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The thick target inverse kinematic method was applied to the study of isobaric analog states in the neutron-
rich nucleus®Li. For this purpose, an excitation function f8He+ p elastic scattering was measured in the
center-of-momentum energy range from 1.6 to 5.8 MeV. THre/2 states ir’Li (isobaric analogs ofHe)
were observed. Restrictions on the spin-parity assignments are provided accor&mgatoix calculations,
and conclusions regarding the structure®bfe are given.
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Examining nuclear matter under extreme conditions It seems rather clear that one needs a method for spin-
makes the most demanding test of models of nuclear strugearity determination of the states of dripline nuclei to obtain
ture. An opportunity is provided by the study of nuclei far information that is independent of theoretical predictions in
removed from the valley of stability. In particular, tféle  order to specify possible new features of unusual nuclei.
nucleus gives an example of nuclear structure beyond the It is known[9-12 that the thick target inverse kinematics
neutron drip line, i.e.’He has no states that are bound with (TTIK) method can be used to study resonance reactions
respect to neutron emission. Since the time of its first obselinduced by radioactive beams. Recently, the study of isobaric
vation [1], a (1/2") state, unstable by 1.2 MeV to neutron analog states of neutron rich nuclei by this method has been
decay, was considered to be the ground statéHé. The  proposed[13]. The spectroscopy of =5/2 levels in °Li,
authors of Ref{ 1] compared positions of the observed levelswhich can be populated by means &fle+p scattering, is
with theoretical predictions of Ref2] and noted that these directly related to the data ofHe states. Even if the latter
predictions, based on calculations for nuclei on the stabilityvere complete, a detailed joint analysis of the dataTon
line, appear to be remarkably good e [1]. It is difficult  =5/2 states ir’Li and in °He could give important informa-
to reach the’He nucleus, which is well beyond the region of tion on the Coulomb interaction in these neutron-rich nuclei.
nuclear stability, using conventional beams of stable nucleiThis work presents the first results of a study of The5/2
A group in the Hahn-Meitner Institut¢3,4] developed a states in°Li (isobaric analogs of théHe statesby the TTIK
technique to obtain high resolution spectra of the products ofnethod. NoT=5/2 states in’Li were previously known.
complicated, low cross section binafyr quasibinary reac- The experiment was performed with radioactive beams of
tions induced by conventional heavy ions. In this way, they8He at laboratory energy of 51 and 59 MeV having an in-
managed to identify groups in the spectrum of the completensity of about 1000/s, produced in the Flerov Laboratory
mentary product of the reactions as statesite. Also, in (Dubna. The experimental setup is shown in Fig. 1. A pri-
spite of the inclusive character of the spectra and the Iovynary beam of 32 MeW !B ions was incident on a very
counting statistics they managed to estimate the widths ahick beryllium target. The spectrometer ACCULINNA4]
several states iffHe. As for the spin parity determination, was used to separafiHe from all other reaction products.
the complicated character of the process did not give a posfhe beam was then slowed by a thick Be wedge. Two thin
sibility for the direct determination of quantum characteris—mastic detectors in the flight path, upstream of the experi-
tics of the levels. Still, some tentative assignments of spins
were made on the basis of current theoretical predictions for

&
the °He spectruni3-5]. No contradictions with the calcula- § . »
tions were observed. SE < = §5,
i 23 = g w s g = 9 c9

Recently[6] the low-energy spectrum dHe produced in =28 = .8 = L8 g8
a direct reaction induced by a radioactive beam was studie(&‘ig e 2 2EE € IE = 22 >
via the final state interaction He+n. It was found6]that £5& & & %3 & %3 4= z
ans(1/2") state was théHe ground state; the energy above BHe — 5
the threshold foPHe+ n decay was less than 0.2 MeV. After = I e Al v @@t g

i ; D1\ ¥/ D\ 7 ... ©
this result was reported, calculatiofig] appeared that gave ‘ ‘ =
the 1/2° state as the ground state 8He. However, the &
specific value of the binding energy of the virtual ley6] e
seems to be too large to agree with the instability’%fie
[8]. FIG. 1. Experimental setup. See text for description.
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%Li levels with T=3/2 or T=5/2 are allowed in accordance
150 Ye with isobaric spin conservation. Strong resonance population
brerd. /BLiT=2)en| 18 of unknown T=3/2 resonances is not expected due to the
4. 55-3 8Herp small ratio of the proton width of the initial channel to the
total width of the hypothetical =3/2 resonances. There are
at least 16 modes of decay of tie=3/2 levels, and these
modes are characterized by a more favorable penetrability
3r 643 71,5061 than the®He+ p channel.
538 o 4t Only two decay channels are allowed Byconservation
I 269$ for the lowest states witfi =5/2 (see inset in Fig. 2 These
25 : are the initial channefHe+ p, and its isobaric conjugate,
S 8Li(T=2)+n. The wave functions of =5/2 states can be
o expressed through the single particle configurations in ques-
tion as follows[15]:

T=5/2

o+t+n

BHe+t 7.59

AE (MeV)

1 2
Wori(T=52)= E‘I’8He+p+ E\PBLi(T:ZHn : (1)
0 > l% (Mev%‘r’ 20 25 The spin Clebsch-Gordan coefficients are omitted in (&g
because the spin of the core is zero. We will use @&gto
FIG. 2. Zero degred E-E telescope spectrum for the products estimate partial widths for thp and n decay of theT =5/2
of the reaction offHe with the methane gas. Proton, deutron, andstates, and also to evaluate the positionsTef5/2 analog
triton bands are shown. resonances ifiLi.

It follows from Eq. (1) that neutron decay of th&=5/2
mental area, provided an event—by—event identification of th@;tates is four times more probab|e than proton decay_ The
incoming particles. The scattering dHe onp was per- neutron decay of thd=5/2 states will populate the lowest
formed in a 50-cm scattering chamber filled with methaneT=2 excited state ifLi (see inset in Fig. 2 This state, the
gas. The gas pressure was adjusted to stoglteebeam in  isobaric analog of théHe ground state, can undergo only
front of aAE-E telescope positioned at 0° to the beam. TheT-violating decays. The details of the decay of tlis2
gas volume was separated from the vacuum by auB88- state are still not knowfhl6], but it seems evident that the
organic foil (HyCsoN;O,Clg). A 60-um Si detector was po- essential part of the decay of this highly excited statélin
sitioned at the entrance to the scattering chamber. A $80rt should result in the appearance of tritons. The ejection angle
mm) windowless ionization chamber was inserted after theof triton is restricted to<30° by kinematics, while for pro-

Si detector. The working gas of the ionization chamber wagons the corresponding angle is 90°. Taking into account the
the methane gas of the scattering chamber. These detect@mobabilities and the kinematics, one should expeéx 4
provided the final identification of thBHe ions and discrimi- X 0.86~7 more tritons than protons from resonance popula-
nated against events occurring in the Si detector or the wintion of the T=5/2 stateg?2 is the kinematics factor, 4 comes
dow foil. ThreeAE-E telescopes, one at 0° and one on eachfrom Eg. (1), and 0.86 is a ratio of neutron to proton decay
side of the central telescope, identified the products of th@enetrability factors at the average excitation engrge
reactions of®He with the target gas. In addition, the time of observed ratio of 6.6 is in qualitative agreement with the
flight between the plastic detector and thé& detector of estimation. A detailed analysis of the decay spectrum in
each telescope was measured with a resolution of about 1 nguestion will be published elsewhere.
This setup reduced the rate of random coincidences to a neg- The proton spectrum should carry new information on
ligible level. A comparison of spectra obtained at differentisobaric analog states ifiLi. The 0° proton spectrum is
angles gave a check for the absence of any evident contribshown in Fig. 3. There are energy limits in both the low- and
tion from beam contaminant particles in the 0° detectorshigh-energy parts of this spectrum. At high energies, the pro-
after offline selection. ton energy is limited by the available energy of thEe

Figure 2 gives the\E-E 0° spectrum for the products of beam and théHe+ p kinematics. The low-energy cutoff is
the reactions ofHe with methane gas. The interactions of defined mainly by the energy loss of low-energy protons in
8He with carbon and hydrogen can contribute to this specthe AE detector and in the gas. The spectra measured at the
trum. Measurements with GQas the target gas showed that two ®He energies agree within 1086ver their common pro-
the carbon contribution to the spectrum in Fig. 2 is negli-ton energy range In order to increase the counting statistics,
gible. This finding agrees with the basis on which the TTIK these two spectra were merged at all applicable energies after
method has been developed: the dominant process is elastlee transformation to the center-of-momentum system. In the
resonance scattering. One does not expect resonances in trgalysis of the proton spectrum, we assumed that dnly
8He+ C interaction. However, it is clearly seen in Fig. 2 that =5/2 resonances dominantly contribute. To begin with, we
the intensity of the proton spectrum does not dominate, unevaluated the excitation energy of the lowpsitate withT
like in previous applications of the method to the study of=>5/2 using Eq(1); the corresponding state itHe, which is
resonances in proton-rich nucl@-12]. 1.2 MeV above the threshold fdtHe+n decay, has been

In the 8He+ p resonance interaction, the excitations of observed in many inclusive spectra from different reactions
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25 face term as suggested in a recent parametrization of the
I l SHetp nucleon optical potential for energies below 10 MeV by Var-

i neret al.[18]. The depth of the imaginary part was taken to
20 [ be energy dependent according to the recommendations of
U Ref.[19]. The parameters of the potential were as follows:

Vp=39.5MeV, Ry=1.86fm, a;=0.813fm, Vs,
=157 MeV, Rs,=3.58fm, ag,=0.459 fm, W,=4.9
+0.4XE MeV, Rs=2.0 fm, a;2=0.801 fm. R is the total
radius anck is the lab. energy of the proton§ he resonance
positions were varied within 300 keV and the spins and the
total widths were considered as free parameters. The ratio of
the proton to the neutron reduced width of the resonances
was given by isobaric spin conservatipfig. (1)] and not
] varied. When a fit to the general features of the excitation
I it function was obtained, we tested the sensitivity of the fit to
R A - T E— the presence of asstate, which was founf] below thep
E'(°Li) (MeV) state near the threshold 8He decay into®He+n as men-
tioned above. Unfortunately, the strength of the resonance is
FIG. 3. 8He+ p elastic scattering excitation function measured not known and its position is only approximately definégl
in the 0° telescope. Resonance energies are indicated with arrowfaking this into account, and considering the importance of
(the 3/2" assignment was used for the state at 17.1 MeV the swave phase shift for low-energy scattering, we decided
to keep the optical model parameters constant and include
[1,3,4. As can be seen from E€l), the 8Li(T=2)+n part  the parameters of the low-lyingwave resonance as free
gives the main contribution to the energy of the analog stateparametersA few tests of the sensitivity of the results to the
Therefore, if one assumes the same single particle potentiaptical model parameters were also madée specific two-
for the interactions ofLi(T=2)+n and 8He+n, the mass channel expression used for tRematrix fit is given below.

[y
6]

do/dQ (mb/sr)

=
o

defect for the state in question will be All notations are the same as in RE20],
AgLi(T=5/2)~A8Li(T=2)+An+E9H91 (2) UJf_UJ€p0t+eXF{2|(a)e+ 53()]2|P([R
I J{’z 1
where Eo s the energy of the corresponding state®ide _LZ(RllR 2)]d” S

relative to the®He+n decay threshold. Taking account of
the 8He+ p channel increases the excitation energy of the
T=5/2 state by~50 keV due to the Coulomb interaction.

d=(1-RyL1)(1- Ryl — LiRiZLS,

Hence, one should expect the analog state at an excitation UZepot=exy 2i(w+ &3], (4)
energy of about 16.1 MeV ifLi. The typical precision of

this approach is a few hundred ké¥5]. We also took into mk—z Y Vil I(E\—E), (5)
account the resulf$3,4] on two additional states, at 1.2 MeV

and 3.0 MeV above thp-state in°He, in anR-matrix fit to Sy=N+ipu. (6)

the experimental data.

The potential scatterin@nuclear and Coulombwas com-  Here, § is a complex phase obtained from the optical model
puted with an optical model potential fdtHe+p elastic  calculations.
scattering. The parameters for this potential were taken from The results of the fit are summarized in Table I. The
Ref.[17], in which elastic scattering ofHe+ p was consis- R-matrix calculation assuming 172spin for the first reso-
tently fitted over a wide range of energies using the samaance, 3/2 for the second, and 5/2for the third is shown
potential. The real and spin-orbit parts of the potential, asn Fig. 3 by a dashed line. The convolution of this calculation
well as the radius and diffuseness of the imaginary part, weraith the experimental resolution function is shown by the
held fixed. For the imaginary potential, we used only a surbold dot-dashed line. The experimental resolution function

TABLE I. Parameters off =5/2 resonances ifiLi obtained from theR-matrix fit, compared with’He resonances from Refgl,4].

™ E* (°Li) I, (keV) E*(°He) 2 E* (°He) [1] E* (°He) [4] I',(°He) (keV) [4]

1/2 (3/27) 16.0+0.1 <100 1.1 1.130.1 1.27-0.1 100+ 60

3/27 (1/27;1/2%) 17.1+0.2 800+ 300 2.2 2.3 2.40.1 700+ 200
(17.3+0.25)P (1100+400)°

5/2" (3/2") 18.9+0.1 240+ 100 4.0 4.30.1 Narrow

dResonance energies file were estimated using E(2). Energy is given relative to thBHe+ n decay threshold.
bvalues in parentheses are for the *L/2ssignment.
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was generated by a Monte Carlo code that took into account
all the conditions of the experiment. The effective energy
resolution near the third resonande.9 MeV) is about 100
keV. This deteriorates with decrease of the excitation energy,
reaching about 400 keV near the first resonaii€0 MeV).
Equivalent fits were obtained with spin 3/Zor the 16.0
MeV state and spin 172 for the 17.1 MeV resonance. This
results from the fact that the resonance profile is mainly de-
pendent upon the orbital angular momentum. For the broad
17.1 MeV resonance, a 172assignment is also possible and
even gives a somewhat better fit to the data as can be seen in
Fig. 3 (solid bold curve for the convoluted fit; dotted curve
for the unconvoluted fit However, the corresponding state
in °He was observed in massive transfer react{@¥] with
rather high probability, while well knows-wave states in

"Be and ',nllN were not observe(see Ref_s[4,22]). Also, FIG. 4. Spectroscopy of low lying states ale. (a) Shell-model
our analysis for as-wave statdsee Table)lgives somewhat e ictions from Ref[2]. (b) Experimental result from Refd]. (c)
different values for the position and the width of this reso-y\jogern shell-model calculatior$] with the WBT interaction of
nance in comparison with the data of Rdf34]. These facts  warburton and Browfi21], shifted by 4.0 MeMin this calculation
might be considered as an indication against & J8sign-  °He appeared to be unbound by 4.1 Meé) Levels observed in
ment for the resonance in question. this work, with the additional 1/2level from Ref[6]. Dashed lines

As can be seen in Fig. 3, a good fit to the experimentatorrespond to the energy window of this experiment. Equat®n
data can be achieved without teevave resonancs] in the  was used to calculate excitation energies®fe levels from the
low-energy region. A broad-wave state introduced into the observed®Li( T=5/2) resonances.

low-energy region deteriorates the fit, and it cannot be im- . . _ -
proved by variations of the parameters of the other reso- Figure 4 presents different theoretical predictions for the

- iMHe, together with the experimental results.
nances. Theswave resonance can be positioned rather farlo.WeSt states | ' . .
from the investigated region, at 14.3 MFé(Vr lowen, if its Figure 4a) presents the calculation of Rg@], which was

reduced width is less than 0.1 times the single particle widthused in the first experimental work ditie[1]. Figure 4b)

This resonance position agrees with the data of F&f The gives the experimental level scheme of Réf; the tentative

/ fpin assignments were assumed to correspond to the predic-
strength of the resonance is not known. However, recent caf;j g of Ref.[2]. Figure 4c) gives the latest calculatiof6],

culations[23] showed that the” component for the last two  and Fig. 4d) the experimental results of this work, with the
neutrons in the ground state of te=8,T=2 nucleus is  aqdition of a possibls-wave state found in Ref6]. As can
negligible. Therefore a large reduced width could be exhe seen from Fig. 4, the present results without the lowest
pected for answave resonance iffHe. Also, it is worth-  swave state could be put into agreement with the older cal-
while to mention that the intrudexwave state i’B [10,12  culations. The lowesground state of°He would be 1/2 in
and 1IN [9,11] manifests itself as a very broad resonance. Wehis case. However, the narrow width of this state, which
checked the possibility to include such a breaglave reso- corresponds to about 1/10 of the single particle width, con-
nance in the low-energy region by changing the nuclear potradicts the assumed dominant neutron structuréHé as
tential scattering. A decrease of the imaginary part of thegp3/2)*(p1/2)t. Comparing with the latest predictions, the
optical-model potential will result in an increase of the crossnarrow width of thep1/2 state is also surprising, especially
sections for the potential scatterif@nd therefore th® ma-  considering the broad 372state. The above considerations
trix cross sections In this case, inclusion of the broad give evidence that th€He nucleus, with its very unusual
swave state would improve the fit due to destructive inter-neutron to proton ratio, really has an unusual structure.
ference in the measured energy range, while the above con- Some additional measurements could be very important to
clusions on the parameters of higher resonances would stifix the spin assignments for levels i*He (or for T=5/2
be valid. Taking into account the uncertainties of the optical{evels in °Li). The lower part of the excitation function,
model potential for the low-energp+8He scattering, the which could not be measured in the present experiment,
presence of the broaslwave state—the analog of the hypo- should give information on potential scattering and on the
thetical ground state ifHe [6]—cannot be excluded by the existence of the low-energywave state. It is not possible to
present measurements. improve the present data by using a magnetically separated
In summary, we found three resonances at excitation erbeam. To move further, it is necessary to decrease the energy
ergies of 16.0; 17.117.3, and 18.9 MeV in°Li, which we  of the 8He beam and to improve its energy resolution, but
believe areT=>5/2 states, the isobaric analogs of states inthis will result in a drop in the beam intensity. Better results
He. The relative positions of the states and their widths arean be obtained with an Isolde-type beam. With better low-
in agreement with datg8,4] on °He stategsee Table)land  energy data, the parameters of the resonances at higher en-
their neutron to proton partial width ratios correspond to Eqergy could be obtained with much better precision. Also, the
(1). We also gave restrictions on the spin assignments of thmeasurement of the neutron decay of the states in question
resonances. would be very informative. The resonance cross section

5/2°

5/2°(3/2")

12"

3/2(121/2%

vz yr  U2(@32)

12" 2"

L L |

E (CHe+n) (MeV)
O P N W M OO
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