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Correlation studies of the 5H spectrum
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The nuclear system 5H was studied using the 3H(t, p)5H transfer reaction at a laboratory energy of 57.7 MeV
and small center of mass angles. The energy and angular correlations among the 5H decay fragments were
obtained by complete kinematical reconstruction. A broad structure in the 5H missing mass spectrum above
2.5 MeV with a typical width of several MeV was identified as a mixture of 3/2+ and 5/2+ states. Analysis
of interference patterns observed in the measured angular correlations disclosed the 1/2+ ground state of 5H
concealed in the smooth missing mass spectrum. The deduced values for the resonance energy and width are
Eg.s. ≈ 1.8 MeV and �g.s. ≈ 1.3 MeV. The estimated cross sections for population of the ground state and the
doublet of excited states at θc.m. = 5◦−10◦ are 150 ± 50 µb/sr and 4.6 ± 2 mb/sr, respectively.
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I. INTRODUCTION

Modern advances in experimental techniques revived in-
terest in the studies of superheavy hydrogen isotopes, 5H
[1–6] and 7H [7,8]. The recent experimental results on 5H
are controversial, providing the ground state (g.s.) position
to be 1.7–1.8 MeV above the t + n + n threshold [2,3], or
about 3 MeV [4], or even higher [1,5]. Recent theoretical
estimates [9–13] are sensitive to model assumptions and also
give diverse predictions for this system.

Experiments mentioned above utilized different types of
reactions having definite advantages and disadvantages. The
proton pickup reaction 6He(p,2He)5H used in Ref. [2] is
expected to populate predominantly the g.s. of 5H due to
the similarity between the structures of 6He and 5H. There is
also evidence in the data that the angular momentum transfer
�L = 0 dominates in this reaction. Meister et al. [4] have
studied the 5H continuum via the 6He fragmentation on carbon.
The domination of the 5H g.s. population is also expected in
this case, again due to structure similarity and to the fact that the
�L = 0 selection is a typical feature for this class of reactions.
In the two-neutron transfer reaction 3H(t, p)5H [3,6] the
excited 3/2+ and 5/2+ states are more likely to be populated
because of the “angular momentum mismatch.” In contrast, in
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the pion absorption reaction 9Be(π−, pt /dd)5H [5] no angular
momentum selectivity is expected and all the low-lying states
should be present in the experimental data.

In these experiments the main aim was the search for a peak
in the missing (or invariant) mass spectrum of 5H which could
be identified as the ground state of 5H. This task is complicated
by the fact that the low-lying states in 5H are broad and
overlapping. The most recent works [4,6] supplemented the
energy spectrum measurements with the correlation studies of
decay products. It was shown in Ref. [4] that the correlations
among the triton and two neutrons from the 5H decay can
be well described by the decay of a 1/2+ state. However, it
was demonstrated in Ref. [14] that these correlations could
also be described assuming the decay of excited states in 5H.
The study of more complicated correlations, arising in the
two-neutron transfer reaction 3H(t, p)5H due to a specific
reaction mechanism, allowed us to identify uniquely the
structure observed in the spectrum of 5H above 2.5 MeV as a
mixture of excited 3/2+ and 5/2+ states [6].

The motivation for the present work was the observation of
5H produced in the 3H(t, p)5H reaction in different kinematical
conditions as compared with the previous study reported
in Ref. [3]. Namely, we investigated this reaction at small
center-of-mass angles, corresponding to protons emerging in
backward direction in the lab system. This greatly reduced
the background from other reaction channels, such as different
quasifree scattering processes and the one-neutron transfer.
Furthermore, the chosen kinematical region improved the
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detection efficiency for triple p − t − n coincidence events
associated with the 5H formation and decay.

The following features should be emphasized in the present
work.

(i) The experimental data corrected for efficiency are repre-
sented in an analytical form, which makes their further
theoretical interpretation straightforward.

(ii) For the first time the spin identification in the system
decaying into the three-body continuum is performed
using the correlation technique.

This technique is analogous to the classical approach [15]
of α1-α2 correlations for the decay of alpha-cluster states in
“zero geometry” [16]. In the complicated case of the decay of
a three-body system this technique does not guarantee the spin
identification in a general case, but could be an interesting and
important opportunity to be considered.

Results obtained in the present study have been briefly
reported in our earlier paper [6]. Here we present the data in
more detail and give a complete account for the data analysis
together with an extensive discussion. Some quantitative
results of this work differ from those given in Ref. [6] due
to improvements made in the data analysis.

II. EXPERIMENT

The experiment was performed at the U-400M cyclotron of
the Flerov Laboratory of Nuclear Reactions, JINR (Dubna,
Russia). A 57.7 MeV triton beam delivered by the cy-
clotron was transported by the modified beam line of the
ACCULINNA separator [17] to a reaction chamber containing
a tritium target and charged particle detectors. This beam
line was also used to reduce the angular spread and energy
dispersion of the primary triton beam to 7 mrad and 0.3 MeV
of full width at half maximum (FWHM), respectively. Finally,
the triton beam, with a typical intensity of 3 × 107 s−1, was
focused in a 5 mm spot on a gas cell of an environmentally
safe cryogenic tritium target [18]. The 4 mm thick target cell
was filled with tritium to a pressure of 860 mbar and cooled
down to 25◦ K.

The experimental setup is shown in Fig. 1. Slow protons
escaping from the target in the backward direction hit on an
annular 300 µm silicon detector with an active area of the

outer and inner diameters of 82 mm and 32 mm, respectively,
and a 28 mm central hole. The detector was installed
100 mm upstream of the target. It was segmented in 32 rings
on one side and 32 sectors on the other side providing a
good position resolution. The detection threshold for these
protons was 1 MeV. A detector telescope intended for charged
particles moving in the forward direction was installed 150 and
220 mm downstream of the target cell in two different series
of measurements. It consisted of four annular silicon detectors
of the same size as the proton detector. The thicknesses of the
four detectors beginning from the telescope face side were
300 µm, and 3 times by 1 mm. The two sides of the
first, 300 µm detector, were segmented in 16 rings and 16
sectors. Particle identification in the forward telescope was
made by standard �E–E method. Neutrons were detected by
48 scintillation modules of the time-of-flight (TOF) neutron
spectrometer DEMON [19]. The DEMON modules were
installed at a distance of 2.5 m from the target and covered
an angular range of θlab = 5◦–40◦.

Beam intensity was monitored by low pressure ionization
chambers. Three such chambers were distributed along the
beam line upstream of the target and one chamber was
installed 1 m downstream. Furthermore, a 4 mm thick silicon
detector (not shown in Fig. 1) with a diameter of 8 mm was
installed just behind the forward detector telescope. Its position
corresponded to 5.8◦ and 7.9◦ in the lab system in the first and
in the second series of measurements, respectively. In the latter
case it was possible to resolve the elastic scattering peaks of
tritons coming from the target and from the window material.
This gave an additional possibility for absolute normalization
of the data from the known cross section values.

Detection threshold for slow protons moving in the back-
ward direction (see Fig. 1) defined the range of the accessible
5H energy. To extend to 5.0 MeV the upper limit of this energy
range we did not use the �E-E identification of protons. This
did not result in any confusion. Indeed, due to the kinematical
constraints of the t + t collision, only protons and deuterons
can be emitted in the backward direction. Since the maximum
energy of deuterons does not exceed 1 MeV, all these deuterons
should be stopped in the target or in the target window. Thus
only protons from the t + t interaction can hit the detector,
and particles, other than protons, can only be produced in
reactions on the window material. This background was

FIG. 1. Experimental setup for the
3H(t, p)5H reaction.
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FIG. 2. Distribution of the measured Q value obtained for the
3H(t, p)5H reaction. Experimental data are shown by points, the
shadowed histogram shows the MC simulation.

measured in a special run made with an empty target. It was
found that the background originating from the reactions on
the window material was negligible for the triple p − t − n

coincidence event, not more than a few percent of the total
number of counts. The analysis of triple p − t − n coincidence
events also gave another possibility to identify the reaction
channel. For the t + t → p + t + 2n reaction channel, these
events correspond to complete kinematics conditions, since
the parameters of the unobserved neutron can be calculated
from the momentum conservation law. By comparison of the
total energy in the exit channel with the beam energy one
can resolve events coming from the t + t interaction from
the background originating from the reactions taking place on
the target window material. Figure 2 shows the total energy
balance Q for triple coincidence events:

Q =
∑
j=1,2

(
M

(in)
i + E

(in)
i

) −
∑

j=1...4

(
M

(out)
j + E

(out)
j

) ≡ 0.

The experimental data are shown by points, the shadowed
histogram presents the Monte Carlo (MC) simulation of the
experiment. Some asymmetry of the Q value peak is possibly
caused by the scattering of neutrons occurring before their
detection. The effect of this phenomenon on the final results
of the analysis was found to be not significant. The energy
resolution estimated from the MC calculation for the missing
mass energy of 5H is 0.4 MeV (FWHM).

The DEMON neutron detector modules allow neutron-
gamma separation by the comparison of total and slow
components of the light output of the liquid scintillator. The
energy calibration of DEMON was made with 60Co and
137Cs γ -sources. Neutron energies were measured by the TOF
method. For the time calibration we used the TOF spectrum
gated on the coincidence of the particle detection with the
γ events in DEMON. Having fixed the complete kinematical
conditions in each triple p − t − n coincidence event, we
calculated the momentum distribution of the unobserved
neutrons emitted in the t + t → p + t + 2n reaction channel.
Then, the detected four-fold p − t − n − n coincidences gave
direct information on the detection efficiency obtained for
neutrons. The statistics of four-fold coincidence events was
high enough to determine the energy dependence of the
neutron efficiency in the whole region of interest.

(a)

(b)

FIG. 3. Kinematical variables for the 3H(t, p)5H reaction. The
proton and 5H variables are shown in the laboratory frame, variables
for the decay triton and neutrons are presented in the 5H frame.
Direction of Z axis in the 5H frame is chosen collinear with
the direction of momentum transfer assuming a direct reaction
mechanism (see insets). (a) The dineutron is transferred from the
beam to the target triton (transferred momentum qL is equal to the
momentum of 5H in the laboratory frame). (b) The dineutron is
transferred from the target to the beam triton. Transferred momentum
qAL is equal to momentum of 5H in the “antilaboratory” frame, where
the projectile is in rest. See also discussion in Sec. IV.

III. EXPERIMENTAL DATA

As mentioned above, here we present results obtained for
the triple p − t − n coincidence events. Such events uniquely
identify the p + 5H outgoing channel and enables a complete
kinematics reconstruction. Data are presented in the center of
mass (c.m.) of the t + 2n system, most appropriate for the
search for the 5H resonances. We choose the Z axis along
the direction of the momentum transfer, (2/3)kbeam + kp [see
Fig. 3(b) for notations]. This choice is justified in Sec. IV C.
12 kinematical variables completely describe the four particles
(proton, triton, and two neutrons) coming in the exit channel
of the reaction. The energy and momentum conservation
laws reduce the number of independent variables to eight.
Our experimental setup provides a relatively small angular
range for the proton registration: 5◦ < θc.m. < 10◦. One could
suppose that all angular distributions are almost uniform within
these limits. This expectation was a posteriori confirmed
by the data analysis. Also nothing should depend on the
proton azimuthal angle φp, due to the azimuthal symmetry
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FIG. 4. Distribution of experimental events drawn in the plane
{E5H, θt } for the 5H events detected in the 3H(t, p)5H reaction. The
coordinate system is the same as Fig. 3(b).

of the process. Thus, the experimental data are presented as a
six-dimensional array of independent variables: The polar and
azimuthal angles of the triton (θt , φt ) in the 5H c.m. system,
the same variables for one of the emitted neutrons (θn1, φn1),
the total energy of 5H E5H = Enn + Et−nn, and the energy
distribution between the subsystems ε = Enn/E5H inside 5H.

As an example of our experimental data, two dimensional
plots are shown in Figs. 4 and 5. No correction for the detection
efficiency is made. These distributions have very specific
features, but the most striking result is the observation of a
sharp oscillating pattern in the angular distributions of tritons
and neutrons.

In the triton angular distribution (see Fig. 4) three sharp
peaks are observed in a broad range of energy E5H. We will
show that the origin of these peaks is the population of excited
states in 5H whose structure is dominated by the component
with the triton in d-wave. It can be seen that at low E5H the
“satellite” peaks (backward and forward direction) vanish, and
one peak remains at 90◦. We will show below that such a
change in the distribution is not connected with efficiency, but

FIG. 5. Experimental 5H events for the 3H(t, p)5H reaction in the
plane {ε, θn}. The coordinate system is the same as Fig. 3(b).

is the result of the interference of excited states of 5H with the
1/2+ ground state.

The main feature of the neutron distribution, shown in
Fig. 5, is a strong concentration of probability at low Enn

energy. This is clearly connected with a strong n − n final
state interaction (FSI). In this part of the spectrum, the angular
distribution also has three peaks which are related to the
triple-peak distribution of tritons. Indeed, in the limit Enn → 0
the individual motion of neutrons is reduced to the motion
of a single dineutron particle, which has the same angular
distribution as the triton in the 5H c.m. system. At higher Enn

energies, the distribution of neutrons has two peaks. This is
a manifestation of the p-wave motion of individual neutrons,
which is an expected feature for 5H.

IV. THEORETICAL BACKGROUND

A. Correlations in the transfer reactions

In principle, the strong oscillations observed in the angular
distributions of tritons (three peaks) and neutrons (two peaks)
could have two explanations. They could either be formed by
a specific reaction mechanism only or they could be a man-
ifestation of states in 5H. Calculations performed in the dis-
torted wave Born approximation (DWBA) for the 3H(t, p)5H
reaction (see discussion in Sec. VI C and Appendix A)
show that the first explanation is highly unlikely and that the
population of specific states in 5H is necessary to explain the
data. A qualitative discussion of correlations in the transfer
reaction in general and of the origin of correlations in our
particular case was given in Ref. [6]. The main point is that
such a sharp oscillating angular distribution as the one shown
in Fig. 4 can be obtained only for very specific conditions.
Here we would like to outline briefly the discussion presented
in Ref. [6]:

(i) Oscillating patterns in angular distributions can be ob-
served in the following cases:

(a) Resonance state is populated in transfer reaction on
condition of “zero geometry” (e.g., Ref. [15]). The
resonance state of interest is emitted at zero c.m. angle.
Zero spin particles should take part in the population
and decay of this state.

(b) Sharp oscillating distributions can be observed in the
case of direct reactions. Again, the state of interest
should be populated and decay by zero spin particles.
Correlations in such case are observed relative to the
direction of momentum transfer.

(c) To our knowledge, only one observation of oscillating
pattern was reported for the 13C(6Li, d)17O∗(α)13Cg.s.

reaction involving nuclei with nonzero spin [20]. It
was shown in Ref. [21] that such observation can be
explained only in the case that the energy degeneracy
and interference of (at least) two states having different
spins take place.

(ii) The 5H system could be considered as a “proton hole”
in 6He (see, e.g., Ref. [9]). Theoretical predictions give
Jπ = 1/2+ for the ground state of 5H. The lowest excited

064612-4



CORRELATION STUDIES OF THE 5H SPECTRUM PHYSICAL REVIEW C 72, 064612 (2005)

states are expected to be a doublet of the 3/2+ and 5/2+
states.

(iii) The 5H g.s. is poorly populated in the two-neutron transfer
reaction due to the statistical factor (2J + 1) and also as
a consequence of the “angular momentum mismatch.”
The DWBA calculations substantiating this statement are
presented in Sec. VI C.

(iv) The spin transfer is negligible. Spin transfer �S = 1 is
possible only if the two neutrons are in negative parity
state of their relative motion. There is a broad experience
of studies showing that the dineutron transfer (�S = 0)
is a much more favorable mode [22].

(v) To produce the strongly oscillating angular distributions it
is necessary that the 3/2+ and 5/2+ states are degenerate
or close to that. Theoretical calculations (e.g., Ref. [9])
show that the expected energy split between these states
is much smaller than the widths of the states. So, this
assumption looks reasonable.

(vi) To produce the strongly oscillating angular distributions
it is necessary that the {L = 2, Sx = 0, lx = 0, ly = 2}
component of the wave function (WF) dominates in the
decay of 5H (L is the total angular momentum, subscripts x
and y refer to the spins and angular momenta of the nn and
t − nn subsystems). This WF component corresponds
to the d-wave motion of the triton in 5H. This request
matches with theoretical calculations made for 5H [13]
and 6He [23] and with experimental results on the decay
of the 6He 2+ state [24–29].

B. Theoretical formalism

The distribution of particles p + t + n + n in the outgoing
channel of the reaction is described by the following expres-
sion:

d9N

dknn dkt−nn dk5H−p

∝
∑

σ

|F |2 δ(Ec.m. − Enn − Et−nn − E5H−p) , (1)

where knn is the relative momentum of the two neutrons, kt−nn

is the relative momentum of the triton and the center of mass
of the two neutrons, k5H−p is the relative momentum of the
proton and the center of mass of the t + 2n system; Enn,Et−nn,
and E5H−p are the corresponding relative energies. On the right
side of Eq. (1), F is the reaction amplitude, the sum runs over
unobserved projections of spins (denoted σ ) of the particles,
while the delta-function provides the energy conservation with
Ec.m. being the total energy in the center of mass of outgoing
channel. Equation (1) can be easily converted to

d7N

dEnn d�nn dE5H d�t−nn sin(θ5H−p) dθ5H−p

∝
√

Enn(E5H − Enn)(Ec.m. − E5H)
∫ ∑

σ

|F |2dϕ5H−p,

(2)

where E5H = Enn + Et−nn.

In the analysis of |F |2, we assume that the internal degrees
of freedom for 5H and the motion of 5H as a whole are well
factorized according to the two-step process which contains
the 5H formation stage and its decay stage. In this case the
asymptotic part of the wave function of the p + t + n + n

system can be written as

(+) =
∑
JtMt

[
ψ

(+)
Jt Jjmj

⊗ 
(+)
JM

]
JtMt

, (3)

where ψ
(+)
Jt Jjmj

is the wave function of relative motion in the

p+5H system and 
(+)
JM is the wave function of internal motion

in the t + n + n system. The “(+)” superscript indicates that
we deal with the wave functions having only the outgoing
asymptotic behavior. J and M are the total spin of the 5H
state and its projection; j and mj describe the total angular
momentum of the proton; Jt and Mt correspond to the total
angular momentum in the outgoing p + t + n + n channel.

The asymptotic form of the wave function of relative motion
in the p+5H system is

ψ
(+)
Jt Jjmj

(E5H−p, k̂5H−p) = exp[ik5H−pr]

r

∑
l

a
j

Jt J l

× [Ylm(k̂5H−p) ⊗ χ1/2µ]jmj
, (4)

where χ1/2µ is the proton spin function.
The asymptotic form of the wave function of internal

motion in the t + n + n system is given by


(+)
JM (E5H,�5) = exp[i�ρ]

ρ5/2

∑
Kγ

AJ
Kγ (E5H)J JM

Kγ (�5). (5)

This expression represents the expansion of the t + n + n

wave function in a hyperspherical harmonics series. Detailed
definitions of the hyperspherical harmonics can be found, for
example, in Ref. [30].

As a result, we obtain the following expression for the value

W ≡
∫ ∑

σ

|F |2 dϕ5H−p

from Eq. (2):

W =
∑

Jt J
′
t Mt

∑
JJ ′M

∑
jj ′mj

∑
ll′mµ

C
JtMt

jmj JMC
J ′

t Mt

j ′mj J ′MC
jmj

lm1/2µC
j ′mj

l′m1/2µ

×(
a

j

Jt J l

)∗
a

j ′

J ′
t J

′l′N
m
l P m

l (cos θ5H−p) Nm
l′ P m

l′ (cos θ5H−p)

×
∑

SMSSx

∑
KLlx ly

∑
K ′L′l′x l′y

CJM
LMLSMS

CJ ′M
L′MLSMS

×(
AJ

KLSSx lx ly
(E5H)

)∗
AJ ′

K ′L′SSx l′x l′y
(E5H)

× (
ILML

Klx ly
(��)

)∗IL′ML

K ′l′x l′y
(��), (6)

where Nm
l P m

l are the Legendre polynomials normalized to
unity. In this equation, the last three lines correspond to
the 5H decay into t + n + n in terms of the hyperspherical
harmonics, while the first two lines contain information
about the 3H(t, p)5H reaction details. For phenomenological
treatment of the experimental data the information about the
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3H(t, p)5H reaction was represented by the density matrix ρ

for 5H:

W ∝
∑
JJ ′M

ρJ ′M
JM (E5H−p, θ5H−p)

∑
SMSSx

∑
KLlx ly

∑
K ′L′l′x l′y

× CJM
LMLSMS

CJ ′M
L′MLSMS

(
AJ

KLSSx lx ly
(E5H)

)∗

× AJ ′
K ′L′SSx l′x l′y

(E5H)
(
ILML

Klx ly
(��)

)∗ IL′ML

K ′l′x l′y
(��), (7)

and the density matrix parameters were fitted to the experi-
mental data.

C. Density matrix parametrization

In general, one could arbitrarily choose the Z axis in the
c.m. system of 5H and treat the ρ-matrix parameters as free
in a fitting procedure. However, the proper choice of this
axis and physical assumptions can reduce the number of free
parameters. There are three physically selected directions in
the experiment: The beam axis and the two directions of
momentum transfer occurring in the 3H(t, p) reaction. The
availability of these two directions relates to the identity of
the beam and target particles and corresponds to the dineutron
transfer from the beam to the target triton and vice versa. The
former direction (qL = kbeam − kp) corresponds to maximum
cross section for fast protons moving in forward direction and
coincides with the momentum of 5H in lab system; the latter
[qAL = −(2/3)kbeam − kp] corresponds to backward protons
in lab system and coincides with the momentum of 5H in
the “antilaboratory” system (see Fig. 3). In Fig. 6 we present
the angular distributions obtained for tritons in the 5H c.m.
system with respect to three quantization axes: qL, kbeam,
and −qAL. Only events with ε < 0.1 (where the oscillations
should be more pronounced) are shown in the picture. The
difference between these axes is not too large as the mean
angles between the beam axis and the qL and −qAL vectors are
small (about −3◦ and +5◦, respectively). Nevertheless, there

FIG. 6. Experimental distributions of events with ε < 0.1 over
the angle θt obtained for different choices of the Z axis. Circles
correspond to this axis chosen collinear with the beam axis, gray
histogram—collinear with qL (“lab system”), and filled histogram–
collinear with qAL (“antilab system”). See also Fig. 3 for details.

are statistically significant differences in the distributions, and
one can clearly see these differences in Fig. 6. The maximal
alignment (the maximal peak to dip ratio) corresponds to the
dineutron transfer from the target triton to the beam triton [see
Fig. 3(b)] and, hence, to the maximum of cross section at small
c.m. angles of the 3H(t, p) reaction (protons are emitted to
the backward direction in the lab system). This observation
enables us to treat the reaction leading to the population
of 5H resonances as a direct dineutron transfer (single pole
graph approximation) from target to beam and to choose the
Z axis along the −qAL = (2/3)kbeam + kp vector. The reaction
amplitude for the single pole graph mechanism should be
axially symmetric (the so-called Treyman-Yang criterion).

In the case of the axial symmetry relative to the chosen
quantization axis, the independent nonzero elements of the
density matrix ρJ ′M

JM for the 3/2+ − 5/2+ doublet in 5H can be
parametrized by five parameters. We choose them as follows:
r is the relative weight of the 5/2+ state in the 3/2+ − 5/2+
doublet, c2J are the relative weights of components with M =
±1/2 for the state with total momentum J, and φ

(2|M|)
2J 2J ′ are the

relative phases of components with J and J ′ with different M.
In this parametrization the density matrix elements ρJ ′M

JM are

ρ
3/23/2
3/23/2 = ρ

3/2−3/2
3/2−3/2 = (1 − c3)(1 − r)/2,

ρ
3/21/2
3/21/2 = ρ

3/2−1/2
3/2−1/2 = c3(1 − r)/2,

ρ
5/23/2
5/23/2 = ρ

5/2−3/2
5/2−3/2 = (1 − c5)r/2,

ρ
5/21/2
5/21/2 = ρ

5/2−1/2
5/2−1/2 = c5r/2,

(8)

ρ
3/23/2
5/23/2 =

(
ρ

5/23/2
3/23/2

)∗
= −ρ

3/2−3/2
5/2−3/2 = −

(
ρ

5/2−3/2
3/2−3/2

)∗

= −exp
[
iφ

(3)
35

]
2

√
(1 − c3)(1 − c5)r(1 − r),

ρ
3/21/2
5/21/2 =

(
ρ

5/21/2
3/21/2

)∗
= −ρ

3/2−1/2
5/2−1/2 = −

(
ρ

5/2−1/2
3/2−1/2

)∗

= −exp
[
iφ

(1)
35

]
2

√
c3c5r(1 − r).

For the interference of the 3/2+ − 5/2+ doublet with
the 1/2+ state of 5H, the matrix elements (8) should be
supplemented with the following nonzero matrix elements:

ρ
1/21/2
1/21/2 = ρ

1/2−1/2
1/2−1/2 = w1/2,

ρ
1/21/2
3/21/2 =

(
ρ

3/21/2
1/21/2

)∗
= −ρ

1/2−1/2
3/2−1/2 = −

(
ρ

3/2−1/2
1/2−1/2

)∗

= −exp[iφ1]

2

√
w1c3(1 − r), (9)

ρ
1/21/2
5/21/2 =

(
ρ

5/21/2
1/21/2

)∗
= −ρ

1/2−1/2
5/2−1/2 = −

(
ρ

5/2−1/2
1/2−1/2

)∗

= −exp
[
i
(
φ1 + φ

(1)
35

)]
2

√
w1c5r,

where w1 is the weight of 1/2+ state relative to the 3/2+ −
5/2+ doublet. The ρ-matrix should also be renormalized
according to Sp[ρ] = 1.

The above parametrizations are assumed to be independent
of the energy E5H−p = Ec.m. − E5H (the only exception will
be the phase φ1 of the 1/2+ state), and dependence on the
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energy E5H will be included in the parametrization of decay
amplitudes AJ

Kγ .

D. Qualitative discussion of correlations

In the case of the 3/2+ − 5/2+ doublet degeneracy, we
can consider that the amplitudes AJ

KLSSx lx ly
in Eq. (7) do not

depend on total angular momentum J and that the correlations
are described by a density matrix, which depends on the total
orbital angular momentum L

ρ
L′ML

LML
=

∑
JJ ′M

∑
MS

CJM
LMLSMS

CJ ′M
L′MLSMS

ρJ ′M
JM . (10)

The relative phases φ
(1)
35 and φ

(3)
35 should be taken to be zero in

this case. For parametrization (8) the nonzero elements of the
density matrix (10) with S = 1/2 and for the summary spin of
the two neutrons Sx = 0 are

ρ20
20 = 1

5

[
2(1 − r)c3 + 3 rc5 + 2

√
6c3c5r(1 − r)

]
,

ρ21
21 = ρ2−1

2−1 = 1
10

[
1 + 3r + 2(1 − r)c3 − 2rc5

+ 4
√

(1 − c3) (1 − c5) r(1 − r) − 2
√

6c3c5r(1 − r)
]
,

ρ22
22 = ρ2−2

2−2 = 1
10

[
4(1 − r)(1 − c3) + r(1 − c5)

− 4
√

(1 − c3) (1 − c5) r(1 − r)
]
. (11)

If we assume only one {LSxlxly} = {2002} component in 5H,
the inclusive correlation spectrum over the angle θt can be
represented as

dW

dθt

∝
2∑

ML=−2

ρ
2ML

2ML

[
P

ML

2 (cos θt )
]2

sin θt . (12)

If the reaction corresponds to zero spin transfer, then the
alignment of the 5H states is complete, and the coefficients c3

and c5 should be taken as unity. Indeed, the total momentum
projections M = ±3/2, ±5/2 cannot be populated in such
case for zero geometry (or direct reaction). This leads to
ρ22

2 2 = 0. After that, condition can be obtained, under which
ρ21

21 = 0. This is r = 3/5, which is just the combinatorial value
for the 3/2+ and 5/2+ states, and it can also be easily inferred
from the total momentum degeneracy.

So, the assumptions of zero angle geometry (direct charac-
ter of reaction), the degeneracy of the 3/2+ and 5/2+ states,
and the �S = 0 transfer lead to a parameter free density
matrix. Under the assumption of Eq. (12) this results in the
correlation function

dW

dθt

∝ [
P 0

2 (cos θt )
]2

sin θt . (13)

It is clear that, already in the first approximation, this simple
picture provided by evident physical assumptions qualitatively
describes the main features of the experimental data (see
Fig. 4).

The behavior of the θt angular correlation in the above
chosen case of one component in the 5H WF, but in situations
of more general mixing between 3/2+ and 5/2+ states, is
illustrated in Figs. 7 and 8. The following aspects of the
distributions should be emphasized:

FIG. 7. Distribution over the angle θt for the interference of the
3/2+ and 5/2+ states as a function of phase φ

(1)
35 . The calculation was

made for the case of complete alignment, one {LSxlx ly} = {2002}
component, and r = 3/5.

(i) The picture with three strong peaks is not necessarily
expected in general case: over the broad ranges of
parameter space, qualitatively different distributions are
obtained.

(ii) In the case of pure 3/2+ (r = 0) or pure 5/2+ (r = 1) the
sharp oscillating pattern is not formed. In these cases there
are two or three small peaks on a large background. A
considerable mixing of states with different J is required
to get sharp oscillations.

(iii) In the case of triple-peak correlation all three peaks have
approximately the same heights. Any variation of the
ρ-matrix parameters does not allow one to vary consid-
erably the ratio of the peak heights.

The angular distribution over θt (Fig. 4) is stable above
2.5 MeV; below this value the peak at θt = 90◦ is enhanced.
We have found that the only physically justified way to enhance
strongly the central peak (θt = 90◦) is to mix the 3/2+ − 5/2+

FIG. 8. Distribution over the angle θt for the interference of the
3/2+ and 5/2+ states as a function of the 5/2+ to 3/2+ ratio r.
The calculation was made for the case of complete alignment, one
{LSxlx ly} = {2002} component, and φ

(1)
35 = 0.
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FIG. 9. Distribution over the angle θt for the interference of the
1/2+ g.s. with the mixture of the 3/2+ and 5/2+ states as a function
of phase φ13. The 3/2+ and 5/2+ mixture is fitted to the experimental
data at E5H ∼ 4.5 MeV. The fraction of the 1/2+ admixture is
w1 = 0.7.

doublet with the 1/2+ state. In this case the valleys between
peaks become less pronounced, but the central peak can
be much larger than the satellites. An example of angular
distribution dependence on the mixing parameters is given in
Fig. 9 for one selected case of the 1/2+/(3/2+ − 5/2+) ratio.
The contribution of the ground state of 5H in the low-energy
range can be deduced from this analysis.

V. DATA ANALYSIS PROCEDURE

In our analysis of the data we assumed that the amplitudes
are factorized [see Eq. (7)] into products of terms correspond-
ing to the internal motion of 5H (AJ

Kγ ) and terms corresponding
to the motion of 5H states as a whole (described by the
ρ-matrix). The analysis has been performed in the assumption
of complete degeneracy for the 3/2+ and 5/2+ doublet and
population of minimal magnetic substates (see also Sec. VI A).
This leaves only w1 and φ

(1)
1 in Eqs. (8) and (9) as free

parameters. The relative weight of the 3/2+ and 5/2+ states is
fixed by the vector coupling coefficients to be r = 3/5, c3 and
c5 should be taken as unity, and the relative phases φ

(1)
35 and

φ
(3)
35 should be taken as zero.

Experimental details (geometry, detection efficiency and
thresholds, beam and target parameters, energy and time
resolution, etc.) were taken into account by Monte Carlo
simulation. Due to a very complicated efficiency correction
the direct χ -square procedure is not applicable to the present
data analysis. Instead, the fitting procedure was done iteratively
with three steps at each iteration:

(i) The internal Enn distribution is fitted within definite E5H
bins. The coefficients of the expansion over hyperspheri-
cal harmonics are extracted.

(ii) Then the angular distributions in the 5H frame (again
within definite E5H bins) are fitted. Parameters of the
ρ-matrix are extracted.

(iii) Combining all the E5H bins, the profile of the 5H spectrum
E5H is fixed.

A. Internal energy distribution for 5H

Amplitudes AJ
Kγ were parametrized as products of slowly

and rapidly changing terms:

AJ
Kγ = aJ

Kγ (E5H) fJ (E5H);
∑
Kγ

∣∣aJ
Kγ (E5H)

∣∣2 = 1. (14)

The amplitudes were assumed to be the same for the 3/2+ and
5/2+ states. For the 1/2+ state, the energy dependence of the
amplitudes aJ

Kγ (E5H) was neglected. As it was not possible to
disentangle the contributions of the 1/2+ state and the 3/2+ −
5/2+ pair in the low energy region, coefficients a

1/2
Kγ were

chosen to give the same Enn distribution as the 3/2+ − 5/2+

doublet. Coefficients a
3/2,5/2
Kγ were fitted within several E5H

bins. They are provided in Table I. For MC simulation the
coefficients were linearly interpolated between the provided
values; beyond the range of Table I they were taken as constant.
The quality of the fit for the distributions over Enn can be seen
in Fig. 10.

Energy distributions provided by the coefficients from
Table I are shown in Fig. 11 for some energies E5H. These

TABLE I. Hypersperical decompositions of decay amplitudes aJ
Kγ ; coefficients are multiplied by a factor of 100. The weights of different

components are given for the ground state at E5H = 2 MeV and for the excited doublet at E5H = 5 MeV.

E5H (MeV)
K L lx ly Sx 2 3 4 5

Weight
(%)J

Re [a] Im [a] Re [a] Im [a] Re [a] Im [a] Re [a] Im [a]

3/2, 5/2 2 2 2 0 0 −48.26 0 −47.25 0 −48.61 0 −47.32 0 22.4
2 2 0 2 0 82.45 0 79.32 0 76.29 0 72.93 0 53.2
4 2 0 2 0 7.65 5.26 16.18 15.06 24.28 18.11 29.21 22.45 13.6
6 2 0 2 0 10.39 26.06 7.58 30.48 3.95 29.73 3.53 32.74 10.8

1/2 0 0 0 0 0 95.78 0 95.78 0 95.78 0 95.78 0 91.7
2 0 0 0 0 20.03 0 20.03 0 20.03 0 20.03 0 4.0
4 0 0 0 0 19.48 0 19.48 0 19.48 0 19.48 0 3.8
6 0 0 0 0 6.78 0 6.78 0 6.78 0 6.78 0 0.5
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(a)

(b)

(c)

(d)

FIG. 10. Relative energy spectrum for two
neutrons in 5H for different E5H energy bins.
Panels (a), (b), (c), and (d) correspond to the
0–2, 2–3, 3–4, and 4–5 MeV bins, respectively.
Diamonds show the data, and the gray his-
tograms are the results of MC simulation.

distributions are used as input for the MC simulation and can be
considered as efficiency corrected spectra. They demonstrate
quite a systematic evolution with 5H energy. This is also
reflected by the relatively weak dependence of the hyper-
spherical coefficients on energy. An interesting feature of these
distributions is the behavior of dineutron peak, which becomes
relatively narrower as E5H increases (see Fig. 10). However,
when plotted as a function of real energy Enn, the width of this
peak slowly grows and seems to be reasonably consistent with
the case of “bare” n-n interaction only for E5H ∼ 5 MeV. The
latter is given by a Migdal-Watson type expression,

dW

dEnn

∼ sin2 δ0(Enn)√
Enn

,

not limited in the sense of maximal n-n energy (see
Fig. 11, gray curve). A narrow (compared to Migdal-Watson)

FIG. 11. Evolution of the reconstructed (corrected for efficiency)
Enn distribution with energy E5H, and scaling of the n-n peak with
energy. The gray curve corresponds to “bare” case of final state n-n
interaction.

dineutron peak is the feature of 2n decays, which have already
been noted (see, e.g., Refs. [25,27]).

The hyperspherical decomposition of the decay amplitude
in Table I provides, on one hand, a compact and complete
representation of the experimental data. On the other hand, this
decomposition reflects the dynamics of the decay. Namely, the
dominant weights of the components with the lowest values
of hypermomentum K correspond to the lowest three-body
centrifugal barrier, and such large weights for minimal
K values are expected from theoretical calculations. As for
the higher order terms in Table I, having small weights,
they should not be straightforwardly compared with results
presented by theoretical calculations, because a truncated
hyperspherical basis has been obviously used in order to fit
the experimental data.

Complete description of the internal motion of a three-
body system with a given total energy can be done using
two variables. Together with variable Enn/E5H, describing the
energy distribution between the subsystems, it is convenient
to use the angle between the Jacobi momenta

cos(θk) = (k̂nn, k̂t−nn). (15)

The distributions over this variable are shown in Fig. 12 for
different energy bins. The dependence of this distribution on
energy is not significant. The angular dependence considered
at fixed energy values E5H is relatively weak: The T -like
configuration of outgoing particles (θk ∼ 90◦) is somewhat
more preferable than the linear configuration (θk ∼ 0◦). Such
features of this angular distribution have been already observed
in Ref. [4].

B. Angular correlations in the 5H c.m. frame

Figure 13 demonstrates the quality of the fit to the data
with and without taking the ground state into account. The
population of the doublet of excited states describes well
the data above 2.5 MeV with no free parameters in the
ρ-matrix [Fig. 13(c)]. Below 2.5 MeV the enhancement of
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(a)

(b)

(c)

(d)

FIG. 12. Distribution of particles in 5H as a
function of the cosine of the angle θk between the
relative momenta knn and kt−nn [see Eq. (15)]
for different E5H energy bins. Panels (a), (b),
(c), and (d) correspond to 0 − 2, 2–3, 3–4, and
4–5 MeV bins, respectively. (See notations in
caption to Fig. 10.)

the central peak cannot be fitted under this assumptions. A
natural suggestion of the population of the 1/2+ ground state
drastically improves the situation [see Fig. 13(b)]. The energy
dependence of the ground state phase φ1 was approximated
using the R-matrix expression for phase shift in the vicinity of
a resonance

φ1 = π

2
+ arctan

(
�g.s.

2(Eg.s. − E5H)

)
,

where Eg.s. = 1.8 MeV and �g.s. = 1.3 MeV.
Energy profiles fJ are presented in Table II. Figures 14 and

15 demonstrate the quality of the fits to the triton and neutron
angular distributions (respectively) in different bins of the 5H
missing mass spectrum. The efficiency corrected distributions
extracted from the data are shown in Fig. 16.

C. Missing mass spectrum of 5H

The missing mass spectrum of 5H is shown in the lower
panel of Fig. 17 together with the results of a MC simulation.
In the upper panel of Fig. 17 the reconstructed spectrum
(corrected for efficiency) and contributions of different states
are shown.

TABLE II. Energy profiles fJ of different states in 5H.

E5H f1/2 f3/2,5/2 E5H f1/2 f3/2,5/2

(MeV) (MeV)

0.25 0.0276 0.0316 2.5 0.486 1.45
0.5 0.0781 0.0707 2.75 0.437 1.64
0.75 0.160 0.224 3.0 0.400 1.80
1.0 0.268 0.316 3.5 0.376 2.11
1.25 0.388 0.500 4.0 0.338 2.35
1.5 0.532 0.632 4.5 0.315 2.50
1.75 0.611 0.806 5.0 0.300 2.54
2.0 0.608 1.02 5.5 0.283 2.57
2.25 0.545 1.24

In the high energy part, the spectrum differs considerably
from the reconstructed spectrum given in Ref. [6]. This is
connected with some improvements made in this work for
the efficiency treatment. The updated missing mass spectrum
seems to achieve the “saturation”: The peak energy is either
achieved in the vicinity of 5 MeV or is close to that. We do
not see the right slope of the excited states peak and cannot
make a reliable quantitative statement on this question. A peak
energy of 5 MeV or slightly higher looks reasonable.

VI. DISCUSSION

A. General notes

(i) We would like to emphasize once again that correlations
observed in the present experiment could arise only under
very specific conditions. Still many of these conditions
can be satisfied by a proper choice of the reaction and
experimental setup. Therefore the method proposed in
the present work could be adapted for other studies.

(ii) As it was mentioned above the experimental data repre-
sent the six-dimensional array of independent variables
showing rather strong correlations. Only the most repre-
sentative projections of the data are shown and discussed
in the paper. Nevertheless, we should note here that the
overall agreement in description of distributions of any
variables and their correlations has the same quality as
those illustrated in Figs. 10, 12, 14, 15, and 17.

(iii) The weight of the WF component with the spin of two
neutrons Sx = 1 (or in more detailed form {LSxlxly} =
{2111}) was found to be consistent with zero in this
analysis. This prescription was done due to a rapid
degradation of agreement in Figs. 15(c) and 15(d) for the
weight of this configuration exceeding some percent. An
analogous WF component in 6He is known to have weight
around 15%. Comparable weights of this component
are predicted in the theoretical calculations of 5H. The
absence of this component in the data can be connected
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(a)
(c)

(b) (d)

FIG. 13. Distribution over the angle θt in
5H for E5H < 2 MeV (left column) and E5H >

3.5 MeV (right column). The two rows corre-
spond to the fits without (a), (c) and with (b), (d)
the ground state contributions. (See notations in
caption to Fig. 10.)

with the small lifetime of 5H and specific reaction
mechanism (presumably direct nn transfer with �S = 0).

(iv) In the provided fit to the data the population of higher
magnetic substates in the ρ-matrix was neglected. It was
found that some admixture (but not more than ∼10%) of
such substates is possible; however, it does not improve
the agreement with data.

(v) Theoretical ansatz suggested in Sec. IV and the data
analysis procedure described above provide an excellent
fit to the data. Thus, we may conclude unambiguously that
the 3/2+ − 5/2+ doublet is predominantly populated in
this reaction, and these two states are energy degenerate
or close to that. Even if we cannot quote precise values
for the peak position and width, the analysis shows that
the observed missing mass spectrum (practically) reaches
its maximum value (see Fig. 17).

(vi) The complete missing mass spectrum for 5H itself is
smooth and does not show any evidence for the ground
state. However, the angular correlations could not be
reproduced without assuming the presence of a 1/2+ state
at about 1.8 MeV. This description may not be unique, but
we were not able to find consistent alternative explanation
for all available facts. At that point a comparison with the
first 3H(t, p) experiment [3] and more detailed look in
the missing mass spectrum of this work may be helpful.

B. Comparison with the previous 3H(t, p) experiment

The first study of the 3H(t, p)5H reaction [3] was performed
at the same beam energy as here, but with different kinematical
conditions. The recoil protons were registered in a forward
direction in the lab system. This resulted in a significantly
broader range of measured 5H energies, but the reaction

(a) (c)

(d)(b)

FIG. 14. Distribution over the angle θt in 5H
for different E5H energy bins. Panels (a), (b),
(c), and (d), correspond to 0–2, 2–3, 3–4, and
4–5 MeV bins, respectively. (See notations in
caption to Fig. 10.)
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(a)

(b)

(c)

(d)

FIG. 15. Distribution over the angle θn

in 5H for different bins in ε = Enn/E5H.
Panels (a), (b), (c), and (d) correspond to
0–0.1, 0.1–0.4, 0.4–0.6, and 0.6–1 bins, respec-
tively. (See notations in caption to Fig. 10.)

mechanism was difficult to identify. A peak with a small width
[� ∼ 0.5 MeV, see Fig. 18(c)] was observed at 1.8 MeV. Such a
low width is unexpected in theoretical models. It was suggested
that the width of the peak could be due to the interference of
the 5H ground state with other continuum states.

In fact, for missing mass spectra one would expect that the
contributions of states with different Jπ add up incoherently.
Integration over the whole angular range should provide
orthogonality for different Jπ . In the previous experiment [3]
the missing mass spectrum was constructed using coincidences
of decay products registered in a limited angular range. This
means that orthogonality is not provided and that states with
different Jπ may interfere. In the present experiment the
registration of 5H decay products was provided in a much
broader angular range. This reduced the interference effects in
the missing mass spectrum drastically (see Fig. 17).

The missing mass spectra of 5H are shown in Figs. 18(a) and
18(b) for two different bins in θt (lab). This figure illustrates

(a) (b)

FIG. 16. Reconstructed efficiency corrected distributions over the
angles θt [panel (a)] and θn [panel (b)]. The solid, dashed, dotted,
and dash dotted curves correspond to panels (a), (b), (c), and (d) in
Figs. 14 and 15.

the appearance of sharp interference patterns at the reso-
nance position when the experimental acceptance is limited.
The same spectrum, plotted for the whole range of accessible
angles, is smooth around 1.8 MeV (Fig. 17). The cuts were
chosen to enhance the rapid energy dependence around the
expected energy of the ground state. The spectrum shown
in Fig. 18(b) is consistent with the spectrum from Ref. [3],
reproduced also in Fig. 18(c). Figure 18(a) shows that the
spectrum obtained for different angular conditions may present
a dip instead of a peak at this energy. The MC simulation

FIG. 17. Upper panel: The reconstructed missing mass spectrum
of 5H, corrected for efficiency. The solid curve is the result of the fit
(the input for MC simulation). The dashed and dotted curves show the
contributions of the 1/2+ state and 3/2+, 5/2+ mixture, respectively.
Lower panel: The experimental missing mass spectrum of 5H. (See
notations in caption to Fig. 10.)

064612-12



CORRELATION STUDIES OF THE 5H SPECTRUM PHYSICAL REVIEW C 72, 064612 (2005)

(a)

(b)

(c)

FIG. 18. Panels (a), (b) show the missing mass spectra of 5H
obtained in the present work for the two different ranges of the angle
θt taken in laboratory frame. Panel (c) shows the spectrum of 5H
obtained in Ref. [3]. (See notations in caption to Fig. 10.)

nicely reproduces the peculiarities of the interference patterns
in Figs. 18(a) and 18(b). So, the result of the present and
previous experiments are comparable, the narrow structures
found for some angular conditions are connected presumably
with interference conditions, and the energy at which they are
observed is consistent with the quoted position of the ground
state of 5H.

C. Discussion of DWBA calculations

In Ref. [6] the suppression of the ground state population
in the 3H(t, p)5H reaction was explained qualitatively using
the “angular momentum mismatch” argument. This is a
quasiclassical speculation telling that, if one assumes that the
dineutron transfer takes place at a given impact parameter,
then the light proton cannot carry out of the system as much
angular momentum as the heavier triton projectile brings
in. For that reason �L = 0, and hence the ground state
population is suppressed as compared to the excited states
population. DWBA calculations (see Appendix) confirm this
idea. The behavior of the cross section dependence shown in
Fig. 20 illustrates the “angular momentum mismatch” prop-
erty, showing a strong peak at a nonzero transferred momentum
(�L = 3).

We draw also two important conclusions from these results:

(i) The ground state population (�L = 0 transition) has
a strong maximum at forward angles. However, even
in the range of small angles it is strongly suppressed

compared to the transition into the excited states (�L =
2). The calculated ratio σ2/σ0 = 44 corresponds well
to the population ratio, which was estimated from the
experimental data to be around 30 (σ0 = 150 ± 50 µb/sr
and σ2 = 4.6 ± 2 mb/sr, see also Fig. 17).

(ii) The DWBA calculations are nonspecific in the sense that
they do not imply that one state in 5H continuum is more
preferable than another. We see from Fig. 20 that states
with �L = 2–6 are well populated in this model. This
means that the strong population of states in 5H with
�L = 2, observed in this experiment, cannot be a kind of
“kinematical” effect connected only with peculiarities of
the reaction mechanism, but should have its origin in the
dynamics of the 5H system, enhancing some particular set
of quantum numbers.

D. Other experimental results

The idea to observe spin alignment in the decay of the
three-body states with total angular momentum J > 1/2 is
not new. A formalism for the analysis of decay data in the case
of spin alignment was presented in Ref. [31]. Some evidence
for spin alignment in the decay of the 6He 2+ state was obtained
in Ref. [27]. A triple peak angular distribution of α particles
coming from the decay of the 2+ state in 6He was reported in
Ref. [32]. The 2+ state of 6He in this case was populated in a
high-energy nuclear excitation reaction.

Important difference between the present results and the
mentioned works is that (i) we deal with a system of half
integer spin and (ii) we do not study alignment results for a
system of known spin, but infer the spin of a system assuming
alignment. Thus our work somehow “finalizes” the efforts
of the mentioned previous works, and for the first time it
demonstrates that quantitative results of significant interest
can really be extracted from data connected with the spin
alignment of a three-body system.

The 5H system has been studied in several experiments
providing sometimes contradictory results. The g.s. of 5H was
observed at E5H = 1.7(3) MeV with � = 1.9(4) MeV in the
proton pickup reaction 6He(p,2He)5H [2]. It is expected that,
due to similarities in the structure of 6He and 5H, the ground
state of 5H is predominantly populated in this reaction. From
the measured angular distribution of the diproton center-of-
mass evidence was inferred in Ref. [2] that �L = 0 was really
dominating in this reaction. The result of the present work
concerning the 5H g.s. energy is in agreement with Ref. [2].
Next to the ground state peak, a broad structure was observed
in Ref. [2] with a maximum at about 5 MeV. The right-hand
slope of this structure was formed by the decrease of efficiency.
So, the peak position of this structure, seen in the 5H spectrum
presented in Ref. [2], is not evident. However, the mere fact
that such a structure, lying in this energy range, was observed
in the 6He(p,2He)5H reaction is consistent with the results of
our current studies.

Meister et al. [4] studied the 5H continuum populated in the
reaction of high-energy proton knockout from 6He on a carbon
target. A broad structure was observed, with a maximum at
E5H = 3 MeV and typical width around 6 MeV. Due to the
presumable structure similarities between 6He and 5H, the

064612-13



M. S. GOLOVKOV et al. PHYSICAL REVIEW C 72, 064612 (2005)

population of the g.s. of 5H was expected to be dominant
also in this case. Moreover, �L = 0 is a typical feature for
this class of reactions. This statement is, however, not proved
experimentally. Theoretical estimates [14] show that the 5H
spectrum observed in this work can be explained assuming
some contribution of excited states. It was also shown in
Ref. [14] that the picture of internal correlations for 5H,
obtained in Ref. [4] does not contradict the population of
excited states. The results of our work confirm that the internal
correlations do not change drastically, when we compare
energy regions, where the contribution of the ground state
is important, and where there are only excited states [e.g.,
compare panels (a) and (d) in Figs. 10 and 12]. So, at least
in the 5H case, the internal correlations only cannot provide a
clear evidence for the angular momentum of the state.

In the pion absorption reaction 9Be(π−, pt /dd)5H, which
was employed in Ref. [5], one should not expect any angular
momentum selectivity, and all the low-lying states could be
present in the experimental data. In this experiment, the first
peak in the missing mass spectrum of 5H was observed
at E5H = 5.5 MeV with � = 5.4 MeV. Angular momentum
identification or correlation measurements were not made in
this work. It is not impossible that the first peak, was actually
formed by a broad overlap of the excited states in 5H. Then the
ground state could be “lost” in the slope of the well populated
excited states, as it happened in the missing mass spectrum
reported in the present work (see Fig. 17).

VII. CONCLUSION

In this work we have studied the continuum of the 5H
nucleus up to 5 MeV of c.m. energy. It was populated in
the 3H(t, p)5H transfer reaction using a 57.7 MeV triton
beam. The complete kinematics of the reaction has been
provided. Efficiency corrections have been made utilizing the
full information about the correlations of particles emitted in
this reaction. The results have been presented in analytical
form giving possibility for a straightforward comparison with
theory.

The energy spectrum of 5H obtained in this experiment
is quite featureless. However, a deep insight in the data
structure was possible due to the high statistics. A complicated
correlation picture, varying with the 5H energy, has been
observed in this reaction. It was explained in the present work
by several structural and dynamical factors: (i) comparatively
small c.m. angles of the outgoing 5H, (ii) direct one step
character of the reaction in the chosen kinematical conditions,
(iii) domination of dineutron transfer and hence �S = 0 in
this reaction, (iv) population of both the ground and excited
states of 5H, (v) domination of �L = 2 in the reaction and,
hence, the overwhelming population of the excited states,
(vi) energy degeneracy of the 3/2+ and 5/2+ doublet of excited
states.

The missing mass spectrum of 5H obtained in this work
shows a broad structure above 2.5 MeV. The observed very
anisotropic correlation pattern allowed us to identify this
structure as a mixture of the 3/2+ and 5/2+ states. Such
a unique spin identification of the three-body system using
information coming from the correlations is a novel feature

(a)

(b)

(c)

FIG. 19. (a) The DWBA calculations of the reference reaction
3H(4He, p)6H. Data are taken from Ref. [34]. (b) The optical model
fit made for the t-t elastic scattering data. Data are taken from
Yukhimchuk et al. (Ref. [18]). (c) The DWBA calculations of the
3H(t, p)5H reaction for different �L values. The star and triangle
show the experimental values of cross section for excited doublet and
ground state, respectively.

of the present study. It could possibly open the way to other
similar studies. The observation of sharply oscillating angular
distributions is a rare phenomenon for transfer reactions
involving particles with nonzero spin and is a clear evidence
that the 3/2+ and 5/2+ states are almost degenerate or the

FIG. 20. DWBA calculations of the 3H(t, p)5H reaction: de-
pendence of the integral cross section on the transferred angular
momentum �L. Statistical factors are taken into account.
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TABLE III. Optical-model parameters. Radial dependence of the OM potential has form V (r) = V vol
0 fV (r),W (r) = W vol

0 fW (r) +
W surf

0 gW (r), where fi(r) = [1 + exp(x)]−1, x = (r − Ri)/ai and gW (r) = 4|dfW (r)/dx|.

Reaction Ec.m. V vol
0 RV aV W vol

0 RW aW W surf
0 Rsurf

W asurf
W RC

(MeV) (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm) (fm)

4He + 3
He 13.66 −125.0 2.58 0.177 −1.6 5.40 0.800 3.29

4He + 3H 13.1 −100.0 2.58 0.177 −1.6 5.40 0.800 3.29
p + 6He 5.6 −56.0 2.05 0.690 −1.06 1.99 0.69 −7.70 1.99 0.69 2.36
p + 5H 20.1 −58.0 1.91 0.690 −2.53 1.85 0.69 −8.39 1.85 0.69 2.24
t + t 28.5 −57.4 2.74 0.720 −15.0 3.21 0.326 2.74

reaction mechanism causes a very specific interference of these
states.

The correlation picture at E5H < 2.5 MeV gives a strong
indication for interference between the low-energy wing of the
3/2+ − 5/2+ doublet and the 1/2+ ground state of 5H. The
ground state properties Eg.s. ≈ 1.8 MeV and �g.s. ≈ 1.3 MeV
were determined and found to be consistent with the previous
studies of this reaction reported in Ref. [3]. The small observed
width (� ∼ 0.5 MeV) of the 1.8 MeV g.s. peak of 5H found in
Ref. [3] is the result of interference with the other states in 5H
in the conditions of the limited acceptance of the experimental
setup employed in Ref. [3]. The present results obtained for
the 5H ground state are also in a good agreement with the data
of Ref. [2] giving the 5H g.s. at 1.7(3) MeV.

Even if the results of the present work do not solve all the
problems of 5H finally and beyond any doubt, they provide a
very strong support to the location of the 5H ground state at
about 1.8 MeV (with a width of about 1.3 MeV) and to the
presence of a doublet of practically degenerate excited states
at about 5–6 MeV.
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APPENDIX: DWBA CALCULATIONS

Code DWUCK5 [33] was used for the DWBA calculations.
Adaptation of the code for our case requires (i) to consider
the 5H∗ resonant state as a slightly bound one (E5H =
−0.1 MeV was taken), and (ii) to assume that the two neutrons
are transferred as a dineutron cluster. The dineutron wave

functions for the cases of 3H(= p + 2n) and 6He(= α + 2n)
bound states were parametrized with the depths, radii, and
diffusenesses of the binding potentials to give appropriate
asymptotic behavior and realistic value for the rms matter
radii of these nuclei.

To make sure that this scheme works properly we
tested the model for the reactions 4He(t, p)6He(g.s.) and
4He(t, p)6He(2+,1.8 MeV), studied in Ref. [34] at Elab =
23 MeV. The optical model (OM) potentials for the entrance
and exit channels were determined in the following way.
(i) Since elastic scattering data for triton on α particles at
a c.m. energy around 13 MeV were not found we used,
instead, data on the 3He + 4He elastic scattering at Ec.m. =
13.66 MeV [35]. (ii) The OM parameters for the entrance
channel t + t at Ec.m. = 28.5 MeV were extracted by a fit to
the elastic scattering data obtained in the experiment [18], see
Fig. 19(b). (iii) The parametrization of the global proton-
nucleus optical potential CH89 [36] (neglecting its spin-orbit
part) was used for the p + 6He reaction at Ec.m. = 5.6 MeV
to define the OM parameters for the exit channel of the
4He(t, p)6He∗ transfer reaction. (iv) The parameters of the
OM potential in the exit channel and form factors of the 3H
and 5H∗ bound states were chosen in the same manner as in
the case of the 4He(t, p)6He(2+) reaction. The parameters of
the OM potentials used are given in Table III.

Numerical calculations show [see Fig. 19(a)] that the model
reproduces well the data on the 4He(t, p) reaction in both
channels using the same OM potentials and varying only the
radii of the 6He(g.s.) and 6He(2+) form factors. Agreement
may be obtained if the radius of the 6He(2+) form factor
is taken almost two times larger than form-factor radius
of 6He(g.s.). The calculated cross sections for 3H(t, p)5H
reaction at the lab energy 57.7 MeV are shown in Fig. 19(c).
The dependence of these cross sections on the transferred
angular momentum �L,

σ�L = 2π

∫ 10◦

5◦

dσ�L(θ )

dθ
sin(θ )dθ,

is shown in Fig. 20 integrated over the angular range accessible
for protons in our experiment.
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