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1. INTRODUCTION 

Heavy ion reactions have been widely uвed to synt hesize 

new isotopes. Тhе fusion reactions, having become already 

traditional 111 , lea~ mainly to the formation of neutron- deficient 

isotopes in а wide range of masses with relatively high cross 

sections. Тhе use of the deep inelastic / 2/ as well ав fragmenta

tion /J/ reactions has allowed one to extend the investigations 

to the region of neutron-rich nuclei far from the ~ -staЬility 

line. In addition to the production of new isotope~ the aim of 

the majority of previous works has been to measure the mass excess 

of these nuclei as it constitutes the first quantitative informa-

tion on their structure. Such informati on serves to test the 

predictions of different models whose parameters have been determin-

ed from nuclei lying cloвer to the valley of staЬility, and, in 

turn, permits the upgrading of these parameters to allow а more 

accurate' prediction of the mаввев farther from the (3 -вtaЬi~i ty 

line, and thus а more preciвe definition of the limits of nuclear 

staЬ111ty. In theвe вtudies very light elements play а вpecial 

role as they may вerve ав а good test for different theoretical 

calculations. However, the above-mentioned reactions enaЬle uв to 

вtudy only those nuclei which are вtаЬlе against nucleon decay. 

On the other hand, the uве of the few-nucleon transfer 

reactions and the вingle ав well ав douЬle charge exchange 

reactions opens up new ровв1Ь111tiев for measuring the mass ехсевв. 

Тhеве reactions yield two products in the exit channel and thiв 

fact allowв one to draw concluвions about one product from the 
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measurement of the energy speotrum of t he other. Тhis approaoh 

Ъeoomes partioularly important, when the produot under study is 

weakly Ъound or even unbound. In t his oase the other product 

whioh has to Ъе а partiole staЪle nuoleus is measured and its 

speotrum gives us aocurat e i nformation about t he ground state mass 

and t he l ow-lying exoited states of t he produot under study. 

In reoent years, а good deal of work / 4 •5/ has Ъееn reported 

on using these so- oalled " two- body" heavy ion reaotionв to s t udy 

neutron-rioh light nuol ei wi t h Z :::. б-20. On the oontrary, the 

very light nuolei (Z <б ) have Ъееn s tudi ed only soaroely and the 

main source of inforшation has oome from light-partiole and pi on 

Ъeams. Koreover, this i nformation is sometimes oontradiot ory : 
4 for example , t he Ъroad levels of Н observed in three di ffe r ent 

/б 7 8/ works ' ' · do not agree with each other. Тhе search for levels 

in 5н has Ъееn performed in refs . /9 , 10 •1 1/ in which no evidence 
5 for either bound or unbound sta te of Н has Ъееn f ound. Only 

Seth /12/ claims to have observed а bump at 11 UeV in the react i on 
б - 5 7 7 8 б Li(j( , р) н. Recently , the Li ( Li, В) Н reacti on has Ъееn 

investigated / 13/ which is the first a t tempt to synthesize t he 

~ isotope Ьу а heavy ion reaction. Тhе cross seotion for бН 
formation turned out to Ъе high enough to support the idea that 

heavy ion reaotion8 may Ье а p~omising tool for the studi es of 

light exotio nuclei. 

Up to now, inforшation about the neutron-rioh hydrogen 

i sotopes has oome from reaotions of different kindв. Тhе aim of 

t he present work was to study these neutron-rich isotopes of 

hydrogen in one single reaotion 11 в + 9Ве using ita different 
1б 15 exit ohannels. Por this purpose, the energy speotra of О, О 

and 1 4о have been measured and this givea information about the 
4 5 б oorresponding produots - Н, Н and Н, respeotively. 
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2. EXPERIМENTAL 

Тhе schernatic vi ew of our experimental set- up is shown iп 

Fig.1and it has been descr ibed in detail elsewher e /1 4/. The 11 в2 + 

(88.0 MeV) beam del ivered Ьу t he Dubna U-300 cyclotron, after 

be i ng collimated Ьу three carbon slits , rea ched а Ве targe t with an 

i ntensity of up to 1. 5 JlA• Тhе thickness of t he 9не tщ~et was 

230 p.g/cm2• The r eact ion product s emit t ed witl1in а 0.6 msr solid 

angle were aJшlyzed Ьу а magne t ic spectrograph . The position

- вenвi tive douЬle i oniza tion chamber sei·ved as а focal plane 

de tec t or. Тhе i onizat ion chamber measured three parameters 

(ene rgy lоsве в dE, posi t ion х, residual energy Е) in order to 

identify and de te rmi ne t he energy of the reaction products . 

Тhе energy r esolution of t he dE and Е sectors of the ionizat ion 

chamber was 3. 2% and 2% , r espect i vely . The energy resolution is 

strongly influenced Ьу the angular disperзion (about ± 1. 5 degrees 

at the entrance to the i onizat ion chamber), which causes different 

energy-losвes due t o unequal trajectory l engths in the detectors . 

Тhе position re sol u t ion a t t he fo cal plane was about 0. 7 mm. 

Fig.1 Тhе experiment al se t-up. В - beam , R - reaction chamber , 

~ С- collimat ors , М- monitor , Т- target , S - entrance slit 

of the МSР- 1 44 magnetic spectrograph, F - f ocal plane of 

the вpec trograph , I C- i onization chamber . 

в 
"' ! 0в. t 11e , 11c > 8L. 

60 80 

CHANNEL 

Fi g. 2. Тhе 12с вpectrum along t he fo cal plane 
( х- coordiJШte)from the 9ве ( 11 в, 12с)8Li 
reaction. 
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11 
тhе elastic scattering of В on а Ag target wав used to 

measure the beam e~rgy. То te~t the possiЫlities of our 

9 11 12 8 
experimental apparatus the calibrati on reaction Ве( В, С) Li 

was measured. In fig.2 we present the posi tion spectrua of 

the 12с nuclei measured at an angle of (8±0.5) degrees. Тhе 
8 

rignt peak corresponds to the formation of Li in its ground 

state, the two other ones represent low-lying excited states 

at 0.98 and 2.26 МеV, respectively. Тhе obtained energy resolu

tion (...- 600 keV) is 1118.inly due to the energy spread of the 

incident beam and to the target thickness. тре uncertainty in 

the evaluation of the mass of 8Li is equal to ± 280 keV. 

). RESULTS AND DISCUSSIOB 
9 11 16 4 

а) Тhе Ве ( В, О) Н Reaotion 

16 
The energy spectrum of the О ions is presented in fig. ). 

16 
Тhе arrow at 79.3 MeV indicates the energy of О ions, correspond-

ing to the formation of the 4н unbound system at zero excitation 

energy. Ав can Ье seen, the absence of ацу events of higner 

energies indicates the non-existence of ацу bound states in 4н. 
16 

In such а case the energy spectrum of О, in principle, should 

Ье described Ьу the sum of the phase space contributions from 

different mul ti-body exi t channels. Ав the starting point of each 
16 contribution (the maxim1m energy of О available in the given 

decay mode) depends on the threshold of the corresponding break

up there is some poasibility to diatinguiah among different 

phase space contributions. Starting at zero excitation energy 

16 'L 
the only contributing channel is the three-body break-up О + -н + 

+ n with 16о being emitted in its ground atate. At 6.05 MeV, where 
16 

the first exoited level of О lies, another three-body break-up 

had to Ье taken into account. Тhе other sulti-body break-up 
16 2 

channels, such аа the :tour-body break-up О + Н + n + n as well 
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as the five-body break- up 1 6о +Н+ n + n + n start at exci t a t i on 

energies 6. 28 MeV and 8 . 49 MeV, res pectively . We assumed that 

t he above- ment ioned contributions prevai l i n the studi ed r egion 

and t hus no contri bution from ot her channe l s shoul d Ье i ncluded. 
The aQm of weighted phase space distribut i ons of di fferent 

multi-body br eak- up channels folded with our experimental r esolu

t i on is r epresented Ьу t he s oli d l ine i n fig . З . One can see t hat 

t he agreement with the experimental data i s rather good. However , 

at 77 . 5 MeV, an enhancement over the phase s pa ce di stribution i s 

clearly seen. The difference between the experimental points and 

the phase spaoe di stri but i on i s shown in the inset . The observed 

peak l i es a t (3 .5 ± 0.5) MeV above the mass of 3н + n and its 
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75 во 

the 9Ве( 11в,1 60)4Н 

reacti on. Тhе ful l line represents the sum of phase space 

contri buti ons of 16о + 3н + n, 16о• + 3н + n , 160+2H+n+n 
16 6.05 

and О+ Н+ n + n . + n exit channels. Тhе difference between 

experimental points and full l ine i s shown Фn linear scale 

in the i nset. 
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width is about 1 MeV. Тhе area under the peak tшplies а cross 

section of 150 ± 50 nb/sr and can Ье attributed to the 3н + n 

final-state interaction corresponding to transitions to the 

ground state of unbound 4н. А siшilar level has been observed 

in the reaction 6ы ( 6ы, 8в) 4н /9/ and in the 7С -induced reactions 

on 6ы 115/ and on 7 Li/7/ ·• Тhе evidE.nce for the existence of 

а strong resonant behaviour at 3.4 MeV in the 3н + n system 

follows from а phase-shift analysis 161 and also from the total 

cross section data of Phillips 1161 for n-t scattering. Ав for 

the enhancement at an excitation energy of about 5 меv our 

experimental counting rate does not allow one to draw any positive 

concluвion about а вtatiвtically вignificant peak at thiв ener gy 

despite the fact that the authorв of refв. 16•8 •17/ claim to have 

observed le~ in thiв region. 

Ъ). The 9ве с 11 в, 15о) 5н Reaction. 

~igure 4 вhоwв the energy spectrum of 1 5о. Over а wide energy 

range no sharp states are evident 1n the data. Instead, the 

spectrum rises rather вmoothly above the threвhold for 5н particle 

250 
' 9ве ("в . 15

01 
5н 

200 

"' ; 150 
::> 
о 
uiOO 

3н•n•n 

5О 1 
58 80 82 и 88 70 

ENERGY OF 
15

0 

~ig.4. Вnergy spectrum of 15о ionв from the 9nес 11 в, 1 5о)5Н reaction. 

Тhе four- bod,y рhаве врасе contribution afthe 150+3и+n+n channel 

iв вhown Ьу а daвhed line. · 
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staЫlity (relative to decay into 3н + n + n). Тhе daвhed , line 
repreвents the рhаве space contr1Ъut1on from the four-bod,y break-

15 3 up О + Н + n + n. Ав one can see, agreement with the 

experimental data iв quite good, во no other break-up channels 

have to Ье involved. Тhе spectrum iв rather smooth and preвents 

no evidence for bound or unbound level·в of the 5н system. Тhis 
reвult is 1n agreement with other attempts to study the 5н nucleus 

in the 7ыс6ы,8в) 191, 3н(t,р) 1101 and 9ве(сС. , 8в)./181 

reactionв where no sharp реаkв have been observed either. Тhе 

b~oad unbound level at 11 KeV seen 1n the 6Li(1C~p) 5н reaction/121 
Ьав not been obвerved 1n the preвent experiment. 

In conclusion one may вау t hat neither bound nor unbound 

levelв 1n t he 5н system have been popul at ed with statiвtical 

signifi cance i n our experiment. 

9 11 14 6 
с) Тhе Ве ( в, О) Н Reaction. 

14 
Тhе reвulting вpectrum of О meaвured in ten independent 

runs is вhown in fig.5. Deвpite the rather low number of counts, 

the enhancement at 53 MeV iв clearly observed. We have attempted 

to fit the spectrum with the five-body 14о + Зн + n + n + n phase 

врасе contribution (dashed line) but with little вuссевв. In 

order to explain the experimental data which cannot Ье reproduced 

Ьу either five- or four-bod,y рhаве space we had to include the 

three-bod,y ex1t ch&Dnel 14о + 5н + n, though neither bound nor 

unbound levels hате been obserтed in the 9ne < 11 в, 15о) 5н reaction. 

А в~lar situation Ьаs appeared in the 7L1(1(~1r)7H reaction /12/, 

where the contriЬution from the 5н + n + n exit channel had 

to Ье included. Тhiв fact can опlу Ье underвtood аа а consequence 

of the final state interaction 1n the 5н вувtеа with а теr.у large 

width ( r,..., 10 МеV), that lll&keв it ver.y difficuH to -obserтe this 
interaction аа а peak 1n the reactions leading directl)' to the 
5н nucleuв. 
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. 14 9 11 14 6 F~g. 5 . Energy spectrum of О ions from the Ве( В, О) Н reaction. 

The phase space corresponding to ·the five-Ъody e.xit channel 

с 1 5 о + 
3н + n + n + n) is shown Ъу а dashed line. Тhе phase 

space corresponding to the three-Ъody exit channel 

с 1 5о + 
5н +. n) is shown Ъу а full line. 

The three-Ъody phase space normalized to the experimental 

spectrum in the vicinity of 52 bleV is shown Ъу а solid curve. 

Тhе enhancement above the phase space distribution is still seen. 

In order to estimate the contribution from the main contami-
. . 12 11 14 9 16 11 14 nants ~n the target, the react~ons С( в, О) Li and О( В, О) 

1 3в have been measured. These measurements have shown that the 

14 contribution from both of the above-mentioned reactions to the О 

spectrum dоез not exceed 5% of the peak heignt. In order to estimate 

the yield under the observed bump the phase space contribution has 

been subtracted from the experimental data. Тhе resulting value 

of the cross section under the peak is d~/d!L ~ 16 nЪ/s~. Such 

an evaluation is of course affected Ъу some uncertainty. А 5~ 

error of this estimate is quite possiЫe. Тhе peak has been 

8 

attributed to the level of particle unstaЪle 6н lying (2.6±0.5) KeV 

above the 3н + n + n + n mass and having а width of (1.3±0.5) KeV. 

Тhis value agrees well with that found in 113/,The difference in the 

cross sections can Ье explained as due to the use of the 3р transfer 

reaction in our experiment instead of the 2p-n reaction studied 

in ret.1131• 

4. CONCLUSIONS 
14 15 16 In measuring the energy spectra of ' • О in one reaction, 

some information has Ъееn obtained about the unbound 4 •5•6н 
systems. Using the oxygen nuclei whose first excited states lie 

at least 5 KeV higner than their ground states we were аЬlе to 

explore the relatively wide energy region in which the peaks 

corresponding to the ground state formation of the unstaЬle 

products were expected to appear. 

Тhе exit channels leading to the forшation of 4н, 5н 1 and 6н 
are characterized Ьу the decreasing complexity of the reactions: 

3p2n, 3p1n and Эр transfers, respectively. On the other hand, the 

corresponding Q-values are 1.73, -13.93 and -27.16 МеV. In the 

present experiment unbound levels assigned to the ground states 

of the 4н and ~ systems have been found at (3.5 ± 0.5) and 

(2.6 ± 0.5) КеV, respectively. Тhе widthв of these levels indicate 

lifetimes of the order of few units of 10-22s. Тhе crosв section 

for populating the 4н level is higher than that for the 6н level. 

No sharp states have been observed in the 5н system. 

Finally one may draw the following conclusions: 

(1) Тhе change of about 29 KeV in the reaction Q~value 

prevails over the transfer of extra two neutrons in the reaction 

leading to the 4н nucleus oompared to 6н. 
(2) Тhе 6в system is almost 1 KeV more bound than the 4в 

system. Тhis Ыnding may result from the additional pair of neutrons. 

9 
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А similar si t uation is observed i n the unbound 7не-5Не as well аз 

in the bound 8не- 6Не pai r s . 

(3) The pair i ng between the t wo neutrons in the 5н sys t em plays 

an important role . Тhough t he spe ctrum of 15о showв по evidence 

for а sharp unbound s t ate i n t he 5н system , there i s а phase space 

contri but i on from t l1e 1 4о + 5н + n ex:i t channel indicating а strong 

f inal state interaction with а rather lar ge width ( r N 10 MeV). 

As а r esult of our investi gations we can make up r elativel y 

s j.mple systemat ics of neutr on-1·ich hydrogen i sotope s . TJ1e f i nal зtate 

intera ct i on in the 4н алd 6н sys tem betwe en 3н + n and 5н + n hав а 
narr ow wj_dth ( Г"Е 2 Ме V ) and produces r e l ativel y pronounced peaks 

above t he phase spa ce di stribut i on. At t he same time the f i nal s t ate 

interact ion in the 5-н sys t eJn be t ween .3н and а pair of neutrons 

has а much l ar ge r width . 

In concluвioн the aut hors would l i ke t o expres s their 

~'atitude to Academi ci an G. N.Fler ov for hi s s t imulat ing suppor t 

of the prese nt investigationз. Тhanks are also due to Prof . 

A . A .OgloЬlin a nd Dr. Б .G. Nova tв kii f or fruitful di scussions. 
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Белозеров А.8. и др. Е7-85-966 
Исследование ядер 4 Н, 5 Н , вн в реа кции 11в + э ве 

8 реа кции 11 в ( 88, О МзВ) + 9 De измерялись энергетиче~кие спектры 140 , 
150 , 16 0 , являющихся сопряженными продуктами нейтронаизбыточных изотопов 

·водорода 6Н , 5Н , 4Н , которые могут образоваться !'1 этой реакции. В спект
рах 140 и 160 наблюдались пики, которые можно интерпретировать как не
связанные состояния 4Н (3 ,5 ± O,S) МэВ, Г = · 1 МэВ и 6Н (2 ,6 ± 0,5) МЭВ, 
Г = ( 1 , 5 ± О, 5) .М эВ. Энер гетический спектр 150 хорошо описывается кривой 
фазового пространства многочастичного развала бе з взаимодействия в конечном 

состоянии. 

Работа выполнена в · Лаборатории ядерных реакций ОИЯИ . 
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Belozyorov A.V. et al. 
Search for 4н , он and &н Nuc 1 е 1 
l·n the Н в - 1 nduced Reac t 1 оп оп 9ве 
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ln the гeactlon 11В (88.0 MeV) + 9В~ the energy spectra of the 140; 
15

0 and 180 пuclel have been measured to obtaln some lnformatlon about 
thel r partners 1n the exlt channel - the neutror\-rlch hydrogen lsotopes 
4Н , 5н and 6н . Th.e unbound ~ ·eve 1 s i n the 4Н and 8Н sy~ terns have been 
oЬseгved at excltatlon energles of 3.5 ± 0.5 MeV (Г - 1 HeV) and .2. 6 ± 
± 0.5 HeV (Г • 1.5 0. 3 MeV), respectively . No evldence for the exlstence 
of any bound о г unbound s ta te 1 n ОН has been found. 

The lnvestlgation has been perfo.rmed at the Laboratory of Nuclear 
Reactlons , JINR. 

Preprint of tbe Joint Inatitute for lluclear lte•earch. DuЬna 1985 


