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Observation of an Excited State in’ He with Unusual Structure
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The transfer reactiop(*He, d)’He has been studied by correlational measurements, and an excited
state of’He was observedH* = 2.9 = 0.3 MeV, I' = 2.2 + 0.3 MeV) which decays mainly into
3n + *He. Most likely, it has a structure with a neutron in an excited state coupled ttHiecore
which itself is in the excite@™ state. [S0031-9007(99)09012-2]

PACS numbers: 25.60.—t, 23.20.En, 27.20.+n, 21.45.+v

We report on such a novel step, in the experiments with The resulting deuteron spectra are presented in Figs. 2
beams of exotic nuclei, as the investigation of transfeand 3 as a function of energy in the center of mass of
reactions. Namely, we studied th¢*He, d)"He reaction "He relative to then + °He threshold. In each graph,
for the spectroscopy diHe. the upper histogram with pronounced peak corresponds

It is well known that nuclei have excited states. Thereto measurements with GHarget; the lower structureless
is a famous exception from this rule—the absence ohistogram shows total background from materials other
excited states iAHe and*H. Another kind of exception than protons in the target (it was obtained with the C
was ’He. This nucleus was investigated for 30 years inand empty targets). The cutoff of spectra at energy of
many reactions with stable beams, and no excited states30 MeV reflects the energy range measured by the
were found. As a resulfHe began to be considered as deuteron telescope according to its thickness.

a nucleus which may not have excited states. It can be Figure 2 shows the inclusive deuteron spectrum and
explained by a large width for decayle® — n + °He.  spectra of deuterons detected in coincidences f\ith,
The ground state ofHe is a well established resonance “He, and with both of them. A strong peak in Figs. 2(a),
that decays inta + °He. 2(b), and 2(c) represents thele ground state. This state

Radioactive nuclear beams are the most promisings not seen in Fig. 2(d), becauséle,s cannot decay
tool to study as neutron-rich systems’ate. Since the into *He ("He, is lower than the'He + 3n threshold).
projectiles in reactions are already neutron rich, reactiomnstead, in Fig. 2(d) there is another peak that corresponds
mechanisms are simpler than those with stable beamsy an excited state dfHe. This state is seen in Fig. 2(b)
cross sections are higher, and physical backgrounds aes a peak marked by an arrow. THee" state can also
lower. We used a beam dHe at50A4 MeV, that was be seen in Fig. 2(a), if one takes into account that the
produced by the fragment separator RIPS at RIKEN, anthackground has a slope [subtracting the background from
studied thep(®He, d)’He reaction with the CiHand C the CH histogram, we obtained a spectrum that has a
targets. To study transfer reactions with beams of exotishape similar to that in Fig. 2(b)]. Thus, thide excited
nuclei, a special detection system, the RIKEN telescopestate is observed in Figs. 2(a), 2(b), and 2(d). However,
was designed (Fig. 1). It represents a stack of solidthis state can hardly be distinguished in Fig. 2(c) in
state position-sensitive detectors (strip detectors) that hawincidences witlfHe.
large area and annular hole. Using this telescope, we In Fig. 3, spectra of deuterons are presented, which
detected deuterons at small angles in the laboratorwere measured in coincidences with neutrons in addition.
system (10-25°) corresponding to a high cross section. Again, the’He ground state is seen as a strong peak in

In addition to the deuterogs, we detected other par-
ticles emitted from the decay oHe. Neutrons were mea- )
sured by the neutron walls of plastic scintillators, while H]gﬁlgcf,l;aembef/ = ngéfg;e i sdﬁ?ﬂ;‘%m
charged particles were bent in the dipole magnet and de- '\
tected by the drift chamber and the plastic scintillators’
hodoscope (Fig. 1). These parts of the detection system
allowed us to study spectra of deuterons detected in coin-
cidences witlfHe, *“He, and neutrons. Other detectors in
Fig. 1, the beam scintillators and multiwire proportional
counters, were used for identification of each beam par-
ticle, determination of its energy, and for its tracking. FIG. 1. Schematic of the experimental setup.
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1800 1000 spectra. For théHe excited state, the Breit-Wigner for-
>m @ d >§$ (b) d+4,6He mula was used. Both the energy dependent widthlasel
1200 Y 700 const were tried [solid curves in Figs. 2 and 3 and dashed
S 1000 g curves in Figs. 2(d) and 3(d), respectively]. These line
B 80 Eiﬁg shapes were folded with a Gaussian function for the ex-
§ oo l w"’*""v 5 300 perimental resolutioFWHM = 1.5 MeV). For the’He
400 200 ground state, only a Gaussian was used (widthHe, ; is
» 10 small, ' = 160 keV). Continuum in thed + n + SHe
oo 050 3 10132025303540 o channel was modeled using a three-body phase space.
900t (€) d+6He Continuum in thed + 3n + *He channel was described
> 800 > :
% 700 g 150 by a five-body phase space and a three-body phase space
S 600 8 for d + n + °He*(2"). To obtain fitting functions, the
% 500 P Monte Carlo simulation of experiment was performed to
5 g 5 incorporate the phase spaces with the experimental resolu-
S 0 g 50 tion and detection efficiency (in particular, it allows one to
100 o ; describe the cutoff of spectra-a30 MeV). In the Monte
0515750 5 10152025303540 51075 0 3 1015303530 3540 Carlo simulation, angular distributions for the nonresonant
Eabove n+6He (MeV) Eabove n+6He (MeV) continuum were fixed: They were extracted from the ex-

FIG. 2. Spectra of deuterons from reactions: fafHe, d); perimental ‘?'at"% and approximated by an exponential func-
(b) p((He, d*°He); (c) p(*He d°He); (d) p(*He d*He). The  tion. Contrl_butpns from smooth backgrOL_mds (the lower
spectra are shown as a function Hfle energy above the histograms in Figs. 2 and 3) were approximated by poly-
n + °He threshold. nomials. Using this procedure, we extracted parameters,
energy and width, of théHe excited state. Considering

. . . _integral yields for the/He" state obtained from different
Figs. 3(a), 3(b), and 3(c). In Fig. 3(d), coincidences withghe s and taking into account acceptances for the par-

*He exclude the ground-state peak and reveal perfectiysios’ measured in coincidences with deuterons, we ob-
the excited state. The latter is also observed in Figs. 3(8)ined the’He* decay branching ratio.

and 3(b) as small peaks marked by arrows. However, in 14 j,estigate a sensitivity of the results to models
coincidences witliHe in Fig. 3(c), the excited state is not used for physical continuums, we considered also the

seen. Thus, the found excited state decays mainly intg | 3, 4 4je phase space modulated by the final state
3n + "He, while its decay inta: + “He is suppressed in jyeractions ofn + n andn + *He as well as evapora-

spite of larger decay energy. _ tion from the compound systefi*. Shapes of all back-
Curves in Figs. 2 and 3, which describe perfectly allgonqs are illustrated in Fig. 4. In addition, we studied

experimental distributions, were obtained by a fit of theg,o 3, + “He continuum populated in fragmentation of

8He, in sudden approximation. THé&le wave function
obtained in thetn + « model [1] was used, and the dis-

:{;[ (2) 4 150 (b) 16 tribution over relative energy in théHe subsystem was
5 300 i . dn+%OHe extracted. A shape of this distribution was found to be
2 250 2 100l similar to that of the3n + *He phase volume in a wide
S 200! 8 range of theHe energy (up to~20 MeV).

8 150 3 As a result, the following parameters of thee excited
2 oo l g% state were obtained: the energy relative to the- °He
s Pruperl ° threshold E,ps = 3.3 = 0.3 MeV, the excitation energy
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Ebove n+6He MeV) E,bove n+6ke MeV) ’He + n; 2—PVd + °He'(2") + n; 3—PVd + *He + 3n;
4—final state interaction (FSK + n; 5—FSIn + *He; 6—
FIG. 3. Spectra of deuterons from reactions: fdjHe, dn); FSln + n simultaneously with FSk + *He; 7—evaporation
(b) p(®He, d*°He); (c) p(®He, dnHe); (d) p(®He, dn*He). from the compound systefi*.
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counted from’He, 5 is thenE* = 2.9 = 0.3 MeV, the toJ™ = 1/2%,3/2%,5/2%, and3/2". Below, we dis-
width Tops = 2.2 = 0.3 MeV, and the decay branching cuss possible assignments for the spin parity of’tHe
Iot30/Tior = 0.7 = 0.2. excited state.

The excitation energyt* does not contradict a re- 1/27: The "He*(1/27) wave function contains the
cent paper [2], where th&Be(!°N, !”F)’He reaction was °®He subsystem produced by tkB;,,)> pair of neutrons
studied and a peak aE* = 3.2 MeV was observed, with a norm of P(0*) = 100%. Thus,’He*(1/27) has
which was considered by the authors of Ref. [2] as &o decay mainly inton + °®He,,, and this is in contra-
“good candidate for thel /2~ resonance of He.” In  diction with the experimental results. So, this configu-
Ref. [2], the authors also found an alternative explanatiomation does not correspond to the observéte* state.
of this peak: It can be described by the sequential dein addition, a width for the decayHe*(1/27) — n +
cay in flight of 8F* into '”F + n. In our experiment an °®He,, which was evaluated using tiematrix formula
analogous mechanism would be the sequential decay df,,, = 2Py2/(1 + y*dS/dE) [3] with the channel ra-
excited states ofLi into d + *He. The corresponding dius taken in a broad range & = 2.5-6 fm, occurs to
calculations showed that in our case the sequential decaye larger(~5 MeV) than the experimental width dHe"
are completely irrelevant to thede* peak, giving a high- (~2 MeV).
energy bump such as curves 3—7 in Fig. 4. 3/27: The(P32)*(P12)"' configuration in"He"(3/27)

Subdividing the spectra, which were presented above inontains the’He subsystem produced Wys,)? with a
the overall angular acceptance of the deuteron telescoprorm of P(27) = 100%. The *He(0") subsystem does
into spectra corresponded to narrow angular rangesiot exist either in the(P3/)? or in the (P3)'(P1)!
we extracted angular distributions for the reactionspair of neutrons. Thus, this configuration should mainly
8He(p,d)"He, s and ®He(p,d)’He". At that we con- decay inton + SHe*(2*). This configuration should be
firmed that positions of both peak¥e,; and’He*, do  mixed with the (P3/,)!(P)/2)* configuration which also
not depend on the angle, as it ought to be for the populadoes not contain théHe, ;. subsystem and should decay
tion of a nuclear state. The obtained angular distributionsnton + SHe*(2%). The(P3,,)!(S1/2)* configuration does
are shown in Fig. 5. The presented cross section for thaot decay either intéHeg_sl or into °He*(21); it should be
"He excited state corresponds to the decay Thte (thus, mixed with the above discussed configurations, making a
it should be divided by théHe* decay branching to obtain width of 7He*(3/27) narrower.
the full cross section of th&He* population). 5/27: The’He*(5/27) wave function does not contain

The decay scheme &He is shown in Fig. 6. The most the °He(0™) subsystem and has tféle(2™) subsystem
interesting finding is that the revealed excited state deproduced by (Ps/)*> with P(2*) = 100%. It should
cays predominantly intdn + “He, in spite of a larger decay inton + °He*(2™").

n + °He decay energy. It reflects an unusual structure 1/2%,3/2%,5/2%: These states are inconsistent with
of this state. To investigate its detailed structure, wethe experimental observations, because they should have
considered the antisymmetrizéth + « wave function very broad widths due to an absence of centrifugal barrier
and studied three outer neutrons in tRe, and P/, (L = 0) for decays intor + °He, . (for J™ = 1/2%) and
orbitals relative to thea core as well as in thePs;,  inton + SHe*(2") (for 3/2" and5/2%).
and Sy, orbitals. The configuratioriP;/,)*(Py2)' can As a result, two -candidates,’He*(3/27) and
produce excited states dHe with J7 = 1/27, 3/27,  "He*(5/27), attract attention.’He*(3/27) should decay
and5/27. The configuratior(P_g/z)l(P]/z)2 givesJ™ = mainly into n + °He*(2") with the subsequent decay
3/2~. Combinations of?3/, andS) , orbitals correspond °®He* — 2n + *He. It is consistent with the experimental
observation of He* decay into3n + “He. Moreover, the
R-matrix calculations reproduce the experimental width

100~ and decay branching. The latter corresponds to a small
Bte(p,d) Hegs, weight(=10%) of theSHe(0") subsystem ifHe*(3/27),
310
g 8He(p,d)7He" THe
% ; e(p, )/He
2, f‘i;{ 33103 MeV
“““““ ~_t I'~22MeV
S .80 MeV
0.1 n+6He"(2+)
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FIG. 5. Angular distributions for the reactions
SHe(p,d)’He, ;. and®He(p, d)"He". FIG. 6. Decay scheme GHe.
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which is what is expected for an admixture of the second He, . with neutrons inPs, orbitals relative to thex core
order. However, in spite of such a self-consistency andhas the same norms for variouig of the °He subsystem
agreement with the experiment, there is an argumertP(0") = 17%, P(2") = 83%] as that in3He. Thus,
against the3/2~ interpretation of the observed state. Inthe p(3He, d)7Heg,S, reaction should have a large cross
Ref. [4], the resonating group method was applied to insection. The solid curve in Fig. 5 shows the distorted-
vestigate’He as a particle unstable state. In particular, avave Born approximation calculation without any fit to
phase shift was calculated for scatteringiof- He*(2™)  the experimental data. The optical potential parameters
in 3/2~ channel. This phase shift does not show anyfor p,d + '2C scattering at close energy [6] were used,
resonance. Resonantlike structures were found only fahe spectroscopic factor was equal to 4 (four valence
5/2~ scattering ofn + °He*(2") and 1/2~ scattering of neutrons in®He); then + "He potential was chosen to
n + 6Heg_s, with broader width. reproduce the radius of the valence neutrofHie, R, =

The "He*(5/27) state should also decay inte + 3.1 fm [1].
®He*(2%) with the subsequent dec&e’ — 2n + “He. The p(®He, d)"He" reaction has a lower cross section
The experimental width can be reproduced by thebecause it is the second order process: In addition
R-matrix calculations. As it was mentioned, th¢2~  to the pickup of a neutron froniHe, another neutron
phase shift of then + °He*(2") scattering shows a should occur in the excited state [while thEe2™)
resonancelike structure [4]. These facts are in favor otore is already “prepared” iffHe]. For the case of
the 5/2~ interpretation of the observed state. However,’He*(5/27), this reaction can go via a small admixture
in the frame ofR-matrix theory it is impossible to explain of P;,, orbital in 8He. Its weight is unknown, and for
the experimental decay branching by the second ordeough estimation theP;,, weight in °*He (~4%) was
admixtures of then + °He(0") configuration. A large used, which we extracted from tHéde wave function
centrifugal barrie(L = 3) for the decay into: + °He,s  calculated in Ref. [7]. The dashed curve in Fig. 5 shows
makes the: + °He*(2") decay dominant with practically the calculated cross section fpf®He, d)’He*(5/27). It
100% branching. The5/2~ interpretation becomes describes well a shape of the experimental data, while
consistent with the experiment, if the observéide,;  absolute values indicate that the two-step process, which
fraction, that was included in the decay branching, ininvolves a neutron excitation in addition to the neutron
reality has no relation to théHe; ; state, but appeared pickup, should be important also.
due to, e.g., a broad statele*(1/27). In summary, in correlational measurements of the

We do not discuss here configurations withs, nucleon transfer reaction with an exofitle beam, we
orbitals, because their phase shifts calculated in Ref. [4have observed the excited state’bie at3.3 = 0.3 MeV
do not show a resonant behavior. At last, we consideredbove then + °He threshold withl’ = 2.2 + 0.3 MeV.
the decays of He* into 3n + *He via®He*(2"), while It decays mainly into3n + *He in spite of largem +
the direct decay intdn + *He was neglected as well ®*He decay energy. Most likely, this state has a structure
as decays via the broad state¢fe (Fig. 6) or via the with a neutron in theP;,, state coupled to théHe core
singlet state ofn. Partial widths of those decays should which itself is in the excited2™ state. Tentative spin
be strongly suppressed by a phase-volume factor due @mssignment for this state & = 5/2~.
a larger number of particles than that for+ °He*(2") We are grateful to Professor M. V. Zhukov for critical
(the width of°He" is very narrow, 113 keV, so this decay reading of the paper.
can be considered as a two-particle process).

Thus, a structure of the reveal€tie* level should
represent a neutron in an excited state coupled tSliee *On leave from Kurchatov Institute, Moscow, Russia.
core which itself is in the excite@l" state. It is consistent 'on leave from ATOMKI, Debrecen, Hungary.
with a structure ofHe used as a projectile. It was noticed [1] M.V. Zhukov, A.A. Korsheninnikov, and M.H.

[5], that the ground state dHe contains mainly théHe
subsystem in the excite?l” state. Indeed, considering
the antisymmetrizedHe wave function in thetn + «
model with four neutrons in thé@;,, orbital relative to
the @ core, we obtained the following norms for various
J™ in the °He subsystemP(0") = 17%, P(17) =0,
P(2") = 83%, P(3") = 0.

Finally, we discuss the cross sections in Fig. 5. The
reaction p(®He, d)’He, ;. corresponds to pickup of the
valence neutron fromiHe. As mentioned abovéHe is
specific with respect to thtHe subsystem. However, we
found that the antisymmetrizeth + o wave function of
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