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Experimental search for 5H using a secondary beam of 6He has been performed. The transfer reaction
1H�6He, 2He�5H was studied by detecting two protons emitted from the decay of 2He. A peak consistent
with a 5H resonance at 1.7 6 0.3 MeV above the n 1 n 1 t threshold was observed, with a width of
1.9 6 0.4 MeV. The angular distribution of the 1H�6He, 2He�5H reaction was measured as well as the
energy correlation of the two protons.
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The very neutron rich nucleus 5H having an extreme
fraction of neutrons, N�Z � 4, was the object of research
for more than 40 years. Numerous earliest experiments
attempted to observe a particle-stable 5H, either by its beta
activity or by direct detection of 5H, finally providing the
proof of its instability. Later experiments [1–3] aimed
for unbound 5H. However, until now the existence of 5H
resonance remains unclear.

In Ref. [1] the t�t, p�5H reaction was studied and a peak
at 1.8 MeV relative to the t 1 n 1 n threshold was ob-
served. However, since the energy of the tritium beam
was low, the authors did not exclude the possibility that
this peak can be attributed to a phase space effect. In
Ref. [2] the reactions initiated by the pion absorption on
a 9Be target were studied using a two-arm spectrometer
for detection of two particle coincidences. In the reac-
tion 9Be�p2, pt�5H a bump at �7 MeV was observed,
but another reaction channel, 9Be�p2 , dd�5H, provided
no evidence for production of 5H. A bump at different
energy of �5 MeV was reported in Ref. [3], where the
7Li�6Li, 8B�5H reaction was studied.

Oscillator shell model calculations of 5H were per-
formed in Ref. [4]. Recently, 5H was calculated as an
unstable resonance in the K-harmonics method [5] and in
the generator coordinate method [6]. These calculations
predict the 5H ground state 1�21 at the energy E5H � 2.5
3 MeV above the t 1 n 1 n threshold. Also excited
states 5�21 and 3�21 were predicted in the region of
E5H � 4.5 7.5 MeV [4,5].

In the present paper, we report on an experimental study
of 5H. We applied a technique that reminds one of the
missing-mass method, but with detection of an unstable
recoil nucleus. In standard missing-mass experiments the
-1 0031-9007�01�87(9)�092501(4)$15.00
binary reaction A�b, c�D is studied, and by detecting nu-
cleus c, one obtains the excitation energy spectrum of the
residual system D. Generally speaking, the more neutron
rich system D we want to study, the more proton rich nu-
cleus c has to be detected. As a result, the nucleus c can be
even unstable, as, e.g., 6Be, that decays into p 1 p 1 a,
or as singlet state 2He, that decays into p 1 p. Neverthe-
less, we can deal with the unstable nucleus c, if all par-
ticles from its decay are detected. Having kinematically
complete information on the unstable system c, we can re-
construct the excitation energy in the residual nucleus D
and can perform its spectroscopy.

The reaction p�6He, 2He�5H was chosen for the search
for 5H. It is reasonable to expect that neutrons in the
ground state of 5H occupy the same orbitals as in 6He.
Hence, by the pickup of one proton from 6He, we should
selectively populate the ground state 1�21 of 5H. In other
interesting reactions, such as t�t, p�5H and t�6He, 4He�5H,
the two-neutron transfer is expected to populate also ex-
cited states 5�21 and 3�21, which are predicted by the
theoretical calculations [4,5]. These broad excited states
will render more difficult, if not impossible, the identifica-
tion of the ground state.

To detect all particles from the decay of the unstable re-
coil system c in the reaction A�b, c�D, we built the RIKEN
telescope (Fig. 1), a stack of solid state strip detectors.
This telescope allows us to measure angles, energy losses,
and energies of several particles detected in coincidence.
The detectors have an annular hole for the beam. With
this geometry decay products of the system c can be de-
tected at small angles in the laboratory system in inverse
kinematics typical for many experiments with secondary
beams.
© 2001 The American Physical Society 092501-1
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FIG. 1. Scheme of the experimental setup.

The experimental setup is shown in Fig. 1. The sec-
ondary beam of 6He at 36A MeV with the intensity of
�3 3 104 pps was obtained using the fragment separa-
tor ACCULINA at JINR (Dubna). Two plastic scintilla-
tors were used for the identification of each particle of the
secondary beam and for the measurement of its energy by
time of flight. The trajectory of 6He was measured by
two multiwire proportional chambers. We used a cryo-
genic target from GANIL (France), which was filled with
hydrogen gas at a temperature of 35 K and pressure of
10 atm. The target thickness was 6 3 1021 protons�cm2.
The two protons originating from the decay of 2He were
detected in coincidence by the RIKEN telescope in the
energy range of 5.5 # Elab

p # 30 MeV and at angles of
9± # ulab

p # 22±. It corresponds to the emission of 2He
at small c.m. angles in the �p, 2He� reaction, where the
cross section should be maximal. Besides protons, we also
detected tritons from the decay 5H ! t 1 n 1 n, using
a downstream telescope, which consisted of a large-area
SSD detector and a BGO crystal and which covered angles
ulab

t # 7±. The keystone of this experiment was the com-
bination of the exotic 6He beam, the hydrogen cryogenic
target, and the detection system based on the RIKEN
telescope.

Figure 2 shows the obtained 5H spectrum extracted from
the p 1 p coincidences, p�6He,pp�. The spectrum is
shown as a function of energy above the t 1 n 1 n thresh-
old. The cutoff at �7 MeV reflects the detection limit due
to the RIKEN telescope. The solid histogram shows the
result obtained with the hydrogen target. The dashed his-
togram presents the normalized background obtained with

FIG. 2. Spectrum of 5H from the reaction p�6He, pp�. Dashed
histogram shows the empty-target background.
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an empty target. This background accounts for events at
negative energies in Fig. 2, where 5H would be bound.

Figure 3 shows the 5H spectrum measured in coinci-
dence with triton from the decay of the residual 5H system.
This additional coincidence with triton eliminates the back-
ground from the empty target measurement, where only
two events were detected near zero energy. The spectrum
in Fig. 3 shows clearly a peak at �2 MeV, already appar-
ent in Fig. 2. The experimental resolution in these spectra
was 1.3 MeV (FWHM).

In Fig. 4 the detection efficiency for events measured in
the p 1 p 1 t coincidence is shown. Since this distribu-
tion is smooth at �2 MeV, the detection efficiency cannot
be responsible for the 2-MeV peak in the 5H spectrum in
Fig. 3. The same is true for p 1 p coincidence in Fig. 2.

Besides 5H, we simultaneously measured spectra in
other reaction channels, p�6He, pt�3H and p�6He, t�4He.
These spectra show well-defined peaks corresponding to
the residual nuclei 3H and 4He, and confirm the reliability
of the results obtained.

We expected that in the reaction p�6He,pp� two protons
would be produced in the virtual singlet state 2He. Fig-
ure 5 shows that it is really true. This figure presents the
distribution of the two protons as a function of their rela-
tive energy Ep-p. In this case the detection efficiency has
a shape of a bump with maximum at Ep-p � 2.5 MeV,
and we show in Fig. 5 the spectrum corrected by
detection efficiency. The shape of the experimental
spectrum is in perfect agreement with the calculations of
the virtual singlet state 2He, which are shown by curves in
Fig. 5 and which were obtained as follows. The relative
energy spectrum

dN�dEp-p ~
p

Ep-p

p
Ecm 2 Ep-p 2 E5H jMj2 (1)

was calculated with the matrix element determined by the
phase shift known from the Landau-Smorodinskii’s effec-
tive range approximation for two protons with the scat-
tering length app � 27.806 fm [7]. The experimental

FIG. 3. Spectrum of 5H from the reaction p�6He, ppt�. Curves
show calculations explained in the text.
092501-2



VOLUME 87, NUMBER 9 P H Y S I C A L R E V I E W L E T T E R S 27 AUGUST 2001
FIG. 4. Detection efficiency for the 5H spectrum measured in
p 1 p 1 t coincidence.

spectrum in Fig. 5 contains events with energy E5H up
to 7 MeV. Therefore, Eq. (1) was integrated in the same
way. The obtained result is shown in Fig. 5 by the solid
curve. The dashed curve was calculated using the phase
shift found from the solution of the Schrödinger equation
with the Coulomb interaction and simple nuclear potential
of the Gaussian shape [8].

Returning to the spectrum in Fig. 3, we investigated
various kinds of t 1 n 1 n continuum. The simplest
evaluation of the continuum is the three-body phase vol-
ume, dN�dE5H ~ E2

5H. This was incorporated into the
Monte Carlo simulation of measurement, and the obtained
result is shown in Fig. 3 by curve 1, which evidently can-
not account for the peak at 2 MeV.

Curve 2 in Fig. 3 corresponds to the n 1 n final state
interaction. Starting from the effective range approxi-
mation for two neutrons [7], one can easily obtain the
matrix element jAj2 ~ 1��0.12 1 En-n�MeV��, where the
value 0.12 MeV corresponds to the scattering length ann �
218.5 fm. We obtain the three-body continuum with the
n 1 n final state interaction

dN�dE5H ~
Z E5H

0

q
En-n�E5H 2 En-n� jAj2 dEn-n

~ E5H�1�2 1 b 2

q
b�1 1 b� � , (2)

where b � 0.12�E5H�MeV�. Curve 2 in Fig. 3 was ob-
tained after incorporating Eq. (2) into the Monte Carlo
simulation of the experiment. Not shown here is the in-
fluence of the n 1 t-final state interaction; it gives a dis-
tribution which does not differ much from curves 1–3 in
Fig. 3. Besides, we investigated all final state interactions

FIG. 5. Relative energy distribution of two protons from the
reaction p�6He, ppt�. Curves show calculations of the singlet
state 2He.
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involving the detected proton(s). These processes cannot
account for the peak at 2 MeV also.

Curve 3 in Fig. 3 shows the continuum which reflects
the initial state effect. The projectile 6He is known as a nu-
cleus of unique structure. It has a two-neutron halo, where
the valence neutrons form the exotic dineutron and cigar-
like configurations. We evaluated the influence of the 6He
structure on the 5H spectrum in the sudden approximation,
using the 6He wave function calculated in the a 1 n 1 n
model in the K-harmonics method [9].

This wave function in the momentum space has the
form F�æ, V5� �

P
x

ll
KLS�æ� �Yll

KLM�V5�QSM0 �J�0. Here
the functions Yll

KLM and QSM 0 are known, while the
functions x

ll
KLS�æ� � iK�æ2

R
x

ll
KLS �r�JK12�ær�r1�2 dr

are determined by the hyper-radial functions x
ll
KLS�r�,

which were calculated in Ref. [9] in numerical form. The
momentum æ is connected with the total energy in the
three-body system, æ �

p
2mE�h̄; V5 are the hyper-

spherical variables connected with the Jacobi momenta
(other notations, see in [9]). Since an element of volume
in the momentum space is dt � æ5dædV5, we obtain
the following distribution of energy in 6He, dN�dE ~R
jF�æ, V5�j2æ4 dV5 �

P
jx

ll
KLS�æ�j2æ4. When calcu-

lating curve 3 in Fig. 3, we used the main components
with hypermomentum K � 2, which has a weight of
92%. In this case

dN�dE ~ �jx00
200�æ�j2 1 jx11

211�æ�j2�æ4. (3)

Similar to curves 1 and 2, curve 3 in Fig. 3 does not ac-
count for the 2-MeV peak. Thus, the exotic structure of
the initial nucleus 6He is not responsible for this peak. The
internal motion in 6He is characterized by a rather broad
distribution, and Eq. (3) has a maximum at �13 MeV and
a FWHM �25 MeV.

Consequently, we interpret the 2-MeV peak in Fig. 3 as
a resonance 5H. In order to determine its energy and width,
we fitted the spectrum combining each of the curves 1–3
with the Breit-Wigner formula for the 2-MeV peak folded
with the experimental resolution. The performed fits give
the following parameters of 5H, Eobs � 1.7 6 0.3 MeV
and Gobs � 1.9 6 0.4 MeV. Fitting with formulas that
include the correct threshold behavior give identical results
within the quoted precision. Curve 4 in Fig. 3 shows a
typical example of these fits.

Since we measured the angles and energy of each proton
from the decay of 2He, the motion of the center of mass of
2He is known, and we can extract the angular distribution
of the reaction 6He�p, 2He�5H. It is shown in Fig. 6 for
events from the 2-MeV peak in Fig. 3. The shape of this
angular distribution corresponds to the angular momentum
transfer l � 0. This is what is expected for the population
of 5Hgs�1�21�.

The absolute value of the cross section is rather low.
For example, in Fig. 6 we show the results of distorted-
wave Born approximation (DWBA) calculations. Curve 1
092501-3
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FIG. 6. Cross section of the reaction 6He�p, 2He�5H. Curves
show the DWBA calculations normalized to the experiment.

was obtained with the optical potential parameters
for the p 1 14C and d 1 12C scattering tabulated in
Ref. [10]. Curve 2 was calculated using parameters from
the 4He�p, d�3He reaction [11]. The shapes of these
curves are in satisfactory agreement with the experiment.
The absolute values of calculated cross sections are not
well defined, because of ambiguity of the form factor of
2He. However, in general, the calculated cross sections
have to be reduced by about 1 order of magnitude for
normalization to the experimental data in Fig. 6. Most
likely, this reduction reflects scattering on two valence
neutrons of 6He. Namely, to populate 5H�1�21�, the
incoming proton must pick up another proton from the
a core in 6He, while the valence neutrons should not be
scattered. Such a rescattering takes place in the nuclear
well, and the corresponding theoretical investigation
would be desirable.

The observed peak in Fig. 3 at Eobs � 1.7 6 0.3 MeV
is close to one reported in Ref. [1]. A bump at a higher
energy of �5 7 MeV observed in Refs. [2] and [3] can
reflect the excited states of 5H 5�21 and 3�21, as argued
in Ref. [5]. In the latter paper the theoretical calculation
of resonance 5H was performed and the ground state of 5H
was found at �2.5 MeV. At the present stage of calcula-
tions this result can be considered as consistent with our
observation.

Our peak of 5H at 1.7 6 0.3 MeV being located lower
than 4H [12] is qualitatively consistent with a pairing of
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two outer neutrons in 5H. At last, according to the known
systematic for helium isotopes, where 8He is more bound
than 6He, and 7He has lower energy above threshold than
5He, the characteristics observed for 5H suggest that 7H
may exist as a low lying resonance and make studies of
7H especially interesting.

Summarizing, we investigated the transfer reaction
p�6He, 2He�5H by detecting the two protons emitted from
the decay of 2He and observed a peak which we interpret
as a resonance 5H with parameters of Eobs � 1.7 6

0.3 MeV and Gobs � 1.9 6 0.4 MeV. The angular dis-
tribution of the p�6He, 2He�5H reaction was measured
as well as the energy correlation of two protons. The
former has a shape consistent with the angular momentum
transfer l � 0 expected for the population of 5Hgs�1�21�,
while the latter confirms the emission of the 2He virtual
state in the reaction studied.
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