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Observation of an Excited State in 7
He with Unusual Structure

A.A. Korsheninnikov,1,* M. S. Golovkov,1,* A. Ozawa,1 E.A. Kuzmin,2 E.Yu. Nikolskii,2 K. Yoshida,1
B.G. Novatskii,2 A.A. Ogloblin,2 I. Tanihata,1 Z. Fulop,1,† K. Kusaka,1 K. Morimoto,1 H. Otsu,1

H. Petrascu,1 and F. Tokanai1
1RIKEN, Hirosawa 2-1, Wako, Saitama 351-0198, Japan

2The Kurchatov Institute, Kurchatov sq. 1, 123 182 Moscow, Russia
(Received 15 December 1998)

The transfer reaction ps8He, dd7He has been studied by correlational measurements, and an excited
state of 7He was observed (Ep ≠ 2.9 6 0.3 MeV, G ≠ 2.2 6 0.3 MeV) which decays mainly into
3n 1 4He. Most likely, it has a structure with a neutron in an excited state coupled to the 6He core
which itself is in the excited 21 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
beams of exotic nuclei, as the investigation of transfer
reactions. Namely, we studied the ps8He, dd7He reaction
for the spectroscopy of 7He.
It is well known that nuclei have excited states. There

is a famous exception from this rule—the absence of
excited states in 3He and 3H. Another kind of exception
was 7He. This nucleus was investigated for 30 years in
many reactions with stable beams, and no excited states
were found. As a result, 7He began to be considered as
a nucleus which may not have excited states. It can be
explained by a large width for decay 7Hep ! n 1 6He.
The ground state of 7He is a well established resonance
that decays into n 1 6He.
Radioactive nuclear beams are the most promising

tool to study as neutron-rich systems as 7He. Since the
projectiles in reactions are already neutron rich, reaction
mechanisms are simpler than those with stable beams,
cross sections are higher, and physical backgrounds are
lower. We used a beam of 8He at 50A MeV, that was
produced by the fragment separator RIPS at RIKEN, and
studied the ps8He, dd7He reaction with the CH2 and C
targets. To study transfer reactions with beams of exotic
nuclei, a special detection system, the RIKEN telescope,
was designed (Fig. 1). It represents a stack of solid-
state position-sensitive detectors (strip detectors) that have
large area and annular hole. Using this telescope, we
detected deuterons at small angles in the laboratory
system (10±–25±) corresponding to a high cross section.
In addition to the deuterons, we detected other par-

ticles emitted from the decay of 7He. Neutrons were mea-
sured by the neutron walls of plastic scintillators, while
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 with 6He, 4He, 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.

The resulting deuteron spectra are presented in Figs. 2
and 3 as a function of energy in the center of mass of
7He relative to the n 1 6He threshold. In each graph,
the upper histogram with pronounced peak corresponds
to measurements with CH2 target; the lower structureless
histogram shows total background from materials other
than protons in the target (it was obtained with the C
and empty targets). The cutoff of spectra at energy of
,30 MeV reflects the energy range measured by the
deuteron telescope according to its thickness.
Figure 2 shows the inclusive deuteron spectrum and

spectra of deuterons detected in coincidences with 6He,
4He, and with both of them. A strong peak in Figs. 2(a),
2(b), and 2(c) represents the 7He ground state. This state
is not seen in Fig. 2(d), because 7Heg.s. cannot decay
into 4He (7Heg.s. is lower than the 4He 1 3n threshold).
Instead, in Fig. 2(d) there is another peak that corresponds
to an excited state of 7He. This state is seen in Fig. 2(b)
as a peak marked by an arrow. The 7Hep state can also
be seen in Fig. 2(a), if one takes into account that the
background has a slope [subtracting the background from
the CH2 histogram, we obtained a spectrum that has a
shape similar to that in Fig. 2(b)]. Thus, the 7He excited
state is observed in Figs. 2(a), 2(b), and 2(d). However,
this state can hardly be distinguished in Fig. 2(c) in
coincidences with 6He.
In Fig. 3, spectra of deuterons are presented, which

were measured in coincidences with neutrons in addition.
Again, the 7He ground state is seen as a strong peak in

FIG. 1. Schematic of the experimental setup.
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FIG. 2. Spectra of deuterons from reactions: (a) ps8He, dd;
(b) ps8He, d4,6Hed; (c) ps8He, d6Hed; (d) ps8He, d4Hed. The
spectra are shown as a function of 7He energy above the
n 1 6He threshold.

Figs. 3(a), 3(b), and 3(c). In Fig. 3(d), coincidences with
4He exclude the ground-state peak and reveal perfectly
the excited state. The latter is also observed in Figs. 3(a)
and 3(b) as small peaks marked by arrows. However, in
coincidences with 6He in Fig. 3(c), the excited state is not
seen. Thus, the found excited state decays mainly into
3n 1 4He, while its decay into n 1 6He is suppressed in
spite of larger decay energy.
Curves in Figs. 2 and 3, which describe perfectly all

experimental distributions, were obtained by a fit of the

FIG. 3. Spectra of deuterons from reactions: (a) ps8He, dnd;
(b) ps8He, d4,6Hed; (c) ps8He, dn6Hed; (d) ps8He, dn4Hed.

spectra. For the 7He excited state, the Breit-Wigner for-
mula was used. Both the energy dependent width and G ≠
const were tried [solid curves in Figs. 2 and 3 and dashed
curves in Figs. 2(d) and 3(d), respectively]. These line
shapes were folded with a Gaussian function for the ex-
perimental resolution sFWHM ≠ 1.5 MeVd. For the 7He
ground state, only a Gaussian was used (width of 7Heg.s. is
small, G ≠ 160 keV). Continuum in the d 1 n 1 6He
channel was modeled using a three-body phase space.
Continuum in the d 1 3n 1 4He channel was described
by a five-body phase space and a three-body phase space
for d 1 n 1 6Heps21d. To obtain fitting functions, the
Monte Carlo simulation of experiment was performed to
incorporate the phase spaces with the experimental resolu-
tion and detection efficiency (in particular, it allows one to
describe the cutoff of spectra at ,30 MeV). In the Monte
Carlo simulation, angular distributions for the nonresonant
continuum were fixed: They were extracted from the ex-
perimental data and approximated by an exponential func-
tion. Contributions from smooth backgrounds (the lower
histograms in Figs. 2 and 3) were approximated by poly-
nomials. Using this procedure, we extracted parameters,
energy and width, of the 7He excited state. Considering
integral yields for the 7Hep state obtained from different
spectra and taking into account acceptances for the par-
ticles measured in coincidences with deuterons, we ob-
tained the 7Hep decay branching ratio.
To investigate a sensitivity of the results to models

used for physical continuums, we considered also the
d 1 3n 1 4He phase space modulated by the final state
interactions of n 1 n and n 1 4He as well as evapora-
tion from the compound system 9Lip. Shapes of all back-
grounds are illustrated in Fig. 4. In addition, we studied
the 3n 1 4He continuum populated in fragmentation of
8He, in sudden approximation. The 8He wave function
obtained in the 4n 1 a model [1] was used, and the dis-
tribution over relative energy in the 7He subsystem was
extracted. A shape of this distribution was found to be
similar to that of the 3n 1 4He phase volume in a wide
range of the 7He energy (up to ,20 MeV).
As a result, the following parameters of the 7He excited

state were obtained: the energy relative to the n 1 6He
threshold Eobs ≠ 3.3 6 0.3 MeV, the excitation energy

FIG. 4. Physical backgrounds: 1—phase volume (PV) d 1
6He 1 n; 2—PV d 1 6Heps21d 1 n; 3—PV d 1 4He 1 3n;
4—final state interaction (FSI) n 1 n; 5—FSI n 1 4He; 6—
FSI n 1 n simultaneously with FSI n 1 4He; 7—evaporation
from the compound system 9Lip.

3582

Korsheninnikov et al. PRL (1999)

8He(p,d)7He

4He+3n

6He+n

7He

1

2

3

0
3/2-

6He(2+)+n

(gs)



/51

Introduction: Helium-7, state of play

15

VOLUME 82, NUMBER 18 P HY S I CA L REV I EW LE T T ER S 3 MAY 1999

Observation of an Excited State in 7
He with Unusual Structure

A.A. Korsheninnikov,1,* M. S. Golovkov,1,* A. Ozawa,1 E.A. Kuzmin,2 E.Yu. Nikolskii,2 K. Yoshida,1
B.G. Novatskii,2 A.A. Ogloblin,2 I. Tanihata,1 Z. Fulop,1,† K. Kusaka,1 K. Morimoto,1 H. Otsu,1

H. Petrascu,1 and F. Tokanai1
1RIKEN, Hirosawa 2-1, Wako, Saitama 351-0198, Japan

2The Kurchatov Institute, Kurchatov sq. 1, 123 182 Moscow, Russia
(Received 15 December 1998)

The transfer reaction ps8He, dd7He has been studied by correlational measurements, and an excited
state of 7He was observed (Ep ≠ 2.9 6 0.3 MeV, G ≠ 2.2 6 0.3 MeV) which decays mainly into
3n 1 4He. Most likely, it has a structure with a neutron in an excited state coupled to the 6He core
which itself is in the excited 21 state. [S0031-9007(99)09012-2]

PACS numbers: 25.60.– t, 23.20.En, 27.20.+n, 21.45.+v
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reactions. Namely, we studied the ps8He, dd7He reaction
for the spectroscopy of 7He.
It is well known that nuclei have excited states. There

is a famous exception from this rule—the absence of
excited states in 3He and 3H. Another kind of exception
was 7He. This nucleus was investigated for 30 years in
many reactions with stable beams, and no excited states
were found. As a result, 7He began to be considered as
a nucleus which may not have excited states. It can be
explained by a large width for decay 7Hep ! n 1 6He.
The ground state of 7He is a well established resonance
that decays into n 1 6He.
Radioactive nuclear beams are the most promising

tool to study as neutron-rich systems as 7He. Since the
projectiles in reactions are already neutron rich, reaction
mechanisms are simpler than those with stable beams,
cross sections are higher, and physical backgrounds are
lower. We used a beam of 8He at 50A MeV, that was
produced by the fragment separator RIPS at RIKEN, and
studied the ps8He, dd7He reaction with the CH2 and C
targets. To study transfer reactions with beams of exotic
nuclei, a special detection system, the RIKEN telescope,
was designed (Fig. 1). It represents a stack of solid-
state position-sensitive detectors (strip detectors) that have
large area and annular hole. Using this telescope, we
detected deuterons at small angles in the laboratory
system (10±–25±) corresponding to a high cross section.
In addition to the deuterons, we detected other par-

ticles emitted from the decay of 7He. Neutrons were mea-
sured by the neutron walls of plastic scintillators, while
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 with 6He, 4He, 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.

The resulting deuteron spectra are presented in Figs. 2
and 3 as a function of energy in the center of mass of
7He relative to the n 1 6He threshold. In each graph,
the upper histogram with pronounced peak corresponds
to measurements with CH2 target; the lower structureless
histogram shows total background from materials other
than protons in the target (it was obtained with the C
and empty targets). The cutoff of spectra at energy of
,30 MeV reflects the energy range measured by the
deuteron telescope according to its thickness.
Figure 2 shows the inclusive deuteron spectrum and

spectra of deuterons detected in coincidences with 6He,
4He, and with both of them. A strong peak in Figs. 2(a),
2(b), and 2(c) represents the 7He ground state. This state
is not seen in Fig. 2(d), because 7Heg.s. cannot decay
into 4He (7Heg.s. is lower than the 4He 1 3n threshold).
Instead, in Fig. 2(d) there is another peak that corresponds
to an excited state of 7He. This state is seen in Fig. 2(b)
as a peak marked by an arrow. The 7Hep state can also
be seen in Fig. 2(a), if one takes into account that the
background has a slope [subtracting the background from
the CH2 histogram, we obtained a spectrum that has a
shape similar to that in Fig. 2(b)]. Thus, the 7He excited
state is observed in Figs. 2(a), 2(b), and 2(d). However,
this state can hardly be distinguished in Fig. 2(c) in
coincidences with 6He.
In Fig. 3, spectra of deuterons are presented, which

were measured in coincidences with neutrons in addition.
Again, the 7He ground state is seen as a strong peak in

FIG. 1. Schematic of the experimental setup.
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FIG. 2. Spectra of deuterons from reactions: (a) ps8He, dd;
(b) ps8He, d4,6Hed; (c) ps8He, d6Hed; (d) ps8He, d4Hed. The
spectra are shown as a function of 7He energy above the
n 1 6He threshold.

Figs. 3(a), 3(b), and 3(c). In Fig. 3(d), coincidences with
4He exclude the ground-state peak and reveal perfectly
the excited state. The latter is also observed in Figs. 3(a)
and 3(b) as small peaks marked by arrows. However, in
coincidences with 6He in Fig. 3(c), the excited state is not
seen. Thus, the found excited state decays mainly into
3n 1 4He, while its decay into n 1 6He is suppressed in
spite of larger decay energy.
Curves in Figs. 2 and 3, which describe perfectly all

experimental distributions, were obtained by a fit of the

FIG. 3. Spectra of deuterons from reactions: (a) ps8He, dnd;
(b) ps8He, d4,6Hed; (c) ps8He, dn6Hed; (d) ps8He, dn4Hed.

spectra. For the 7He excited state, the Breit-Wigner for-
mula was used. Both the energy dependent width and G ≠
const were tried [solid curves in Figs. 2 and 3 and dashed
curves in Figs. 2(d) and 3(d), respectively]. These line
shapes were folded with a Gaussian function for the ex-
perimental resolution sFWHM ≠ 1.5 MeVd. For the 7He
ground state, only a Gaussian was used (width of 7Heg.s. is
small, G ≠ 160 keV). Continuum in the d 1 n 1 6He
channel was modeled using a three-body phase space.
Continuum in the d 1 3n 1 4He channel was described
by a five-body phase space and a three-body phase space
for d 1 n 1 6Heps21d. To obtain fitting functions, the
Monte Carlo simulation of experiment was performed to
incorporate the phase spaces with the experimental resolu-
tion and detection efficiency (in particular, it allows one to
describe the cutoff of spectra at ,30 MeV). In the Monte
Carlo simulation, angular distributions for the nonresonant
continuum were fixed: They were extracted from the ex-
perimental data and approximated by an exponential func-
tion. Contributions from smooth backgrounds (the lower
histograms in Figs. 2 and 3) were approximated by poly-
nomials. Using this procedure, we extracted parameters,
energy and width, of the 7He excited state. Considering
integral yields for the 7Hep state obtained from different
spectra and taking into account acceptances for the par-
ticles measured in coincidences with deuterons, we ob-
tained the 7Hep decay branching ratio.
To investigate a sensitivity of the results to models

used for physical continuums, we considered also the
d 1 3n 1 4He phase space modulated by the final state
interactions of n 1 n and n 1 4He as well as evapora-
tion from the compound system 9Lip. Shapes of all back-
grounds are illustrated in Fig. 4. In addition, we studied
the 3n 1 4He continuum populated in fragmentation of
8He, in sudden approximation. The 8He wave function
obtained in the 4n 1 a model [1] was used, and the dis-
tribution over relative energy in the 7He subsystem was
extracted. A shape of this distribution was found to be
similar to that of the 3n 1 4He phase volume in a wide
range of the 7He energy (up to ,20 MeV).
As a result, the following parameters of the 7He excited

state were obtained: the energy relative to the n 1 6He
threshold Eobs ≠ 3.3 6 0.3 MeV, the excitation energy

FIG. 4. Physical backgrounds: 1—phase volume (PV) d 1
6He 1 n; 2—PV d 1 6Heps21d 1 n; 3—PV d 1 4He 1 3n;
4—final state interaction (FSI) n 1 n; 5—FSI n 1 4He; 6—
FSI n 1 n simultaneously with FSI n 1 4He; 7—evaporation
from the compound system 9Lip.
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which itself is in the excited 21 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
beams of exotic nuclei, as the investigation of transfer
reactions. Namely, we studied the ps8He, dd7He reaction
for the spectroscopy of 7He.
It is well known that nuclei have excited states. There

is a famous exception from this rule—the absence of
excited states in 3He and 3H. Another kind of exception
was 7He. This nucleus was investigated for 30 years in
many reactions with stable beams, and no excited states
were found. As a result, 7He began to be considered as
a nucleus which may not have excited states. It can be
explained by a large width for decay 7Hep ! n 1 6He.
The ground state of 7He is a well established resonance
that decays into n 1 6He.
Radioactive nuclear beams are the most promising

tool to study as neutron-rich systems as 7He. Since the
projectiles in reactions are already neutron rich, reaction
mechanisms are simpler than those with stable beams,
cross sections are higher, and physical backgrounds are
lower. We used a beam of 8He at 50A MeV, that was
produced by the fragment separator RIPS at RIKEN, and
studied the ps8He, dd7He reaction with the CH2 and C
targets. To study transfer reactions with beams of exotic
nuclei, a special detection system, the RIKEN telescope,
was designed (Fig. 1). It represents a stack of solid-
state position-sensitive detectors (strip detectors) that have
large area and annular hole. Using this telescope, we
detected deuterons at small angles in the laboratory
system (10±–25±) corresponding to a high cross section.
In addition to the deuterons, we detected other par-

ticles emitted from the decay of 7He. Neutrons were mea-
sured by the neutron walls of plastic scintillators, while
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 with 6He, 4He, 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.

The resulting deuteron spectra are presented in Figs. 2
and 3 as a function of energy in the center of mass of
7He relative to the n 1 6He threshold. In each graph,
the upper histogram with pronounced peak corresponds
to measurements with CH2 target; the lower structureless
histogram shows total background from materials other
than protons in the target (it was obtained with the C
and empty targets). The cutoff of spectra at energy of
,30 MeV reflects the energy range measured by the
deuteron telescope according to its thickness.
Figure 2 shows the inclusive deuteron spectrum and

spectra of deuterons detected in coincidences with 6He,
4He, and with both of them. A strong peak in Figs. 2(a),
2(b), and 2(c) represents the 7He ground state. This state
is not seen in Fig. 2(d), because 7Heg.s. cannot decay
into 4He (7Heg.s. is lower than the 4He 1 3n threshold).
Instead, in Fig. 2(d) there is another peak that corresponds
to an excited state of 7He. This state is seen in Fig. 2(b)
as a peak marked by an arrow. The 7Hep state can also
be seen in Fig. 2(a), if one takes into account that the
background has a slope [subtracting the background from
the CH2 histogram, we obtained a spectrum that has a
shape similar to that in Fig. 2(b)]. Thus, the 7He excited
state is observed in Figs. 2(a), 2(b), and 2(d). However,
this state can hardly be distinguished in Fig. 2(c) in
coincidences with 6He.
In Fig. 3, spectra of deuterons are presented, which

were measured in coincidences with neutrons in addition.
Again, the 7He ground state is seen as a strong peak in

FIG. 1. Schematic of the experimental setup.

0031-9007y99y82(18)y3581(4)$15.00 © 1999 The American Physical Society 3581

(gs)

VOLUME 82, NUMBER 18 P HY S I CA L REV I EW LE T T ER S 3 MAY 1999

FIG. 2. Spectra of deuterons from reactions: (a) ps8He, dd;
(b) ps8He, d4,6Hed; (c) ps8He, d6Hed; (d) ps8He, d4Hed. The
spectra are shown as a function of 7He energy above the
n 1 6He threshold.

Figs. 3(a), 3(b), and 3(c). In Fig. 3(d), coincidences with
4He exclude the ground-state peak and reveal perfectly
the excited state. The latter is also observed in Figs. 3(a)
and 3(b) as small peaks marked by arrows. However, in
coincidences with 6He in Fig. 3(c), the excited state is not
seen. Thus, the found excited state decays mainly into
3n 1 4He, while its decay into n 1 6He is suppressed in
spite of larger decay energy.
Curves in Figs. 2 and 3, which describe perfectly all

experimental distributions, were obtained by a fit of the

FIG. 3. Spectra of deuterons from reactions: (a) ps8He, dnd;
(b) ps8He, d4,6Hed; (c) ps8He, dn6Hed; (d) ps8He, dn4Hed.

spectra. For the 7He excited state, the Breit-Wigner for-
mula was used. Both the energy dependent width and G ≠
const were tried [solid curves in Figs. 2 and 3 and dashed
curves in Figs. 2(d) and 3(d), respectively]. These line
shapes were folded with a Gaussian function for the ex-
perimental resolution sFWHM ≠ 1.5 MeVd. For the 7He
ground state, only a Gaussian was used (width of 7Heg.s. is
small, G ≠ 160 keV). Continuum in the d 1 n 1 6He
channel was modeled using a three-body phase space.
Continuum in the d 1 3n 1 4He channel was described
by a five-body phase space and a three-body phase space
for d 1 n 1 6Heps21d. To obtain fitting functions, the
Monte Carlo simulation of experiment was performed to
incorporate the phase spaces with the experimental resolu-
tion and detection efficiency (in particular, it allows one to
describe the cutoff of spectra at ,30 MeV). In the Monte
Carlo simulation, angular distributions for the nonresonant
continuum were fixed: They were extracted from the ex-
perimental data and approximated by an exponential func-
tion. Contributions from smooth backgrounds (the lower
histograms in Figs. 2 and 3) were approximated by poly-
nomials. Using this procedure, we extracted parameters,
energy and width, of the 7He excited state. Considering
integral yields for the 7Hep state obtained from different
spectra and taking into account acceptances for the par-
ticles measured in coincidences with deuterons, we ob-
tained the 7Hep decay branching ratio.
To investigate a sensitivity of the results to models

used for physical continuums, we considered also the
d 1 3n 1 4He phase space modulated by the final state
interactions of n 1 n and n 1 4He as well as evapora-
tion from the compound system 9Lip. Shapes of all back-
grounds are illustrated in Fig. 4. In addition, we studied
the 3n 1 4He continuum populated in fragmentation of
8He, in sudden approximation. The 8He wave function
obtained in the 4n 1 a model [1] was used, and the dis-
tribution over relative energy in the 7He subsystem was
extracted. A shape of this distribution was found to be
similar to that of the 3n 1 4He phase volume in a wide
range of the 7He energy (up to ,20 MeV).
As a result, the following parameters of the 7He excited

state were obtained: the energy relative to the n 1 6He
threshold Eobs ≠ 3.3 6 0.3 MeV, the excitation energy

FIG. 4. Physical backgrounds: 1—phase volume (PV) d 1
6He 1 n; 2—PV d 1 6Heps21d 1 n; 3—PV d 1 4He 1 3n;
4—final state interaction (FSI) n 1 n; 5—FSI n 1 4He; 6—
FSI n 1 n simultaneously with FSI n 1 4He; 7—evaporation
from the compound system 9Lip.
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Observation of an Excited State in 7
He with Unusual Structure

A.A. Korsheninnikov,1,* M. S. Golovkov,1,* A. Ozawa,1 E.A. Kuzmin,2 E.Yu. Nikolskii,2 K. Yoshida,1
B.G. Novatskii,2 A.A. Ogloblin,2 I. Tanihata,1 Z. Fulop,1,† K. Kusaka,1 K. Morimoto,1 H. Otsu,1

H. Petrascu,1 and F. Tokanai1
1RIKEN, Hirosawa 2-1, Wako, Saitama 351-0198, Japan

2The Kurchatov Institute, Kurchatov sq. 1, 123 182 Moscow, Russia
(Received 15 December 1998)

The transfer reaction ps8He, dd7He has been studied by correlational measurements, and an excited
state of 7He was observed (Ep ≠ 2.9 6 0.3 MeV, G ≠ 2.2 6 0.3 MeV) which decays mainly into
3n 1 4He. Most likely, it has a structure with a neutron in an excited state coupled to the 6He core
which itself is in the excited 21 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
beams of exotic nuclei, as the investigation of transfer
reactions. Namely, we studied the ps8He, dd7He reaction
for the spectroscopy of 7He.
It is well known that nuclei have excited states. There

is a famous exception from this rule—the absence of
excited states in 3He and 3H. Another kind of exception
was 7He. This nucleus was investigated for 30 years in
many reactions with stable beams, and no excited states
were found. As a result, 7He began to be considered as
a nucleus which may not have excited states. It can be
explained by a large width for decay 7Hep ! n 1 6He.
The ground state of 7He is a well established resonance
that decays into n 1 6He.
Radioactive nuclear beams are the most promising

tool to study as neutron-rich systems as 7He. Since the
projectiles in reactions are already neutron rich, reaction
mechanisms are simpler than those with stable beams,
cross sections are higher, and physical backgrounds are
lower. We used a beam of 8He at 50A MeV, that was
produced by the fragment separator RIPS at RIKEN, and
studied the ps8He, dd7He reaction with the CH2 and C
targets. To study transfer reactions with beams of exotic
nuclei, a special detection system, the RIKEN telescope,
was designed (Fig. 1). It represents a stack of solid-
state position-sensitive detectors (strip detectors) that have
large area and annular hole. Using this telescope, we
detected deuterons at small angles in the laboratory
system (10±–25±) corresponding to a high cross section.
In addition to the deuterons, we detected other par-

ticles emitted from the decay of 7He. Neutrons were mea-
sured by the neutron walls of plastic scintillators, while
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 with 6He, 4He, 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.

The resulting deuteron spectra are presented in Figs. 2
and 3 as a function of energy in the center of mass of
7He relative to the n 1 6He threshold. In each graph,
the upper histogram with pronounced peak corresponds
to measurements with CH2 target; the lower structureless
histogram shows total background from materials other
than protons in the target (it was obtained with the C
and empty targets). The cutoff of spectra at energy of
,30 MeV reflects the energy range measured by the
deuteron telescope according to its thickness.
Figure 2 shows the inclusive deuteron spectrum and

spectra of deuterons detected in coincidences with 6He,
4He, and with both of them. A strong peak in Figs. 2(a),
2(b), and 2(c) represents the 7He ground state. This state
is not seen in Fig. 2(d), because 7Heg.s. cannot decay
into 4He (7Heg.s. is lower than the 4He 1 3n threshold).
Instead, in Fig. 2(d) there is another peak that corresponds
to an excited state of 7He. This state is seen in Fig. 2(b)
as a peak marked by an arrow. The 7Hep state can also
be seen in Fig. 2(a), if one takes into account that the
background has a slope [subtracting the background from
the CH2 histogram, we obtained a spectrum that has a
shape similar to that in Fig. 2(b)]. Thus, the 7He excited
state is observed in Figs. 2(a), 2(b), and 2(d). However,
this state can hardly be distinguished in Fig. 2(c) in
coincidences with 6He.
In Fig. 3, spectra of deuterons are presented, which

were measured in coincidences with neutrons in addition.
Again, the 7He ground state is seen as a strong peak in

FIG. 1. Schematic of the experimental setup.
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FIG. 2. Spectra of deuterons from reactions: (a) ps8He, dd;
(b) ps8He, d4,6Hed; (c) ps8He, d6Hed; (d) ps8He, d4Hed. The
spectra are shown as a function of 7He energy above the
n 1 6He threshold.

Figs. 3(a), 3(b), and 3(c). In Fig. 3(d), coincidences with
4He exclude the ground-state peak and reveal perfectly
the excited state. The latter is also observed in Figs. 3(a)
and 3(b) as small peaks marked by arrows. However, in
coincidences with 6He in Fig. 3(c), the excited state is not
seen. Thus, the found excited state decays mainly into
3n 1 4He, while its decay into n 1 6He is suppressed in
spite of larger decay energy.
Curves in Figs. 2 and 3, which describe perfectly all

experimental distributions, were obtained by a fit of the

FIG. 3. Spectra of deuterons from reactions: (a) ps8He, dnd;
(b) ps8He, d4,6Hed; (c) ps8He, dn6Hed; (d) ps8He, dn4Hed.

spectra. For the 7He excited state, the Breit-Wigner for-
mula was used. Both the energy dependent width and G ≠
const were tried [solid curves in Figs. 2 and 3 and dashed
curves in Figs. 2(d) and 3(d), respectively]. These line
shapes were folded with a Gaussian function for the ex-
perimental resolution sFWHM ≠ 1.5 MeVd. For the 7He
ground state, only a Gaussian was used (width of 7Heg.s. is
small, G ≠ 160 keV). Continuum in the d 1 n 1 6He
channel was modeled using a three-body phase space.
Continuum in the d 1 3n 1 4He channel was described
by a five-body phase space and a three-body phase space
for d 1 n 1 6Heps21d. To obtain fitting functions, the
Monte Carlo simulation of experiment was performed to
incorporate the phase spaces with the experimental resolu-
tion and detection efficiency (in particular, it allows one to
describe the cutoff of spectra at ,30 MeV). In the Monte
Carlo simulation, angular distributions for the nonresonant
continuum were fixed: They were extracted from the ex-
perimental data and approximated by an exponential func-
tion. Contributions from smooth backgrounds (the lower
histograms in Figs. 2 and 3) were approximated by poly-
nomials. Using this procedure, we extracted parameters,
energy and width, of the 7He excited state. Considering
integral yields for the 7Hep state obtained from different
spectra and taking into account acceptances for the par-
ticles measured in coincidences with deuterons, we ob-
tained the 7Hep decay branching ratio.
To investigate a sensitivity of the results to models

used for physical continuums, we considered also the
d 1 3n 1 4He phase space modulated by the final state
interactions of n 1 n and n 1 4He as well as evapora-
tion from the compound system 9Lip. Shapes of all back-
grounds are illustrated in Fig. 4. In addition, we studied
the 3n 1 4He continuum populated in fragmentation of
8He, in sudden approximation. The 8He wave function
obtained in the 4n 1 a model [1] was used, and the dis-
tribution over relative energy in the 7He subsystem was
extracted. A shape of this distribution was found to be
similar to that of the 3n 1 4He phase volume in a wide
range of the 7He energy (up to ,20 MeV).
As a result, the following parameters of the 7He excited

state were obtained: the energy relative to the n 1 6He
threshold Eobs ≠ 3.3 6 0.3 MeV, the excitation energy

FIG. 4. Physical backgrounds: 1—phase volume (PV) d 1
6He 1 n; 2—PV d 1 6Heps21d 1 n; 3—PV d 1 4He 1 3n;
4—final state interaction (FSI) n 1 n; 5—FSI n 1 4He; 6—
FSI n 1 n simultaneously with FSI n 1 4He; 7—evaporation
from the compound system 9Lip.
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The transfer reaction ps8He, dd7He has been studied by correlational measurements, and an excited
state of 7He was observed (Ep ≠ 2.9 6 0.3 MeV, G ≠ 2.2 6 0.3 MeV) which decays mainly into
3n 1 4He. Most likely, it has a structure with a neutron in an excited state coupled to the 6He core
which itself is in the excited 21 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
beams of exotic nuclei, as the investigation of transfer
reactions. Namely, we studied the ps8He, dd7He reaction
for the spectroscopy of 7He.
It is well known that nuclei have excited states. There

is a famous exception from this rule—the absence of
excited states in 3He and 3H. Another kind of exception
was 7He. This nucleus was investigated for 30 years in
many reactions with stable beams, and no excited states
were found. As a result, 7He began to be considered as
a nucleus which may not have excited states. It can be
explained by a large width for decay 7Hep ! n 1 6He.
The ground state of 7He is a well established resonance
that decays into n 1 6He.
Radioactive nuclear beams are the most promising

tool to study as neutron-rich systems as 7He. Since the
projectiles in reactions are already neutron rich, reaction
mechanisms are simpler than those with stable beams,
cross sections are higher, and physical backgrounds are
lower. We used a beam of 8He at 50A MeV, that was
produced by the fragment separator RIPS at RIKEN, and
studied the ps8He, dd7He reaction with the CH2 and C
targets. To study transfer reactions with beams of exotic
nuclei, a special detection system, the RIKEN telescope,
was designed (Fig. 1). It represents a stack of solid-
state position-sensitive detectors (strip detectors) that have
large area and annular hole. Using this telescope, we
detected deuterons at small angles in the laboratory
system (10±–25±) corresponding to a high cross section.
In addition to the deuterons, we detected other par-

ticles emitted from the decay of 7He. Neutrons were mea-
sured by the neutron walls of plastic scintillators, while
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 with 6He, 4He, 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.

The resulting deuteron spectra are presented in Figs. 2
and 3 as a function of energy in the center of mass of
7He relative to the n 1 6He threshold. In each graph,
the upper histogram with pronounced peak corresponds
to measurements with CH2 target; the lower structureless
histogram shows total background from materials other
than protons in the target (it was obtained with the C
and empty targets). The cutoff of spectra at energy of
,30 MeV reflects the energy range measured by the
deuteron telescope according to its thickness.
Figure 2 shows the inclusive deuteron spectrum and

spectra of deuterons detected in coincidences with 6He,
4He, and with both of them. A strong peak in Figs. 2(a),
2(b), and 2(c) represents the 7He ground state. This state
is not seen in Fig. 2(d), because 7Heg.s. cannot decay
into 4He (7Heg.s. is lower than the 4He 1 3n threshold).
Instead, in Fig. 2(d) there is another peak that corresponds
to an excited state of 7He. This state is seen in Fig. 2(b)
as a peak marked by an arrow. The 7Hep state can also
be seen in Fig. 2(a), if one takes into account that the
background has a slope [subtracting the background from
the CH2 histogram, we obtained a spectrum that has a
shape similar to that in Fig. 2(b)]. Thus, the 7He excited
state is observed in Figs. 2(a), 2(b), and 2(d). However,
this state can hardly be distinguished in Fig. 2(c) in
coincidences with 6He.
In Fig. 3, spectra of deuterons are presented, which

were measured in coincidences with neutrons in addition.
Again, the 7He ground state is seen as a strong peak in

FIG. 1. Schematic of the experimental setup.
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FIG. 2. Spectra of deuterons from reactions: (a) ps8He, dd;
(b) ps8He, d4,6Hed; (c) ps8He, d6Hed; (d) ps8He, d4Hed. The
spectra are shown as a function of 7He energy above the
n 1 6He threshold.

Figs. 3(a), 3(b), and 3(c). In Fig. 3(d), coincidences with
4He exclude the ground-state peak and reveal perfectly
the excited state. The latter is also observed in Figs. 3(a)
and 3(b) as small peaks marked by arrows. However, in
coincidences with 6He in Fig. 3(c), the excited state is not
seen. Thus, the found excited state decays mainly into
3n 1 4He, while its decay into n 1 6He is suppressed in
spite of larger decay energy.
Curves in Figs. 2 and 3, which describe perfectly all

experimental distributions, were obtained by a fit of the

FIG. 3. Spectra of deuterons from reactions: (a) ps8He, dnd;
(b) ps8He, d4,6Hed; (c) ps8He, dn6Hed; (d) ps8He, dn4Hed.

spectra. For the 7He excited state, the Breit-Wigner for-
mula was used. Both the energy dependent width and G ≠
const were tried [solid curves in Figs. 2 and 3 and dashed
curves in Figs. 2(d) and 3(d), respectively]. These line
shapes were folded with a Gaussian function for the ex-
perimental resolution sFWHM ≠ 1.5 MeVd. For the 7He
ground state, only a Gaussian was used (width of 7Heg.s. is
small, G ≠ 160 keV). Continuum in the d 1 n 1 6He
channel was modeled using a three-body phase space.
Continuum in the d 1 3n 1 4He channel was described
by a five-body phase space and a three-body phase space
for d 1 n 1 6Heps21d. To obtain fitting functions, the
Monte Carlo simulation of experiment was performed to
incorporate the phase spaces with the experimental resolu-
tion and detection efficiency (in particular, it allows one to
describe the cutoff of spectra at ,30 MeV). In the Monte
Carlo simulation, angular distributions for the nonresonant
continuum were fixed: They were extracted from the ex-
perimental data and approximated by an exponential func-
tion. Contributions from smooth backgrounds (the lower
histograms in Figs. 2 and 3) were approximated by poly-
nomials. Using this procedure, we extracted parameters,
energy and width, of the 7He excited state. Considering
integral yields for the 7Hep state obtained from different
spectra and taking into account acceptances for the par-
ticles measured in coincidences with deuterons, we ob-
tained the 7Hep decay branching ratio.
To investigate a sensitivity of the results to models

used for physical continuums, we considered also the
d 1 3n 1 4He phase space modulated by the final state
interactions of n 1 n and n 1 4He as well as evapora-
tion from the compound system 9Lip. Shapes of all back-
grounds are illustrated in Fig. 4. In addition, we studied
the 3n 1 4He continuum populated in fragmentation of
8He, in sudden approximation. The 8He wave function
obtained in the 4n 1 a model [1] was used, and the dis-
tribution over relative energy in the 7He subsystem was
extracted. A shape of this distribution was found to be
similar to that of the 3n 1 4He phase volume in a wide
range of the 7He energy (up to ,20 MeV).
As a result, the following parameters of the 7He excited

state were obtained: the energy relative to the n 1 6He
threshold Eobs ≠ 3.3 6 0.3 MeV, the excitation energy

FIG. 4. Physical backgrounds: 1—phase volume (PV) d 1
6He 1 n; 2—PV d 1 6Heps21d 1 n; 3—PV d 1 4He 1 3n;
4—final state interaction (FSI) n 1 n; 5—FSI n 1 4He; 6—
FSI n 1 n simultaneously with FSI n 1 4He; 7—evaporation
from the compound system 9Lip.

3582

1/2-?



/51

Introduction: Hydrogene-7, state of play

19

7H a hot but difficult topic …

S034 
RIKEN 2017

Caamaño 
GANIL 2007

3H 4H 5H 6H 7H

1

2

3

0

observations
4n 

?

1990 2000 2010 2020

Korsheninnikov 
RIKEN 2003

1980



/51

Introduction: Hydrogene-7, state of play

20

PHYSICAL REVIEW C 81, 064606 (2010) 

@RIKEN @GANIL
PRL 99, 062502 (2007) 

@RIKEN

PRL (2003) 
A. A.  Korsheninnikov et al.

PHYSICAL REVIEW C 
103, 044313 (2021)

@JINR

Contradictory results:  
• Low statistics 
• Low signal to background  
• Limited resolution ~ 2-3 MeV 
• Missing mass (no neutron detection)

          Better experiments needed
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156 MeV/nucleon

8He(p,2p)7H

Complete kinematics : 
Invariant mass FWHM ~ 0.1 MeV: main goal 
Missing mass FWHM ~ 7 MeV: complementary cross-check

LPC (FM. Marques) / RIKEN (Z. Yang)
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7He (gs): a well known 
resonant state

8He(p,pn)7He 6He + n →
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Samurai 034: 7He(gs), benchmark ‘1n’
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ER = 0.38 MeV 
ΓR = 0.16 MeV

• (ER, Γ) in agreement with literature 
• Validated analyses & response function

Absence of 6He+n excited state !

8He(p,pn)7He 6He + n →
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Samurai 034: Multineutron, crosstalk rejection
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Samurai 034: Multineutron, crosstalk rejection
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Samurai 034: Multineutron, crosstalk rejection
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Samurai 034: Multineutron, crosstalk rejection
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Fake events rejected: 98% 
True 2n events rejected: 34% 

Step 1: Clustering

Step 3: Crosstalk test β1 > β12?

Dmax = 400 mm

Op9miza9on

D

NEBULA
NeuLAND

400 mm 

Step 2: Cleaning
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Samurai 034: 6He*(2+), benchmark ‘2n’

34

NEBULA

NeuLANDBDC1, BDC2

FDC0

FDC2

SAMURAI

hodoscope

8He(p,p2n)6He* 4He + 2n →

MINOS-DALI
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Samurai 034: 6He*(2+), benchmark ‘2n’
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clusterisation
clusterisation + causality

No filter

8He(p,p2n)6He* 4He + 2n →

ER = 0.83 MeV 
ΓR = 0.3 MeV
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Outline
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1. Introduction  
The multineutron quest 
Helium-7 
Hydrogen-7

1 N

1n 4n

1H 2H 3H 4H 5H 6H 7H

3He 4He 5He 6He 7He 8He 9He 10He

3Li 4Li 5Li 6Li 7Li 8Li 9Li9Li 10Li 11Li 12Li

5Be 6Be 7Be 8Be 9Be 10Be 11Be 12Be 13Be 14Be 15Be 16Be

6B 7B 8B 9B 10B 11B 12B 13B 14B 15B 16B 17B 18B 19B 20B 21B

9C 10C 11C 12C 13C 14C 15C 16C 17C 18C 19C 20C 21C 22C

10N 12N 13N 14N 15N 16N 17N 18N 19N 20N 21N 22N 23N

13O 14O 15O 16O 17O 18O 19O 20O 21O 22O 23O 24O

14F 17F 18F 19F 20F 21F 22F 23F 24F 25F 26F

θmax
nnθmin

fn

2. Samurai 34  
Experimental Approach 
Multineutron detection

3. First results 
Helium-7 & 3n decay 
Hydrogen-7 & 4n decay
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Results : Helium-7
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Results : Helium-7
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4He+3n

6He+n

1

2

3

0
3/2-

6He(2+)+n

(gs)

7He
8He(p,pn)7He*  4He + 3n →

ER = 3.3 MeV 
ΓR = 3.2 MeV
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Results : Helium-7
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4He+3n

6He+n

1

2

3

0
3/2-

3n ?

6He(2+)+n

(gs)

7He
8He(p,pn)7He*  4He + 3n →

ER = 3.3 MeV 
ΓR = 3.2 MeV
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Results : Helium-7 decay
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Direct decay does not 
reproduce data 
  2 step decay →

4He+3n

6He+n

1

2

3

0 3/2-

3n ?

6He(2+)+n

(gs)

7He

8He(p,pn)7He*  4He + 3n →
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Results : Helium-7 decay
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8He(p,pn)7He*  4He + 3n →
Direct 3n  
∼ 20 %
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Results: Helium-7 decay, angular correlations

43no trineutron signal in 3n emission

CM frame

θmin
fn

3n : Gandolfi et al. PRL 118, 232501 (2017)
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Results: Hydrogen-7
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NEBULA
NeuLAND

BDC1, BDC2

FDC0

FDC2

SAMURAI

Hodoscope

4n

3H

DALI

8He

8He(p,2p)7H  3H + 4n→

156 MeV/nucleon

MINOS-DALI
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Results: Hydrogen-7
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8He(p,2p)7H  3H + 4n →
Very Preliminary

Efficienty
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Results: Hydrogen-7
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ER ~ 7 MeV 
ΓR ~ 3 MeV

Very Preliminary
8He(p,2p)7H  3H + 4n →
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Results: Hydrogen-7
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8He(p,2p)7H  3H + 4n →

Very Preliminary 
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Results: Hydrogen-7 decay, neutron correlations

48CM frame

Very Preliminary

8He(p,2p)7H  3H + 4n →
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Results: Hydrogen-7 decay, angular correlations

49CM frame

θmin
fnVery Preliminary
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Summary
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SAMURAI 34 experiment 
• High intensity beam  
• High luminosity target 
• High multi-neutron efficiency 

Two techniques IM & MM: 
• Multi detectors (DC, TPC, Neutron walls, Spectrometer) 
• Analysis algorithms (tracking, crosstalk…) 
• Simulations of differents detectors (MINOS-TPC, DALI, NeuLAND/NEBULA) 
• Setup validation on physics: 7He g.s. & 6He*
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7He & 3n:  
• Clear absence of any (6He+n) excited state 
• First observation of 7He* by IM measurement 
• First observation of direct 3n emission ? (To be 

confirmed) 
• No significant trineutron signal

7H & 4n:  
• First high acceptance+resolution+statistics experiment 
• Observation of broad structure at E(7H) ~ 7 MeV  
• No clear sign of any resonant-like structure … ?


