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Abstract. The experimental evidences for °H are discussed. The results of the recent experiments are con-
troversial. We make a comparison of the experimental data with theoretical calculations (L.V. Grigorenko,
N.K. Timofeyuk, M.V. Zhukov, Eur. Phys. J. A 19, 181 (2004)) and try to find a consistent explanation for
the current experimental situation. We conclude that more detailed experimental information is required

to resolve the existing experimental ambiguity.

PACS. 21.45.4+v Few-body systems — 21.60.Gx Cluster models — 25.10.+s Nuclear reactions involving

few-nucleon systems

1 Introduction

In paper [1] we have addressed some general and qualita-
tive questions of treatment of the broad few-body states.
We have found that the broad structures in the few-
particle continuum could have quite a specific nature and
qualitatively different dynamics in comparison with ordi-
nary nuclear states. They could be caused, for example,
by slow motion in the internal region and tunneling be-
tween multiple channels, rather than reflection from some
potential barrier. It was shown that for broad few-body
states all the three ingredients of reaction theory become
important: i) initial structure, ii) reaction mechanism, and
iii) final-state interaction (FSI).

Studies in paper [1] were carried out mainly on the
example of °H. They were, actually, inspired by the recent
revival of interest to this system, both experimental [2-4]
and theoretical [5-8]. The experimental situation appears
to be extremely complicated, so this paper is dedicated
solely to the discussion of experiments and attempts to
understand their relation with theoretical predictions [1].

There is also some methodological issue which is rele-
vant to many experiments studying the states with multi-
particle decay channels. For broad states the experimen-
talists are ordinarily testing the data for deviation from
phase volume. This is not always done in a formally correct
way. For example, the final-state interaction amplitudes
may sometimes be used, which do not take into account
Pauli principle for the decay products properly. The use of
the hyperspherical decomposition of amplitudes for decay
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Table 1. The experimental results on °H ground-state energy
and width (given in MeV). Er is the energy relative to the
t +n + n threshold.

Paper Er r Method
Adelberger [9] > 2.1 3He(*He, n)°Be
Young [10] 2.15 1.5 3¢, p)°H
Gornov [13,14] 7.4(7) 8 9Be(n™, pt or dd)°H
Aleksandrov [16]  5.2(4) 4 "Li(°Li, ®B)°H
Korsheninnikov [2] 1.7(3) 1.9(4) p(°He, 2p)°H
Gornov [18] 5.5(2) 5.4(5) °Be(r, pt or dd)°H
Golovkov [3] 1.8(1) < 0.5 3H(t, p)°H
Meister [4] 3 6 12C(%He, *H)X

products allows to avoid this problem and makes a connec-
tion with theoretical calculations quite straightforward.

The results of conclusive experiments [9-16,2-4] con-
cerning °H are listed in the table 1. There is also a number
of experiments, where °H has not been observed. In the
others the authors are cautious about their results and
claim a low confidence level. A lower limit on the mass of
°H was obtained in [9] from the absence of sharp structures
in the “mirror” *He(*He, n)°Be reaction up to 4.2 MeV.
This implies that °H is unbound by at least 2.1 MeV. Ac-
cording to [15] nothing except the phase space, modified
by dineutron decay was found in the pion absorption re-
actions %Li(7~, p)°H. The point of view of [15] on their
data was opposed in [17,6]. It was demonstrated in [17]
that the spectrum in [15] allows different interpretations
including one with a state in °H. It was found in [6] that
“dineutron” emission, if considered correctly, should lead
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to a significantly smaller impact on the phase volume than
was estimated in [15]. A 5H state candidate with a reso-
nance energy Br = 7.4+ 0.7 MeV, I'=8 + 3 MeV was
detected in the Be(mr~,pt)°H reaction [13,14]. The new
measurement of the same reaction (with better resolution
and statistics) gives peaks at 5, 10, 18, and 26 MeV [18].
In the “Li(°Li, ®B)°H reaction [16] a resonance at about
Etr = 5.2 MeV, I' = 4 MeV was observed. Sharp peaks
corresponding to the ground state of H were observed in
p(°He, 2p)°H [2] and 3H(¢, p)°H [3] reactions at the ener-
gies B = 1.74£0.3 and Er = 1.84+0.1 MeV. These results
agree reasonably with each other. The high-energy experi-
ment ?C(®He, °H)X [4] shows only a broad peak at about
3 MeV. A detailed discussion of the recent experiments is
provided below in this paper.

2 Discussion of the °He(p, 2p) reaction at
36 MeV/u

The experiment [2] was a missing-mass measurement,
where the role of the recoil particle was played by two
protons measured in coincidence. The empty histogram in
fig. 1 shows the °H spectrum [2] measured in coincidence
with the triton from the decay of the residual °H sys-
tem (to eliminate the background from the empty target
measurement). The authors investigated carefully various
kinds of the t+n+n continuum and came to the conclusion
that the upper part of the spectrum could be attributed
to different processes, where the full t + n + n final-state
interaction is not incorporated. Consequently, the authors
of [2] interpreted the 2 MeV peak in the spectrum as a
state in °H. Fitting the total spectrum they got for the °H
state a resonance energy Fr = 1.74+0.3 MeV and a width
I' = 1.9 £ 0.4 MeV. There is another essential piece of
information in ref. [2]. Namely, the energy distribution be-
tween protons and the angular distribution of the “dipro-
ton” have been deduced from the data. These distributions
give evidence that the transferred angular momentum in
the reaction is zero. So, we can expect that the low-energy
peak corresponds to the 1/27 ground state of °H.

We would like to apply our “model with source” ap-
proach (MWS, see sect. 3 of ref. [1]) for the description of
this experiment. However, before we apply the MWS a few
words of precaution are needed. In the derivation of the
source, which is one of the main ingredients of our model,
we assume a sudden removal of a proton from the alpha
core in He. In the experiment [2] the incident SHe energy
is not very large (giving about 10 MeV energy above the
(t+2n+2p) threshold in the center of mass). So, MWS, if
applicable at all, should be applied only to the low-lying
part of the spectrum in fig. 1, where the “diproton” c.m.
is moving with relatively large velocity relative to the °H
c.m. In this section we consider only the part of the spec-
trum, which corresponds in the framework of the MWS to
the 1/2% ground-state 5H system.

We can see in fig. 1 that the experimental peak position
is much lower than the “usual” 3.2-3.5 MeV obtained with
a full SHe WF source in MWS (solid curve). There can be
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Fig. 1. The experimental data taken from ref. [2] are shown
by the empty histogram. The gray histogram shows the same,
but with some smooth subtraction of the high-energy contri-
bution (there could be different versions of such subtraction;
it is shown only for convenience). The solid and dashed curves
show the full MWS calculation and K = 0 in the source (the
same curves as in fig. 3a in [1]). The dotted curve is obtained
with a full °He source but the system is artificially bound by a
three-body force. In the upper plot the theoretical curves are
shown. In the lower plot they are given after convolution with
experimental resolution, efficiency, and energy cut-offs.

two explanations for this situation connected with °H itself
and with the observation conditions: i) In reality the °H
ground state is more bound than what we can obtain in
a cluster model. ii) Our structure model is adequate, but
the reaction mechanism shifts the peak to a lower energy.
The options i) and ii) can be distinguished experimentally,
as they provide, according to our calculations [1], different
correlation spectra (see fig. 4 in [1]). No such information
is available in experiment [2].
For scenario i) there can be two reasons:

a) The cluster model is adequate, but the interaction in
the t-n channel is actually more attractive than what was
used in refs. [19,20,6]. This can easily be checked. To pro-
vide the 1.8 MeV ground state in °H we need to have a
ground state in the *H subsystem at 1.4-1.8 MeV, which
is lower than the typical experimental values around 2.5—
3.2 MeV. At the same time note, however, that in [4] *H
has energy 1.6 MeV.

b) There is an extra attraction in the system, and its rea-
son is beyond the cluster model (say, 5-nucleon effect). It
is well known that the ®He nucleus in the three-cluster
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models with a-n interactions fitted to experimental data
is underbound by about 700 keV. Somewhat stronger po-
tentials in this channel are used to get the experimental
binding of ®He ([21] and references therein). We can use
a phenomenological attractive three-body potential (see
eq. (10) in [1]) to lower the peak position in the H spec-
trum (dotted curve in fig. 1).

For scenario ii), again, two situations should be distin-
guished:

a) It was shown in [1] that a selective population of com-
ponents of the "H WF can lead to strong variations in
the spectrum (see fig. 4a in [1]). Calculations without any
modification of interactions, but with a population of the
K = 0 component in °H only are consistent with the
experimental spectrum observed in [2] (dashed curve in
fig. 1).

b) The spectrum of °H can be modified by interaction with
recoil particles. This possibility is the most unpleasant
situation and it is discussed separately below.

2.1 Spectrum modification due to interaction with
recoil particles

Careful studies have been performed in [2] to assure that
the 1.7 MeV peak in the spectrum cannot be connected
with pairwise FSI in the subsystems or with known states
in ®He and °Li. More complicated reasons, however, can-
not be excluded by such an analysis. The total c.m. energy
available for 5 particles (2p, 2n, and t) is about 10 MeV
in the reaction [2]. This means that for H events, stem-
ming from the Fp = 1.7 MeV peak, the neutrons have on
average about 1 MeV energy, while protons have on aver-
age about 4 MeV. For a relative energy of 4 MeV between
triton and proton the states in the a-particle (broad 1~
and tail of broad 27) can be populated. At this energy
the protons spend only twice less time in the interaction
region than the neutrons. For these reasons the internal
motion of °H cannot be expected to be well factorised
from the motion of the recoil 2p system (see the discus-
sion of possible model approximations in appendix B of
ref. [1]). In this situation we cannot exclude that the shape
of the spectrum is strongly influenced by the simultane-
ous combination of pairwise interactions (say, 5-body FSI:
t+2n+ 2p), not just by one of them or only by a selected
set of FSIs (say, only those which form °H).

Theoretical calculations of such effects are beyond our
abilities. We can only illustrate this point qualitatively by
analogy with the experimentally studied and theoretically
well-understood situation in the decay of the °Be g.s. If
we attempt to study the FSI between two protons in this
decay, there is a problem. The peak that can be associ-
ated with a “diproton” can be found in the missing-mass
spectrum of the “diproton” (reconstructed from the a-
particles) at an energy twice lower than the maximum in
the “bare diproton” (as given by the proton-proton cross-
section). One can interpret this result as follows: the inter-
action with the recoil particle (the a-particle in this exper-
iment), under the condition of small total energy available
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Fig. 2. Spectrum of proton-proton relative motion. Experi-
mental data: missing-mass spectrum of two protons from the
decay of the °Be g.s. [26]. The solid curve shows three-body
decay calculations [33]. The dashed curve is the proton-proton
s-wave scattering cross-section.

to all particles, leads to a significant lowering of the peak
in the missing-mass spectrum of the unstable system (p-p
in this reaction). Another interpretation is that this spec-
trum reflects the structure of the Be g.s., which is domi-
nated by p-waves, which, together with the Pauli principle,
are responsible for the double-hump structure in the spec-
trum shown in fig. 2. Whatever the interpretation is, in
fact this spectrum does not provide straightforwardly the
information about the decay properties of the p-p system.
The analogy of the ®Be case with the experiment
from ref. [2] is supported by similar energy conditions:
Esy/Esygop, = 0.17 and E,,/Epprq = 0.19. However,
there is some argument against such interpretation: the
energy spectrum of the diproton (which is a recoil parti-
cle in this experiment) is not modified compared to the
“bare diproton” (p-p scattering). Anyhow, a possibility of
the spectrum modifications induced by interactions with
the recoil cannot be entirely proven or disproved by spec-
ulations. In any low-energy experiment such possibility in
principle exists. It can, however, be rejected experimen-
tally if the same experiment is performed at different en-
ergies and the peak position remains at the same place.

3 Discussion of the °He(!2C,> H)X reaction at
240 MeV /u

The high-energy experiment [4] is well suited for compar-
ison with the MWS reaction model. In this experiment all
the fragments from the °H system after proton removal
from SHe were registered in coincidence and the full kine-
matics of the reaction was reconstructed. The average mo-
mentum transfer to the °H center of mass in this reaction
was below 40 MeV /¢, which means that an approximation,
in which the source function can be represented in the fac-
torised form (see eq. (26) in [1]) works well. The efficiency
corrected invariant-mass spectrum from this experiment
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Fig. 3. Invariant-mass spectrum of °H from [4]. The solid curve
corresponds to the full MWS calculation (it is the same as the
solid curve in fig. 1). The dashed and dotted curves show the
partial contributions of components with amplitudes Ag (1)/020

and A} (1)/020 (see text).

is shown in fig. 3 together with the MWS calculation. The
spectrum shows a broad peak at about 3 MeV. The agree-
ment with the MWS calculation is good.

3.1 Three-body momentum distributions

The availability of full kinematics data with large accep-
tance makes possible to recover the full momentum corre-
lations. For three (and more) products in the final state
the differential cross-section can be expanded on a set of
hyperspherical amplitudes. This kind of experimental data
analysis was suggested in [22] and was realized for the first
time in [23]. The method was used in the analysis of the
experimental results for decays of narrow Be 07, Be 2%,
SHe 2% states [24-29] and Be 5/27, B 5/2 states [30].

The cross-section depends on the Jacobi momenta k,
and k, conjugated to Jacobi vectors (see fig. 13 in [1]). In
the coordinate system, where the axis z is collinear with
the vector k, and after summation over unobservable spin
variables the cross-section can be written as a function of
three variables: the total energy Er, the energy distribu-
tion e = E,/Er = sin? 0,, between subsystems, and the
angle ¢, = cos § between vectors k, and k,. Using egs. (6),
(7), and (15) from [1] we get

a3 2Fr
dETdi:dck =\ 3 Ve =9 > 2

LSS, KK’ L1 L1

’ * 10, loly
x (AR5 (Br)) ARSE (Br) v (0)052 (61)
Z;J[y Lm Lm m pm m pm
X 2L+l zm: Cz;mlgjoczxmlyo Ny B () NP (cx)

(1)

where j is the current through the hypersphere of large
radius (which is proportional to the cross-section) and
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Table 2. Parametrization of the measured momentum distri-
bution for °H in the “T” Jacobi system [4]. The total probabil-
ity is normalized to unity. The same values for the calculated
distributions are given in column “Th.”. The relative internal
normalization of the corresponding components of the WF's for
°H and ®He are given in columns N(°H) and N(°He).

Parameter Exp. Th. N(°H) N(°He)

Aooo |2 0.18(3) 0.360 0.154  0.041

Ao |2 0.45(2) 0.430 0.652  0.773

AT 0.37(4) 0.111 0.116  0.146
Ad00 Aooo /[ Aaoo | [Aono | 0-48(3) 0.976

N{"P/™(cy) are the Legendre polynomials normalized to
unity. The detailed discussion of the three-body correla-
tions with application to two-proton radioactivity can also
be found in [31].

The spectra of the particles cannot be used straight-
forwardly for comparison with theory due to complicated
corrections for experimental setup efficiency. In paper [4]
the experimental data in the interval 1-5 MeV were fitted
with a minimal set of three-body decay amplitudes, using
a procedure taking into account the properties of the ex-
perimental setup. Due to comparatively low statistics the
correlation functions had to be averaged over the energy:

d3j

5
W N O
(&) /1 TAEr de dey

Under the assumption that all the amplitudes have the
same energy dependence (and correspondingly phases are
energy independent) the integrated correlation density
function W (e, ¢z ) can be expressed via amplitudes A, aver-

aged over the energy interval: Zﬁff; = (Aflf lS; (Er)) By
It should be understood, however, that the amplitudes
found in theoretical calculations have different depen-
dences on energy and these differences are not negligible
(see, for example, dashed and dotted curves in fig. 3).

It was found in [4] that a set of four lowest hyperspher-

KSS,

ical amplitudes Alely can reproduce the experimental

momentum distribution with x? below unity.

Wi o) = /=) 821 - )1 - ) [Ain

’ 2

n \zgﬁg 902 — )AL 4

2
e(l— s)ckzﬁff‘ } (2)
Ounly the component with total spin S = 1/2 is required
for the fit. The amplitudes AJ5) and A27]l are the same
both in the “T” and “Y” coordinate systems. The ampli-
tude A27Y should be zero in the “T” Jacobi system due
to the Pauli principle between two neutrons. This leads to

condition
APV JAES) = —0.96825/0.25

in the “Y” Jacobi system according to Raynal-Revai co-
efficients. This leaves us with four real independent coef-
ficients in experimental fit, which are listed in table 2.
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Fig. 4. Momentum distributions calculated for the *H 1/2% state (integrated in the range 1 < Ep < 5 MeV, see fig. 3) in
the “T” (a) and “Y” (b) Jacobi systems. Relative differences between calculated and fitted distributions taken from ref. [4] are

given in the “I” (c) and “Y” (d) Jacobi systems.

In fig. 4 the correlation functions (calculated for the
solid curve in fig. 3) are shown in the {e, ¢x}-plane both
in the “T” and “Y” Jacobi coordinate systems. The spec-
tra projected on the € and ¢j axis are shown in fig. 5.
Because it is visually difficult to find much difference with
the fitted experimental distribution eq. (2) we show in the
second row of fig. 4 the relative difference between theo-
retical and experimental distributions (Wi, — Wexp)/Win.
The observed deviations are generally rather small: they
are mostly below 25% and only in some places they exceed
50%. Such agreement is quite interesting considering the
simple reaction model used and the quite large uncertain-
ties in the experimental data.

3.2 Qualitative features of the correlations

The distributions show the following main features. There
is a strong evidence for a n-n final-state interaction both
in “T” and “Y” systems. In “T” system the energy distri-
bution has a broad peak at small energy between neutrons
(fig. 4(a)). In the “Y” system this corresponds to a peak

at angle 6 about 7 (fig. 4(b)), which means that momenta
of neutrons are practically colinear. The energy distribu-
tion between two neutrons also has a broad component
which reflects the initial structure of ®He dominated by
K = 2. The first example of such broad distribution was
obtained in [24,26] for the decay of the Be ground state
and characterized as “democratic decay”.

The projected energy distribution between n and ¢
fig. 5(a) is quite broad and symmetric. Still its shape is
clearly distinguishable from phase volume /e(1 — ) and
is quite close to the shape expected for p-wave emission
(e(1 - 5))3/ ®. It is interesting to note that small asym-
metry, shifting the peak position to higher n-t energies is
connected with the small mass of the core. This can be
illustrated by the simple limiting case: if we assume zero
energy between two neutrons (E, = 0 in the “T” system)

then the energy between core and neutron (E, in the “Y”
system) is

A, +2
A+ 1

E
E, = TT =0.625Er . (3)



424

(9}
T
N
\
I
/

Distribution W
(]
O
AN
AS
7

1.0

12, (b)

Distribution W

Fig. 5. Projections of the distributions of fig. 4 on the F,/Er
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curves are for “Y” Jacobi systems. Phase space (dash-dotted
curve) and p-wave emission (dotted curve) are depicted in (a)
for comparison.

The energy distribution fig. 5(a) in the “T” system has a
strong peak at low m-n energy, so the maximum in the
distribution in the “Y” system is shifted to ¢ = 0.57.
Core-N distributions calculated for decays of heavier sys-
tems (two-proton emitters [32,33]) show a very high de-
gree of symmetry.

One can see from table 2 that the calculated lowest am-
plitudes differ strongly from the corresponding ones fitted
to the experimental data. If we use only these theoreti-
cal amplitudes, the obtained distribution will be strongly
different from the measured one. However, the total calcu-
lated distribution has a very high identity with the fitted
one. This is due to 10% contribution of higher amplitudes
(not shown in the table) in the distribution. This means
that the physics underlying the measured distribution is
different from the one deduced from experiment using the
assumption that the FSI does not modify the weights of
components significantly. If we consider the fitted ampli-
tudes, we see a strong enhancement of the S, = 1 configu-
ration compared to the initial *He WF. Such enhancement
has no qualitative explanation in a simple reaction mecha-
nism, ordinarily assumed for such a reaction. If we look at
the evolution of the calculated values in table 2 (normal-
ization of components in *He — internal normalizations
in °H — decay amplitudes in °H), then it is quite natu-
ral: the S, = 1 component is stable, but there is a strong
change of the K = 0 component. The K = 0 component is
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quite suppressed in He due to Pauli principle. It is larger
“inside” °H as it is a more diluted system, and asymp-
totically the K = 0 amplitude contributes more than one
third to the total decay probability.

The calculated dependence on the angle 6 in the “T”
system has on average shape close to

W~ 11— Cycos?(6), (4)

see fig. 5(b). In the fitting procedure this results in a large
contribution of the S; = 1 component. This component
is the only in the fit which has the required dependence
on 6 (see eq. (2)). In calculations this dependence has a
different physical origin as the S, = 1 component is quite
small. The coefficient Cs has a strong dependence on the
energy between the neutrons. This can be seen in fig. 4(a).
There is a minimum at € ~ 0.55-0.65. It is easy to find
out that at angles # = 0 and # = 7 (one of the neutrons is
flying out in the same direction as the triton) neutron and
triton will have the same velocities as the energy between
neutrons is given by eq. (3) to be ¢ = 0.625 (but now
in the “T” system). At small relative momentum neutron
and triton should “feel” only mutual repulsion due to Pauli
principle. So, in the calculations the dependence of eq. (4)
comes mainly as a result of the dynamic treatment of Pauli
repulsion in the ¢-n channel and only partly as a result of
the population of the S, = 1 component which naturally
has such dependence.

3.3 Possibility of the alternative interpretation

Good agreement between theory and experiment is found
above not only for inclusive characteristics (invariant-mass
spectrum) but also for highly detailed particle correlation
data. It seems that we have a good understanding, both
qualitative and quantitative, of all features of correlation
spectra. However, it should be understood that the given
analysis of the experimental data does not exclude a com-
pletely alternative interpretation of the data.

Let us look on the correlation function for excited
states of SH:

2 2502 —
Wie.on) = oo v/alT—a) {22250+ 2002 [ 33
— 2 _ 2
+e(l— )3+ a) [Apy | +5:01-)(1 - ) [0
—250 —250\ —250
+4+/2¢(1 —€)ci Re [(514220 +(1— 5)A202) A211}
—250—250
+ 26(1 —¢)(3¢{ — 1) Re [A202 A220} } ;

‘ 2

(5)

where S = 1/2 is assumed. As far as this function is ob-
tained by spin averaging, it is the same both for 5/2%
and 3/2% excited states of °H. The basis truncation here
is the same as in formula (2), so the fits are expected to
have the same quality. Again, as in the case of the 1/2%
state, the Pauli principle excludes the amplitude A7) in

the “T” system and the amplitude A37] is the same in the
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Fig. 6. Projected distributions in the “T” system (FE, is the
energy between neutrons). Comparison of calculations for 1/27F
(solid curve; the same as in fig. 5(a)), experimental fit assuming
1/2% (dashed curve), experimental fit assuming 5/2% (dotted
curve).

“T” and “Y” systems. The rules for transformation of the
amplitudes to “Y” system are:

A250 = 0.375 A350 + 0.625 A%50
AZ59 = 0.625 A259 +0.375 AZ5Y
AZP = 0.68465 (4350 — A355)

With coefficients |A359]> = 0.325, |A359]2 = 0.672,
—250—250 ,,—2S0, —250
‘A§f11|2 = 0.003, Agag Azgz /|As20|[Azg2 | = —0.65 we can

obtain a fit, which is quite close to the fit assuming 1/2%
state. The maximal difference between these fits can be
found for relative energy distribution in the “T” system
(see dashed and dotted curves in fig. 6). It is actually not
very significant considering statistics in this experiment.

If the ground state of °H is in reality located at about
2 MeV, then we can expect excited states to be at about
4 MeV (5/2%) and 6 MeV (3/2%). This comes out if we
scale the spectrum obtained in [6]. In such case it may hap-
pen that the invariant-mass spectrum [4] is significantly
influenced by excited states of >H. How this situation may
look like is shown in fig. 7. The dotted curve shows the
1/27 state contribution consistent with the results of [2].
Contributions of excited states given in this figure are
also artificially shifted towards lower energies. We have
to enhance them also several times, as model [1] predicts
smaller population of excited configurations than required
for such interpretation. In experiment [2] the spectrum
of the recoil “diproton” particle was shown to be consis-
tent with transferred angular momentum Al = 0. For the
knockout reaction of [4] we also expect Al = 0, but on
the basis of the available data, we cannot exclude Al = 2.
This possibility for the interpretation is shown in fig. 7. To
be confident about Al = 0, the momentum distribution of
the °H center of mass should be studied.

We see that both theory and analysis of experiment [4]
favour the ground 1/2% state at about 3 MeV, but an in-
terpretation consistent with experiment [2] (ground state
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Fig. 7. Invariant-mass spectrum of °H from [4]. The dotted
curve is the same as in fig. 3. The dashed curve is the con-
tribution from the 5/27 and 3/27 states of °H multiplied by
an arbitrary coefficient. The solid curve is a sum of the three
low-lying states.
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Fig. 8. Invariant-mass spectrum of °H from [3]. The solid and
dotted curves are the same calculations as in fig. 1, but cor-
rected for experimental efficiency. The dash-dotted curve is the
sum of the dotted curve and possible contributions of other
than °H population reaction mechanisms as they are given in
ref. [3].

at about 1.7 MeV) cannot be completely excluded by these
results.

4 Discussion of t(t, p) reaction at 57 MeV

The missing-mass spectrum of °H from [3] can be found in
fig. 8. This spectrum features a broad bump at 3-4 MeV
and narrow peaks at 1.8 MeV and 2.7 MeV (much less re-
liable) whose signatures have quite a low statistical confi-
dence. The widths of the narrow peaks (less than 0.5 MeV)
are comparable with instrumental resolution in this ex-
periment, so underlying structures should be even more
narrow.
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One can see in fig. 8 that calculations which are consis-
tent with experiments [4] (solid curve) or [2] (dotted curve)
after experimental efficiency is taken into account produce
peaks at different energies. The widths of the theoretical
peaks are also too large to match the experimental widths
even without any experimental resolution taken into ac-
count. It means that if such narrow structures really exist
they are beyond the cluster model we use.

Significant difference of experiment [3] from experi-
ments [2,4] is that it is a transfer reaction, not a proton re-
moval. This mechanism does not suggest much selectivity
in the sense of transferred angular momentum. It is pos-
sible that the ground-state population is hindered in this
mechanism. A simple idea about such hindrance is given
by angular-momentum combinatorial factors, which give

[(2-5/2+1)+(2-3/24+1)]/(2-1/2+1)=5

times more feeding to excited states 5/2 and 3/27 states
of 5H. It is clear from fig. 8 that these excited states should
be essential for the interpretation of this experiment.

No correlation spectra are available for the peaks in [3]
due to low statistics and problems with quasi-free scatter-
ing. So, no more detailed studies can be carried out here.
Studies with better statistics are clearly required to reject
or to confirm 1.8 MeV and 2.7 MeV peaks.

5 Conclusion

The interpretation of the current experimental situation is
complicated. It is very difficult to find a non-contradictory
scenario for all experimental data. One possible explana-
tion is that the °H ground state is located at 1.7 MeV, ex-
cited states at 4-6 MeV and that in experiment [4] mainly
excited states are populated. In that case our theoretical
model requires that extra binding is added. The other pos-
sibility is that the ground state of °H is at about 3 MeV, as
predicted by theory, but for low-energy experiment [2] the
peak position is modified. Such modification can be due to
selectivity of the reaction mechanism (as was shown in [1])
or because of a non-negligible interaction with recoil par-
ticles. The existing experimental evidence does not allow
to exclude completely either of these scenarios.

We find the current situation unsatisfactory, so a fur-
ther experimental clarification is due. We think that in
understanding of the °H system we have come to a po-
sition, when to improve things we need highly detailed
information: precise invariant-mass data in a broad en-
ergy range. From the theoretical point of view it is very
important that correlation spectra of the particles from
5H decay become available; we have shown above and in
the paper [1] that they make interpretation of the data
much more unambiguous.

The optimal experiment to resolve the existing exper-
imental puzzle could be one combining feature of the ex-
periments [2,4]. For example, proton knockout on a proton
target, but at a larger energy than in [2].
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