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Abstract

The unbound hydrogen isotopes 4°H have been studied in the one-proton knock-
out channel of ®He (240 MeV /u) impinging on a carbon target. The triton fragments
originating from this channel were detected in coincidence with neutrons. Relative
energy spectra as well as energy and angular correlations have been studied for the
t+n and t+n-+n systems. The analysis of the energy and angular correlations by
the method of hyperspherical harmonic expansion allows to determine the relative
weights of the most relevant partial waves in the three-body t+n+n final state. It is
shown that the neutrons to a large extent occupy the p-shell and that the I™ = 1/2%
state is strongly populated as expected for the H ground state. No evidence for
a narrow resonance in the t+n+n system is obtained, instead a broad structure
peaked at 3 MeV above the threshold with about 6 MeV as a full width at half
maximum is observed. The two-body t+n system reveals a resonance compatible
with earlier results for 4H.

Key words: PACS number(s): 27.10+h, 25.60.Gc

1 Introduction

Experimental studies of heavy hydrogen isotopes (4<A<T7) have recently at-
tracted much interest and some intriguing results have been reported. The
structure of a heavy hydrogen nucleus is expected to be similar to that of
neutron-rich helium isotopes, namely, an inert core surrounded by valence
neutrons [1-3]. The 5H isotope, with an even neutron number, could be less
unbound than %H or even *H due to the neutron pairing energy. However,
the width of this state, estimated in a conventional R-matrix approach is ex-
tremely large (10-15 MeV) due to the absence of Coulomb and centrifugal
barriers in the ¢+ di-neutron channel [1,2]. For the isotopes with odd neutron
number (*H and %H), the experimental studies revealed their ground states as
comparatively narrow resonances at 2-3 MeV above the dissociation thresh-
old [1,4]. The experiments aiming at an identification of 5H have, however,
given contradictory results [4-7]. Several attempts to find this resonance in
different types of nuclear reactions have been unsuccessful. Evidence for °H as
a broad state at 5.2(4) MeV was obtained in the “Li(®Li,®B) reaction [8]. A re-
cent experiment reports the ground state at 5(1) MeV with a width of 3 MeV
in °Be(7~,pt) and °Be(7w~,dd) reactions [5]. However, a peak in a spectrum of
protons from the *H(t,p) reaction, consistent with a 5H state at 1.8 MeV, was
found in Ref. [9]. The observation of the °H ground state at 1.7(3) MeV with
the width 1.9(4) in the ®He(p,2p) reaction was reported [6] about a year ago.
The most recent experiment, again using the 3H(t,p) reaction revealed a peak
in the experimental spectra of protons consistent with a H resonance at the



same energy as in Ref. [6] but with a width less than 500 keV [7].

The main experimental method for the identification of the unbound H iso-
topes in the experiments mentioned above is the missing-mass method com-
bined with an analysis based on deviations of the measured spectra from phase
space evaluations. However, this method should be used with caution at low
energies when many particles are present in the final state, since the phase
space may be modified by different types of inter-particle interactions or ex-
citations of intermediate fragments and their subsequent decays. There are
many cases where the reaction mechanism might mimic a resonance in the
experimental spectrum, see e.g. Ref. [10]. At very high energies, the reaction
mechanism is much simpler than at low energies. The nucleon knockout chan-
nel dominates, and by a selection of a structurally close projectile, resonances
observed by means of a relative energy measurement are almost free from
background due to other reaction mechanisms [11,12].

The t+n+n data presented in this paper were obtained in proton knockout
reactions from a 240 MeV /u ®He beam in a carbon target. Nucleon knockout is
the dominant reaction mechanism at this energy, and Glauber type models are
well suited to describe the data. The ®He structure is predominantly an inert
a-core with two valence neutrons in the p3/-shell with their momenta coupled
to zero [13]. A sudden knockout of a proton from the alpha particle will result
in a system with a triton and two valence neutrons in the same configuration
as they had in the projectile. Thus the most likely ground-state configuration
of °H, i.e. a triton coupled with two ps/» neutrons to spin I"=1/2% is already
preformed. The *H resonance with a triton core and one neutron in the ps/o-
shell was also investigated from the same data by selecting events where one
of the two neutrons fell outside the detector acceptance of the set-up. This
means that it is well separated in momentum space from the detected neutron
and triton and that the residual interaction between the two neutrons is sup-
pressed. The present result on *H was used as a check of the assumed reaction
mechanism by comparing with previously published data from the extensively
studied *H [4].

The paper is structured as follows: Section 2 provides experimental details
about the essential steps during data analysis. In section 3, the properties of
4H are studied in the t+n relative energy spectrum. Furthermore, the experi-
mental t+n+n relative energy spectrum is shown and compared with micro-
scopic dynamical calculations in a three body continuum. Section 4 is devoted
to a detailed analysis of different types of correlations within the three-body
system. The influence of the ¢-n and n-n final state interaction on the t+n+n
relative energy spectrum is analysed using an event-mixing procedure. In ad-
dition, the experimental energy and angular correlations are analysed using a
restricted set of hyperspherical harmonics (HH), in order to obtain the relative
weights of the predominant partial waves and assign the spin and parity to



the broad structure seen in the t+n-+n relative energy spectrum. Finally, the
resemblance between the structure of °H, ®He and ®Be is discussed.

2 Experimental method and analysis procedure

The radioactive beam of 240 MeV /u 8He was produced in a 8 g/cm? Be pro-
duction target by fragmentation of a primary O (340 MeV /u) beam from the
heavy-ion synchrotron SIS at GSI, and subsequently separated in the fragment
separator FRS by magnetic analysis. The beam was then directed towards a
carbon target (thickness 1.87 g/cm?) placed directly in front of the large-gap
dipole magnetic spectrometer, ALADIN. The experimental setup is described
in detail in Ref. [14}, here the main features relevant for the analysis presented
in this paper are summarized.

In the present experiment only events containing a charged triton fragment
and neutrons were chosen for the analysis. The tritons produced in the 6He
fragmentation reaction were deflected and analyzed by the dipole magnet AL-
ADIN in conjunction with position-sensitive multi-wire drift chambers and a
plastic time-of-flight wall. The neutrons, recorded in coincidence with the tri-
tons, were detected in the large area neutron detector LAND, covering about
480 mrad around the beam direction. The momentum vectors of the triton
and the neutrons were determined for each separate event. The momentum dis-
tributions of the tritons, neutrons and the reconstructed °H reveal a peak cen-
tered at projectile velocity in longitudinal direction. The measured momenta
were transformed to the projectile rest frame by using relativistic expressions.
In this system the longitudinal and transverse widths of the momentum dis-
tributions are the same.

The experimentally determined probability of detecting two neutrons together
with one triton in coincidence is three times larger than the probability to ob-
serve two neutrons in coincidence with a “He [14] . These facts give evidence
for a dominant contribution of the proton knockout process, which leads to a
final state of t+n+n, where the fragments are expected to be close in momen-
tum space. The knockout mechanism of a tightly bound proton is similar to
that of a loosely bound neutron, which was discussed in Ref. [16] describing
an experiment using 'Be and !'Li beams to study the properties of °Li.

The overall experimental resolution with regard to decay energies for the stud-
ied reaction channels was obtained from Monte-Carlo simulations, calculated
applying the measured detector responses. The general trend in both the two-

I Fragmentation of ®He into “He and neutrons is dominated by the one-neutron
knockout channel and the knockout neutrons are strongly deflected [15].



body and three-body system is the same, where at low decay energy the reso-
lution is about 150 keV and increases to 800 keV at 8 MeV. The Monte-Carlo
simulations also give the detection efficiency. In the two-neutron case at low
energy a decrease in efficiency due to the limited resolving power for two neu-
trons at small relative distances in LAND is observed. Further, due to the finite
solid angle of the neutron detector the efficiency also decreases at higher en-
ergies. All the measured distributions have been corrected for efficiency which
includes distortions introduced by the tracking routine and restricted accep-
tance of the experimental setup. For a detailed discussion see Refs. [14,17].

The background was measured without target and contributes 35% in the t+n
relative energy spectrum, and 10% in the t+n+n relative energy spectrum.
The efficiency to detect 240 MeV neutrons in LAND is 80% [18], which means
that there is a 20% probability that one of the two neutrons will not be
detected in the two-neutron case and might therefore be misinterpretated as
a one-neutron event. Simulations showed that these misidentified one-neutron
events contribute to 10% in the t+n relative energy spectrum. Further, the
simulations also showed that 5% of one-neutron events are misinterpretated by
the tracking algorithm to be two-neutron events, which give a contribution in
the order of 20% in the t+n+n relative energy spectrum. The measured spectra
were corrected for these types of background by subtracting corresponding
simulated spectra.

3 Relative energy spectra

The invariant mass method is a widely used tool searching for resonance states.
The relative energy spectra differ from the invariant mass spectra only in the
energy scale by the subtracted masses of the involved fragments. This chapter
will be devoted to the reconstructed relative energy spectra from the measured
relative momenta of triton and neutron(s), in the two systems ¢+n and t+n+n.

3.1 The*H case

First, we look at the relative energy spectra in the t+n system. The *H result
presented here was obtained from events where one of the two neutrons does
not fall into the LAND acceptance. Here, the selection of the events was made
in order to reduce the interaction effects with the second neutron, and the
undetected neutron is well separated in momentum space from the detected
neutron and triton. The t+n energy spectrum from events where both neutrons
are detected is discussed in detail in Appendix A.



The triton - neutron relative momentum is given as:

MMy, Pt Pn
= -_— 1
Pin . + . ( . n) ( )

Here, the triton(p;) and neutron (p,) momenta are defined in the projectile
rest frame.
do

The relative energy spectrum a5 1.e. the distribution in relative energy Ei,

between the charged fragment and the neutron, is derived from

my 1 mq 2
E,, =—p; . 2
tn 2m;m, Pin ( )

The experimental relative energy spectrum for H (t+n channel) is shown in
Fig. 1.
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Fig. 1. The relative energy spectrum of the t+n-system obtained in one-proton
knockout reactions with a ®He beam at 240 MeV/u impinging on a carbon target.
The experimental data are shown as circles with statistical uncertainties. The solid
line is the result of a fit using a Breit Wigner expression, convoluted with the
response of the experimental setup, with Er = 2.67(9) MeV, I'** = 3.28(12) MeV
(see text).

The most relevant information of the T=1, A=4 nuclei comes from Coulomb-
corrected charge-independent R-matrix analysis [4]. The derived R-matrix pa-
rameters account well for the N-2H elastic scattering cross section and coher-
ent scattering length. The I™=2" ground state of *H is overlapping with the
1~ first excited state, both are about 3 MeV broad and predicted to be sepa-
rated by only 300 keV [4]. The states have the same structure, i.e. a neutron in
the ps/o shell coupled to the triton core, and since in ®He the two neutrons are
predominantly occupying the ps/, shell [19], the sudden one-proton knockout
from ®He as studied here is expected to populate both the 2~ and 1~ states
do

in *H. Thus, only one peak is expected in the o experimental spectrum,



since both states are much broader than their separation in excitation energy
(~ 300 keV). The higher lying 0~ and 1~ states arising from a neutron in
the py/ shell coupled to the triton will only be weakly populated due to the
small weight of the (p1/2)? configuration in the ground state of °He. The t+n
spectrum reveals only one peak and may also be considered as evidence for a
sudden proton knockout mechanism.

The experimental distribution can almost perfectly be fitted by using a sin-

gle Breit-Wigner shaped resonance. To compare with the obtained data the

following parameterization was used [20]
do(FE) r

~o

iE " (Br— A - EpR+Ir 3)

kR
T = 292P(E) = 2y e (4)
EF) + GG
A, = 72S(E) = kR~ L0

Here, the Coulomb functions F; and Gj are the regular and irregular solutions
of the Schrodinger equation where R is the channel radius and F the relative
energy between neutron and triton. S;(FE) is the channel shift function and
P,(E) the channel penetrability function. E is the formal energy of the reso-
nance and I is its width, 72 is the reduced width. The resonance energy Eg
is defined as that center-of-mass energy where E) — A; — E' is equal to zero.
The observed width is determined using the expression

r

Fobs — .
14 ~2 (g—g) ,ER

(6)

The full drawn curve in Fig. 1 was obtained from a fit with [ = 1 using a chan-
nel radius R = 4 fm [21], resulting in the following parameters: F,=3.56(9)
MeV, Ep=2.67(9) MeV, v2=2.73(10) MeV and I'***=3.28(12) MeV. The given
uncertainties are statistical, and the systematic uncertainties for the resonance
position Eg and the width ' are £0.3 MeV and 4-0.2 MeV, respectively.

The extracted parameters are in agreement with experiments where *H was
studied in different nuclear reactions by the missing mass method (see re-
view [4]). However, one notes that the maximum in the measured relative
energy spectrum (Fig. 1) is at about 1.6 MeV of the t-n relative energy, while
the experimental excitation function for n-¢ elastic scattering is peaked at 2.6
MeV [22]. In order to understand this effect, the elastic scattering cross sec-
tion was calculated using the R-matrix expression (formulae 1.14 on p. 322



in Ref. [20]) using the resonance parameters obtained in the present work,
and without any additional parameters the peak position given in Ref. [22]
could be reproduced. The interference between potential and resonance scat-
tering is the reason for the shift of the maximum, and thus the position of the
maximum in the experimental distribution is dependent on the reaction mech-
anism. The effect is most pronounced in connection with broad resonances and
might be the reason for the scatter of the experimental data on the resonance
position. In some cases, the *H resonance position was only determined from
the maximum in the measured spectrum [4].

3.2 The°H case

We now turn to the °H case where two neutrons are registered in coincidence
with a triton. Jacobi coordinates are generally used analyzing three-body sys-
tems, where the dynamics of the system are determined by the relative mo-
menta in the subsystems. The two different Jacobi coordinate systems used
to describe the t+n+n system are illustrated in Fig. 2.

\ J v,

Fig. 2. The two different (A: n — tn and B: t — nn) Jacobi-momentum coordinate
systems used for analyzing the data.

In the set of Jacobi coordinates which is marked by A in Fig.2 the t+n+n
system is described by the relative momenta between the triton and one of
the neutrons p;,, and relative momenta between their center of mass and the
second neutron pp,—_¢n,:

( _ PtMp—Ppnymy
Piny = " Fma

(mptme)=(pny +
\ Pnz—tn; = P :i+2£::1 pt)m" (7)

\pn1 + p’nz + Pt = PsH

Here, the triton momentum (p;) and neutron momenta (p,, and p,,) are
defined in the projectile rest frame.



The relative energy spectrum, deZI’ in the three-body system t+n-+n, i.e.

the distribution of the total kinetic energy in the three body system Fi,,, is
obtained from the relative momenta py,, and pn,—in,

(mt + mn)p?nl (mt + 2mn)pi2—tn1 (8)

E = )
tnn 21,y 2mp(my + my,)

the corresponding °H spectrum is shown in Fig. 3. A similar expression can
also be derived in system B.
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Fig. 3. The relative energy spectrum of the t+n+n-system obtained in one-proton
knockout reactions with a 8He beam at 240 MeV /u impinging on a carbon target.
The experimental data are shown by circles with statistical uncertainties. The solid
line is the result of a three-body microscopic calculation for the t+n+n system,
assuming I™ = 1/2% [2], the dotted and dashed line correspond to the 3/2% and
5/2% state respectively.

A conventional analysis using a Breit-Wigner formula, as was carried out for
the *H case, is not appropriate to analyze few-body systems. The observed
structure (Fig. 3) exhibits a width of about 6 MeV (FWHM) and, as previ-
ously discussed, the maximum of the spectrum, at about 3 MeV cannot be
interpreted directly as the resonance position. Therefore, as a first step, the
spectrum is compared with calculations made within a strict three-body ¢ + n
+ n dynamics [2]. Configurations corresponding to I™ = 1/2* 3/2% and 5/2%
states in °H are used. As can be seen in Fig.3, good agreement is achieved
between experimental data and the shape of the calculated I™ = 1/2% state,
which is the most probable ground state configuration as discussed earlier.
Note, that the reason for the relatively narrow width as compared with the
calculated decay through the di-neutron channel, is due to the three-body
nature of the state [2].



4 Energy and angular correlations in the t+n-+n system

4.1  Combinatorial correlation functions

In order to reveal correlation effects between the different fragments in the
t+n+n relative energy spectrum (Fig. 3) we will use the mixed-event method.
This method is frequently used while analyzing elementary particle physics
experiments to estimate the background from particles which may be decay
products of resonances (see e.g. [23-25]). The method has also been used
successfully for the search of two particle resonances in fragmentation reac-
tions [15,26].

The °H relative energy spectrum calculated using equation (8), results from
the three momenta p;, p,, and p,,, measured in coincidence. Using the same
equation (8) but taking all three momenta from different events, the correla-
tions between fragments in the calculated relative energy spectrum are washed
out. A spectrum created this way can thus be used as a reference to reveal
correlation effects between the fragments.

The correlations between one neutron and the triton are preserved when the
morrenta of p; and p,, (or py,) are taken from the same event. The devia-
tions from unity of the ratio ( Ry, ) of a spectrum so created to the reference
spectrum would reveal the t-n correlations. In addition, the n-n correlations
are preserved when momenta p,, and p,, are taken from the same event
and deviations from unity of the ratio ( R, ) of this spectrum to the refer-
ence spectrum likewise demonstrate this effect. The R,, and Ry, correlation
functions are shown in Fig. 4 as data points with indication of statistical un-
certainties. For a more profound understanding and interpretation of R, and
Rpn, a simulation was performed. Therein the t4+n-+n relative energy distri-
bution was adopted from experimental results, i.e. the one displayed in Fig. 3.
The relative energy was then shared by the three particles according to their
phase space and instrumental resolutions were folded in. From these simulated
data, Ry, and R,,,, were built in an identical manner as the experimental data
and are shown in Fig. 4 as solid lines. The deviation between the simulated
and experimental correlation functions R,,, and R;, show that the experimen-
tal data reveal additional correlations, which cannot be explained merely by
conservation laws.

As can be seen (Fig. 4 left) the n-n correlations in the experimental distribu-
tion are the most prominent, resulting to an enhancement of the 5H relative
energy spectrum at energies below 2 MeV. The ¢-n correlations (Fig. 4 right)
suppress the low energy part of the spectrum giving a more narrow distri-
bution in comparison with the totally mixed spectrum. The decrease in R,
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Fig. 4. Correlation functions obtained by an event-mixing method. The circles show
the experimental correlation functions while the solid lines correspond to correla-
tions reflecting only energy and momentum conservation in the decaying three-body
system (see text).

at low energy can be attributed to a repulsive ¢-n interaction at low relative
energies.

Qualitatively, the shape of the °H resonance is only reflected in R, but not
in Ryn. The interpretation of the observed effect is that the di-neutron decay
is dominating at low energy and, as discussed in the Introduction, counteracts
a narrow °H resonance, while the sequential neutron emission determines the
spectrum at higher energies. Therefore both n-n and ¢-n correlations are of
vital importance for the 3H resonance.

4.2 Three-body correlations

In this section further energy and also angular correlations will be discussed
in order to obtain quantitative estimates.

The three body configuration is determined by the angle () between the
Jacobi momenta, by the total energy of the three-body system and by the
energy shared by corresponding pair of particles (see Fig. 2). The variable
€tn = Ein/Emy in Jacobi set A or variable €,, = Enp/FEpny in Jacobi set B
(Fig. 2) determines the ratio of relative energy for each pair of particles, where
evidently 0 < e < 1.

The corresponding experimental distributions for the variables € and ¢ in the
two Jacobi systems are shown in Fig. 5 where (1) and (3) are shown in Jacobi
configuration A (n — tn) and, (2) and (4) in configuration B (¢ — nn). The

11



distributions were constructed from events restricted to the vicinity of the
peak position (Ey,,~ 1-5 MeV) in the °H relative energy spectrum.

—
L
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Fig. 5. Energy and angular correlations in two different Jacobi coordinate systems.
Figures (1) and (3) refers to in Jacobi configuration A (n — tn), (2) and (4) in
configuration B (¢t — nn). The experimental data are shown as open circles with
statistical uncertainties. The dashed line in (1) corresponds to a conventional phase
space distribution. The solid lines represent the fit to the distributions on the basis of
expansion on hyperspherical harmonics after convolution with the detector response.
The dotted lines shown in (2,3) correspond to the same fit but the fit functions were
not distorted by the experimental resolution.

The energy distribution shown in Fig. 5(1) looks at first glance similar to that
expected from a conventional phase space distributions

do/de ~ \/e(1 —€). (9)

However, this phase space distribution cannot reproduce the experimental

12



data, see dashed line in Fig. 5(1).

For a three-body system, where no narrow resonances exist in any of the binary
subsystems, the following equation holds [27]

do/de ~ =+8 (1 — )3 (10)

where I, and I, are the angular momenta in the ¢-n and n-tn subsystems,
respectively. The experimental distribution shown in Fig.5(1) can be reason-
ably well approximated by equation (10) with [, = [, = 1 indicating that the
main contribution to the final state wave function mainly stems from p-shell
configurations 2 .

The strong n-n interaction can again be observed, first in the asymmetric
energy distribution shown in Fig. 5(2), and second in the angular distribution
in Fig. 5(3): the two neutrons preferably have low relative energy and are
emitted in opposite direction to the charged fragment. Most noticeably, the
asymmetry in the distribution in Fig. 5(3) indicates a strong interference of
waves with different parity. As a next step, in order to clarify the situation
further, a robust analysis was made leading to more quantitative results.

As mentioned in the Introduction, the structure of 5H is expected to be simi-
lar to that of He. The properties of the ®He ground state have been carefully
studied using HH calculations for this three-body system (see Ref. [28] and
references therein). A remarkable feature is that the ®*He ground-state wave
function essentially, is composed of very few components, which correspond
to the lowest momenta in the three-body system. The components with hy-
permomentum K = 0 and 2 and with relative angular momenta l;) < 1,
between the fragments exhaust 97% of the norm of the ®He ground state wave
function [28]. One would expect that in the one-proton knockout from °He (in
the sudden approximation) the same configuration would be preserved in the
residual nucleus *H. However, final state interactions of the fragments passing
through centrifugal barriers during the decay process, may change relative con-
tributions of the components. To analyze the experimental data, a method was
used as proposed in Ref. [29], which is based on a fitting procedure using the
series expansion of the final state wave function into the hyperspherical func-
tions. The HH are the eigenfunctions of the angular part of the Schrodinger
equation in the six dimensional space. The proposed method thus represents
a generalization of the Legendre polynomial expansion known from two-body
systems to the case of the three-body systems.

Here, only components dominating the ®He ground state are used: i.e. K =

2 This first order approximation will be used further in the discussion of the changes
in the t+n relative energy spectrum under influence of the second neutron, see
Appendix A.
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0,2 and I,y = 0,1. Further, an approximation where the core spin is not
included is used, which implies, that the properties of the system n-n-core
are governed by their relative motion. The expansion is characterized by a set
of complex amplitudes Cski,1, for the respective harmonics, (namely, Cogoo,
Co200, Co211 and Clg11), where S is the total spin of the two neutrons, K
is the hypermomentum, and l,(,) are the relative angular momenta in the
corresponding Jacobi coordinate system. Details are given in Ref. [29].

The explicit expression for the probability distribution W used to fit the data,
valid in both Jacobi sets, has the following form

2
8¢(1 — ¢) sin® ¢ (11)

|

4

W(e, ) = e(l—e¢) - { Clrann

T
+ ‘ Coooo — Coz00 2(26 — 1) + Co11 44/ (1 — €) cos ¥

where W(e, ¥) is normalized to unity.

The transformation from Jacobi system B to system A (amplitudes C — C")
is provided by Raynal-Revai coefficients [30]. The explicit transformation of
the amplitudes gives:

/]
0000 = Coooo

! _ 15 1
0200 — — \/ 16 00211 - \/ 16 00200

! _ 1 /E
o211 = — /16 Co211 + 4/ 15 Cozo0

! _
(Cla11 = Crant

The symmetry properties are more easily discussed in Jacobi system B (Fig. 2),
where the antisymmetrization of the wave function with respect to the two
neutrons results in Cpg1; = 0. Moreover, an interference effect causing asym-
metric distributions in this system can only exist between the harmonics with
Coooo and Coggo and is determined by the their phase difference Byogo 2. And
as can be obtained from the transformation (12), the phase differences QSKiLL,
in system A are fixed by the phase difference (g0 in system B, namely

3 All phase differences mentioned hereafter will be determined relative to Coooo in
system B.

14



Qpo11 = Qo200 + T = Bo2oo- In system B, only one distribution reveals asym-
metry, Fig.5(2), and Boo is associated with this. In system A though, an
asymmetry can be seen in two distributions, Fig. 5(1) and Fig. 5(3). The phase
difference connected with these are agsgo and g1, respectively.

Two different fits were made, where the first fit was used to check the consis-
tency of the model applied. All parameters were extracted using the probabil-
ity distribution W from equation (11) to simultaneously fit the four distribu-
tions shown in Fig. 5. The experimental resolution was taken into account.

In the first fit, all seven parameters were kept free (Coz0, Co211, Ci211, Bo200;
Bo211, o200, Co11)- The result for the corresponding system is shown in row B!
and A! of Table 1. Remarkably, in system B, |Cgo11|? is obtained equal to zero
within statistical accuracy. In addition, within an accuracy of a few degrees
the relation between the phases mentioned above is fulfilled, note however that
Bo211 remains statistically undetermined. Thus, this fitting procedure gives ev-
idence that the basic properties of the three-body system are well reproduced
and demonstrate a high confidence level for the extracted parameters, see
Appendix B for more details.

Table 1

Weights |Cski,u, | of the different HH components (given in percent), and phases
(a and 3, given in degrees) obtained from two different fits of the experimental data
of °H in configuration B (t — nn), and A (n — tn), see text for further explanation.
The errors given are statistical. Unconstrained parameters are shown in bold fonts.

Fit | Coooo |2 | Cozoo > |Ci211 > |Cooi > Bo2o0 Bo211
B!  17(4) 46(3) 37(5) 0.02(9) 60(3) 0(180)
B2  18(3) 45(2) 37(4) 0.0 61(2) -
Fit | Chooo > 1Chaoo > 1Clan 7 1Chan > 0200 o211

Al 17(4) 2.9(1) 37(5) 43(3)  243(9) 61(3)
A 18(3) 2.9(1) 37(4) 42(2)  241(2)  61(2)

The second fit was made with three free parameters, Coz00, Ci211 and Bo2oo-
All the other parameters are determined either by symmetry properties or
transformation characteristics discussed above, i.e. Cgo1; is fixed at zero and
the phases aoe11 = Qo200+7 = Bozoo- The result is shown in the rows B? and A2
of Table 1, and its correspondence with the experimental data is demonstrated
by solid lines in Fig.5. For all angular and energy distributions the fit can
reproduce the experimental data with good accuracy, the reduced overall X2
is close to one (~ 0.94). The dotted lines in Fig.5 show the corresponding
distributions which are not corrected for experimental resolution.

The configurations with Cpooo and Coego directly result in a total spin I™ =
1/2% for the t+n+n system. Some portion of the Ci211 component can also

15



be assigned to this spin and parity. From the weights given in Table 1, the
conclusion is thus that the I™ = 1/2" state in 5H system is populated with
probability larger than 65%. Further, a transformation to Jacobi system A
results in about 80% configuration with the two neutrons in the p-shell.

4.8  Resemblance between °H, 8 He and ®Be structures

A comparison between the experimental results for the °H structure revealed in
the decay products and the microscopical three-body calculations for SHe [28]
is demonstrated in the first two rows of Table 2. The results are shown for the
Jacobi system B.

It should be noted that the weight of the configuration with X = 0 in 5H is sig-
nificantly larger than that calculated for 6He. The increase of this component
is expected due to the suppressed three-body centrifugal barrier determined
by K in this decay channel. Further, the increase of the K = 0 contribution
can be attributed to the n-n interaction in the final state. The effects of the
n-n interaction are well pronounced even though the experimental phase dif-
ference fpogo Tesults in a decrease of the interference term compared with the
6He calculation.

Table 2
Weights |Cski,1, |*of the different partial waves (given in percent), obtained from the
fit of the experimental data of 5H in Jacobi set B. The experimental ¢Be ground
state data are taken from Ref. [29] and the theoretical calculations for the $He
ground state wave function are taken from Ref. [28]. The phases 3 are given in
degrees.

Conﬁg. | COOOO |2 | 00200 |2 | C1211 |2 ﬁ(]z()() Reference

6He 4 78 15 0 [28] theo.
SH 18(3) 45(2) 37(4) 61(2) present exp.
6Be 6(5)  44(12)  50(17) 70 [29] ezp.

Compared to ®°He, the component, with S = 1 and K = 2 is also significantly
larger in the experimental °H data. The effect might be attributed to the
¢t — n final state interaction. For jj-coupling, the S=1 component, which is
directly related to Co;1, is about 33% in the pure (p3/2)2 configuration. The
transformation of the experimental data from the LS coupling scheme used
in the current analysis procedure to jj-coupling remains ambiguous as far
as the phase of Cia1; cannot be determined from the experimental data. A
transformation assuming the phase shift taken from the ®He calculation [28]
results in about 80% of the weight of configuration with the two neutrons in
p3/2-shell and only 1% left for a possible p; s2-shell admixture.
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Thus, a good resemblance between the ®He wave function and the structure
of the t+n-+n system is found, and the observed differences are qualitatively
explained by the decay processes of the preformed °H.

The unstable 6Be nucleus is a mirror nucleus to ®He and is expected to have a
similar structure. The correlation of the 8Be decay products has been studied
experimentally by the HH expansion method [29], and the parameters derived
are shown in Table 2. Even though ®Be and °H are very different , the simi-
larities between the data from these two experimental results are remarkable
and reflect the similarities in the structure of these nuclei.

The experimental results given in this section indicate that the expected con-
figuration [2,3] for the °H ground state is strongly populated in the reaction.
However, narrow resonance structures were not observed. The following fact
should be taken into consideration: H is unstable relative to neutron emis-
sion by 2.7 MeV, and thus, ignoring the neutron pairing energy, SH would
be unstable by 5.4 MeV. The pairing effects should be less pronounced for a
diluted 3H system compared to that for ®He, thus the neutron pairing energy
in 5He (2.75 MeV) may be considered as an upper limit for the one in SH.
The lowest value for the position of the °H resonance above t+n+n threshold
would therefore be 2.6 MeV. The observed peak position in the °H relative
energy spectrum is only 0.5 MeV above this value and thus in good agree-
ment with this estimate. All experimental evidence presented in this section
together with the theoretical calculations illustrated in Fig. 3 indicate that
the observed broad resonance is due to the H ground state.

5 Summary and conclusion

The resonances in the t+n and t+n+n systems have been investigated in
the one-proton knockout channel with a ®°He beam impinging on a carbon
target with the energy 240 MeV/u. The nucleon knockout is the dominant
reaction mechanism at this energy. The knockout mechanism of the reactions
manifested in the shape of the fragment momentum distributions, in the large
probability for two neutrons having similar momenta, and in the energy and
angular correlations in the {+n+n system.

The data obtained for the t+n system are consistent with a *H resonance
state at Er=2.67(31) MeV, and of width ['***=3.28(23) MeV. This result is in
reasonable agreement with experiments where *H has been studied in different
types of nuclear reactions using the missing mass method. The “H resonance

4 The 6Be(gs) resonance width is about 90 keV, while the °H resonance, if it exists,
is several MeV broad.
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is broad and the apparent peak position in the experimental distributions
depends on the reaction mechanism. Thus, a theoretical analysis is necessary
to derive the resonance energy.

A broad distribution centered at 3 MeV with a width in the order of 6 MeV
(FWHM) is observed in the t+n+n relative energy spectrum. This distribu-
tion is well described by microscopic dynamical calculations in a three-body
continuum (2] with I™ = 1/2%. The correlation functions constructed by the
mixed event method reveal the importance of both n-n and ¢-n correlations.
The experimentally determined angular and energy correlations between frag-
ments were analyzed using the method of hyperspherical harmonic expansion
and the weights of the partial waves in the final state were determined. The
population of the /™ = 1/2% state with two neutrons in the p-shell was found
to be dominant. The present result, taking into account the broadness of the
observed structure, is in agreement with the results published in Refs. [5,8].
However, no evidence for a narrow resonance in the t+n+n system as previ-
ously reported e.g. in [7,6] was observed. Note also that the reaction chosen
here populates preferentially states with well pronounced t+n+n cluster struc-
ture and the probability to populate SH with a different internal structure is
very low. A narrow °H resonance of a different structure may exist, e.g. a
five-body compound configuration where the triton core is dissolved by the
valence neutrons. In this case, the only energetically possible decay channel
t+n+n would be structurally suppressed and a narrow °H resonance could be
formed. Some arguments for this may be found in recent calculations treating
°H as a system of five nucleons [31], see also Ref. [32] where a d+Xn structure
of 4H and ®H is discussed.
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Appendix A

The influence of the second neutron on the t+n relative energy spec-
trum

In this section we will compare the t+n relative enegy spectra obtained with
two different choices of the relative momenta between the two neutrons.

In the first case, the relative enegy spectrum was obtained from events where
one of the two neutrons did not fall into the LAND acceptance, previously
shown in Sect. 3, Fig. 1. Thus the undetected neutron was well separated in
momentum space from the detected neutron and triton. The fit to the obtained
spectrum was done using a Breit-Wigner formula and is represented by the
solid line in Fig. 6.

In the second case, the t+n relative enegy spectrum was reconstructed from
events where both neutrons have transverse momenta smaller than 60 MeV /c,
and both were detected in LAND. The result is shown in Fig. 6 as a histogram.
As can be seen, the latter is shifted towards lower energies by about 1 MeV.

120 .

o]
o
T T

S
o

do/dE,, (a.u.)

Eqn, (MeV)

Fig. 6. The relative enegy spectrum of the {4+n system obtained when two neutrons
were detected in LAND in coincidence with the triton shown as a histogram. The
solid line demonstrates the Breit-Wigner fit to the measured “H relative enegy
spectrum obtained when one of the two neutrons fell outside the LAND acceptance.
The dashed line is the result of calculation assuming that neutron and triton are
decay products of °H.

The dashed line displayed in Fig. 6 shows the result of a calculation obtained
with the assumptions that (i) both, neutron and triton, are decay products
of the °H and that (ii) the decay probability is proportional to the final state
phase space. The final state phase space can be approximated by Equation (10)
where I, = 1 and [, = 1. The differential cross section do/dEy, is then calcu-
lated using:
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d d E}\(Etnn — E)?
7 . 7 VB ;- ) dEpn (13)
dEtn Ein dEtnn Etnn

Here, do/dE,,, is taken as the experimental relative enegy spectrum of H
and a numerical integration is performed. Note, we have already shown in
the previous sections, that no narrow resonances can be found in the binary
subsystems of °H, neither in the ¢ 4+ n nor in the n + n channel which is a
prerequisite for the validity of equation (10).

The agreement of the calculation with the experimental distribution therefore
supports the assumption that, if all three particles are close in momentum
space, both neutrons and the triton can be attributed to be °H decay products.

Appendix B

Confidence level of the parameters obtained in the fitting proce-
dure.

As discussed in Section 4, the experimental distributions were fitted by the
expansion with a restricted set of hyperspherical harmonics and the weights
of the partial waves in the ¢t + n + n final state wave function were obtained.
The systematical uncertainties of the parameters derived are mainly connected
with the contribution from higher harmonics. This contribution is expected
to be on a level of a few percent to the norm of the probability distribution
W determined by equation (11). We discuss here the first fit that was made
to check the validity of the applied model to describe the experimental data
and where the basic basic symmetry properties of the t+n+n system were
not explicitly taken into account. The antisymmetrization of the wave func-
tion with respect to the two neutrons implies that the weight of the Cpago
harmonic should be equal to zero in Jacobi system B and the phase differ-
ences in Jacobi system A are determined by the single phase differences in
Jacobi system B: age1; = agago + ™ = Bogeo. This strict statement is only true
if ¢+n+n is an isolated three-body system. The symmetry properties of the
three-body system are also of vital importance for the understanding of the
reaction mechanism. The confidence level of the result obtained is discussed
below.

The left part of Fig. 7 demonstrates a contour plot showing constant x?2 levels
and its dependence on the amplitude modulus Cgy1; and Cgego in system B.
For each point on the contour lines all remaining five parameters were varied.
A distinct minimum in x? is obtained for the parameters given in Table 1,
Section 4. The projection of the area inside x2,, + 1 in the figure to the re-
spective axis reflects one standard deviation of each individual parameter. The
projection of the area inside x2,, + 2.5 to the x-axis restricts the contribution
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Fig. 7. Contour plot showing the dependence of x? for the amplitudes Cog11 and
Coz00 in system B and phases ageoo and Bo200- For each point on the contour lines
all remaining parameters were varied.

of the forbidden Cge1; harmonic to less than 0.4% on an approximately 90%
confidence level [33,34].

The right part of Fig. 7 demonstrates a contour plot showing constant x? levels
and its dependence on the phases (o0 and agae0. The parameter Coz1 was set
to zero and for each point on the contour lines all four remaining parameters
were varied. A distinct minimum in x? is obtained for the parameters given in
Table 1, Section 4. The projection of the area inside x2,;,+1 in the figure to the
respective axis reflects one standard deviation of each individual parameter.
The area inside x2,, + 5 shows the region of approximately 90% confidence
level for the values of these two parameters simultaneously. As demonstrated
in Fig. 7, the phase differences follows the relation Bogo0 = o200 + 7. Note,
that parameter aggg is determined by the very small asymmetry which can be
noticed in Fig. 5(1) and suffers most from the statistical uncertainties. Thus,
the relation Bygoo = rpo1: is fulfilled with even higher accuracy.

As can be seen, the model used to fit the experimental data is consistent with
the symmetry properties and transformation rules which are the characteris-
tics of the t+n+n system. As a conclusion, the weights of the partial waves
in the t+n+n final state wave function can be determined from the fit with
a high confidence level. Besides, this result gives evidence that t+n+n is a
well isolated three-body system. Thus, one can assume for the reaction mech-
anism that the momentum of the t+n+n center-of-mass reflects the internal
momentum of the proton knocked out from ®He.
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