10B, then a 1pin transfer to produce 120 with

closed proton and neutron subshells and eventually a 2p transfer to

close the p proton shell in 140. Despite its complexity, the phase
gpace yields of the previous two reactions do not differ gignificant-
ly. ¥rom the analysis of the last three reactions one may conclude
that, as far ag the phage space yield is concerned, the dominant
factor appears to be the available energy and to a less extent the
reaction complexity and the Q value. The phase space calculations
from all three reactions correspond to a five~body decay in the exit
channel, No grouping of the four neutrons has to be considered in
contrast to the result of ;11/, where a strong final state interac-
tion was introduced within each of the two pairs of neutrons in
order to satisfy the experimental data. The range of excitatlon ener—
gles in the 4n gystem measured in these three reactions does not ex
tend as far as 18 MeV where,using the anelogous relation with the T=2
state in 4He, Bevelacqua predicts a possible quasistationary

4n state. In fact, with the present experimental technique the

observation of an anomaly at an excitation energy at which the phese

space yield is rather high would imply very long measurements unless
the population probability for the given state is at least ag high
ag the phage space production probability.

The main results of the pregent study may be summarized as

follows: .

~ Using the technique of recording the energy spectra of the
stable partner of the searched (stable or unstable) product,
en experimental sengitivity of 1 nb/MeV.sr was obtained.

- No evidence for stable 3n production in the reaction 11B(?Li,160)
3n down to a level a 10 nb/sr has been found. From the phase space
analysis, no evidence for quasistationary states has been obteined
either.

- The study of three different reactions for producing a bound
4n system has set only the upper limits for the cross sections
of itg formation. In two cases this 1limit equals the experimental
sengitivity of 1 nb/sr. The phase gpace analysis has given no
positive results concerning the existence of quasistationary
{unbound)} states in the 4n system,

~ No evidence for grouping of neutrons in the exit channel has been
obtaiﬂed in the reactions studied. However, the obtained results

11


http:nb/MeV.sr

do not allow one to draw any conclusion about the non-existence

of gtable or quasistationary 3n and 4n states. Indeed population

of such states may depend strongly on the reaction mechanism,i.e.
on the choice of the reaction, its Q value, bombarding energy and
angle of measurement. It is also possible that the attained level
of sensitivity may be insufficient. In order to gshed more light-
onto this problem, experiments with somewhat improved sensitivity
and at various beam energies are planned in the future at the U-400
cyclotron at Dubna.

The authors thank Acad. G.N.Flerov and Prof. Yu,Ts.Oganessian

for their support and ugseful comments during this work.
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Benosepos A.B. u ap. E7-87-140
NMouck 35n w ¢n B peakywAx YCKOPEHHHX MOHOB

11 y 9Be c mppams LI wu "Be

B ABYXUACTHMUHWEX DEAKUMAX C TAKENHMM UOHAMM uB(88 M3B) + 7Liis I
%Be (107 MaB) + 9Be, 9Be + 7 Li n3MEpANMCL 3HepreTuueckMe CNekTpw 0, %0, &N
ANA MONYUYEHWA MHGCDMAUMKM O NAPTHEPAX B BWXOAHOM K3Hane peakuuw - CUCTeMax
3n, 4n.. [inA NPOBEAEHWA MCCNEROBAHMA CO3AAaHA yCTAHOBKA Ha 6a3e MarHuTHOro
cnextporpaga MCN-1k4k, NO3BONALWAR U3MEPATH IHEPreTUUECKWUE CMEeKTPW C TOUHO-
croo 280 k3B u npepenom NO ceuyeHW 1 H6/cp. JHepreTuyecKue CnNeKTpw XOpowo
ONWMCHBANTCA KpWBM4 GA30BOr0 NPOCTPAHCTBA MHOTOUACTHHHOMO PA3BanNa B BHXOAHOM
xaHane peakuww. He OBHapymeHO AQEPHOCTAbUNbHEX MNW KBA3UCTAUWOHAPHHX COCTORA-
il B cwcTemax 3n, 4n, Tonbko B cnexTpe 140 w3 peakuwu 7TLi(118,140) copep-
KUTCR yKasaHue Ha BO3MOMHOE O6pasoBaHue KBA3MCTAUMOHAPHOMO 4n, oaHako Mmanan
CTaTMCTMKa He NO3BONAET CAENaThb OAHO3HAUHWX 3aknouenui. fpepen no ceuerno
o6pa3oBaHWA 4n COCTaBUN BEAMUMHY 1 W6/cp.

PaboTta swnonHeHa B JflabopaTtopuu AQEPHBIX peakuymin OUAU.

ait. [lyGua 1987

nml wmmm HHACTHMTYTA AREL IX

Belozyorov A.V. et al. . E7-87-140
search for the Tri- and Tetraneutron in Reactions

Induced by '8 and ?Be lons on ?Li and ®Be

The energy spectra of 180,140 andI2N nuclei have been measured in
115(88 Mev) + 7Li, 9Be(107) + ®Be, 9Be + 7Li reactions to obtain informa-
tion about their partners in reaction exit channel 8n and ¢n systems. The.
energy spectra are well described by many-body phase space curves. No indica-
tion about the existence of nuclear stable or quasibound states has been
obtained. The small enhancement found in the spectra of 0 from 7Li(B,140)
reaction is due to the poor statistics insufficient to make any definite
conclusion about the existence of bound or unbound state 4n at the cross
section level of 1 nb/sr

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