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Abstract

The structure of the halo nucleus 6He has been investigated in a pionic
fusion experiment at the CELSIUS storage ring facility in Uppsala. The
4He(d, 6He)π+ reaction was studied 0.6 − 5.0 MeV above threshold in the
centre-of-mass frame with a deuteron beam incident on a 4He gas target.
The 6He ions were detected in a ∆E – E solid-state detector telescope in-
serted into the CELSIUS ring. The results for the total and differential cross
section are presented and compared to results for the analogue reaction pro-
ducing the 3.56 MeV analogue state in 6Li. A simple model of the reaction
gives results consistent with earlier findings of 6He as having a spatial extent
considerably exceeding that of the alpha particle. It is also shown that in-
formation about the high momentum part of the halo wave function can be
extracted from the results of this pionic fusion measurement.
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Foreword

This thesis deals with the structure of the lightest nuclear state exhibit-
ing a halo. Results are presented from an experiment studying the reaction
4He(d, 6He)π+, aiming at gaining information about the ground state of the
6He nucleus. The experiment was conducted by the Nuclear Physics Group
at Stockholm University and was carried out at the CELSIUS synchrotron
and storage ring at the The Svedberg Laboratory in Uppsala. At the time of
the run of the experiment I was not yet a member of the Stockholm group. I
later joined the group and became responsible for, and did most of the work
concerning the analysis of the experiment.

The lowest T=1 state in the 6Li nucleus, at an excitation level of 3.56
MeV, is the isobaric analogue state of the ground state of 6He. The two
isobaric analogue states are believed to have a similar halo structure. This
specific state of 6Li has been studied by the Stockholm Group in the reac-
tion d(4He,6Li∗3.56)π

0 [1] and I have been able to use the results from that
experiment in my thesis.

As a means to discuss the results from the analysis of the 4He(d,6He)π+

reaction I have, together with my supervisor professor Christoph Bargholtz,
developed a simple model of this pionic fusion reaction. The model is pre-
sented and I have used it to compare the results for the two isobaric analogue
states.

In order to investigate the importance of 3N + 3N clustering I designed
a new experiment studying the 3He(3He,6Li)π+ reaction. A preparatory run
was performed in 2001, analysed and evaluated. The main study of this re-
action was made in November 2003. This experiment was my responsibility
from planning and setting up through running and collecting of data. Some
experiences and conclusions from this experiment are presented in the thesis.

Markims Prästg̊ard, November 2006

Linda Gerén
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Chapter 1

Svensk inledning

I den här avhandlingen presenterar jag resultat fr̊an experimentella under-
sökningar av en heliumkärna, 6He. Till skillnad fr̊an den i naturen vanligast
förekommande varianten (isotopen) av helium, 4He, med tv̊a protoner och
tv̊a neutroner i kärnan, inneh̊aller 6He-isotopens kärna tv̊a protoner och fyra
neutroner, se figur 1.1 . De extra tv̊a neutronerna ger den här helium-isotopen
speciella egenskaper.

All materia är uppbyggd av atomer. Atomen best̊ar av den inre kärnan
omgiven av elektroner. Atomkärnan, uppbyggd av elektriskt laddade pro-
toner och oladdade neutroner (tillsammans kallade nukleoner), upptar drygt
99 % av atomens massa. Elektronerna har en elektrisk laddning som är pre-
cis lika stor som protonens men motriktad. En vanlig atom har lika många
protoner som elektroner vilket gör att den saknar laddning. Om atomen tar
upp, eller förlorar, en eller flera elektroner s̊a blir den elektriskt laddad och
kallas d̊a för jon.

Antalet protoner i atomkärnan kallas för atomnumret och ger, genom den

Figure 1.1: 6He-atomens kärna är betydlig större än 4He-atomens. I denna schematiska
figur är protonerna ljusa och neutronerna mörka.

1



Figure 1.2: I fusionsreaktionen träffar deutronen, d, 4He-atomens kärna varvid en 6He-
kärna bildas samtidigt som en pionisk meson, π+, sänds ut.

elektriska laddningen, upphov till atomens kemiska egenskaper. Atomer med
olika atomnummer ger i sin tur upphov till alla de ämnen som vi själva och
allt i v̊ar omgivning best̊ar av.

Kärnkraften, eller den starka kraften, är en av de fyra fundamentala
naturkrafterna. Förutom kärnkraften finns den svaga kraften, den elektro-
magnetiska kraften och gravitationskraften. Alla fysikaliska fenomen fr̊an de
allra minsta (till exempel hur kvarkar beter sig inne i nukleoner) till de allra
största (hur planeterna rör sig i solsystemet) styrs av dessa krafter. Inne i
atomkärnan är det den starka kraften som helt dominerar växelverkan mel-
lan nukleonerna. Studier av den starka kraften kan ge oss fundamentala kun-
skaper om till exempel hur ämnen uppst̊ar och om fördelningen mellan olika
grundämnen i naturen.

Det som gör 6He-atomens kärna s̊a speciell är att tv̊a av neutronerna
kan röra sig s̊a l̊angt ifr̊an centrum av kärnan. Kärnor med denna struk-
tur brukar kallas halokärnor. Fenomenet upptäcktes av Isao Tanihata och
hans kollegor vid Lawrence Berkeley-laboratoriet p̊a 1980-talet. Där har man
studerat atomkärnor (till exempel litium-isotopen 11Li) som är ungefär fyra
g̊anger större än de borde vara i förh̊allande till sin vikt. Genom att studera
halokärnor tror vi att vi kan lära oss mycket nytt om den starka kraften.

En atomkärna är av storleksordningen 10−14 m (0.00000000000001 m) och
kan inte ses med ögonen, inte ens i mikroskop. S̊a hur gör man d̊a om man
vill studera krafterna inuti en atomkärna? En i forskningssammanhang vanlig
metod är att ”sl̊a sönder” atomkärnan p̊a ett kontrollerat sätt och studera
vad som händer. Med hjälp av en partikelaccelerator kan man accelerera joner
till en mycket hög energi (dvs hög hastighet) och l̊ata dessa joner kollidera
med ett str̊almål. Om man har avpassat jonernas energi rätt s̊a kommer en
del atomkärnor att sl̊as sönder och nya skapas. De slutprodukter man är
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intresserad av kan man detektera i till exempel en halvledar-detektor.
I den reaktion som jag har studerat har väte-kärnor best̊aende av en pro-

ton och en neutron, d (denna väte-jon kallas ocks̊a för deuteron), accelererats
och därefter f̊att kollidera med helium-atomer, 4He. I den reaktionen har i
vissa fall d och 4He ”smält samman” i en s̊a kallad fusionsprocess till 6He, se
figur 1.2. I denna process bildas ytterligare en partikel, en s̊a kallad pimeson,
betecknad π+.
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Chapter 2

Introduction

In the field of exotic nuclei the so called halo nuclei have attracted much
interest in recent years. The lowest T=1 state of the A=6 system is the
lightest known nuclear halo state. It may be described as an alpha-particle
core surrounded by a halo consisting of a pair of weakly bound nucleons.
The halo is known to be extended so that the radius of this six nucleon state
reaches far outside the radius of the alpha particle. Exactly how far is not
known. For the ground state of 6He experimental information is available
from laser spectroscopy, beta-decay experiments, nucleon transfer reactions,
elastic scattering and fragmentation [2, 3, 4, 5, 6, 7]. Cluster models do
explain the main features but a better understanding of nucleon correlations
in the halo is in demand.

Especially the high-momentum part of the halo wave function is little
known. In this thesis it is shown that a pionic fusion reaction forming 6He
is a way to gather information about that part of the wave function. An
experiment conducted at the CELSIUS accelerator and storage ring at The
Svedberg Laboratory in Uppsala is presented. In this experiment we mea-
sured the total and differential cross sections for the pionic fusion reaction
4He(d, 6He)π+ at three different energies close to threshold.

2.1 Halo nuclei

In 1985 Tanihata and his collaborators at Lawrence Berkeley Laboratory
reported measurements of interaction cross sections of different isotopes of
helium, lithium and beryllium[8, 9]. Their striking new discovery was that
the measured cross sections, for some of these isotopes, were much larger
than expected for a nucleus of a given number of protons and neutrons. For
example, the measurements indicated that the 11Li nucleus has a root-mean-
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Figure 2.1: The region of light nuclei in the chart of nuclides.

square (r.m.s.) radius about 1.5 times larger than a stable nucleus following
the commonly used estimation of the radius as proportional to A1/3, where
A is the mass number. In size the 11Li nucleus is comparable to a stable
nucleus having four times as many nucleons. This first evidence for a long
tail in the nuclear matter distribution, i.e. halo, was the start of a, still
ongoing, systematical study of the halo phenomenon.

For light nuclei those with equal, or almost equal, numbers of protons,
Z, and neutrons, N, form the valley of stability in the nuclear chart, Fig.
2.1. Bound nuclei do exist outside this line of stability but they are more
loosely bound and not as stable with respect to particle emission. Near the
neutron drip line we find the most neutron rich nuclei on the edge of nuclear
stability. These exotic nuclei present unusual properties and examining these
may reveal new information about nuclear binding.

The new technique used in the Berkeley experiments involved produc-
ing high-energy radioactive nuclear beams from fragmentation of heavy ions.
The helium isotope beams were produced by projectile fragmentation of an
800 MeV/nucleon 11B primary beam from the Bevelac accelerator. Using
a magnetic analysing system the desired helium isotope was rigidity sep-
arated creating a selected-isotope beam of intensity 500 - 1000 s−1. The
lithium and beryllium isotope beams were produced in the same way, except
for the beam of the 11Li isotope that was produced from a 20Ne primary
beam. Interaction cross sections were measured in transmission experiments
for 4He, 6He, 8He, 6Li, 7Li, 8Li, 9Li, 11Li, 7Be, 9Be and 10Be on Be, Al and C
targets (11Li only on C). The reaction fragments were detected and identi-
fied in a large-acceptance spectrometer, using a large volume magnet, HISS
[8], plastic scintillation counters and multiwire proportional chambers. Root

6



Figure 2.2: Nuclear matter radii for different isotopes of He (square), Li (triangle), Be (filled
circle) and C (open circle) from Tanihata et al. [9]. Indicated is the A1/3 dependence of
nuclear radii normalised to the 4He nucleus.

mean square matter radii, c.f. Fig 2.2, were deduced from the interaction
cross sections using Glauber-type calculations [9].

2.1.1 The 6He halo nucleus

Following the discovery of nuclei with extremely large interaction radii in
1985 the phenomenon of halo nuclei has been investigated both experimen-
tally and theoretically. Great effort has been devoted to understanding the
structure of the ground state of the 6He nucleus, being the lightest nuclear
system exhibiting a halo. Assuming 6He to consist of an alpha-particle core
surrounded by a two-neutron halo seemed natural, considering the tightly
bound alpha particle, Fig. 2.3.

Elastic scattering and 2n-transfer reaction experiments at the Flerov
Laboratory in Dubna confirmed this assumption by showing that the α +
2n configuration of 6He makes a dominant contribution to the 2n-transfer
cross section [10, 11]. In the experiments differential cross sections for the
4He(6He,6He)4He and 1He(6He,6He)1He reactions were measured at a beam
energy of 25 MeV/nucleon. Centre-of-mass angles between approximately 20◦

and 150◦ were covered. Shell model calculations suggest large spectroscopic
amplitudes for t + t as well as α + 2n configurations, but a DBWA analysis
of the experimental data do support primarily an α + 2n structure for the
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ground state of the 6He nucleus [4].
Halo nuclei are unstable, the half-life of 6He is 0.8s and the main decay

channel is by beta-decay to the ground state of 6Li. The existence of a halo
is due to the low binding energy of the last neutrons and the short range of
the nuclear force which makes it quantum mechanically possible for the halo
neutrons to tunnel far out into the classically forbidden region.

The 6He nucleus is one of the, so called, Borromean nuclei characterised
by the feature that if one of the halo neutrons is removed the other will
come off immediately. No two parts of the α + n + n configuration can bind
together without the third. Consequently 5He is not a bound nucleus. The
name Borromean, first used by Zhukow [12], comes from the heraldic symbol
of the Italian Borromea family. The three rings of the symbol are interlocked
in such a way that if any one of the rings is removed, the other two separate.

Figure 2.3: Naive representation of the ground state of the 6He nucleus consisting of an
alpha particle core surrounded by a two neutron halo.

2.1.2 Beta decay of 6He

Using the isotope mass separator ISOLDE at CERN, Borge et al. studied the
beta-delayed particle spectrum from 6He [3]. The main beta-decay route for
the ground state of 6He is an allowed Gamow-Teller transition to the ground
state of 6Li, e.i. 6He(J=0+) →6Li(J=1+) + e− + ν̃. For a two-neutron halo
nucleus like 6He, where the two halo neutrons spend a large fraction of the
time far away from the core, an alternative decay mode involving the decay of
the neutron-pair into a deuteron, seems possible. This is energetically possible
and will give rise to beta-delayed deuteron emission.

In the experiment of Borge et al. a 6He ion beam of 105s−1 was produced
from a 3He beam impinging on a ThC-C (thorium carbide – graphite) target
before being ionised and mass separated at ISOLDE 2. The 6He beam was
stopped in a carbon foil. The beta activity was monitored by two Si-detectors
covered with Al-plate. For the purpose of detecting deuterons the set-up in-
cluded a charged particle detector telescope. The telescope consisted of a
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Figure 2.4: The main decay mode for 6He is by beta decay to the ground state of 6Li.
Two alternative decay routes have been suggested by Borge et al. [3]. In the first 6He
beta decays to the virtually excited ground state of 6Li which subsequently breaks up.
The second starts with the break up of 6He into a virtual alpha particle + di-neutron, the
next step being the beta decay of the di-neutron to a deuteron. Eoff shows how much the
virtual level is off-shell and Efs the final state c.m. energy. The alternative decay modes
are believed to be linked directly to the halo structure.

thin proportional gas detector and a surface barrier Si-detector thick enough
to stop the deuterons. With this set-up it was possible to detect deuterons
in fast coincidence with a beta particle. Results from calculations assuming
the alternative decay could well describe the resulting experimental deuteron
spectrum. The assumption included to let the neutron pair decay to the vir-
tually excited ground state of 6Li that subsequently breaks up. Also included
was the decay in which the 6He nucleus first breaks up into a virtual alpha
and a di-neutron followed by the beta decay of the di-neutron to a deuteron.
The main decay route together with the two alternative deuteron-delayed
beta-decay channels are shown in Fig. 2.4.

2.1.3 The radius of 6He

One of the most characteristic features of a halo nucleus is its size. The un-
usual large matter radius manifests itself in nuclear reactions. Recently Wang
et al. have been able to determine the nuclear charge radius of 6He using laser
spectroscopy [2]. By measuring the isotope shift between the 23S1−33P2 tran-
sition in 6He and 4He, the 6He charge radius could be calculated using the
previously known 4He charge radius. Laser spectroscopy was performed on
individual 6He atoms confined and cooled in a magneto-optical trap (MOT)
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at Argonne National Laboratory. To excite the trapped atoms 389 nm light
generated by an external-cavity diode laser was used. The isotope shift was
measured to be 43194.772 ± 0.056 MHz resulting in a charge radius of 6He,
〈r2

c〉1/2 = 2.054 ± 0.014 fm. In theoretical descriptions of nuclear structure
the spatial distribution of protons and neutrons are calculated while treat-
ing both as point particles. From their result Wang et al. calculated the
point-proton radius of 6He to 〈r2

p〉1/2 = 1.912 ± 0.018 fm. The calculation is
performed using the relation

〈r2
p〉 = 〈r2

c〉 − 〈R2
p〉 − 〈R2

n〉(N/Z), (2.1)

where 〈R2
p〉 and 〈R2

n〉1/2 are the mean-square charge radii of the proton and
neutron respectively.

Using different nuclear models experimental results from nuclear reactions
have been used to calculate the radius of 6He. From a differential cross section
measurement of p – 6He scattering Alkhazov et al. deduced the point-nucleon
matter radius of 6He to be 2.30± 0.07 fm [13]. From this they calculated the
point-proton radius to be 1.88± 0.12 fm.

From their early measurements, Tanihata et al. arrived at a matter radius
of 2.73± 0.04 fm for 6He [9].

2.2 Pionic fusion

When the reaction 4He(d, 6He)π+ occurs at an energy just above threshold
essentially all of the kinetic energy of the entrance channel is converted into
one pion. This is an example of a so called pionic fusion reaction. The fusion
of the deuteron projectile and the 4He target nucleus into a specific state of
6He, the ground state, requires the coherent action of all the nucleons. The
process was called ”cold fusion” by Huber, Klingenbeck and Hupke [14].

Two different types of pionic fusion reactions can be identified. In the
”resonant” category the production mechanism involves an intermediate step
where two nucleons (NN) in the initial state make a transition to a state
of a nucleon coupled to a ∆ (N∆) before decaying into a pion and two
nucleons (NNπ). Resonant pionic fusion is expected to dominate at pion
energies around 120 MeV [15]. Since we are interested in a ”nonresonant”
reaction without any significant involvement from the intermediate N∆ state,
we need to keep the reaction in a low kinematic region very close to threshold.

In a pionic fusion reaction closely above the absolute threshold for the
reaction all nucleons have been involved to produce the pion. The available
kinetic energy of the projectile-target system as well as the binding energy
gained in fusion is needed. It is therefore natural to picture the process as
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very sensitive to correlations among the nucleons in the initial and final
states. The momentum transfer in the reaction is considerable and thus it
can be used to extract information in particular about the, less known, high
momentum parts of the 6He wave function.

2.2.1 Pionic fusion model of the d(p,3He)π0 reaction

In order to demonstrate the sensitivity of the pionic fusion process to details
of the wave function of the halo nucleus, the more well-examined reaction
d(p, 3He)π0 will be discussed. For this reaction the initial and final state
nuclear wave functions are believed to be well understood.

We base our model of the d(p, 3He)π0 reaction on ideas of coherent pion
production from Hiller and Pirner [16]. We picture the deuteron in the initial
state as two nucleons surrounded by a cloud of virtual pions static in the
rest frame of the deuteron in analogy with the Weizsäcker-Williams method
of virtual quanta [17]. The virtual pion is emitted from the deuteron which
is transformed into a quasi deuteron with T = 1 and J = 0. The pion is
then rescattered on the proton and brought on shell. Subsequently the quasi
deuteron and the proton form 3He. The model is illustrated in Fig. 2.5.

Figure 2.5: Model of the pionic fusion reaction d(p, 3He)π0. The model is described in
greater detail in Appendix A.

This model can be used to evaluate two different 3He wave functions. The
trinucleon Faddeev wave functions, normally found in the form of numerical
tables, have been difficult to use for nonspecialists. In 1980 an analytical form
of the 3He wave function, parameterised in a convenient way, was presented
[18]. It was obtained by solving the Faddeev equations using the Reid soft
core potential. In 2003 an improved variant was presented, this time solving
the Faddeev equations using the CD Bonn, meson exchange potential [19].
At first glance the two wave functions look similar. And they are almost
identical at lower momenta where the large amplitudes are found, but differ

11



Figure 2.6: Experimental results from Pickar et al. [15] (single marks) compared to results
calculated with the present model using two different wave functions (full drawn lines).
The wave functions stem from Faddeev calculations using the Reid soft core potential [18]
(left) and the CD Bonn potential [19] (right), respectively.

appreciably at higher momenta. The model of the pionic fusion reaction
together with the comparison of the two wave functions are presented in
greater detail in Appendix A.

To demonstrate the sensitivity of pionic fusion to the differences between
the two wave functions we use experimental data from measurements of the
d(p, 3He)π0 reaction. In an experiment at the Indiana University Cyclotron
Facility by Pickar et al., this reaction was studied at four energies very near
the absolute threshold [15]. Measurements were made using a polarised pro-
ton beam incident on a deuterated polyethylene foil target. The recoiling
3He ions were momentum analysed using a magnetic spectrometer while the
proton beam, not matching the rigidity requirements, was stopped in a Fara-
day cup within the first part of the spectrometer. The 3He ions were finally
identified in a scintillator hodoscope. Coincident photons from the decay of
the pions were detected in arrays of lead-glass photon detectors.

In the analysis of the experimental data Legendre expansions were as-
sumed for the differential cross sections of the reaction,

(
dσ

dΩ

)

c.m.

=
∑

k≥0

akPk(cosθc.m.), (2.2)

where θc.m. denotes the c.m. angle between the pion and proton momenta.
In a fit to data for each beam energy Legendre coefficients a0, a1 and a2 were
obtained.

The results for the differential cross sections of Pickar et al. were used
to evaluate the two 3He wave functions. Differential cross sections were cal-
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culated with the present model using the two different wave functions, c.f.
Appendix A. The one free parameter of the model, the overall normalisa-
tion, was determined in a fit to the experimental results for the total cross
section (4πa0). The great sensitivity to the differences between the two wave
functions at higher momenta can be seen in Fig. 2.6. The wave function cal-
culated using the Reid soft core potential leads to very poor results, the a1

coefficients even have the wrong sign as compared to experiment. The wave
function calculated using the CD Bonn potential, however, gives excellent
results.
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Chapter 3

The 4He(d,6He)π+ reaction

The 4He(d,6He)π+ reaction was studied in the CELSIUS accelerator and
storage ring at The Svedberg Laboratory in Uppsala. Measurements were
made at four different beam energies. 6He ions emitted in the reaction were
detected in the zero degree spectrometer. In this chapter experimental details
and the analysis of the reaction is presented. The experiment is reported in
Paper I.

3.1 Experimental setup and measurements

An accelerator and storage ring provides ideal conditions for the study of
pionic fusion. The electron cooling system produces a beam with excellent
energy resolution. The internal gas-jet target allows for a thin and windowless
target hardly affecting the resolution. To avoid involvement of high angular
momenta the reaction it is important to keep the kinetic energies close to the
absolute threshold for the reaction. At these low energies the reaction cross
sections are by nature small and the high luminosity needed is obtained by
using thin target in combination with a relatively high beam current.

In a pionic fusion reaction close to threshold the low-energy pions are
difficult to detect [20, 21, 22]. The heavy reaction products carry essentially
all of the beam momentum and are emitted close to zero degrees in the
laboratory frame. In a storage ring they stay close to the circulating beam
but may, as long as they are differently charged, be spatially separated from
the beam particles in a magnetic field.

The 4He(d,6He)π+ reaction was studied at CELSIUS. An electron-cooled
deuteron beam was used together with a 4He gas target. Measurements were
made at four different beam energies, Ebeam= 214.6, 217.3, 218.2, and 224.1
MeV. The lowest beam energy lies below the threshold for the 4He(d, 6He)π+

15



Figure 3.1: CELSIUS accelerator and storage ring.

reaction and was included in order to provide information concerning the
background. The three higher energies correspond to c.m. energies, Q, 0.6,
1.2, and 5.0 MeV above threshold. In this experiment the separation and
detection of the 6He ions was done in the zero degree spectrometer.

3.1.1 CELSIUS

CELSIUS is a combined accelerator and storage ring with internal targets and
electron cooling of the beam to control the velocity spread of the ions. Some
CELSIUS parameters are listed in Table 3.1 [23, 24, 25]. Between the four sets
of dipole magnets there are straight sections. Two of them incorporate target
stations and are intended for experimental use. The pellet target station
used with the WASA detector is situated on the second straight section and
the cluster-jet target station on the fourth. In this experiment the cluster-
jet target was used, however, operated as a gas target. The experimental
equipment, including a detector telescope for the 6He ions and a detector
monitoring the luminosity, was set up in the fourth quadrant of the ring.
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Table 3.1: Some parameters of the CELSIUS storage ring.
Circumference 81.8 m
Maximum rigidity 7.0 Tm
Maximum proton beam energy uncooled 1450 MeV

cooled 550 MeV
Maximum deuteron beam energy uncooled 940 MeV

cooled 940 MeV
Relative momentum spread (∆p/p) uncooled 2× 10−3

cooled 2× 10−4

Maximum energy of electron beam 300 keV
Stored beams p − 40Ar18+

Cluster-jet targets H − Xe

3.1.2 Gas-jet target

The target system was operated with 4He gas in this experiment. The system
is designed to produce a clustered gas-jet target by forcing gas through a
cooled trumpet-shaped nozzle while the temperature and pressure are kept
such that the gas is close to transition to liquid [24, 26]. The target thicknesses
are of the order of 1 ng/cm2 for all gases which for hydrogen and deuterium
corresponds to 1014 atoms/cm2. A cooled skimmer and collimators define
the geometrical properties of the jet so that the cluster beam entering the
scattering chamber has an oval cross section 11 mm along the beam × 7 mm
across.

During this experiment the target system was operated with helium gas
for the first time. Helium is known not to cluster easily but the parameters
of the gas-jet target system were optimised in an attempt to produce the
ideal, well localised, target sought for. In the off-line analysis it became clear
that the helium gas did not cluster and that the target gas was spread out
inside the scattering chamber and into the beam tube of the CELSIUS ring.
This circumstance was one of the major challenges in analysing the exper-
iment. The method developed for obtaining information about the target
distribution is described in Section 3.2.3.

3.1.3 Zero degree spectrometer

Part of the fourth quadrant of CELSIUS together with a charged-particle
telescope constitute a zero degree spectrometer suitable for the study of
near-threshold reactions [27]. The quadrupole and dipole magnets of the ring
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Figure 3.2: The author opening the valve to the vacuum of the CELSIUS ring. The bellows
make the detector telescope continuously adjustable in radial position.

focus and deflect heavy reaction products onto a charged-particle telescope
inserted into the vacuum of the CELSIUS ring, 6 m downstream from the
target, Fig 3.2. Since the heavy reaction products carry most of the beam
momentum they travel close to the beam and just above threshold for the
reaction a high acceptance can be achieved using a detector covering only a
small fraction of the solid angle in the laboratory frame. In order to match the
magnetic rigidity of the reaction products the radial position of the telescope
is continuously adjustable.

The charged-particle telescope consisted of a 60 × 40 mm2 transmission
(∆E) detector of 1.0 mm silicon and a stopping (E) detector of 1.7 mm high-
purity germanium, Fig 3.3. The stopping detector is position sensitive with
its contacts divided into 18 horizontal strips of 2 mm width on one side and
66 vertical, 1 mm wide strips on the other. The two outermost strips on both
sides are bonded together making these strips twice as wide as the others.
The dead layers of the silicon detector were less than 1 µm Si + 0.3 µm Al
(specified by manufacturer). The contacts on both sides of the high-purity
germanium detector are made by ion implantation creating a dead layer of
less than 0.5 µm (germanium equivalent).

The detectors were operated at liquid nitrogen temperature. The cooling
of the telescope was done by circulating liquid nitrogen through the cold head
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Figure 3.3: The position-sensitive stopping detector made of high-purity germanium.

on which the detectors were mounted.

3.1.4 Monitor telescope

A monitor detector telescope consisting of two 2 mm thick, 40 × 40 mm2,
plastic scintillators and a 100 mm thick BGO detector of slightly larger area,
was placed outside of the CELSIUS ring directed towards the centre of the
scattering chamber, c.f. Figure 3.4. The monitor telescope was mounted in
the same horizontal plane as the beam at an angle of 50 degrees from the
direction of the beam. The distance between the two plastic scintillators was
440 mm. The purpose of the monitor telescope was to get a measure of the
number of reactions in the centre of the scattering chamber . This is obtained
by requesting, for an approved so called monitor event, signals from both
plastic scintillators coincident with a signal from the BGO detector. Thus
particles scattered from the walls of the scattering chamber or the beam
tube will not give rise to any monitor event. In this experiment where the
target gas was extended into the beam tube the monitor telescope provided
necessary information about the density of the target gas in the centre of the
scattering chamber.

3.1.5 Measurements

Measurements of the 4He(d,6He)π+ reaction were made at four different en-
ergies of the deuteron beam. The lowest beam energy, Ebeam = 214.6 MeV,
was below threshold for the reaction and was included to provide informa-
tion about the background. The higher energies, Ebeam = 217.3, 218.2 and
224.1 MeV correspond to energies 0.6, 1.2 and 5.0 MeV above threshold in
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Figure 3.4: Schematic picture of the experimental setup in the fourth quadrant of the
CELSIUS ring. The quadrupole and dipole magnets together with the detector telescope
constitute the zero-degree spectrometer.

the c.m.-system. CELSIUS was operated in 900 s cycles and the detector
telescope was moved into measuring position with its centre 170 mm away
from the circulating beam 40 s after injection, when the beam had been ac-
celerated to its final energy and cooled. After 800 s the telescope was moved
away from the beam to the parking position and the beam was dumped. The
data acquisition system used in this experiment was based on the SVEDAQ
system [28] with NIM, CAMAC and VME electronics.

3.2 Analysis and results

In the analysis of the experiment a great effort was made to master the
difficulties caused by the extended target. A method for determining the
density distribution of the target gas has been developed and is described
below. Based on knowledge of the target gas distribution simulations of the
reaction 4He(d,6He)π+ could be made and fitted to experimental data.

3.2.1 Particle identification

To identify different particles resulting from the d + 4He reaction ∆E – E
spectra, such as in Fig. 3.5, were used. In a ∆E – E spectrum the energy
deposited in the transmission detector, ∆E, is shown on the vertical axis
and the energy deposited in the stopping detector, E, on the horizontal axis.
Typical is that charged particles with low kinetic energy will deposit more
energy in the ∆E detector than high-energy particles. To obtain optimal en-
ergy information, the ∆E – E detector combination used should be designed
so that particles of interest deposit part of their energy in the ∆E detector
and are completely stopped by the E detector.

The stopping power of the detector depends on the energy and charge-to-
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Figure 3.5: ∆E – E spectrum resulting from a deuteron beam incident on a 4He gas target
at Ebeam = 217.3 MeV. 3He ions from the 4He(d,3He)t reaction produce a peak between
the deuteron and triton distributions.

mass ratio of the ion and ridges corresponding to different ions can be seen
in the spectrum. In Fig. 3.5 ridges of protons, deuterons, tritium, 3He, 4He
and 6He can be seen. The peak of 3He ions seen in the figure is the result of
3He ions emitted in the reaction 4He(d,3He)t. The 3He ions in the peak have
an energy of approximately 200 MeV and are not stopped by the detectors.
From ∆E - E spectra 6He ions were selected for further analysis.

3.2.2 Energy calibration

The ∆E (Si) detector and the E (Ge) detector were energy calibrated using
alpha-particle emitting 241Am and 232U sources. The sources are mounted
close to the valve connecting the bellows with the detector telescope to the
CELSIUS ring. At this position the sources are inside vacuum during mea-
surements and will irradiate the detector telescope when parked in its out-
ermost position. The detectors were calibrated at each beam energy, before
and after measurements. Examples of calibration spectra are shown in Fig.
3.6.

3.2.3 The extended target

In the ideal experiment using the cluster-jet target station the cluster-jet
beam entering the scattering chamber has an oval cross section with dimen-

21



Figure 3.6: For the purpose of calibration, an alpha-emitting 241Am source was mounted
facing the Si detector and a 232U source facing the Ge detector. The dominating peak in
the Si spectrum is Eα = 5.48 MeV from 241Am (top). Direct alpha radiation from the 232U
source can not reach the Si detector. However, radon gas from the decay of 232U does spread
out and some peaks from the alpha decay of 220Rn and its daughter-nuclei are indicated
in the Si spectrum (top, right). Several peaks from the 232U source can be clearly resolved
in the spectrum from the Ge detector (bottom). In the spectra the sources of some peaks
are indicated, e.g. 241Am (Eα = 5.48 MeV), 216Po (Eα = 6.78 MeV) and 212Po (Eα =
8.78 MeV).
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sions 11 mm × 7 mm. With such a localised target the position of the in-
tersection between the beam and the target is relatively well defined. When,
on the other hand, the target is extended as in the current experiment, the
reaction point is no longer precisely known. This is not a satisfying situation
since knowledge about the distribution of reaction points is essential when
simulations with ray-tracing is, as in this case, used to analyse the experi-
mental data. The number of reactions taking place at a certain position along
the beam line depends on the density of the target gas at that position. So,
for the further analysis of the 4He(d,6He)π+ reaction the density distribution
of the target gas needs to be known.

Figure 3.7: Simulation of the acceptance for 3He ions, from the 4He(d,3He)t reaction, in
the detector plane. The horizontal axis shows the position along the beamline for the
reaction. The distance from the beam, in the detector plane, is shown on the vertical axis.
The gray scale is logarithmic with the highest acceptance (black) being approximately
10%. The acceptance covered by the detector in its normal position during measurements
is indicated (line), as well as the acceptance covered in the target analysis (dash).

Using 3He ions to determine the density distribution of the target

To determine the density distribution of the target gas the 3He ions emitted
at an angle close to 0o (in c.m.) in the reaction 4He(d,3He)t were used. These
ions are almost monoenergetic with a total energy of approximately 200 MeV
and are seen as a peak in ∆E - E spectra. Their distribution in the plane
of detection depends strongly on the extension of the target along the beam
line. This is illustrated in Fig. 3.7.
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Figure 3.8: Horizontal distribution of 3He ions in the detector plane assuming: (a) a lo-
calised target at the centre of the scattering chamber; (b) a distributed target (grey) and
experimental data (line).

3He ions from the 4He(d,3He)t reaction were selected from ∆E - E spectra
by encircling the peak using the same energy limits in each spectrum. To
provide good statistics recorded reactions from more than 40 hours of data
taking were used. The distribution of the 3He ions in the detector plane
was measured for distances of 113 to 237 mm from the circulating beam.
The horizontal distribution of 3He ions is shown in Fig. 3.8 together with
results from simulations assuming a distributed target. In the same figure,
for comparison, the simulated horizontal distribution of 3He ions is shown
from the 4He(d,3He)t reaction in a well localised target at the centre of the
scattering chamber.

Simulations of the target gas distribution

Simulated data of the 4He(d,3He)t reaction were produced using a Monte
Carlo code with ray-tracing that has been developed for CELSIUS and the
zero degree spectrometer [29]. The acceptance for 3He ions is strongly de-
pendent on where along the beamline the reaction occurs. This is illustrated
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in Figure 3.7. The code uses the geometries and fields of CELSIUS and the
starting coordinates can be changed from one event to another.

To simulate the effect caused by a distributed target the number of
4He(d, 3He)t reactions per unit length was varied according to a simple model
assuming a target density, ρ(x), determined by the central gas density ρ0, and
the slope parameters b1 and b2.

ρ(x) = ρ0

{
(1− b1 | x |) , − 1

b1
< x < 0

(1− b2 | x |) , 0 < x < 1
b2

(3.1)

where x is the distance along the beam from the centre of the scattering
chamber.

The values of the slope parameters b1 and b2 were obtained by fitting
simulated to experimental data using a maximum likelihood method. The
best fit was obtained with b1 = 0.69(7) m−1 and b2 = 0.186(1) m−1, shown
in Fig. 3.8 (b).

It can be argued that it is an oversimplification to assume a linearly
decreasing target gas distribution. An available alternative is the vacuum
calculation code VAKTRAK that uses information about geometry, pumps
and vacuum gauge readings to simulate a gas distribution [30]. As the com-
plicated target situation was not fully understood at the time of data taking,
the monitoring of pumps and vacuum gauges was not complete. However, a
qualitative evaluation of the target density distribution obtained using Eq.
(3.1) was carried out. The VAKTRAK calculation was done using the actual
geometry of the target straight sections and available readings of vacuum
gauges. The ion pumps along the straight section were assumed to have been
switched off. The result of these calculations together with the density distri-
bution of Eq. (3.1), with b1 = 0.69 m−1 and b2 = 0.186 m−1, is shown in Fig.
3.9. The qualitative agreement between the two density distributions can be
considered good, especially in the forward direction where the acceptance for
3He ions is relatively large.

Target thickness

The nominal thickness ordinarily valid for the cluster jet target could not
be used in this experiment with the 4He target gas extended far into the
beamline. Instead a measurement of the target thickness performed by the
CELSIUS staff half way through the experiment was used. The technique of
target measurement uses the stopping power of the target gas to determine
the thickness. Starting with an accelerated and cooled beam the electron
cooler is shut off and the frequency change, caused by the beam colliding
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Figure 3.9: Target density calculated using VAKTRAK (line) and assuming a linearly
decreasing target density according to Eq. (3.1) with b1 = 0.69 m−1 and b2 = 0.186 m−1

(dash). The two density distributions correspond to the same total target thickness.

with the atoms of the target gas, is determined using Schottky spectra. In
this way the target thickness was measured to dtarget = 5.9(1)× 1013cm−2.

From Eq. (3.1) the integrated target thickness is obtained as

dtarget =

∫ 1/b2

−1/b1

ρ(x)dx =
1

2
ρ0

(
b−1
1 + b2

−1
)
. (3.2)

The result for the target thickness fixes the value of the density at the centre
of the target chamber, ρ0 = 1.7(2)× 1011cm−3.

3.2.4 Luminosity

The luminosity per unit length can be defined as

l(x) = Ibeamρ(x) (3.3)

where Ibeam is the beam current and ρ(x) is the density distribution from Eq.
(3.1).

Immediately preceding the measurement of the target thickness the beam
current was measured while at the same time registering the rate of events
in the monitor telescope, nmon. Since the monitor telescope only accepts
particles emitted from the centre of the scattering chamber, a constant of
proportionality, C = Ibeamρ0/nmon, could be determined. The luminosity per
unit length is then given by

l(x) = Cnmon

{
(1− b1 | x |) , − 1

b1
< x < 0

(1− b2 | x |) , 0 < x < 1
b2

(3.4)
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The possible variation of the slope parameter b2 was monitored during
the entire measurement by the number of 3He-ions from the 4He(d, 3He)t
reaction reaching the detector. The variation of the average value of b2 was
smaller than 10% for all beam energies.

For each beam energy the integrated luminosity was determined from Eq.
(3.4) using the total number of events registered in the monitor telescope at
the corresponding energy. The integrated luminosities for the measurements
are shown in Table 3.2.

Table 3.2: Integrated luminosities for the measurements at different beam energies. The
uncertainty in the beam current calibration renders a systematic uncertainty, estimated
to 5 %, to the integrated luminosities.

Ebeam [MeV] Integrated luminosity [cm−2]

214.6 (1.9± 0.1)× 1034

217.3 (8.0± 0.4)× 1034

218.2 (7.3± 0.4)× 1034

224.1 (3.7± 0.2)× 1034

3.2.5 Selection of events due to 6He

The 6He ions were selected from the ∆E – E spectra, as described in section
3.2.1. Events were approved of if the signal from the position sensitive de-
tector came from one single horizontal strip or from two neighbouring strips.
At the same time signals from one to three neighbouring vertical strips were
required. All selected events were characterised by the ion energy together
with the horizontal and vertical coordinates on the detector. The loss of ef-
ficiency caused by multiple hits was less than 1 %. An upper limit to the
efficiency loss due to nuclear reactions in the detectors, estimated from [31],
is 1.4 %.

The energy distributions of selected events at the four different beam en-
ergies are seen in Figure 3.10. At each beam energy the 6He ions detected
following the 4He(d, 6He)π+ reaction exhibit two peaks in the energy distri-
bution. The high-energy peak corresponds to ions emitted at 0 degrees in
c.m. and the low energy peak to ions emitted at 180 degrees. The energy
difference between the peaks is a sensitive measure of the beam energy.
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Figure 3.10: Kinetic energy spectra of selected events, measured at four different beam
energies, Q denoting the available energy above threshold (in c.m.) for the reaction. The
spectrum for the highest beam energy is the sum of spectra taken at two different detector
positions (130 and 175 mm from the beam).
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Fitting of simulated to experimental data

Simulations of 4He(d, 6He)π+ reactions were done again using the Monte
Carlo code with ray tracing developed for the zero-degree spectrometer. The
number of reactions started per unit length along the beam line was governed
by the target distribution extracted from recorded 3He ions (Section 3.2.3).
Each simulated event was characterised by the 6He ion energy and position
on the detector.

Results from the simulations were fitted to experimental data assuming
a differential cross section expanded in Legendre polynomials,

dσ

dΩ
= a0P0(cos θ) + a1P1(cos θ) + a2P2(cos θ), (3.5)

where θ is the c.m. angle between the pion and deuteron momenta. Re-
sults from the MC simulations were fitted simultaneously to the experimen-
tal data for all three beam energies above threshold. A Maximum-Likelihood
algorithm was used to determine the Legendre coefficients a0, a1 and a2. Ad-
ditional parameters determined in the fit were the magnitude of an assumed
flat background of misidentified events (for each beam energy), one indepen-
dent beam energy and the energy resolution of the detector telescope. The
steps in beam energy between the three measurements, 0.90 and 5.90 MeV re-
spectively, were assumed precisely determined by the change in high-voltage
of the electron cooler.

Acceptance for 6He

The acceptance for 6He ions, in the plane of the detector, depends on the
point of emission. The acceptance, assuming the target evenly spread out
through the full length of the beam pipe, is shown in Fig. 3.11. In the figure
is indicated the shape of the target gas density according to Eq. (3.1) with
b1 = 0.69 m−1 and b2 = 0.186 m−1. The effective acceptance will be reduced
due to the lower target density outside the scattering chamber.

The effective acceptances for 6He ions were 56, 34 and 7 %, respectively,
for Ebeam = 217.3, 218.2 and 224.1 MeV.

3.2.6 Results

The result of the fit for the beam energies, Legendre coefficients and total
cross sections are summarised in Table 3.3. The a2 coefficient could not be
well determined or was not significantly different from zero. The energy res-
olution (FWHM) of the telescope was determined to be 0.89 ± 0.02 MeV.
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Figure 3.11: The acceptance for 6He, assuming the target evenly spread out through the
full length of the beam pipe. The shape of the target gas density according to Eq. (3.1)
with b1 = 0.69 m−1 and b2 = 0.186 m−1 is indicated.

Table 3.3: Beam energies and Legendre coefficients obtained from the fits of simulated data
to experimental. Statistical uncertainties are indicated. The total systematic uncertainty
in the Legendre coefficients amounts to approximately ±35%.

Ebeam (MeV) a0 (nb/sr) a1 (nb/sr) a2 (nb/sr) σ (nb)

217.28± 0.01 1.78± 0.07 −0.44± 0.10 0, fixed 22.4± 0.9
217.28± 0.01 1.76± 0.09 −0.45± 0.10 0.15± 0.16 22.1± 1.1
218.18± 0.01 3.03± 0.10 −0.89± 0.16 0, fixed 38.1± 1.3
218.18± 0.01 3.25± 0.16 −0.90± 0.16 −0.32± 0.28 40.9± 2.0
224.08± 0.01 4.5± 0.7 −1.6± 0.8 0, fixed 57± 9

Experimental results for the three different beam energies are presented, to-
gether with the best fit, in Fig. 3.12 - 3.14.

The largest source to the systematic uncertainties in the Legendre coeffi-
cients is the uncertainty in the shape of the density distribution of the target
gas. The fitted triangular distribution, Eq. (3.1), gives a good description of
the results for 3He. A different density distribution, where a larger (smaller)
fraction of the target gas is found in parts of the beam pipe where the accep-
tance for 6He is low, will result in different Legendre coefficients and thus to
higher (lower) total cross sections. The systematic uncertainty in the results
for 6He was found to be approximately 30% by investigating two extreme
cases for the gas distribution. In the first case the target gas was assumed
to be confined to the target chamber with no gas in the beam pipes outside
the chamber. This provided a lower limit to the total cross sections since
the acceptance for the reaction leading to 6He was largest in this region. In
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Figure 3.12: Experimental results (full drawn line) of the 4He(d, 6He)π+ reaction at
Ebeam = 217.3 MeV and fit of simulated data (grey). The energy distribution of 6He
ions is shown at the top. In the middle and at the bottom the vertical and horizontal
distributions of 6He ions on the detector are shown. One horizontal strip was disconnected
which explains the dip in the vertical distribution.

the second case we used the VAKTRAK calculation discussed in Sec. 3.2.3,
since this resulted in an extension of the target gas in the backward direction
where the acceptance was low, thus obtaining an upper limit to the total
cross sections.

A second source, amounting to a systematic uncertainty of approximately
5%, is the uncertainty in the beam current calibration.

The total systematic uncertainty in the Legendre coefficients and the
total cross sections, from both sources, amounts to approximately 35%. The
uncertainty, however, amounts to a common multiplicative factor, leaving the
asymmetry and the energy dependence of the cross section unaffected.
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Figure 3.13: . Experimental results (full drawn line) of the 4He(d, 6He)π+ reaction at
Ebeam = 218.2 MeV and fit (grey). Energy distribution of 6He ions (top), vertical distribu-
tion (middle) and horizontal distribution (bottom). One horizontal strip was disconnected
which explains the dip in the vertical distribution.
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Figure 3.14: Experimental results (full drawn line) of the 4He(d, 6He)π+ reaction at
Ebeam = 224.1 MeV and fit (grey). At this energy data from two different horizontal
positions of the detector were fitted simultaneously. The centre of the detector was 130
mm away from the beam in position 1 and 175 mm in position 2. Energy distribution of
6He ions (top), vertical distribution (middle) and horizontal distribution (bottom). One
horizontal strip was disconnected which explains the dip in the vertical distribution.
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Chapter 4

The 3He(3He,6Li3.56)π
+ reaction

4.1 A new way of studying the A = 6, T = 1

halo state

In order to provide more data on pionic fusion to the T = 1 halo state of
the six-nucleon system, in particular to investigate the importance of triton–
triton or triton− 3He clustering, we have made an experiment studying the
3He(3He, 6Li3.56)π

+ reaction at CELSIUS.

It is likely that the isobaric analogue of a two-neutron halo nucleus has
a similar halo structure. This is believed to be case for the Jπ = 0+, T = 1
analogue state to the ground state of 6He (6Heg.s.), at 3.56 MeV excitation
energy in 6Li (6Li3.56). Calculations using a microscopic three-body model
confirm that the proton and neutron radii in 6Li3.56 are very close to the
neutron radius in 6Heg.s.[32]. Andersson et al. have earlier studied the for-
mation of this specific state of 6Li in the pionic fusion of alpha particles and
deuterium at CELSIUS [1].

The importance of including 3N + 3N clustering in the description of
the A = 6, T = 1 system has been pointed out by Arai, Suzuki and Lovas
[33]. By including the t + t or t + 3He channel known properties of this
halo state, such as the binding energy, are better reproduced. They calculate
a spectroscopic factor of approximately 0.5 for the t + t configuration in
6Heg.s..

A measurement of differential cross sections for the 3He(3He, π+)6Li re-
action has been carried out once before, by Le Bornec et al. [34]. A 3He-ion
beam from the Orsay synchrocyclotron on a 3He target of 57 mg/cm2 thick-
ness was employed. Measurements were made at two different beam energies,
Ebeam = 268.5 and 282 MeV, corresponding to c.m. energies 8.4 and 15 MeV,
respectively, above the absolute threshold with respect to the ground state
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of 6Li. Pions were detected in a spectrometer with multiwire chambers and
scintillators [35]. At the lowest beam energy only the differential cross sec-
tion for the ground state could be determined. For the higher beam energy
differential cross sections were determined for the ground state (Jπ = 1+), as
well as the two lowest excited states of 2.18 MeV (Jπ = 3+) and 3.56 MeV
(Jπ = 0+) excitation energy. For the 6Li3.56 state the differential cross section
was determined to 9.2± 2.7 nb sr−1 at a centre-of-mass angle, θc.m. = 20◦.

The aim for our experiment was to measure the total differential cross
section for the 3He(3He,6Li3.56)π

+ reaction 1.2 and 1.9 MeV above threshold.
Since those are the same energies above threshold as for the d(4He,6Li∗3.56)π

0

reaction studied earlier, interesting comparisons will be made possible.

4.2 The preparatory run

In the first study of the 3He(3He,6Li)π+ reaction at CELSIUS, measurements
were made at two different beam energies. 6Li ions emitted in the reaction
were detected in the zero degree spectrometer. Here some experimental de-
tails and results from the analysis are presented. This exploratory experiment
is also discussed in Paper II.

The setup of the experiment was almost identical to the setup for the
study of the 4He(d,6He)π+ reaction, c.f. Fig. 3.4. The same ∆E – E de-
tector was used consisting of a 1 mm thick silicon transmission detector in
conjunction with a position-sensitive 1.7 mm thick high-purity germanium
detector. The measurements were done at the two nominal beam energies,
Ebeam = 253.4 and 261.1 MeV. The lower beam energy is below the thresh-
old for producing 6Li3.56 and was included for the purpose of measuring a
complete angular distribution for the ground state. The higher beam energy
corresponds to a c.m. energy 1.2 MeV above the threshold. The unfortunate
combination of a low beam current and a very thin target resulted in limited
statistics. The 6Li ions detected at the higher beam energy can be seen in
the ∆E – E spectrum in Fig. 4.1.

4.2.1 Target situation

From the analysis of the 4He(d,6He)π+ measurements we were aware of the
difficulties involved in making a clustered helium target. Most of the exper-
imental time was devoted to optimising the target density by altering the
parameters, e.g. the gas flow and the temperature, of the cluster target. Our
conclusions are that we never reached the ideal, clustered target; on the con-
trary we experienced a target density rising more or less linearly with the
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Figure 4.1: Measured ∆E–E spectrum for Ebeam = 261 MeV where ∆E (E) is the energy
deposit in the silicon (germanium) detector. Calculated energy depositions in the ∆E and
E detector for 3He and 6Li ions are indicated (solid lines).

gas flow. For the calculation of the total cross section an estimation of the
target density distribution was made from vacuum gauge readouts during the
experiment. The readouts indicated a triangular density distribution with its
maximum in the centre of the target station, reaching as far out in the beam
pipe as 2.7 m in the forward and backward direction.

4.2.2 Results and conclusions

The total cross section for the 3He(3He,6Li)π+ reaction leading to 6Lig.s. and
6Li3.56 was estimated for Ebeam = 261.1 MeV. The integrated luminosity
during these measurements was 2.2 × 1033cm−2. Assuming the target den-
sity distribution estimated from the vacuum gauge readouts the total cross
section, assuming isotropy, was calculated to

σg.s. = 220± 40 nb,

σ3.56 = 34± 7 nb.

Our main conclusion from this experimental run is that the 3He target
does not cluster but does inevitably spread out into the beam pipe.
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Figure 4.2: Participants of the final study of the 3He(3He,6Li)π+ reaction. Seen in the
pictures from the CELSIUS hall and counting room, are (clockwise from upper left) Irina
Zartova, Per-Erik Tegnér, Christoph Bargholtz, Linda Gerén and Kalle Lindberg. Not seen
in the pictures are Kjell Fransson, Johan Kastlander and Jan Blomquist.

4.3 Final experimental setup and measure-

ments

The final study of the 3He(3He, 6Li)π+ reaction at CELSIUS was performed
in November 2003 by members of the Nuclear Physics Group at Stockholm
University, Fig. 4.2. Conclusions and experiences from the preparatory run
were utilised to optimise the conditions during measurements. The analysis
of the experiment is in progress.

In Fig. 4.1 the background is not negligible in the region where the events
corresponding to 6Li appear. The majority of the background events is prob-
ably due to nuclear reactions in the detectors. To be able to reduce the back-
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Figure 4.3: The detector elements mounted on the detector telescope. During measure-
ments the beam will hit the first silicon detector from the left in the picture.

ground in the analysis of the final measurements, a second ∆E detector was
included in the charged-particle detector telescope. Also, an extra stopping
detector was included for the purpose of stopping and identifying 3He-ions
from the target calibration reaction, discussed below. By demanding, for the
3He(3He, 6Li)π+ reaction, coincident signals in the first three detectors in
anticoincidence with this stopping detector the background can be further
reduced. In all, the detector telescope this time consisted of two transmission
detectors, of 1.0 mm and 0.3 mm silicon respectively, a position-sensitive de-
tector of 1.7 mm high-purity germanium and a stopping detector of 2.1 mm
germanium, Fig. 4.3.

In order to evaluate the the absolute cross sections and angular distribu-
tions the density distribution of the target gas needs to be known. During
measurements information about the target situation were obtained in two
independent ways. Firstly, vacuum gauge readings and pumping capacities of
pump stations along the target straight section and in the neighboring bends
were collected. This information can be used in the vacuum calculation code
VAKTRAK to simulate a gas distribution, discussed in Sec. 3.2.3. Secondly,
the target density distribution can be determined experimentally by using a
reaction with a known differential cross section. For such a target calibration
reaction we choose to measure d + 3He elastic scattering using a deuteron
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beam of Ebeam = 140 MeV. The differential cross section for 3He scattered at
0◦ is 16.3(1) mb sr−1 [36]. In addition, the count rates in five monitor tele-
scopes, directed towards different sections of the beam pipe, were collected
continuously to detect the variation in time of the target distribution, Fig.
4.4. Each monitor telescope telescope consisted of a combination of a plastic
or silicon ∆E detector and a E detector made of NaI or BGO.

Figure 4.4: Schematic picture of the experimental setup in the fourth quadrant of the
CELSIUS ring. Five monitor telescopes (MT) were used to detect the variations in the
distribution of the target gas.

Measurements were made at nominal energies of the 3He beam, Ebeam =
261.1 and 262.5 MeV, corresponding to Ec.m. = 1.2 and 1.9 MeV above
threshold for producing 6Li3.56. Those are the same energies above threshold
as for the d(4He,6Li∗3.56)π

0 reaction studied by Andersson et al. [1]. The exper-
iment was run for a total number of 22 eight-hours shifts including time for
changing the beam energy. The integrated luminosity is difficult to estimate
at this point in the analysis. The average beam current was approximately 2
mA which is in the order of magnitude of our expectations.

The data acquisition system used in this experiment was based on the
SVEDAQ system [28] with NIM, CAMAC and VME electronics. The logic
used with SVEDAQ, Fig 4.5 and 4.6 , was designed to accept events corre-
sponding to particles being detected in the detector telescope or in one of
the monitor telescopes. Energy signals were shaped and fed to analogue-to-
digital converters (ADC) for pulse-hight analysis. Time signals were fed to
time-to-digital converters (TDC). From the position sensitive detector the
signals from the 64 vertical strips were collected in charge-to-digital convert-
ers (QDC). The acquisition system was triggered by coincident signals in
the two ∆E detectors of the detector telescope or coincident signals in the
∆E and E detectors of any one of the monitor telescopes. Information about
the temperature and position of the detector telescope together with leakage
currents of the two germanium detectors (Istrip and Ige) were sampled at 2
Hz.
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Chapter 5

Discussion and conclusion

In this section the results of the pionic fusion of deuterons and 4He forming
the ground state of 6He are compared to the results of an earlier investigation
of the analogue reaction to the 3.56 MeV state in 6Li [1]. The two T=1, J=0
states are believed to have a similar halo structure [37].

5.1 A simple model for the reaction

A simple model analogous to the model for the d(p, 3He)π0 reaction (Section
2.2.1) can be used to describe the process involved in the pionic fusion of a
deuteron and an alpha particle. In the model we, again, picture the deuteron
as surrounded by a cloud of virtual pions. This virtual pion field in the
rest frame of the deuteron represent a source of almost real pions seen from
the rapidly approaching alpha particle. Just as in Section 2.2.1 the pion is
brought on shell by scattering, now on the alpha particle. When a positive
pion (T=1) is emitted from the deuteron and scattered on the alpha particle
the deuteron in the ground state (T=0, J=1) is transferred to the T=1, J=0
state of two neutrons in a relative L=0 state. The model is illustrated in
Fig. 5.1. The final A=6, T=1 state is described by a cluster wave function
composed of two halo nucleons in a relative s-state and an alpha-particle like
core.

Using the method developed in Section 2.2.1 and Appendix A with the
proton exchanged for an alpha-particle in the initial state Eq. (A.1) now
becomes

Ψa(k1,k2,k3) ∝ φd

(
k1 − k2

2

)
δ(k1 + k2 + pα)δ(k3 − pα)ξα(x̂), (5.1)

where pα and ξα(x̂) are the momentum and the internal wave function of the
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Figure 5.1: Model of the pionic fusion reaction 4He(d, 6He)π+.

alpha particle (x̂ denoting all variables describing the relative motion of the
nucleons of the alpha particle).

Due to the different masses the Jacobi momenta now become

u =
1

2
(k1 − k2),

q =
2

3
(k1 + k2)− 1

3
k3,

P = k1 + k2 + k3

(5.2)

where k3 is the momentum for the centre of mass of the alpha particle.
In the final state the 3He wave function is exchanged for a 6He wave

function. For 6He we use a wave function separable into a core, ξc(x̂), and a
halo, φh(u), part,

Ψ6He(u,q, x̂,P) ∝ φh(u)ξc(x̂)ν(q)δ(P + pπ) (5.3)

with ν(q) describing the relative motion of the core and the halo.
With the changes inserted Eq. (A.6) becomes

(
dσ

dΩ

)

c.m.

= N |pπ|
∣∣∣∣ν

(
1

3
pπ − pα

)∣∣∣∣
2

(5.4)

In our model calculation we take the wave function for the momentum
conjugate to the coordinate describing the relative motion of the core and
halo to be a 2s harmonic oscillator wave function

ν(q) =
1√
6

(
αq

√
π
)− 3

2

(
2

α2
q

q2 − 3

)
exp

(
− q2

2α2
q

)
(5.5)

where
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q = (2kh − kc) /3.

Here kh and kc denote the total c.m. momentum of the halo and of the core
respectively.

We then calculate an expression for the differential cross section as a series
to the second order of Legendre polynomials,

(
dσ

dΩ

)

c.m.

= Npπ

2∑
i=0

ai(Q,αq)Pi(cos θ) (5.6)

where N is a normalisation constant, Q (which in turn is a function of the
pion momentum) is the energy above the absolute reaction threshold and θ
is the angle of emission of the pion relative that of the beam. Our choice of a
harmonic oscillator wave function for the relative motion of core and halo is
convenient as it leaves only one parameter, the harmonic oscillator constant
αq, to be determined (besides the normalisation).

The model for the pionic fusion of a deuteron and an alpha particle form-
ing 6He (also applicable for the analogue state in 6Li) is described in greater
detail in Paper I.

5.2 Comparison

The analogue reaction, d(4He,6Li∗3.56)π
0, was studied at CELSIUS by Ander-

sson et al. [1] using a 4He beam incident on a deuteron cluster jet target.
The differential cross section was measured at two different beam energies,
Ebeam = 417.95 and 420.30 MeV, corresponding to Ec.m. = 1.2 and 1.9 MeV
above threshold, giving a total cross section of 228±6 nb at the lower energy
decreasing to 141± 12 at the higher.

Unlike in the (.
4He,6Li∗3.56)π

0 reaction, the charged pion in the
4He(d, 6He)π+ and 3He(3He, 6Li

∗
3.56)π

+ reactions experiences Coulomb inter-
action in the final state suppressing the cross section. To be able to compare
the results for the different reactions the total cross section without final state
Coulomb interactions, σCc, has been calculated and is presented in Table 5.1.
The Gamow factor suppressing the cross section in case of the charged pion
has been calculated according to the method for describing the cross section
difference between np → dπ0 and pp → dπ+ reactions described by Fäldt and
Wilkin [38]. Also in Table 5.1 are presented the results for the asymmetry
(
[

dσ
dΩ

(0◦)− dσ
dΩ

(180◦)
]
/
[

dσ
dΩ

(0◦) + dσ
dΩ

(180◦)
]

in the c.m. frame).
The differential cross sections from the two pionic fusion reactions of deu-

terium and 4He are clearly anisotropic with a forward-backward asymmetry.
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Table 5.1: Comparison between parameters for the 4He(d, 6He)π+, d(4He, 6Li∗3.56)π
0 [1]

and the 3He(3He, 6Li∗3.56)π
+ reactions. Q denotes the available energy above threshold (in

c.m.). Only statistical uncertainties are included. In the last column the cross section for
the reaction leading to an A = 6 nucleus and a positive pion has been corrected for the
Coulomb interaction in the final state.

Q (MeV) Asymmetry a1/a0 σ (nb) σCc (nb)

4He(d,6He)π+

0.61 −0.25± 0.05 22.4±0.9 38±2
1.2 −0.29± 0.05 38.1±1.3 55±2
5.0 −0.35± 0.15 57±9 68±10

d(4He,6Li∗3.56)π
0

1.2 −0.11± 0.04 228±6
1.9 −0.43± 0.10 141±12

3He(3He,6Li∗3.56)π
+

1.2 34 ± 7 60±12
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In both reactions the preferred direction of emission for the pion is parallel
to the momentum of the 4He ion in the initial state.

In Figs. 5.2 and 5.3 the energy dependence of the cross section, Eq. (5.6),
and of the asymmetry is compared to experimental results for the reactions
leading to the 6He ground state and to the analogue state in 6Li. Also included
are the results of a calculation by Fäldt and Wilkin [39] based on amplitudes
for the p(d, 3He)π0 reaction.

Fitting our model to the experimental results for the cross section and
asymmetry for 6He alone leads to the result αq = 0.55(6) fm−1. This in turn
translates to a point-proton radius of 〈r2

p〉1/2 = 1.85(8) fm for the ground
state of 6He assuming an alpha-particle core. The result is consistent with
that of Wang et al. [2] and can be compared to the point-proton radius,
〈r2

p〉1/2 = 1.46 fm, of 4He [40].
From the d(4He,6Li∗3.56)π

0 reaction the result at the lower beam energy
1.1 MeV above threshold is indeed puzzling. The large cross section in combi-
nation with the small asymmetry could indicate a second, isotropic reaction
producing 6Li ions contributing at 1.1 MeV, but not at 1.9 MeV above thresh-
old. The forming of a loosely bound, or virtual, state in the 6Li – π0 system
just above threshold would be a possible candidate. However, no evidence
for such a state have, to my knowledge, been reported. On the other hand,
neither has any experiment with the potential of resolving such a state in
any nucleus. Electromagnetically bound states of negatively charged pions
and nuclei, pionic atoms, are well known for light nuclei. However, a bound
or quasi-bound state of a nucleus and a neutral pion would, depending on
the lower mass of the neutral pion, lie almost 5 MeV lower in energy, if it
exists.

Including in our fit the results from Andersson et al. measured 1.9 MeV
above threshold leads to a marginal 5 % (0.4 standard deviations) decrease
of the harmonic oscillator constant, αq, resulting in the corresponding slight
increase of the point-proton radius.

5.3 Conclusions

We have measured the differential cross section for the 4He(d, 6He)π+ re-
action at three centre-of-mass energies, 0.61, 1.20 and 5.02 MeV above the
absolute threshold. The result for the total cross section is 22.4(9), 38.1(13)
and 57(9) nb respectively with a common systematic uncertainty of ±35%.
The differential cross section is clearly anisotropic at all three energies. The
pion is preferentially emitted parallel to the momentum of the 4He particle
in the initial state.
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Figure 5.2: Present experimental results (circles) and from [1] (squares) for the (Coulomb
corrected) total cross section as a function of the kinetic energy, Q, in the c.m. frame
compared to results obtained with our model for αq = 0.55 fm−1 (full line), 0.49 fm−1

(long dash) and 0.61 fm−1 (short dash) respectively. Also shown are the results for the
d(4He, 6Li∗)π0 reaction calculated by Fäldt and Wilkin [39] (open triangles). For compari-
son we have included also the result predicted assuming for 6He a single particle harmonic-
oscillator wave function with the same oscillator constant as for the alpha particle (thin
line).
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Figure 5.3: Present experimental results (circles) and from [1] (squares) for the asymmetry
as a function of the kinetic energy, Q, in the c.m. frame compared to results obtained with
our model for αq = 0.55 fm−1 (full line), 0.49 fm−1 (long dash) and 0.61 fm−1 (short
dash) respectively. Also shown are the results for the d(4He, 6Li∗)π0 reaction calculated
by Fäldt and Wilkin [39] (open triangles). For comparison we have included also the result
predicted assuming for 6He a single particle harmonic-oscillator wave function with the
same oscillator constant as for the alpha particle (thin line).
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By means of a simple model for the reaction the results are tied, in a semi-
quantitative way, to earlier results for the analogue reaction to the 3.56 MeV
state in 6Li. In this picture the differential cross section depends sensitively on
the wave function describing the relative motion of the core and the centre
of mass of the halo. Assuming an alpha-particle core and a 2s harmonic-
oscillator wave function describing the relative motion of the halo and the
core, our results are consistent with a recent and precise measurement of the
charge radius of 6He.

It is known from model calculations that by adding a 3N + 3N contribu-
tion to the α + 2N configuration in the description of 6He and its analogue
state in 6Li the binding energies are better reproduced [33]. In order to in-
vestigate experimentally the importance of such three-nucleon clustering we
have measured differential cross sections for the 3He(3He,6Li∗3.56)π

+ reaction.
We report a preliminary result for the total cross section, σ3.56 = 34± 7 nb,
measured at Ec.m. = 1.2 MeV above threshold. The results of a more pre-
cise measurement of the differential cross section for this reaction at nominal
energies, Ec.m. = 1.2 and 1.9 MeV above threshold are being analysed at
present.
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Appendix A

Model of the d(p,3He)π0

reaction

The pionic fusion of a proton and a deuteron leading to the formation of a
3He nucleus can be described by a simple model illustrated in Fig. A.1. In this
model, inspired by the treatment of Hiller and Pirner [16] of coherent pion
production, we picture the deuteron in the initial state (a) as two nucleons
surrounded by a cloud of virtual pions static in the rest frame of the deuteron.
For neutral pions the pseudoscalar pion current connects the deuteron ground
state to the T=1, J=0 state of a neutron and a proton in a relative L=0 state.

The virtual pions are brought on shell by scattering on the rapidly ap-
proaching proton. In the intermediate state (b), following pion emission, the
now quasi deuteron carries essentially all of its initial momentum irrespective
of the direction of emission of the pion that only affects the momentum of
the proton. Further, we assume the amplitude for pion scattering on the pro-

Figure A.1: Model of the pionic fusion reaction d(p,3He)π0.
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ton to be constant within the narrow range of momentum transfer effectively
probed in experiments very close to threshold.

Close to threshold the centre-of-mass (c.m.) kinetic energy of the pion in
the final state is low and the mean free path of the pion is long compared to
the dimensions of the 3He nucleus. Consequently interactions between pion
and nucleons in the final state are neglected.

In this approximation the differential cross section is proportional to a
form factor times a phase space factor, the c.m. momentum of the pion. The
form factor is proportional to the square of the overlap of the nuclear wave
functions following pion emission, Ψb(k1,k2,k3), and that of the final 3He
nucleus, Ψ3He(k1,k2,k3). In the following we calculate this form factor in
the Hartree approximation, i.e. including only the direct term.

In the initial state the deuteron and the proton momenta are pd = k1+k2

and pp = k3 respectively. In the c.m. system, where k1+k2 = -k3, the motion
of the deuteron is described by a delta function of momentum, χd(k1 +k2) =
δ(k1 + k2 + pp), and the motion of the proton by χp(k3) = δ(k3 − pp). The
momentum wave function in the initial state (a) is then described by

Ψa(k1,k2,k3) ∝ φd

(
k1 − k2

2

)
δ(k1 + k2 + pp)δ(k3 − pp) (A.1)

where φd

(
k1−k2

2

)
is the internal wave function of the deuteron. In order to

separate out the c.m. motion we now introduce the Jacobi momenta

u =
1

2
(k1 − k2),

q =
1

3
(k1 + k2)− 2

3
k3,

P = k1 + k2 + k3

(A.2)

In terms of these coordinates the wave function of the initial state (A.1) is

Ψa(u,q,P) ∝ φd(u)δ

(
q +

2

3
P + pp

)
δ

(
1

3
P− q− pp

)
(A.3)

and the nuclear wave function of the intermediate state, i.e. after pion emis-
sion, is

Ψb(u,q,P) ∝ φd(u)δ

(
q +

2

3
P + pp

)
δ

(
1

3
P− q− pp + pπ

)
. (A.4)

The 3He wave function in the final state, c, is

Ψ3He(u,q,P) ∝ ψ3He(u,q)δ(P + pπ). (A.5)
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The differential cross section then becomes

(
dσ

dΩ

)

c.m.

= N ′|pπ|
∣∣∣∣
∫ ∫ ∫

Ψ∗
3He(u,q,P)Ψb(u,q,P)dudqdP

∣∣∣∣
2

= N |pπ|
∣∣∣∣
∫

ψ∗3He

(
u,

2

3
pπ − pp

)
φd(u)du

∣∣∣∣
2

(A.6)

where N ′ and N are constants.
The magnitude of the pion momentum, pπ, is a function of the proton

momentum. Once the wave functions are known the differential cross sec-
tion, apart from the overall normalisation, N , is thus a function of only two
variables, which for convenience can be chosen to be the energy above the
absolute reaction threshold, Q (which in turn is a function of the pion mo-
mentum), and the angle of emission of the pion relative that of the beam, θ.
In order to facilitate the comparison to experimental results we expand the
differential cross section (A.6) in Legendre polynomials

(
dσ

dΩ

)

c.m.

= Npπ

∞∑

k=0

ak(Q)Pk(cos θ). (A.7)

We have calculated the first few coefficients in the expansion using two dif-
ferent 3He wave functions, one calculated using the Reid soft core potential
[18] and the second one using the CD Bonn potential [19]. In both cases the
wave function of the relativistic one-boson exchange potential (OBEP) was
taken for the deuteron [41]. The result is shown in Table A.1. The difference

Table A.1: Ratios of Legendre coefficients 2 MeV above the reaction threshold.

Reid soft core CD Bonn

a1/a0 −1.70 0.64
a2/a0 0.38 0.14

depending on the choice of wave function is very large indeed. The explana-
tion is shown in Fig. A.2 where

∫
ψ∗3He

(
u, 2

3
pπ − pp

)
φd(u)du is depicted for

the two wave functions. At the reaction threshold
∣∣2
3
pπ − pp

∣∣ has the value
2.07 fm−1 and 2 MeV above threshold it varies between 2.01 and 2.17 fm−1

depending on the direction of emission of the pion. Even though the two
wave functions are very similar for lower momenta, at these high momenta
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Figure A.2: At lower momenta the function F (q) =
∫

ψ∗3He (u, |q|)φd(u)du calculated
using the Reid soft core potential (dash) coincide with the calculation using the CD Bonn
potential (full drawn line). At higher momenta, magnified in the figure, the difference is
conspicuous.

the two wave functions are very different. The wave function calculated with
the Reid soft core potential even goes through zero at a momentum of 2.03
fm−1.
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