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1. INTRODUCTION

Heavy ion reactions have been widely used to aynthesize
new isotopes. The fusion reactions, having become already
traditional /1/. lead mainly to the formation of neutron-deficient
1sotopes 1n a wide range of masses with relatively high cross

12/

aections. The use of the deep inelastic as well as fragmenta-

/3/

tion reactions has allowed one to extend the inveatigationa

to the region of neutron-rich nuclei far from the {l ~stability
line. In addition to the production of new isotopes, the aim of

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

of these nuclei as it constitutes the first quantitative informa-
tion on their structure, Such information serves to teat the
predictions of different models whose parameters have been determin-

ed from muclei lying closer to the valley of stability, and, in
turn, permite the upgrading of these parameters to allow & more
accurate prediction of the masses farther from thep ~stability
iine, and thus & more precise definition of the limits of muclear
stability. In these studies very light elements play a special
role as they may serve as a good test foxr different theoretioal
calculations. However, the above-menticned reactions enable us to
study only those miclei which are stable against nucleon decay.
On the other hand, the use of the few-mucleon transfer
reactions and the single as well as double charge exchange
reactions opens up new possibilities for measuring the mass excess,
These reactions yield two products in the exit chennel and this

fact allows one to draw conoclusions about one product from the



measurement of the energy spectrum of the other. This approach
becomes particularly important, when the product under study is

weakly bound or even unbound. In this ceae the other product

which hes to be s particle stable nucleus is measured and its
gpectrum gives us accurate informetion about the ground state mass

and the low-lying excited states of the product under study.

In recent years, a good deal of work /4,5/ has been reported
on uaing these so-called "two-body" heavy ilon reactions ito study
neutron-rich light nuclei with 2 =6=-20. On thLe contrary, the
very light muclei (Z< 6) have been studied only scarcely and the
main source of informetion has come from light-perticle and pilon
beams. Moreover, this information is sometimes contradictory:
for example, the bromd leveis of 4H obgerved in three different
/6,T,8/

works do not agree with each other. The search for levsls

in 5H has been performed in refs. /9,10,11/ in which no evidence
for either bound or unbound state of oy has been found. Only

Seth /12/ cleims to have observed a bump at 11 MeV in the reaction
6Li()\‘,p )5H. Recently, the 7I.i(7Li,8B)6H ~eaction has been
investigated 13/ which is the first attempt to mynthesize the

6H isotope by & heavy ion reaction. The cross section for 6H
formation turned out to be high enough to support the idea that
heavy ion reactions may be a promiging tool for the studies of
light exotic nuclei.

Up to now, information about the neutron-rich hydrogen
isotopes hasg come from reactions of different kinds, The aim of
the present work was to atudy these neutron-rich isotopes of

9Be using its different

160. LB

hydrogen in cne gingle reaction 113 +

exit channels. For this purpome, the energy spectra of
and 140 have been measured and this giveas information about the

corresponding producta - 4H, 5H and GH, respectively.



2. EXPERIMELTAL

The schematic view of our experimental zet-up ir chown

Fig.1and it has been described in detail elscwhere /14/. The 'IP:'

(B8,0 MeV) beam delivered by the Dubna U-300 cyelotren, ufter
being collimated by three carbon slits, reached a Be target with a:
intensity of up to 1.5 pA. The thickness of the “H~ fygt wus

230 pg/cmz. The reaction products emiitcd wiithin a .6 mar solid
angle were anelyzed by a magnetic spectrograph. The position-
sensitive double jonization chamber served ns a focml plane
detector. The ionization chamber measured three parameters

(energy losses 4B, position x, residuml enevgy E) In order to
identify and determine the energy of the reaction productis.

The energy resclution of the dE and E sectors of the ionization

chamber was 3.2% and 2%, respectively. The energy resolutiorn is

strongly influenced by the angular dispersion (about % 1.% degrees
at the entrance tc the ionization chamber), whick causes different
energy-losses due to unequal trajectory lengihs in the detectors.

The position resolution st the fecal plane was ebout C.7 mm.

Fig.1 The experimental set-~up, B - beam, ' - renction chamber,
w (¢ - collimators, M - moniter, T ~ 1argetl, 5 - ontrance slit
of the MSP~144 magnetic spectirogrepn, F - focal plane of

the spectropgraph, 10~ jonization chamher,
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Pige2. The 120 spectrum along the focal plane

( x - coordinate) from the 9Be(11B.12C)8L1
reaction,




The elastic scattering of 11B on a Ag target was used to
measure the beam energy. To test the possibilities of our

8

experimental apparatus the calibration reaction 9Be('1B.120) i

was meagured. In fig.2 we present the position spectrum of
the 12C muciel messured at an angle of (8%0.5) degrees. The

8, . ,
right 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 MeV, respectively. The obtained energy resolu~
tion (~ 600 keV) is mainly due to the energy spread of the
incident beam and to the target thickness. The uncertainty in
the evaluation of the mass of 8I..i is equal to * 280 kev.

3. RESULTS AND DISCUSSION
a) The IBe (11B, 160) 4H Reaction

The energy spectrum of the 160 ions is presented in fig. 3.

6O ions, correspond-

The arrow at 79.3 MeV indicates the energy of 1
ing to the formation of the 4H unbound system at zero excitation
energy. As \can be seen, the absence of any events of higher
energies indicates the non-existence of amy bound states in 4H.
In such a case the energy spectrum of 160, in principle, should
be described by the sum of the phase space contributions from
different multi-body exit channels. As the sterting point of each
contribution (the maximum energy of 160 available in the given
decay mode) depends on the threshold of the corresponding break-
up there is some possibility to distinguish among different

phase space contributions. Starting ai zero excitatlon energy

the only contributing channel is the three-~body break-up 160 + 3H +
+ n with 160 being emitted in its ground state. At 6.05 MeV, where

the firwut exoited level of 160 lies, another three-body break-up
had to be taken into account., The other mmlti=body break-up

channels, such as the four-body break-up 160 + 2H + 0+ nas well



a5 the five-body break-up 16O + H+n+n+ n start at excitation
snergies 6,28 MeV and 8,49 MeV, respectively. We assumed that
the above-mentioned contributions prevail in the studied region

and thus no contribution from other channels should be included.
The sun of weighted phase space distributions of different

multl-body break-up chariiels folded with our experimentel resolu-
tion is represented by the solid line in fig.3. One can see that
the agreement with the experimental data is rather good. However,
ut 77.5 MeV, an enhuncement over the phase space distribution is
clearly seen. The difference between the experimental points and
the phease space distribution is shown in the inset. The observed

peak lies at (3.5 ¥ 0.5) MeV above the mass of 3H + n and its
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Pige3. Bnergy spectrum of 160 ions from the 9Be(

1, %60)%
reaction. The full line represents the sum of phase space
contributions of 160 + 33 + n, 160; 5 + 3H + n, 160+2H+n+n

0
snd 160 +H+n+n+ nexit channels, The difference between

experimental points and full line is shown on linear scale
in the inset,.



width is about 1 MeV, The area under the peak implies a cross
section of 150 ¥ 50 mb/sr and can be attributed to the Bain
final-state interaction corresponding to iransitions to the
ground state of unbound 4H. A similar level has been observed

in the reaction 6L1(6L1,83)4H 7%/ and in the M~ -induced reactions
on 61.1 /15/ and on 7I.:L /7/. The evidence for the existence of

3

a strong resonant behaviour at 3.4 MeV in the “H + n syatem
follows from a phase-shift analysis /&7 and also from the total
crose section data of Phillips /16/ for n-t scattering. As for
the enhancement at an excitation emergy of about 5 MeV our
experimental counting rate does not allow one to draw any positive
conclusion about a statistically significant peak at this energy
despite the fact that the authore of refs. /6,8,17/ claim to have

observed levels in this region.
b)e The gBe (115, 15O) SH Reaction.
Figure 4 shows the energy spectrum of 150. Over a wide energy

range no sharp states are evident in the datae. Instead, the
spectrum rises rather smoothly above the threshold for °H particle
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Pg.4. Energy spectrum of 50 ions from the 98&("3,150)53 reaction,

The four- body phase space contribution af the 150+3F!+n+n channel
is shown by a dashed line.



stability (relative to decay into Manas n). The dashed 1line
represents the phase space contribution from the four-body break-
up 150 + 3H + n + n. A8 one can see, agreerment witk the
experimental data is quite good, so no other break-up channels
have to be involved. The spectrum is rather smooth and presents

no evidence for bound or unbound levels of the 5H system, This
result is in agreement with other attempts to study the 5H micleus
in the T11¢%11,%®) /%, 2u(t,p /1% and %Be(a ,%p)/18/

reactions where no sharp peaks have been observed either, The
broad unbound level at 11 MeV secn in the 6Li(7t:p)5H reaction/12/

has not been observed in the present experiment.
In conclusion one may say that neither bound nor unbound

levele in the SH system have been populated with statistical
slgnificance in our experiment.

¢) The Be ("', %0) °H Reaction.

The resulting spectrum of 140 measured in ten independent
runs is shown in fig.5. Despite the rather low number of counta,
the enhancement at 53 MeV is clearly observed. We have atiempted

3H + n + n + n phase

to fit the spectrum with the five-body 140 +
space contribution (dashed 1line) but with little success. In

order to explain the experimental data which camot be rusproduced
by either five~ or four-body phase space we had to inoiude the
threebody exit chamnel ‘%0 + ’H 4+ n, though neither bound nor
unbound levels have baen observed in the ~Be (113,150)5H reaction.
A similar situstion has appeared in the '14(70,7")TH reaction 12/,
where the contribution from the dMenen exit chanrsl had
to be included, This fact can only be understood as a consequence
of the final state interaotion in the 5x aysten with a very large

width (M~ 10 MeV), that makes it very difficult to obsexrve this
interaction as a peak in the reactions leading direotly to the

SH mcleus,
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ige5s Energy spectrum of O ions from the “Be( "B, '0) R reaction.

The phase space corresponding to the five-body exit channel

1

( 50 + 3H + N4 n+n)is shown by a dashed line. The phase
space corresponding to the three-body exit channel
5

£
(1Jo + “H + n) is shown by a full line,

The three~body phase space normalized to the experimental
spectrum in the vicinity of 52 MeV is shown by a solid curve.
Tre enhancement above the phuse space digtribution is atill seen.
In order to estimate the contribution from the main contami-
nants 1n the target, the reactions 120(113,140)91.1 and 16o("B,”o)
13B have been measured. These meesuremenis have shown that the
contribution from both of the above-~mentioned reactions to the 140

spectrum does not exceed 5% of the peak height. In order to estimate
the yield under the observed bump the phase space contribution has
been subtracted from the experimental data. The resulting value

of the crosm section under the peak is d@/d€l = 16 nb/mr, Such

an evaluation is of course affected by some uncertainty. A 50%

arror of this estimate ia quite possible, The peak has been



attributed to the level of particle unstable 6H lying (2.610.5) MeV
above the “H + n + n + n mass and having a width of (1.3%0.5) MeV.
This velue agrees well with that found in /73/ Tne aifference in the
cross sections cen be explained as due to the use of the 3p transfer
reaction in our experiment instead of the 2p~-n reaction studied

113/

in ref,

4+ CONCLUSIONS

In measuring the energy spectra of 14,15,16

O in one reaction,
some information has been obtained about the urnbound 4'5'5H
systems. Using the oxygen nuclei whose first excited states lie
at least 5 MeV higher than their ground states we were able to
explore the relatively wide energy region in which the peaks

correaponding to the ground state formation of the unsetable
products were expected to appear.

The exit channels leading to the formation of 4H, 5H,and 6H
are characterized by the decreasing complexity of the reactions:
3p2n, 3pin and 3p transfers, respectively. On the other hand, the
corresponding Q-values are 1,73, ~13.93 and -27.16 MeV, In the
pregsent experiment unbound levels assigned to the groeund states

6

of the K ana %y systems have been found at {3.5 I 0.5) and

(2.6 4 0.5) MeV, respectively. The widths of these levels indicate
lifetimes of the order of few units of 10—225. The cross section
for populating the 4H level is higher than that for the 6H level,
No sharp states have been observed in the 5H system,

Finally one may draw the following conclusions:

(1) The change of about 29 MeV in the reaction Q-~value
prevaeils over the transfer of extra two neutrons in the reaction
leading to the %H nucleus compared to GH.

(2) The 6H syatem is almost 1 MeV more bound than the 4
system. This binding msy result from the additional pair of neutrons.



. v
A 8imilur situation is observed in the unbound iHe-”Hc ac well as
in the bLound 8iie-GHe pairs.

(3) The pairing between the two neutrons in the 5H syslem ploys
15

an important role. Though the spectrum of 0 shows no evidence

Tor & suarp unbound state in the 5H aystem, there is & phase space
contribuiion from the 140 + SH + n exit channel indicating a strong
final state interaction with a rether large width ([~ 10 leV),

Ao & result of ovur investigations we can make up relatlively
gimple systematics of neutron-rich hydrogen igutopcs. The final slete

5

interaction in the 4t and 6” aystem Letween 3H + neand “H + n has «
narrow width (M€ 2Mev) und produces relatively pronounced peaks
abcve the phase spece diatribution. At the same time the finel state
interaction in-the 5H gystem between %{ and a pair of neutrons
has a much larger widtih.

In conclusion ‘he authors would like to express their
gratitude to Academician G.N.Plerov for his stimulating support
of the present investigations. Thanks are also due to Frof.

L.A.0globlin and Dr. RB.G.Hovatskii for fruitful discussions.
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Benosepos A.B. u pgp. E7-85-966
Uccneposanwe Agep ‘H, H, ®H 8 peakumm '!'B. 9De

B peakuwn !1B (88,0 M3aB) + ®Be usmepanuch avepretuueckue cnextpw 140,
150 , 160, ABNAOWMXCA CONDAMEHHLIMM NPOAYKTAMM HEHTPOHOWIGHTOUHNX M3OTONOB
sopopopa °H, S5H , *H , xortopue moryT ofpazosaTecAa S )TOW peakuum. B cnekT~
pax 10 u 180 naBnopanuce nuKM, KOTODHE MOKHO WUHTEPNPETMPOBATL KAK He-
caasantme coctosuua ‘H (3,5%* 0,5) MaB, [ =1 MaB w ®H (2,6 £ 0,5) MaB,
£ = (1,5 % 0,5) M3aB. 3neprernueckuit cnexTp 50 xopowo onucweaeTcA KpmBOH
$a30BOro NPOCTPAHCTBA MHOFOUACTWYHOrO pa3sana 6ea BIAUMOAEHCTEMA B KOMEUHOM

COCTORHHUH.

Pabota Bunonuena B flaGopaTopun AnepHWx peakuwi OUAU.

NMpenpuuT O6bLENHHEHHOTO HHCTHTYTA RAEDHWX Wcchneposarui, [OyGua 1985

Belozyorov A.V. et al. E7-B5-966
Search for 4H , SH and ®H WNuclei
in the !B -|nduced Reactlon on °Be

L thelgeactlon g (88.0 Mev) + PBe the energy spectra of the 'Y0,

Q@ and "0 nuclel have been measured to obtaln some information about
their partners in the exit channe! - the neutron-rich hydrogen isotopes
“H, SH and SH. The unbound levels in the *H and ®H systems have been
observed at excitation energles of 3.5 + 0.5 MeV (I' ~ 1 MeV) and 2.6 *

+ 0.5 MeV (I = 1.5 0.3 MeV), respectively. No evidence for the exlstence
of any bound or unbound state in SH has been found.

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