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Introduction 
The study of faw-nucleon systems may serve as an important tool 

to test different nuclear models as well as the nuclear potentials 
they use. i'rom this point of view a special role is played by the 
nuclei close 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 elements their 
neutron-rich isotopes have (neutron) binding energies that are still 
far from zero. This fact may be explained as follows: most of the 
mass calculations include the symmetry energy term which is proporti-
onal to (N-Z) ; with increasing H/Z ratio this term tends to diminish 
the neutron binding energy so that at a given H/Z value the neutron 
becomes unbound. For light elements this condition is met for U/Z= 
=3.5-4. No such values have been observed yet in the medium and 
heavy element regions. However, it should be noted that any sucn 
calculation is based on extrapolations that start in the region of 
N/Z corresponding to the fi 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 7.0 keV; a little dipping of the potential well would make 
this system stable. The addition of neutrons has this effect. The 
question of the stability of multineutron nuclei has been considered 
by Zeldovich and Goldansky . They predicted the existence of 
stable Tie that subsequently was observed experimentally ' . Their 
work has stimulated the search for stable neutron-rich nuclei and, 
in particular, for pure neutron nuclei. According to the microscopic 
calculations of Baz , slight changes in the nucleon-nucleon 
potentia] that do not affect the phase analysis of nucleon-nucleon 
scattering may lead to a stabilization of neutronic nuclei. These 
calculations indicate that if the tetraneutron ( n) 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 a stable tetraneutron does not exclude 
the existence of heavier multineuti-ons. Calculations of n binding 
energy using the variational method ' , the resonating group 
method ' and the method of hyperspheric functions ' ' have shown 
that this system has no 3table states. A negative result was obtain
ed in th" resonant state calculations of the n system using the 
Hilbert-Sohmidt method ^''. 

/8/ 
On the other hand, the calculations done by Komarov et al ' ' 

indicate the possible existence of the bound tetraneutron. As one 
can see, the theoretical predictions concerning the tetraneutron 
stability are not univocal. Many experimental studies were aimed at 
recording stable or resonant states of multineutron systems. All 
these experiments can be divided into 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 ' ' using 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 
second type may be considered less ambiguous. Moreover, registration 
of the partner energy spectrum permits also the observation of un
bound (resonant) states of the multineutron system as well as their 
mass measurements. One experiment of this kind is described in 
where the double pion charge exchange reaction 7i~ + He-*-?? + 4n 
was studied. By analyzing the T T energy spectrum the authors come 
to the conclusion that in the given case the 4n system may be 
considered as consisting of two pairs of neutrons, in each pair the 
two neutrons interacting in the final state. Their result differs /12/ from that obtained earlier by Stetz et al. who studied the same 
reaction under other conditions. 

Heavy ion reactions have also been used in an attempt to produce 
the tetraneutron ' ' 4' but with negative results. On the other 
hand, the use of intense heavy ion beams proved to be efficient in 
studying the H, H and H systems ' and this encouraged us 
to perform the present work. 



Experimental 
The aim of the present work was to search for the stable or 

quasistationary states of the n and n systems. 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 oar. 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 sensitivity 
of 1 nb/sr. Obviously, along with bound/unbound (ground or excited) 
states of the searched product states of its partner also show up in 
the energy spectrum of this partner. This is a complicating factor 
in the data analysis. Prom this point of view, nuclei like 0, 0, 
and И are very convenient since for the first two nuclei 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 ,_ ,„ ч м .. products MeV ed ener- of measu-

l-"lab/bCM'"vlev cy inter- rement 
val, MoV 

1 1 B +

 T Li 88/34.22 
11оИп -16.716 48-71 8° - 0.5° 
1 5 oA -3.492 52-76 

9Be у 7 Li 107/46.81 1 2 N +

 4 n -23.366 58-85 5° - 0.5° 
^Be у 9Ве 107/53.5 1 <0 +

4 n -17.596 72-90 5° - 0.5° 

The Q values were calculated for zero binding energy in the n and 
n systems. The experiments have been done by using 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 
silver target. During long runs changes in the beam energy were by 
less than 250 keV and these shifts were taken into account in data 
reduction. The Li targets were prepared by vacuum evaporation of 

7 2 
99.2% enriched Li on a thin (20 ug/cm ) organic backing. Their 

p thickness was 350 fig/cm . The Be targets were also made by vacuum 
evaporation but on a copper backing that subsequently was etched off 
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with nitric acid. Their thicknesses were 230 ug/cm . The typical 
beam intensity on target was 0.5 fxA 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 (ДЕ.Е) ionization chamber 
placed in the focal plane. The spectrograph was placed at 5° and 8° 
with respect to the beam; its energy resolution was iE/E=5,10 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 theДБ and E sections of the ionization 
chamber. Indeed, theuE and E parts of this chamber are placed, res
pectively, before and after the focal plane and trajectories that 
cross at the focal plane have different lengths in these sections 
though they correspond to the same energy. Thus, the observed reso
lutions of the ДЕ and E sections of the ionization chamber are some
what spoiled so that the mentioned optimum has to be attained in 
order to have both a reasonable solid angle and good isotope separa
tion ensured. The resolution, in position detection was 0.7 mm. 

/17/ 
A detailed description of the experimental set-up is given in . 
The measurement of ДЕ, E and x parameters permits a clean isotope 
separation and determination of energy with an accuracy of~300 keV. 
For each event these three parameters were recorded on tape and subsequently processed off-line. In fig. 1, the£E-E matrix for the q 7 Be + Ы reaction is shown. One can see that different elements 
are clearly separated. A special program allows then to encircle on 
the display the events corresponding to a given element and then 
build the (x,E) or (х,ДЕ) 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 

2 2 
making use of the relation E = k(Bx) Z /A, where В is 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 к is the 
spectrograph constant. 

Experimental results and discussion 
The energy spectra of 4), ^0 and 41 from the reactions induced 
11 9 7 , 

by В and Be ions on Li 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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лЕ-CHANNEL 

Pig. 1. The ( AE-E) matrix for the JBe + Li reaction. 

coming from different exit channels 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 ТЫ( 1 1В. 1 50) 3п reaction 
__ 1 1 1 

The JQ energy spectrum for this reaction is shown in fig. 3. 
The upper scale 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 space calculation that takes into 
account the following two exit channels: 50 + n + n + n and ^0 
(E =5.1"83 MeV) + n + n + n. Their relative weights are 0.34 and 0.64 
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X-CHANNEL 
Pig.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. 

EXCITATION ENERGY (fcWV! 

ENERGY OF V l l k V I 

P i g . 3 . The 5 0 energy spectrum fo r the 7 L i ( 1 1 B , 1 ^ 0 ) ^ n 
r e a c t i o n . The f u l l curve i s a phase space c a l c u l a t i o n t h a t 
t akes i n to account the fol lowing e x i t channels : 1^0+n+r.+n 
and 1 5 0 * (E_ = 5.183 MeV) +n+n+n. 
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I'ig.4. Ihe 40 ener
gy spectrum for the 
7Li( 1 1B, 1 40) 4n reac
tion. The full line 
is a phase space cal 
culation for the 

40+n+n+n+n decay in 
the exit channel. 

respectively, as determined by fitting. Inclusion of contributions 
from other exit channels, 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 see,the uata are rather well 
reproduced and no significant deviations can be observed. This fact 
indicates the absence of any quasistationary state in the n system 
populated in the present 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 n configuration set a.t 10 nb/sr in the above 
reaction. 

B. The 'Ы( ' 'В. "*0Гп re д. 
Т4 Л „„„„, 

saction 
Fig. 4 shows the "''O energy spectrum measured in this reaction. 

The full line is a phase space calculation for the five-body break 
up in the exit channel: 0 + n + n + n + n that describes the data 
satisfactorily. The inclusion of contributions from other exit 
channels does rot improve the fit so that they were not considered. 
The small bumps over the phase space curve at 0 energies of 58.5 
and 61.5 MeV may be explained as being due to reactions on carbon 
impurities in the target: 1 2C( 1 1B, 1 40) 9Li (EX=2.7 MeV and О 
respectively). These reactions were measured for a thick carbon tar
get during a short run; comparing the yields in the two cases one 

p comes to the conclusion that a level of 3-5 ug/cm carbon impurities 
in tne Li target may explain the observed bumps. In the neighborhood 
of zero binding energy in the n system (E-J^Q = 65.8 MeV) 6 events 
appear in two channels while the background observed in the adjacent 
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channels is at a 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) a peak may appear from the 0( 1 B, 1 40) 1 3B reaction on 
oxygen impurities in the target though the energy resolution allows 
one to separate two peaks at a distance of 0.8 MeV. 

C. The ^Be(93e,140)4n reaction 
In the 0 energy spectrum measured for this reaction few ever.ts 

show up in the 35-89 KeV range (sec fig. 5), игИ.сп would correspond 
to a bound n system and their cross section is 4 г.Ъ/sr, However, 
the feeMe statistics does not allow any definite conclusion about 
tij-j prociuctier- of a stable tctruneutron ir: the- .riven reaction. What 
is more, a detailed analysis of possible contributions from reaction 
or. impurities has not yet been performed. In thjs rer.pect it should 
be mentioned that Be turgets, because of the technology of their 
preparation may contain some heavy impurities such aa Cu. The 0 
spectrum for EС 83 KeV (that corresponds to zero binding energy in 
the n system) is well described by the phase space calculation for 
the five-body breakup in the exit channel ( 0 t n + n i n t n). 
Positions of some peaks coming from reactions on light impurities 
in target are indicated in the figure by arrows. 

t 

"WVOHn 

-40 \ У " l . 

20 

> N „ ' 
|мО»*п*п»п*п) 

-20 > N „ ' IJ n- Ъ=«_гг, -r-^ . П - П _r-, 
71 75 79 83 87 91 

ENERGY OF M 0 (MeV) 
Fig.5. The 4) energy spectrum for the "ве(уВе, 40)*n 
reaction. The full line is a phase space calculation 
for the five-body decay in the exit channel. The arrows 

12 
Indicate the position of peaks from reactions on С 
and 0 impurities in the target. 
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Fig.6. She К ener
gy spectrum for the 
7Li( 9Be, 1 2H) 4n reac
tion. The full line 
is a phase space 
calculation for the 
five-body decay in 
the exit channel. 

60 70 80 

D. The 7Li( 9Be. 1 2M) 4n reaction 
This reaction was chosen in order to exclude contributions from 

reactions on the target impurities which prevented us from drawing 
a positive conclusion in the case B. Indeed, peaks from the C( Be, 
1 2H) 9Li and 1 60( 9Be, 1 2H) 1 3B reactions lie 6.6 and 2.6 MeV to the left 
of the 1 2H energy corresponding to zero binding energy in the 4n 
system. Moreover, the reaction Q values (-30.95 and -27.3 MeV res
pectively) are unfavourable as compared with the studied reaction 
(-23.37 MeV) and this fact may lead to a smaller production cross 

12 
section. Pig. 6 shows the К energy spectrum. The full line is a 
phase space calculation for the five-body breakup in the exit 
channel: T l + n + n + n + n . Other exit channels need not be includ
ed as they do not improve the fit to the data. Ho significant 
deviations from the phase space curve can be observed and this fact 
may indicate the nonexistence of a bound or quasistationary state in 
the ̂ n system. The limit of experimental sensitivity attained in 
the present measurement is 1 nb/HeV.sr. 

The first reaction studied that leads to the formation of the 3n 
system is the 3p1n transfer from the target to the projectile. This 
reaction is characterized by rather favorable (-3.5 MeV) Q value 
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(as compared with the rest of the reactions studied) and by an 
available energy (ECM+Q) of 30.7 MeV. Taking for orientation the 
cross section values at forward angles for different transfer reacts/ tions compiled in it seams that the reaction proceeds in two 

13 steps: the first one is a 1p1n transfer to form С with a closed 
1 *5 proton subshell and the second is a 2p transfer resulting in J0 

with a 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 n system from 1 to 4 MeV where 

/iq on/ 3 
some papers mention possible quasistationary n stites. The 
second reaction studied, Li( B, 0) n, represents a 3p transfer 
with Q=-16.7 MeV and Ec„-iQ = 17.5 MeV. It probably proceeds in two 
stages: first, the transfer of a p3/2 proton from Li to fill this 12 subshell forming С and, second, the transfer of two paired s 
protons to fill the p 1/2 subshell and complete the p proton shell 
in 0. 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 a yield in the phase space region of 9 to 12 MeV excita
tion energy (in the n system), which is 6 times higher than the 
corresponding yield in the same excitation enei'gy region, as shown 
in fig. 4. Though this increased phase space yield does not permit 
any conclusion about the population of states in the n system it 
nevertheless claims a more detailed study. We intend to pursue such 
a study in the near future. As for the problem of target impurities, 
some considerations are in order. The reaction of С impurities has 
an unfavourable Q value of -24.3 MeV but a higher available energy, 
E™+Q=21.6 MeV. This can be viewed upon as a 3p transfer from the 
target to the projectile but also 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 cross section as the reaction proceeds to the 
filling of the p shell in (). Then, even small amounts of С impuri
ties will give peaks and the problem of background subtraction becom
es very important. For safety, the peak regions should be excluded, 
as in the above analysis. The 'Li( Be, N) n reaction, as compared 
with the previous one, has an unfavourable Q--23.4 MeV but a higher 
available energy, E_M+Q=23.4 MeV. This is again a 3p transfer from 
target to projectile, but it does noi proceed through closed sub-
shells or, if it does, then it should break pairs and change orbits. 
Nevertheless, the phase space yield is almost the same as in the 
previous reaction. An explanation may be the increased available 
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energy in the present oaae as well as the smaller measurement angle. 
The 3Be(9Be,1*0)4n reaction with Q=-17.6 MeV has the highest 

available energy E„„+Q=35.9 MeV. On the other hand it represents a 
complicated 4p1n transfer. A possible path is the following: first 

10 12 
a 1p transfer to form B, then a 1p1n transfer to produce С with 
closed proton and neutron subshells and eventually a 2p transfer to 14 close the p proton shell in 0. Despite its complexity, the phase 
space yields of the previous two reactions do not differ significant
ly. From the analysis of the last three reactions one may conclude 
that, as far as the phase space yield is concerned, the dominant 
factor appears to be the available energy and to a leas 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. Bo grouping of the four neutrons has to be considered in 

/11/ 
contrast to the result of , 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 excitation ener
gies in the n system measured in these three react?, na does not ex
tend as far as 18 MeV where,using the analogous relation with the T=2 
state in *He, Bevelacqua ' predicts a possible quasistationary 
n state. In fact, with the present experimental technique the 
observation of an anomaly at an excitation energy at which the phase 
space yield is rather high would imply very long measurements unless 
the population probability for the given state is at least as high 
as the phase space production probability. 

The raain results of the present 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, 
an experimental sensitivity of 1 nb/MeV.sr was obtained. 

- No evidence for stable n production in the reaction B('Li, 0) 
n down to a level a 10 nb/sr has been found. From the phase space 
analysis, no evidence for quasistationary states has been obtained 
either, 

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

- Ho evidence for grouping of neutrons in the exit channel has been 
obtained in the reactions studied. However, the obtained results 
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do not allow one to draw any conclusion about the non-existence 
of stable or quasistationary n and n 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 shed 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.Flerav and Prof. Yu.Ts.Oganessian 

for their support and useful comments during this work. 
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Белоэеров А.В. и др. Е7-87-1 *<0 
Поиск 'пи *п в реакциях ускоренных ионов 
п В и *Ве с ядрами 7Li и *Ве 

В двухчастичных реакциях с тяжелыми ионами В (88 ИэВ) + 'Lit 
*Ве (107 МэВ) + "'Be, *Ве + 'Li измерялись энергетические спектры "0, ,*0, '*(| 
дли получения информации о партнерах в выходном канале реакции - системах 
•п, *п. Для проведения исследований создана установка на базе магнитного 
спектрографа МСП-Чй, позволяющая измерять энергетические спектры с точно
стью 280 кэВ и пределом по сечение 1 нб/ср. Энергетические спектры хорошо 
описывается кривыми фазового пространства многочастичного развала в выходном 
канале реакции. Не обнаружено ядерностабильных или квазистационарных состоя
ний в системах 8п, *п, только в спектре Н О из реакции ' Li ( ИВ, 1 4О) содер
жится указание на возможное образование квазистационарного *п, однако малая 
статистика не позволяет сделать однозначных заключений. Предел по сечению 
образования *п составил величину 1 нб/ср. 

Работа выполнена в Лаборатории ядерных реакций ОИЯИ. 

Працант Обмдинвпюго институт» «ирных исследована*. Дубна 1987 

Belozyorov A.V. et al. Е7-87-1<)0 
Search for the Tri- and Tetraneutron in Reactions 
Induced by U B and * Be Ions on'Li and «Be 

The energy spectra of l 60, l*0 andl*N nuclei have been measured in 
l lB(88 MeV) +'Li, *Be(107) + *Be, eBe + 7Li reactions to obtain informa
tion about their partners in reaction exit channel 'n 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 1 4 0 frem ' Li( UB, U 0) 
reaction is due to the poor statistics insufficient to make any definite 
conclusion about the existence of bound or unbound state *n 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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