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Abstract 
 
 

Part I: The Electromagnetic Excitation of 6He 
 

by 
 

Jing Wang 
 
 

In the past, 11Li was the focus of physicists who were fascinated by its halo 

structure formed by the two valence neutrons extending far from the nuclear core.  Even 

after intensive studies of 11Li, it remained unclear whether some properties found in the 

11Li nucleus exist in other weakly bound nuclei near the neutron dripline.  To further 

study neutron halo nuclei, a kinematically complete measurement of coulomb 

dissociation of 6He was performed.  In the experiment, a 25 MeV/u 6He beam was 

delivered to strike six targetsU, Pb, Sn, Cu, Al and C.   The momenta of the fragments 

were measured for the 6He dissociation in the six targets.  

The 2-n removal cross sections for the six targets were determined.  The coulomb 

part of the cross sections was extracted using a linear extrapolation and a fitting model.  

We found, for example, the coulomb dissociation cross section for U accounts for more 

than half of the total 2-n removal cross section.  The measured width of the 4He parallel 

momentum distribution (σ = 40.2 ± 2.3 MeV/c) corresponds to a rms radius of 2.95 ± 

0.17 fm for the 6He nucleus.  A target dependence of the momentum spread was observed 

in both neutron and 4He parallel momentum distributions.  From the 2n-4He coincidence 

data, the 6He decay energy spectra were constructed for the six targets.  Based on the 



decay energy spectrum for the U target, the dipole strength function 
dE

EdB )1(
 was 

determined.  The strength function with a Breit-Wigner shape peaks at Ed = 1.9 MeV 

with a width Γ = 1.5 MeV, which resembles a soft dipole resonance. However, post-

breakup acceleration was found in the high-Z targets, which does not support the soft 

dipole resonance model.  The data also suggest that there is little correlation between the 

halo neutrons in 6He, and a sequential decay mechanism may come to dominate the 6He 

breakup in light targets. 

 

Part II: Neutron Cross-talk in a Multiple-detector System 
 

by 
 

Jing Wang 
 

Two 2m × 2m neutron “walls” were built for experiments with two neutrons in the final 

state.  Each wall consists of 25 rectangular cells filled with NE-213 liquid scintillator.  The 

close-packed design of the array makes cross-talk an inevitable contributor to distortion of 

measurements with this system.  For En ≤ 25 MeV almost all the detection efficiency 

comes from n-p scattering,  and the simple two-body kinematics can be used as the basis 

for identifying cross-talk events.  A Monte-Carlo code was developed to simulate the 

detection process.  We found that most cross-talk events could be distinguished from real 

two-neutron events.  A test experiment for comparison with the code was performed with 

neutrons from the 7Li(p, n)7Be reaction at Ep = 30 MeV.  With this reaction all two-

detector coincidences are cross-talk events.  Consistency  between the experimental data 

and the simulation results was obtained. 
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 PART I - The Electromagnetic Excitation of 6He 
 
1 Introduction 
 

1.1 Neutron Halo 
 

The development of radioactive nuclear beams (RNB) around the world has 

brought much attention to nuclei far from stability.  A series of experiments with RNB 

led to the discovery of the neutron halo structure in light nuclei near the neutron dripline.  

It started with two experiments performed at the Bevalac of the Lawrence Berkeley 

Laboratory to measure the interaction cross sections of He isotopes-3,4,6,8He [1] and Li 

isotopes-6,7,8,9,11Li [2] at 790 MeV/u.  From these experiments, the interaction radii of 

those He isotopes and Li isotopes were deduced.  The remarkably large radii of 6He, 8He 

and 11Li suggested a long tail in the matter distribution of these nuclei.  Later, Kobayashi 

et al. [3] found that the transverse momentum distribution of the 9Li fragment from 11Li 

breakup is extremely narrow. The narrow transverse momentum distribution suggested a 

large spatial distribution of the nuclear matter.  These observations became the central 

evidences of the neutron halo [4,5,6] as a special property of light nuclei on the neutron 

dripline.   

 

In a neutron halo nucleus, a low-density tail of the neutron distribution is 

extended out to a large distance from the center of the nucleus.  The long tail is caused by 

the small separation energy of the neutrons (∼ 1 MeV) compared to 6-8 MeV for stable 

nuclei. If we assume that a neutron is loosely bound to an inert core, and the interaction 

potential between the neutron and the core is a square well, the s-wave function of the 
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neutron outside the potential is expressed as 

ψ π
κ κ

κ κ

( )
( )

/

/
r

e

r

e

R

r R
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 +











− −2
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1 2

1 2
,          (1.1.1) 

where R is the width of the potential;  κ, which determines the steepness of the density 

tail, is related to the neutron separation energy ε  by  

 ( )�κ µε2 2= ,                               (1.1.2) 

where µ is the reduced mass of the system.  The density distribution of the neutron is 

written as  

ρ
κ

( ) ( )r r
e

r

r

= ∝
−

Ψ
2

2

2 .                   (1.1.3) 

As κ decreases with the decrease of the separation energy ε, the tail of the neutron 

density distribution extends further.  To understand the narrow momentum distribution of 

the fragment from a neutron halo nucleus, we take the Fourier transformation of the wave 

function: 

f p
C

p
( )

( )
=

+2 2�κ
                                     (1.1.4) 

which is the momentum distribution function of the valence neutron.  As shown by the 

equation, the width of the momentum distribution is related to κ.  The smaller the 

separation energy ε, the smaller the parameter κ, therefore the narrower the distribution.  

This can be understood from Heisenberg’s uncertainty principle-the wider the distribution 

in coordinate space, the narrower the distribution in momentum space.  

 

The large coulomb dissociation cross section in experiments of halo nuclei 

impinging on high-Z targets led to a proposition of a low-lying excitation mode called the 
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soft dipole mode (SDM) [4].  In the SDM of 11Li, for example, the 9Li core oscillates 

against the neutron halo at a low frequency.  So far, whether or not there is a SDM in 11Li 

is still under investigation. The large electromagnetic dissociation cross section for 11Li 

[7,8,9] seems to favor the existence of a SDM.  The experiment by Sackett et al.[10] 

suggests a direct coulomb breakup because the deduced mean lifetime of the excited 11Li 

is too small compared to the lifetime of a resonance determined from the 11Li dipole 

strength function.  Since the early experiments, many more experiments have been done 

to study these properties of neutron halo nuclei, especially those of 11Li.  At the same 

time, theoretical models, from the early simple dineutron model to complex three-body 

microscopic models, were made to explain the experimental results.  Although the 

models successfully reproduced either the reaction cross sections, the nuclear radii or the 

fragment momentum distributions of some neutron halo nuclei such as 6He and 11Li, the 

results about SDM is inconclusive.  These models will be discussed in a later section. 

 

1.2 6He Nucleus 
 

Theoretically, one may expect similar exotic structure and properties for all nuclei 

near the driplines. The 6He nucleus is one of the lightest and simplest such nuclei.  The 

study of the 6He nucleus can contribute to the understanding of the properties of dripline 

nuclei.  Even though both 6He and 11Li are typical examples of the so called borromean 

nuclei [11], where none of the binary systems have bound states, compared to 11Li, 6He is 

a more ideal system to study the exotic phenomena of dripline nuclei, because the α-core 

is more inert than the 9Li-core and the underlying α-n interaction is well known.  The 6He 

nucleus has no bound excited states [12].  When 6He is excited to a state above the 2-n 
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separation energy of 0.975 MeV, a three-body decay may occur (6He → 4He + n + n).  If 

6He is excited to the continuum above 1.87 MeV, another decay channel is open.  The 

6He nucleus can split into a 5He and a neutron.  Because 5He is unbound to neutron 

decay, it further splits into a 4He and a neutron. This decay mode is called sequential 

decay, which may play an important role in the dissociation of 6He [9,13,14]. 

 

1.3 Experiments 
 

Although 11Li has been studied intensively at many different beam energies and 

through the interaction with many kinds of targets, only a very small number of 

experiments have been performed on 6He.  Tanihata et al. [1] measured the interaction 

cross sections of 6He at 0.79 GeV/u on Be, C and Al targets, from which the nuclear 

interaction radius was deduced.  Then, Kobayashi et al. [8,15] measured the interaction 

cross sections of 6He around 1 GeV/u and the transverse momentum distribution of 4He 

from the fragmentation of 6He.  Later, the transverse momentum distributions of neutrons 

from 6He at 0.8 GeV/u on Pb and C targets were measured by the same group [9].  The 

momentum distribution of 4He from 6He fragmentation, detected at 5° in the laboratory 

for beam energies near 65 MeV/u, was measured [16].  Not until 1996 were the total 

reaction cross sections of 6He at intermediate energies (20-40 MeV/u) reported [17].  An 

experiment was performed recently to study the one-neutron stripping mechanism of 6He 

at 240 MeV/u [14]. 
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1.4 Theoretical models 
 

To understand the properties of 11Li, several models were developed.  The 

dineutron and cluster models [4, 18] were introduced first.  In these models, 11Li is 

treated as a cluster in which two neutrons are weakly coupled to a 9Li core.  The shell 

model by Bertsch et al. went a little further, taking into account the weak binding of the 

last neutron in 11Li.  As 6He drew more attention of theorists, more elaborate models were 

applied to explain the properties of 6He.  The cluster-orbital shell model (COSM) 

[12,19,20] assumes a 3-body structure of 4He + n+ n in which the 4He core is treated as 

being inert, the valence neutrons are allowed to occupy any high single-particle orbits and 

the weak binding of the valence neutrons is also taken into account.  Because COSM 

does not reproduce the binding energy of 11Li and 6He, a hybrid model combining COSM 

and the microscopically extended cluster model [22] was introduced.  One of the 

interesting results of the hybrid model is that the two valence neutrons stay in shell model 

orbits when they are close to the core, but form a cluster (dineutron) when they are far 

from the core.  In addition to the COSM and the hybrid models, there are other three-

body calculations to study the structure of 6He [13,23-30].  The results of these 

calculations will be discussed when the experimental results are presented in chapter 3. 

 

1.5 Coulomb Excitation 
 

Fragmentation of a nucleus is the result of either nuclear or electromagnetic 

interaction between a projectile nucleus and a target nucleus.  Due to the short range of 

the nuclear force, the electromagnetic interaction comes to dominate the fragmentation as 

the distance between the projectile and the target increases.  Electromagnetic collision 
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has become a popular way to study nuclear matter since the reaction mechanism is very 

well understood compared to a nuclear collision. The reaction mechanism in a relativistic 

collision is described by the equivalent photon method, called the Weizsäcker -Williams 

method.  Bertulani et al. [31] provided a detailed review of this method.  The key features 

relevant to the experiment are presented here.  

 

Let’s consider a target nucleus with a fixed position and a projectile nucleus 

passing by with an impact parameter larger than the strong interaction radius. The 

projectile can be excited by absorbing one of the equivalent photons surrounding the 

target nucleus.  For a halo nucleus such as 6He, the absorption of the photon may displace 

the neutrons while the nuclear force tries to pull the neutrons back toward the core.  If the 

motion is repeated, a resonance may be formed, and the oscillation may last for a long 

time (long enough for the projectile to be far away from the target nucleus) before the 

projectile breaks up.  The probability of coulomb excitation at energy Eγ depends on the 

number of photons of energy Eγ and the probability that the projectile nucleus absorbs 

such a photon. For an E1 transition the differential coulomb excitation cross section is 

expressed as 

  
d

dE E
n E EE

E
Eσ σ

γ γ
γ γ γ

1
1

11= ( ) ( ) ,             (1.5.1) 

where n EE1 ( )γ  is the number of equivalent photons with energy Eγ surrounding the 

target and σ γ
E1 is the photonuclear cross section for the photon energy Eγ.  The equivalent 

photon number n EE1 ( )γ  can be expressed as 
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where Z1 is the charge of the projectile, 
c
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=α is the fine structure constant, v is the 

velocity of the projectile, ε = (sin (θ/2))-1 is the eccentricity parameter used to account for  

the Rutherford bending of the projectile, Kiη is the modified Bessel function with 

imaginary index (iη), Kiη ′ is the derivative of Kiη  and          
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a = is half the distance of closest approach in a head-on collision and m0 is the 

reduced mass of the ions.  The photon distributions for the six targets used in our 

experiment are shown in Fig.1.1.  Furthermore, the photonuclear cross section is related 

to the electric dipole strength function 
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One of the nice features of the equivalent photon method is that it ties the dipole strength  

function 
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Figure 1.5. 1  Photon distributions n EE1 ( )γ  for the six targets used in the experiment. 
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With 
d

dE
Eσ
γ

1  measured in an experiment and n EE1 ( )γ calculated for the target nucleus, 

dB

dE
E1

γ
 can be determined.  Other multipole excitations, such as M1 and E2 excitations, 

are neglected in the energy region we are interested in since their contribution is much 

smaller.  
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2 Experimental Setup 

 
The schematics of the experimental setup are shown in Fig. 2.1.1.  I would like to 

describe the 6He beam and the three major components of the detection systemthe 

neutron wall detectors, the deflecting magnet and the fragment detectors.   

 

2.1 The  6He Beam 
 

The average energy of the 6He beam striking the experiment targets was 25.2 

MeV/u.  The primary reason for choosing this beam energy is that good neutron cross-

talk identification can be achieved in the neighborhood of this energy, which will be 

discussed in Part II.  Even though lower energy is desirable for cross-talk identification, it 

would also significantly reduce the 6He beam intensity and make the quality of the beam 

worse. Furthermore, we wanted the 6He projectile to travel fast enough so that its contact 

with the target nucleus is “sudden”.  This will be explained later in section 3.2.      

 
 

The 6He beam in the experiment was produced by bombarding a 2.0 g/cm2 Be 

production target with an 80 MeV/u 18O6+ beam from the K1200 cyclotron at the National 

Superconducting Cyclotron Laboratory at Michigan State University.  The 6He particles 

had an average energy of about 60 MeV/u after exiting the production target.  They were 

later degraded to a beam with an average energy at 25.2 MeV/u by a thick plastic wedge.  

The 6He particles were then separated from the other particles at the A1200 Fragment 

separator before it was sent into the N4 vault, as shown in Fig. 2.1.1, where our 

experiment 
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Figure 2.1. 1  The experimental setup (not to scale).  This is the top view of the N4 vault 
at the NSCL.  The neutron walls, one behind the other, were placed 5.00 and 5.84 meters 
from the target.  The plastic scintillator array was mounted inside the vacuum chamber 
about 1.8 meters from the target.  The silicon strip detectors were located at the entrance 
of the magnet, 15.24 cm downstream from the target. The two PPACs were mounted 
38.64 cm and 130.08 cm upstream from the target.  
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was performed.  

 

The beam which was delivered to the targets has a rate of about 10,000 particles 

per second.  It consisted of 81% 6He and 19% 9Be.  The average energy of the 9Be 

particles, under the same Bρ = 2.16976 as 25.2 MeV/u 6He, was 44.8 MeV/u.  The 9Be 

particles were separated from 6He particles using the time of fight (TOF) between a thin 

plastic scintillator placed after the A1200 Separator, and the scintillator array mounted in 

a vacuum chamber at about 1.8 meters from the target in the N4 vault. The TOF spectrum 

is shown in Fig. 2.1.2.  For each particle passing through, the scintillator array gave the 

start signal and the delayed pulse from the plastic wedge gave the stop signal.  The travel 

distance was 41.5 meters.  The left peak in Fig. 2.1.2 is 6He and the right one is 9Be.   

 

The experiment was performed with six targets --- U, Pb, Sn, Cu, Al and C, 

whose values of thickness are 344 mg/cm2, 384 mg/cm2, 373 mg/cm2, 274 mg/cm2, 237 

mg/cm2 and 94 mg/cm2, respectively .  We ran the beam about 100 minutes with the U 

target, about 40 minutes each for the other targets.  We also took a 100-minute run with a 

blank target in order to exclude the reactions from anything other than the targets.  

During the runs with the blank target, the beam energy was reduced to 22.6 MeV/u to 

account for the energy loss in the targets.   

 

The 6He beam was focused by a quadruple about 5 meters upstream from the  

target.  The size of the beam spot on the target was about 1cm x 1cm. In order to  
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Figure 2.1. 2  The beamline time.  The start was given by the scintillator array, and the 
stop was given by a plastic scintillator 41.5 meters upstream from the scintillator array.  
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the momenta of the fragments (4He + 2n) from the dissociation of  6He,  the incident 

direction and position on the target of each 6He have to be accurately measured.  This 

was achieved by placing two position-sensitive parallel plate avalanche counters (PPACs) 

upstream from the targets.  The PPACs were mounted to the beamline, 38.64 cm and 

130.08 cm from the target.  The signals in the PPACs were divided into up, down, top 

and bottom.  From the pulse heights, the particle position in each PPAC was calculated 

with a resolution about 1 mm.  The detection efficiency of one PPAC for the 6He at 25 

MeV/u was about 86%, which is the ratio between the number of 6He detected by a 

PPAC and that detected by the Si strip detectors.  The detection efficiency of the Si 

detectors should be 100% for the 6He beam.  

 

2.2 The Neutron Wall Detectors 

Neutrons in the experiment were detected by the neutron wall facility at the 

NSCL. The facility was originally built as an improvement over an old neutron detection 

system [10] in a similar experiment performed in 1991 to measure the coulomb excitation 

of 11Li.  In that experiment, two arrays consisting of 54 cylindrical scintillation detectors, 

each about 7.6 cm thick and 12.7 cm in diameter, were made to detect the two neutrons 

from the 11Li breakup.  A few drawbacks of the arrays made us decide to build a new 

detection system  a pair of neutron walls.  These walls are described in Ref. [32] in 

detail.  A brief description is given in the following paragraph.     

 

The new facility is composed of a pair of large-area, position-sensitive neutron 

walls, one of which is shown in Fig. 2.2.1.  Compared to the arrays used in 1991, the 
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walls are larger and use fewer photomultiplier tubes (PMT) per liter of scintillator.  The 

walls have less dead space and inactive mass to scatter neutrons.  The position resolution 

is somewhat improved.  Each wall consists of 25 rectangular Pyrex cells filled with NE-

213 liquid scintillator.  Each cell is two meters long, with an internal cross section of 7.62 

cm by 6.35 cm.  PMTs are attached to the ends of a cell.  The neutron time-of-flight 

(TOF) is obtained from the mean time of the PMT signals.  The position of a neutron 

detected in a cell is determined from the time difference of these signals.  Both time and 

position resolution [32] vary with the light output caused by the neutron’s interaction in 

the scintillator.  For a light output equal to that produced by a 1-MeV electron (defined as 

1 MeVee), the time resolution (σt) is 0.8 ns.  It reduces to 0.4 ns for a light output over 4 

MeVee.  The position resolutions (σp) for these light outputs are 6 cm and 3 cm, 

respectively.  The neutron detection efficiency for one wall is 11% for 25 MeV neutrons 

if a threshold of 1 MeVee is set for the two phototubes at the ends of a cell.  In 

experiments with the neutron walls, many of the neutrons produce less than or the same 

amount of light as γ rays. Therefore, the walls were built with the capability of pulse-

shape-discrimination to distinguish neutron events from γ-ray events.  

 

In most experiments, the two walls have been used with one wall behind the other 

as shown in 2.2.2.  There are two advantages of using this configuration: (1) It enhances 

the detection efficiency. (2) It has the capability of detecting a pair of neutrons emitted 

with a small relative angle.  In order to explain the second advantage, consider the 
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Figure 2.2. 1  The schematics of a neutron wall. Each of the two Neutron Walls is a 2m x 
2m array of 25 individual cells.  The cells are 2m long, have rectangular cross sections, 
and are stacked vertically to fill the entire 4 m2 area with very little dead space between 
elements.  Custom-made of Pyrex, the cells are filled with NE America’s NE-213 liquid 
scintillator and are read out at each end by a Philips Photonics 3-inch photomultiplier 
tube. 
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Fig. 2.4:  The setup of  the neutron walls in the experiment.  This a simplified picture of the walls
without the aluminum cover and the other accessories.

Figure 2.2. 2  The setup of the neutron walls in the experiment.  This is a 
simplified picture of the walls without the aluminum cover and the other 
accessories. 
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extreme case  two neutrons emitted from a source with zero relative angle.  If only one 

wall is used, the two neutrons will be detected in the same cell at the same time with a 

certain probability.  Unfortunately, we cannot distinguish them because what we detect is 

just the superposition of two pulses.  However, if the two walls are used, it is possible 

that one neutron makes a pulse in one wall and the other neutron makes a pulse in the 

other wall.  Since they are detected in different cells, it is not hard to distinguish them and 

to determine their relative angle, even if it is 0°.   

 

The choice of the distance between the target and the wall depends on the neutron 

energy, which is measured by TOF, counting rate and the requirement of angular 

coverage.  In this experiment the front wall, the one closer to the target, is 5 meters from 

the target, its energy resolution is about 3% for 25-MeV neutrons, and the wall subtends 

an angle of about 23°.  A large distance between the front wall and the back wall is 

advantageous for good cross-talk identification.  The back wall was placed 84 cm from 

the front wall.  

 

2.3 The Deflecting Magnet 
 

In the 11Li experiment performed in 1991, a very different experimental setup was 

used, as shown in Fig. 2.3.1.  The remaining energy of 11Li and 9Li after the silicon ∆E 

detectors were measured with a 6 cm × 6 cm × 1.2 cm CsI(Tl) crystal which was placed 

between the target and the neutron detectors.  Because all 11Li and 9Li particles stopped in  
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Figure 2.3. 1  The experimental setup for the 11Li experiment.  The Si-CsI was placed 
between the target and the neutron detector arrays.   
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the CsI(Tl),  lots of background neutrons were produced there.   The CsI(Tl) was much  

thicker than the 0.52-mm Pb target so that there were more neutrons from the CsI(Tl) 

than from the target.  Even though data were taken with a blank target to subtract the 

background, the background from the CsI(Tl) was a major concern.  In order to overcome 

the drawback of the old detection system,  a magnetic dipole with a pole gap of 7.5″ and 

pole area of 13″×24″  was installed between the target and the neutron walls to deflect 

charged particles away from the beamline.  The deflected fragments and remaining beam 

particles were then detected in a scintillator array somewhat far from the beamline.   The 

position of the magnet in the detection system can be found in Fig. 2.1.1.    

 

In order to figure out where to position the scintillator array, we calculated the 

trajectories of the beam particles with different energies.  To make the calculation 

accurate, the field of the magnet was mapped with a Hall probe.  Because the field was 

expected to be  non-uniform along the direction perpendicular to the pole surface at the 

area close the pole edge,  the magnetic field was measured in five planesthe middle 

plane, and the planes which are 1, 2, 3 inches above and 1 inch below the middle plane.  

Fig. 2.3.2a shows the magnet poles and its middle plane.  The distribution of the 

magnetic field in the middle plane is shown in Fig. 2.3.2b.  The maximum intensity of the 

field is about 1.5 Tesla.  The mapped field extends to the area about 15 inches beyond the 

edges of the magnet.  At the edge of the poles, the field quickly drops to an insignificant 

level.  The magnet field can be regulated from 0 to 1.5 Tesla in principle.  This enabled 

us to deflect one charged particle beam into different parts of the fragment array for 

energy calibration. 
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Figure 2.3. 2   (a) The deflecting magnet and the mapped middle plane.  The poles cover 
a dimension of 13 inch × 24 inch.   (b) The magnetic field at the middle plane. The 
maximum intensity is 1.5 Tesla. Refer to (a) for the coordinates.  
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2.4 The  Fragment Detectors  
 

2.4.1 Si Strip Detectors 
 

In order to identify the reaction fragments, two silicon ∆E detectors and sixteen 

plastic E detectors were used.  A big vacuum chamber was built to accommodate the 

fragment detectors and the target. The ∆E detectors were mounted onto an aluminum 

flange through which electronic cables were connected to provide bias and to pick up 

signals.  Each ∆E detector, 5cm x 5cm x 250µm, in Fig. 2.4.1, was a MICRON position 

sensitive silicon strip detector, consisting of 16 horizontal strips on one side and 16 

vertical strips on the other.  Each strip is 3.125 mm wide. The gap between the strips is 

about 0.1mm. The 32 strips together form a grid consisting of 256 square pixels, as 

shown in Fig. 2.4.1, each of which has an area of 3.125 x 3.125 mm2.  The strip detectors 

were 15.24 cm from the target in the experiment.  The size of the strip causes the 

uncertainty of angle to be about 1.2°.  When a 4He particle penetrated the Si detector, it 

produced a signal in one strip on one side and a signal in another strip on the other side.  

From the position of the pixel defined by the two strips, the direction of the 4He was 

determined. The pulse height of the signal in either of the strips measures the ∆E of the 

4He in the Si detector.  The two Si detectors were positioned next to each other as shown 

in Fig. 2.4.1 to achieve large angular acceptance for the fragments.  

 

Besides the slow signal used for ∆E measurement, a fast signal was picked up 

from the vertical strip for TOF measurement.  However, the fast signal was distorted due 

to interference from the power supply of the magnet.  Signals from the scintillator 
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Figure 2.4. 1  The setup of the 250µm Si strip detectors.  The 16 horizontal strips and 16 
vertical strips are shown in detector #2. The 32 strips form 256 pixels, each with an area 
of 3.125×3.125 mm2. The strip detectors are 15.24 cm from the target. There is a 2mm 
gap between the two detectors. 
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array were used instead for TOF measurement. 

 

2.4.2 The Scintillator Array 
 

 The scintillator array consists of 16 BC408 plastic bars.  Each bar has a 

dimension of 40.64 cm × 4 cm × 2 cm.   The 16 bars cover an area of 40.64 × 64 cm2.  

The top and side views of the array are shown in Fig. 2.4.2.  As shown in the figure, two 

photomultipliers (PMTs) were attached to the ends of each bar.  These PMTs are 8575 

Burle tubes [33] and R317 Hamamatsu tubes [34].  All the PMTs have 12 dynodes and an 

anode.  Because the phototube is wider than the scintillator, a zigzag positioning of the 

detectors was chosen to ensure no dead splace between the scintillator bars.  The PMTs 

were covered with magnetic shields.  High voltage was put on a tube through a PMT base 

made for the experiment at the NSCL.  The base was a modified version of E934 

Hamamatsu bases.  The design of the base is shown in Figs. 2.4.3 and 2.4.4.   The two 

major modifications: 

(1)  The resistors of the E934 bases were replaced with those with half the 

resistance.   This was to ensure that the bleeder current ----the current flowing through the 

resistors,  is much larger than the anode current.   The larger the bleeder current relative 

to the anode current, the more linear the signals.   

(2)  Unlike conventional bases, the base for the experiment is divided into two 

parts---a divider board and a socket.  A divider board includes the resistors of the base  

 

 

 



 25

Top view                                        Side view 

magnetic shield

Scintillator bars

Chamber wall

Divider boxes

Divider box

PMT Socket

Chamber wall

 

 

Figure 2.4. 2  The top and side view of the scintillator array.  The array consists 16 
BC408 plastic bars. Each of these rectangular bars has dimensions 40.64 × 4 × 2 cm3.  
Two photomultiplier tubes (PMT) are attached to the ends of each bar. The PMTs are 
covered with magnetic shields.   
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To socket 

Figure 2.4. 3  The divider of the PMT base designed for the scintillator bar. The 
divider was placed in the air to dissipate the heat.  The divider is connected to the 
socket in Fig. 2.4.4 according to the order from J1-1 to J1-16, which can be found 
in this figure and in Fig. 2.4.4. 
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Figure 2.4. 4  The socket of the PMT base designed for the scintillator bar.  The socket, 
attached to one end of a scintillator bar, was placed inside the vacuum chamber. 
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used to divide the high voltage among the dynodes of a PMT.  A socket includes the 

capacitors to provide electrons.  The socket is attached to a PMT placed in the vacuum 

chamber.  The divider board is out in the air.  By putting the resistors outside the 

chamber, we can avoid overheating them and the tube.  If the resistors were put inside the 

vacuum with the socket, as in conventional bases, the heat generated in the resistors 

would be hard to dissipate and might result in damage to the PMTs.   Each socket is 

connected to a divider board through a 16-pin vacuum feedthrough glued on to the back 

plate.  Four divider boards are placed in a divider box, which is mounted on the back 

plate of the vacuum chamber as shown in Fig. 2.4.1.  The signals from the 11th dynode 

and anode are picked up from the socket in the vacuum, then transmitted to the electronic 

modules through the lemo feedthroughs on the back plate.    

 

The positions of the detectors were not randomly chosen as mentioned before.  If 

the array was put too close to the target, it would stand between the neutron walls and the 

target.   Neutrons from the target might then be scattered off the scintillator bars and 

become background neutrons for the neutron walls.  Furthermore, many neutrons 

produced in the scintillator bars could then get into the neutron walls.  On the other hand, 

if the array is put too far away from the target, its acceptance will be too small to detect 

both the 6He and 4He because 4He is deflected more than 6He by the magnet.  To take 

these factors into account, the center of the array was positioned about 1.8 meters from 

the target [see Fig. 2.1.1].   Actually, this distance was not only chosen to accommodate 

6He and 4He around 25 MeV/u, but also chosen to accommodate 8He, 6He, 11Li and 9Li 
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around 25 MeV/u because the dissociation of 8He and of 11Li were also studied with the 

same experimental setup. 

   

The two PMTs at the ends of a scintillator bar detect light signals produced by the 

energy loss of the fragments.  The geometric mean of the integrated charges of the signals 

from the two PMTs measures the fragment energy so that the effect of light attenuation 

can be removed.  The signal from the top photomultilier served as the start signal to 

measure the TOF of the beam particles between the scintillator bar and the plastic 

scintillator placed upstream in the beamline.  The beamline TOF spectrum is shown in 

Fig. 2.1.2.  The top signal also served as the stop signal to obtain the TOF between the 

neutron walls and the scintillator bar.  The neutron energy was determined from this 

TOF. 
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3. Coulomb Dissociation of 6He    
 

 

3.1 2n Removal Cross-section 

The direct approach to calculate the 2n removal cross-section σ 2n of 6He is to 

count the number of the incident 6He particle N 0 , and the number of the 4He fragments 

produced in the target N .  Then use the equation: 

N N N e nnt
0 0

2− = −σ                                            (3.1.1) 

where n is the target density and t is the target thickness.  Although the direct approach is 

straight forward, the 2-n removal cross section is determined using the n-4He coincident 

events, in which a neutron is detected in the neutron walls and a 4He is detected in the 

scintillator array. The reasons are given in the following paragraph.  

 

First, the experiment was designed for a kinematically complete measurement of 

6He dissociation.  The focus was on the events in which neutrons and a 4He fragment 

were detected.  Therefore, all the coincidence events were processed and recorded. The 

single-fragment events, in which either a cell in the neutron walls or a bar in the 

scintillator array fired, were downscaled by a factor of 500 in order to reduce the on-line 

processing time.  Due to the limited beam time for each target, the number of the 

downscaled 4He was very small. With the U target, the number of 4He events was only 

43, compared to 2,827 n-4He events.  So, the cross section determined from the singles 

data can have a very large uncertainty.  Second, as we will discuss in sections 3.2 and 3.3, 

both the 6He projectile and the 4He fragment can be deflected into large angles by the 
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coulomb force from the target nucleus. The limited acceptance of  the magnet poles 

results in some 4He fragments not being detected by the scintillator array.    

 

Before I show how to determine the 2-n removal cross section of 6He from the n-

4He coincidence data, the 4He fragment and neutrons produced in the experiment have to 

be identified.  

 

3.1.1 4He Identification 

 
When 6He is excited by interacting with a target nucleus, the excitation energy 

eventually comes from the 6He projectile itself.  The energy provided has to exceed the  

2-n separation energy of 6He0.975 MeV in order for a breakup to occur.   The 

excitation energy is expected to be in the neighborhood of several MeVs. When an 

excited 6He decays, the decay energy (the difference between the excitation energy and 

the separation energy) is shared among the fragmentsa 4He and two neutrons.  Since 

the decay energy is much less than the incident energy (≈ 144 MeV), the fragments of the 

incident 6He beam are expected to travel at about the same speed as the beam.  Therefore, 

the 4He from the breakup carries about 2/3 of the energy of the 6He.  The resolution of the 

scintillator array (≈ 4%) should be good enough to separate the two isotopes.  Fig. 3.1.1 

gives the energy distribution of the charged particles detected in the entire 16-scintillator 

array for the U target.  The broad 4He peak on the left of the 6He peak can come from two 

sources.  Other than from the target, the 4He can be produced in the array through a 

dissociation of the 6He in the scintillator itself.  Because a 6He can break up at any time  
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Figure 3.1.1  The light output in the entire 16-scintillator array.   
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before losing all the energy in the scintillator, the energy loss could be any value between 

2/3 and 100% of the beam energy, resulting in the broad peak in Fig. 3.1.1.  We need to 

identify the 4He from the target. 

 

With the deflecting magnet, we were able to do the identification.   Due to 

different mass-to-charge ratios but similar velocities, the 4He from the target and the 

unreacted 6He were swept into different bars of the scintillator array.   Since the magnetic 

field was accurately mapped, we were able to calculate the trajectory of charged particles 

at various energies.  Figure 3.1.2 shows the trajectories of a 4He ion and a 6He ion coming 

from the target at 23 MeV/u.  In this particular case, the 6He hits bar 5, whereas the 4He 

hits bar 10.  In Fig. 3.1.3 and Fig. 3.1.4, the energy distributions for the sixteen 

scintillator bars are plotted for the data collected with the U target.  As shown in these 

figures, the 6He beam concentrates on bars 5 and 6.  Some 6He particles go into 

neighboring bars.  The spread was caused by the dispersion of the beam and the coulomb 

scattering in the target.  Clearly, the 4He produced in the scintillator array can only appear 

in the bars where the 6He beam stops.  On the other hand, the 4He from the target goes 

into higher-numbered bars far from the beamline.  Figure 3.1.4 shows that almost all the 

4He from the target stopped in bars from no. 8 to no. 15.  It appears that only an 

insignificant number of the 4He went into the other bars in the array.  So, the 4He particles 

detected from bar 8 to bar 16 were identified as the fragments produced in the target. 
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Figure 3.1.2  Trajectories of  a 6He projectile and a 4He ion at 23 MeV/u.  This is the 
result of a calculation with the mapped magnetic field.  According to the calculation, the 
6He hits bar #5, and the 4He hits bar #10. 
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Figure 3.1. 3  The light ouput for the eight scintillator bars close to the beamline.  The 
data were taken with a 25 MeV/u 6He beam incident on a U target.  Most of the beam hit 
bars #5 and #6. A number of 4He particles produced in the target start to appear in Bar #8.  
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Figure 3.1.4  The light ouput for the eight scintillator bars far from the beamline.  Almost 
all the 4He produced in the target were swept by the magnet to the eight bars and bar #7 
shown in Fig. 3.1.3.  
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3.1.2 n-γ Discrimination 

The pulse-shape-discrimination (PSD) capability of the neutron walls enables us 

to separate neutrons from γ rays  (See [32], [38] for details).  A brief description is given 

below.  A neutron is detected mainly through a recoil proton that has scattered the 

neutron.  Gamma rays are detected by Compton scattering on electrons.  The ionization 

of the scintillator by protons and electrons generates light.  For a majority of organic 

scintillators, the light yield curve consists of a fast component and a slow component.  

The two components are the results of prompt fluorescence and delayed fluorescence in 

the scintillator molecules.  The gamma-ray-induced electrons generate a larger fraction of 

their scintillation light in the fast component of the light yield curve as compared with the 

neutron-induced recoil protons, hence producing different pulse shapes.  A special n-γ 

discrimination circuit was built for the scintillator cells of the neutron walls.  The input of 

the circuit is the anode signal.  The outputs of the circuit are “Fast”, “Total”, “Attenuated 

Fast” and “Attenuated Total”.  “Fast” is proportional to the fast component of  the signal.  

“Total” is proportional to the total charge of the signal.  In order to cover a large dynamic 

range of pulse heights in the experiment, the “Fast” output and the “Total” output were 

attenuated by a factor of 4.  The attenuated “Fast” and “Total” signals are labeled as  

“Attenuated Fast” and “Attenuated Total” respectively.  In the top spectrum of Fig. 3.1.5, 

the y-axis is the “Fast”, and the x-axis is the “Total”.  The spectrum is for one of the 32 

cells of the neutron walls used in the experiment.  These events were taken with a Pu-Be 

source placed next to the neutron walls. The upper branch is from cosmic rays and 

gamma rays.  The lower one is from neutrons.  The bottom spectrum of Fig. 3.1.5 shows 

the data taken during the 6He runs for the same cell except that the x and y axes are for  
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Figure 3.1.5  The n-γ discrimination spectra.  The top branches are γ  and cosmic rays. 
The bottom ones are neutrons. (a)  The “Fast” signal versus the “Total” signal. The data 
were taken with a Pu-Be source.   (b) The attenuated “Fast” signal versus the attenuated 
“Total” signal.  The attenuation factor is 4. The data were taken with a 6He beam.  
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attenuated light outputs.  To select neutrons with pulse heights less than 6 MeVee (1 

MeVee is the light output by a 1-MeV electron), a contour was drawn around the lower 

branch of the top spectrum for each cell.  Any event inside the contour is considered a 

neutron event.  For neutrons with pulse heights greater than 6 MeVee, a straight line was 

drawn between the two branches in the attenuated spectrum (Fig. 3.1.5 (b)).  Any event 

below the line is considered a neutron event. 

 

3.1.3 n-4He Coincidence Data 

Fig. 3.1.6 shows the summed energy spectrum of the 4He fragments in 

coincidence with the neutron walls for the U target.  These are the events detected in bars 

from bar 8 to bar 16.  As shown in the figure, some other fragments, such as 3H and 3He, 

form the tail on the left side of the 4He peak.  There also is a small 6He peak on the right 

side of the 4He peak as a result of the coincidence between the 6He and some gamma rays 

produced in the scintillator array. A gate was drawn to select the 4He.  There are factors 

making the number of the detected n-4He events ′N , less than from the number of 4He 

produced in the targetN.  One factor is the detection efficiency of the neutron walls for 

the neutronsε<1.  The detection efficiency of the scintillator bars should be 100%.  The 

other factor is the system’s solid-angle acceptance for the neutrons Ωn and for the 4He Ωα 

from the target.   The geometry of the field, poles and coils of the magnet and of the 

vacuum chamber makes knowledge of the energy dependent Ωα impossible to know with 

any accuracy.  Instead, we write 

′ = • • • = •N N N fnε αΩ Ω               (3.1.2) 
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Figure 3.1.6  Light output distribution for coincidence events detected on bars from #8 to 
#16 for the U target.  The solid gate was used to select the 4He fragment.  The tail on the 
left side of the 4He peak is formed by other light fragments such as 3H and 3He. The small 
peak on the right side of the gate is formed by some 6He particles. 

 
 

Energy 
(MeV/u) 

σ2n 

(barn) 
0.0 → 13.7 0.41 ± 0.10 
13.7 → 29.0 0.47 ± 0.06 
29.0 → 39.5 0.47 ± 0.05 
39.5 → 48.1 0.40 ± 0.04 
48.1 → 55.6 0.35 ± 0.15 

 

Table 3.1. 1  Measured 2n removal cross sections on Si for 6He from ref. [17].  These 
data were used for the normalization. 

 
 

 

6He 

3He, 3H 
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Then 

N N
f= ′                                                    (3.1.3) 

To determine the factor f, we normalized our Al data to the 2n removal cross section of 

6He on a Si target measured by Warner et al. [17].  Table 3.1.1 lists the measured cross 

sections for 6He at various energies from ref. [17].  We took the cross section for the 

energy range 13.7-29.0 MeV/u, bSin 06.047.0)(2 ±=σ , since the average energy of the 

6He beam in the middle of the targets (~24 MeV/u) is in the above energy range.  We 

took the approximation that the cross-section for Al )(2 Alnσ  is the same as that for Si.   

This normalization gives f = 0.0648.  To see if this normalization factor makes sense, we 

want to know the values ε, Ωn and Ωα.  From chapter 2, we know that the neutron 

detection efficiency for one neutron wall is 11% at 25 MeV/u.  The two walls, with the 

way they were set up in the experiment (refer to chapter 2), have a detection efficiency 

around 18%, i.e. ε = 0.18.  As shown in Fig. 3.3.2, the solid-angle acceptance Ωn of the 

detection system as a function of the decay energy for 6He is calculated.  The average Ωn 

for Al is about 0.35 at 1.5 MeV that is where the measured 6He decay energy for Al 

concentrates, as shown later in Fig. 3.3.1.   If Ωα is not much less than 1,  

f n= • • =ε αΩ Ω 0 063. , which is consistent with the value obtained from the 

normalization.  The 2n removal cross-sections  for all the other five targets were 

calculated with the same f.  The results are listed in the second column, the column 

labeled σ2n, of Table 3.1.2.  The errors due to statistical fluctuation are put next to the 

measured cross-sections. 
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Target σ2n 

(barn) 
σ2n ′ 

(barn) 

Warner [30] 
(barn) 

Ferreira et al. [37] 
(barn) 

U 1.87 ± 0.24 1.38± 0.18 1.68  
Pb 1.70 ± 0.22 1.25± 0.16 1.51 1.80 
Sn 1.22 ± 0.16 0.95± 0.12 0.91  
Cu 0.82 ± 0.10 0.72± 0.09 0.62 0.89 
Al 0.47 ± 0.06 0.47± 0.06 0.45  
C 0.36 ± 0.05 0.39± 0.05 0.34 0.46 

 
 

Table 3.1. 2  2n removal cross sections in the experiment. σ2n is the measured cross 
section assuming constant neutron multiplicity.  σ2n ′ is the measured cross section 
adjusted for neutron multiplicity [40,41].  The calculated cross sections are from refs. 
[30] and [37]. 

 

 

 

 

Target Multiplicity 
C 1.3 
Al 1.4 
Cu 1.6 
Sn 1.8 
Pb 1.9 
U 1.9 

 

Table 3.1. 3  Neutron multiplicity for the six targets [40].   
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It is an approximation that the detection system has the same efficiency factor f 

for all the six targets.  The approximation could cause a systematic error in the measured 

cross sections because we are actually assuming that the neutron multiplicity for the six 

targets is the same.  According to a model developed by Barranco et al. [40,41], there are 

three reaction mechanisms responsible for the 6He breakup: coulomb breakup, diffraction 

breakup and stripping.  Two neutrons are produced and available for detection in 

coulomb and diffraction breakups, whereas only one neutron is detectable in stripping 

breakups.  Since the coulomb reaction becomes the dominant breakup mechanism for the 

high Z targets, neutron multiplicity is expected to increase with charge Z.  The calculated 

neutron multiplicity [40] for the six targets ranges from 1.3 for C to 1.9 for U, as listed in 

Table 3.1.3.  The 2n removal cross sections adjusted for the neutron multiplicity (σ2n′) are 

shown in Table 3.1.3.  The adjustment is more significant for the high-Z targets than for 

the low Z targets.  For targets heavier than Al the unadjusted cross section is larger than 

the adjusted one, and for C, it is smaller.  For example, for U, σ2n = (1.87±0.24) b vs. σ2n′ 

= (1.38±0.18) b, for C, σ2n = (0.36±0.05) b vs. σ2n′ = (0.39±0.05) b.  One has to be 

careful about adjusting the cross sections for the varying multiplicity because the solid-

angle acceptance of our detection system may change the measured multiplicity.  For 

example, even though a coulomb breakup generates two neutrons, one neutron may go to 

the neutron walls and the other one may miss the walls, and this is more likely for a high 

Z target, such as U, than for a low Z target, such as C.  The reason is that strong coulomb 

deflection is involved in many breakups for the high Z targets since the breakups can 

only occur when 6He is close enough to the target.  When a 6He nucleus breaks up on U, 

it may have been deflected from its incident direction, which is assumed to be 
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perpendicular to the neutron walls.  In an extreme case in which one neutron recoils 

against the other neutron and the 4He, the first neutron may come out with such a large 

angle to the incident direction that it may just miss the wall or hit the magnet poles.  On 

the other hand, the second neutron may come out aiming right at the neutron walls.  The 

effect causes the measured multiplicity for the U target to be lower.  Therefore the 

difference between the measured neutron multiplicity for the U target and that for the C 

target may not be as big as the theory predicts (1.9 vs. 1.3). 

 

The experimental cross sections with and without the adjustment for the neutron 

multiplicity are compared with two theoretical calculations in Table 3.1.2.  The 

calculation by Warner [35] follows closely that by Bertsch et al. [36] for 11Li using the 

microscopic independent-particle model.  In microscopic theories, the matter densities in 

two colliding nuclei and the nucleon-nucleon total cross section are two important input 

factors.  The calculation is described in detail in the paper [35].  The result given by 

Ferreira et al. [30] is quite different.  Most of the difference comes from the calculation of 

the nuclear cross section, since Warner used the same model as Ferreira et al. to obtain 

the coulomb cross section. One factor accouting for the difference is that they use 

different rms radii in their codes.  Another factor, pointed out by Warner, is that Ferreira 

et al. did not consider core survival while calculating halo disintegration.   We note that 

the 6He energy in Warner’s calculations is 24 MeV/u [37], which is our beam energy, 

while the energy in Ferreira et al. is 30 MeV/u.  Warner’s calculation is probably the 

better one for comparison with our data. 
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3.1.4 Coulomb Contribution 

One of the purposes of using both light and heavy targets in the experiment is to 

separate the coulomb contribution from the nuclear contribution to the 2n removal cross 

section.  The significance of disentangling the two is that it can help people further 

understand the nature of halo nuclei.  Because the unadjusted cross sections better agree 

with Warner’s calculation for the heavy targets (U, Pb) where the coulomb breakup is a 

major contributor, we use the unadjusted cross sections for the coulomb extrapolation.  

 

In this section, two methods will be introduced to extract the coulomb 

contribution.  The first method is by extrapolation.  For light targets nuclear dissociation 

is dominant.  An extrapolation of the nuclear cross section to the heavier targets is shown 

in Fig. 3.1.7.   To make the extrapolation possible, we assume that 1) only the nuclear 

interaction contributes to the 6He breakup on the C and Al targets;  2) if A is the mass 

number of a target nucleus, the nuclear 2n removal cross section is proportional to A1/3, 

i.e., proportional to the radius of the target.  So, the extrapolating line is expressed by 

σnuclear a bA= + 1 3/                                           (3.1.4) 

where a and b are two parameters to be determined. If the extrapolation relies only on 

two points, C and Al, it may result in a large uncertainty.  So, the third point at A = 0 is 

deduced.  This point is the nuclear cross section as the target nucleus gets infinitely small. 

We know that 6He consist of a hard 4He core and a neutron halo [40] formed by two 

valence neutrons. In a classical picture, we assume the 2n removal cross section results 

from a peripheral collision.  In the collision the neutron halo is broken by striking the  
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Figure 3.1.7  Total 2n removal cross sections for the six targets.  The solid line is  a 
simple model (eq. 3.1.4) to extrapolate the nuclear parts of the cross sections for the high 
Z targets. The results are listed in Table 3.1.4 
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infinitely small nucleus, leaving the core untouched.  If the core is hit, reactions other 

than 2n breakup occur. So, the cross-section could be written as the area of the halo.  The 

thickness of the neutron halo was measured to be 0.87 fm [38]. Using the measured 

radius of 6He2.33 fm [38], we get 

87.0)(2)0( 6 ××≈= HeRAnuclear πσ  

= 013. ( )b                                              (3.1.5) 

In Fig. 3.1.7, the straight line is the fitting result of the first three points (A=0,12,27),   

3/11102.01257.0 Anuclear +=σ                         (3.1.6) 

The difference between the points and the line is considered to be the coulomb part of the 

cross-section.  The coulomb 2n cross section from the extrapolation is listed in Table 

3.1.4 and plotted in Fig. 3.1.8. The solid curve is the calculation by Warner.  

 

The second method used to separate the coulomb contribution from the nuclear 

contribution is to use the expected dependency of coulomb dissociation on target charge, 

Z1.8.   The coulomb cross section of 6He depends on the strength of the coulomb field of 

the target, i.e., on the intensity of the equivalent photons surrounding the target nucleus as 

expressed in eq. (1.5.1), so ),(),( 1 γγσ EZnEZ Ecoulomb ∝ .  If one carefully compares 

),(1 γEZnE in Fig. 1.1 for the six targets in the region where the dipole strength function is 

supposed to concentrate (~2-3MeV), one finds the relationship between photon number 

),(1 γEZnE  and target charge Z very close to 8.1
1 ),( ZEZnE ∝γ .  If we simply assume the  

nuclear cross section to be proportional to A1/3, then we can express the total 2-n removal 

cross section as  
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Figure 3.1. 8  Coulomb dissociation cross sections of 6He for the four targets.  The data 
points are the results of the extrapolation shown in Fig. 3.1.7.  The solid line is the 
theoretical calculations by Warner [35,37]. 
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Figure 3.1.9  Total 2n removal cross sections for the six targets. The points are the 
experimental data. The solid curve is a fitting model to extract the coulomb part of the 
cross section (eq. 3.1.7).  The results are listed in Table 3.1.4. 
 
 
 

Target Method 1 
(barn) 

Method 2 
(barn) 

Warner 
(barn) 

U 1.06 ± 0.24 0.92± 0.24 1.10 
Pb 0.92 ± 0.22 0.75± 0.22 0.91 
Sn 0.56 ± 0.16 0.31± 0.16 0.39 
Cu 0.25 ± 0.10 0.12± 0.10 0.15 
Al - 0.03± 0.06 0.04 
C - 0.01± 0.05 0.01 

 
 

Table 3.1. 4  Coulomb 2n removal cross sections by the extrapolation described in the 
text.  The calculated cross sections are from Warner [35,37].  
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8.13/1

2 bZaAcoulombnuclearn +=+= σσσ                      (3.1.7) 

The best fit of the data is shown in Fig. 3.1.9 with a = ±01625 0 0089. . ,  

b = ± × −( . . )2 692 0 294 10 4 . The coulomb cross section  

σcoulomb Z= × −2 692 10 4 1 8. .                                         (3.1.8) 

is also listed in Table 3.1.4.     The coulomb cross sections obtained by method 2 are 

smaller than those by method 1 and the calculations by Warner excluding.  It also can be 

observed that for U and Pb, the coulomb effect contributes about half to the total 2-n 

removal cross section of 6He. 
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3.2 Parallel Momentum Distributions 
 

3.2.1 Why parallel momentum distributions 
 

Other than reaction cross sections, the momentum distributions of nuclear 

fragments from reactions of halo nuclei help us obtain more detailed information about 

the structure of neutron haloes.  For example, momentum distributions may make it 

possible for us to determine the wave function of the valence neutrons removed in the 

reaction.  The relation between the momentum distribution and the wave function of the 

valence neutrons was described in section 1.1.   

 

In this kinematically complete experiment, the momentum of the neutrons and the 

momentum of the 4He from the 6He breakup were measured.  Although the full 

momentum was measured in the experiment, the measured neutron and 4He parallel 

momentum distributions are expected to better reflect the momentum function of the halo 

neutrons than the full neutron and 4He momentum distributions, because the transverse 

parts of the full distributions are distorted due to the following reasons.  

For neutron:  The solid-angle acceptance of the neutron walls prevents us from 

detecting neutrons with large transverse momentum.  Let’s estimate how much the 

limitation is with the setup in this experiment.   The first neutron wall, 2 meters wide and 

5 meters from the target, has an opening angle of 0.2 radian on one side.   With the above 

geometry, the average neutron momentum 210 MeV/c yields a transverse momentum of 

42 MeV/c, which actually is the cut-off point for the neutron transverse momentum in 

this experiment.  The geometric limitation obviously does not apply to the parallel  
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Figure 3.2.1  Breakup of 6He into 4He + n +n.  The breakup occurs as the 6He projetile 
touches the U nucleus.  Both the 6He projectile and the 4He fragment are deflected by the 
coulomb force from the U nucleus.    
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momentum. 
 

For 4He: The coulomb deflection of the incident 6He and the 4He fragment by the 

target nucleus distorts the fragment momentum in the following way.  The direction of 

the incident 6He is measured by two PPACs before it enters the target.  If the 6He is 

deflected by the coulomb force as it approaches the target nucleus, the true direction of 

the 6He right before the breakup is going to be different from the measured direction.  In 

the extreme case as shown in Fig. 3.2.1, a 6He breaks up as it just touches the U target 

nucleus.  The 6He would be deflected by 6.1° from its incident direction.  If  

we assume that the decay energy shared by the fragments after the breakup is zero, the 

direction of  4He after the breakup would be changed only by the coulomb force.  The 

scattering angle of 4He would be 9.7° after it breaks away from the 6He.  This leads to a 

total deflection of 15.8°.  In this case, the true transverse momentum is zero because the 

decay energy is zero, but the measured one is obviously not.  Coulomb deflection is 

expected to cause the transverse momentum distribution to be wider than it should be.  To 

see how much the coulomb deflection effect could be, let’s assume that the average 

deflection angle is half of the maximum value, i.e., 7.90.   At 23 MeV/u, the momentum 

per nucleon is about 207 MeV/c.  The coulomb deflection of 7.90 gives a 4He transverse 

momentum P⊥ (
4He) = 114 MeV/c.  At the same time, if we use half of the 6He deflection 

for the neutrons, i.e., 30, then the neutron transverse momentum P⊥ (neutron) = 11 MeV/c.   

In the longitudinal direction, however, the change of the 4He parallel momentum is only 

about 2 MeV/c with a 7.90 deflection.  Compared to U, the effect of the coulomb 

deflection for C is much smaller because the maximum deflection angle is only about 

5.50. 
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3.2.2 Neutron Parallel Momentum Distributions 
 

To help compare different measurements it is desirable to characterize the 

distributions by parameters from simple statistical distributions.  In Fig. 3.2.2, the neutron 

parallel momentum distributions are all fitted with a Gaussian function.  The solid curves 

are the best fits.  The widths of the parallel momentum distributions are represented by 

the σ of the Gaussian function.  Graph (b) in Fig. 3.2.3 shows the values of the neutron 

parallel momentum distributions against Z of the targets in the experiment.  Kobayashi et 

al. [9] measured the neutron transverse momentum distributions from 6He fragmentation 

on C and Pb at 0.8 GeV/u. In their measurement, two components were found in the 

transverse momentum distributions. Their narrow component, which is thought to be the 

result of the removal of the valence neutrons in 6He, is compared with the result of this 

experiment. The reported rms width (σ) of the narrow component of the neutron 

transverse momentum distribution, about 32 MeV/c for C, is somewhat larger than the 

width of (26.9±2.2) MeV/c for C  measured in our experiment.  For Pb, the measured 

width σ ≈ 31 MeV/c by Kobayashi et al. is significantly larger than our result σ ≈ 

(19.8±1.2) MeV/c.  The earlier discussion about the difference between the transverse 

momentum distributions and the parallel momentum distributions may explain the 

difference in the measured momentum widths.   

 

It can be observed from Fig. 3.2.3 that the width of the neutron parallel 

momentum distribution decreases with the size of the target.  For C, σ is (26.9±2.2)  

 
 
 

U target Sn targetPb target
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Figure 3.2.2  Neutron parallel momentum distributions for the 6He breakup.  The parallel 
momentum is the projection of the momentum on the incident direction of the 6He beam.  
The solid curves are Gaussian fits.  The widths of the distributions are listed in Table 
3.2.1 

 
 
(unit: MeV/c) 

 U Pb Sn Cu Al C 

σP// (
4He) 31.2±0.9 32.4±1.4 33.0±1.3 33.1±1.6 44.6±2.2 40.2±2.3 

σP// (n) 19.5±1.0 19.8±1.2 23.0±1.3 21.9±1.5 24.7±1.4 26.9±2.2 

 
 

Table 3.2.1  The widths of the measured parallel momentum distributions  
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Figure 3.2. 3   (a) The widths of the 4He parallel momentum distributions for the six 
targets.  (b) The widths of the neutron parallel momentum distributions for the six targets. 
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width can be attributed to the following two factors:  

1) The Serber model tells us that the fragment momentum distribution measures 

the momentum function of the fragment in the projectile.  This model is based on the  

“sudden approximation.”  In this approximation, the target nucleus knocks the fragment 

out of the projectile in a very short time so that the fragment remains in the initial state 

until the instant of breakup.  To qualify for a very short time, the interaction time between 

the target nucleus and the projectile has to be much smaller than the time for the fragment 

in the projectile to complete a full internal oscillation.  In other words, it has to be a “snap 

shot” catching the moment of the action.  If the interaction is too long, the Serber model 

breaks down because the initial state of the fragment can be changed.  In our experiment, 

for the C target, almost all the 6He breakups are due to nuclear interactions.   Our beam 

velocity of c/4 and an interaction pathlength for the 6He projectile of 11 fm (assumed to 

be twice the diameter of the C nucleus) yield an interaction time of about 44 fm/c.  To 

estimate the period of the internal oscillation of a halo neutron, we note that a halo 

neutron has an rms radius of about 2.6 fm [38] and a momentum about 25 MeV/c in 6He, 

hence a period of about 610 fm/c, about 14 times the interaction time.  Therefore, the 

“sudden approximation” is valid in this case.  If we go to heavy targets such as U, whose 

coulomb interactions with 6He contribute more to the breakup than the nuclear 

interactions, the “sudden approximation” becomes less valid due to the long-range 

coulomb interaction.  Because 6He may well be disturbed before it breaks up, what we 

measure with the heavy targets may not as well reflect the internal momentum function of 

the 6He.  As a result, the momentum distribution could differ from the light targets to the 

heavy ones.   
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2) The target-dependence of the width of the momentum distribution could also be 

the result of other reaction mechanism effects. For example, for light targets such as C,  

sequential breakup of 6He via 5He is thought to be the dominant process [14] because of 

the stripping mechanism, while for heavy targets such as U, simultaneous breakup of 6He 

into 4He and two neutrons dominates because of the coulomb breakup mechanism.    

 

3.2.3 4He Parallel Momentum 

 

Figure 3.2.4 and Table 3.2.1 show the 4He parallel momentum distribution for 

each of the six targets.  Their width vs. Z of the target is plotted in part (a) of Fig. 3.2.3.  

The width of the 4He parallel momentum distribution also shows a target dependence.  

The width for Al appears to be larger than the others.  The big tail on the left side of the 

Al peak in Fig. 3.2.4 contributes to the abnormality.  If the tail were ignored, the width of 

the distribution for Al would be in line with the trend in the target dependence.  

 

3.2.4 Valence Neutron rms Radius  
 

One purpose for measuring the 4He fragment momentum distribution is to learn 

the  wave function of the halo neutrons in the 6He projectile. Although the direct linkage 

between the parallel momentum distribution and the wave function is a simplification, it 

can lead us to see a valence neutron distribution which extends far beyond the nuclear 

radius determined from R=1.2A1/3 for normal nuclei.  We can use the simple zero-range  
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Figure 3.2.4  The 4He parallel momentum distributions for the 6He breakup.  The parallel 
momentum is the projection of the momentum on the incident direction of the 6He beam.  
The solid curves are Gaussian fits.  The widths of the distributions are listed in Table 
3.2.1. 
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asymptotic behavior of the wave function.  This is the region with the most strength for  

peripheral reactions. 

ψ
ρπ

ρ

( )
/

r
e

r

r

∝
−1

2
                                     (3.2.2) 

where ρ is the range parameter, r is the radial distance between the 4He core and the halo 

neutrons.  After the Fourier transform of the spatial wave function, the momentum 

distribution becomes a Lorentzian 

[ ]
ds

dp p
� �∝

+

Γ

Γ2 2 2
4

,                                    (3.2.3) 

where Γ =
2�

ρ .  After integrating over the other two transverse dimensions, the parallel 

momentum distribution has the form 

[ ]
ds

dp p/ // /

∝
+
Γ

Γ2 2 4
,                              (3.2.4) 

with FWHM = Γ.  If this distribution and a Gaussian distribution with the same FWHM 

are configured, they are almost identical in the central region.  So, the width σ we 

obtained from Gaussian fitting can be used to estimate the size of the halo of  6He using 

the rms halo radius r 2
1

2

2
≈

ρ
. In the experiment, the width of the 4He parallel 

momentum distribution depends on the target. We use the width for the C target, σ = 

40.2±2.3 MeV/u (FWHM = 94.6±5.4 MeV/c), since it is expected to reflect the intrinsic 

momentum distribution of the halo better than the high Z targets, as explained earlier.  

For the C target, 
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⇒ ≈ = ±r fm2
1

2

2
2 95 017

ρ
. . .                    (3.2.5) 

The rms radius of the neutron matter distribution was determined from 6He interaction 

cross sections in two measurements which gave very close results: 2.59±0.04 fm [39] and 

2.61±0.03 fm [44].  The rms radius determined from the 4He parallel momentum 

distribution here reflects the tail of the valence neutron matter density, because the 

calculation is based upon an asymptotic wave function of the neutron halo.  On the other 

hand, the rms radius determined in the two previous measurements reflects the entire 

neutron matter density of 6He.  Therefore, the rms radius determined here should be larger 

than the two reported results, by 0.35 fm according to this measurement.  It is nice to see 

the consistency between the experimental results, considering that the model and the 

approach used above are simple.  
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3.3 The Decay Energy Distributions 
 

One of the goals of this experiment was to look for possible evidences of the soft 

dipole resonance in 6He.  In section 1.5, we showed how to relate the dipole strength 

function 
dB E

dE

( )1  to the differential coulomb cross section 
d

dE

Eσ 1

 by using the equivalent 

photon method.  To obtain 
dB E

dE

( )1  for 6He, we measured the decay energy distributions 

for the six targets.  The decay energy Ed of  6He is the difference between the excitation 

energy Ex and the 2-n separation energy S2n of  6He, i.e. E E Sd x n= − 2 .  The decay 

energy of 6He can be expressed as [10], 

E V Vd n n n= +− −
1

2

1

21 2 4
2

2
2µ µ

� �
                               (3.3.1) 

where µ1
4

4

2

2
=

+
m m

m m
n

n

( )
, µ 2 2

=
mn ,   m4 is the 4He mass, mn is the neutron mass, 

�
V n2 4−  is 

the relative velocity between the 4He and the center of mass of the two neutrons, 
�

Vn n−  is 

the relative velocity between the two neutrons.  The decay energy was calculated for each 

2n-4He coincident event.  The measured decay energy distributions
d

dE
m

d

σ
 for the six 

targets are shown in Fig. 3.3.1.  The distributions were obtained after subtracting the 

target-out data from the target-in data in order to exclude the reactions in the Si strip 

detectors. A peak at around 1 MeV can be found in all the decay energy distributions.  

Before any conclusion can be drawn upon the raw differential cross sections, we have to 

know what are the constituents of the distributions and what are the complications 

coming from our detection system.  
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Figure 3.3.1  Decay energy distributionsdσm/dEd for the six targets.  These are 2n-4He 
oincidence events. 
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Since both nuclear and coulomb interactions contribute to the breakup of 6He into 

two neutrons and a 4He, the decay energy distributions in Fig. 3.3.1 are not pure coulomb 

differential cross sections.  Because we are interested in electromagnetic dipole 

excitation,  we want to exclude the nuclear part of the distributions.  However, the small 

number of 2n-4He events prevents us from making any valuable separation of the nuclear 

contribution.  Fortunately, we think it is a good approximation to assume that only the 

coulomb breakup contributed to the decay energy spectrum for the U target.  There are a 

couple of reasons supporting this approximation.  First, based on the 2-n removal cross 

sections obtained in section 3.1, the coulomb interaction accounts for more than half of 

the total cross section for the U target. The nuclear cross section is about 40% of the total 

cross section according to our extrapolation.  Second, the reaction mechanisms in nuclear 

breakups are diffraction and stripping.  The diffraction produces events with two neutrons 

in the final state, while in the stripping process, because one neutron is absorbed by the 

target, only one neutron is observed.  The requirement of two neutrons being detected in 

the decay energy spectra rules out the stripping mechanism.  Because the stripping 

mechanism accounts for more than half of the nuclear breakups [40,41], the nuclear 

contribution to the decay energy distribution for the U target could be less than 20%, a 

rather small part of the spectrum.  So, we do not expect the events from nuclear breakup 

to significantly affect the shape of the spectrum for the U target.  As the contribution of 

the nuclear interactions increases from the heavy to the light targets, the approximation 

becomes less reliable.  
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Now, let’s explain the complications caused by the detection system.  The 

measured decay energy spectrum for the U target 
d

dE
m

d

σ
, shown in Fig. 3.3.1, is related to 

the true spectrum  
d

dEd

σ
 by the following equation: 

d

dE
E

d

dE
E E E dEm

d
d

d
d d d d

σ σ ε( ) ( ) ( , )=
′

′ ′ ′∫                       (3.3.2) 

where ε( , )′E Ed d  is the response of the detection system that represents how much the 

detection system distorts the true decay energy spectrum. ε( , )′E Ed d  is a complicated 

function of neutron timing (σt = 1.27 ns)  and angular resolution (σa = 0.4° ), 4He energy 

(σE = 2%) and angular resolution (1.2°), energy loss in the U target ( ∆E = 6.24 MeV) and 

multiple scattering effects, plus the solid angle acceptance of the neutron walls.  

 

The solid-angle acceptance of the neutron walls was limited vertically (~ 1 meter) 

by the magnetic poles, horizontally (~ 2 meters) by the length of the cells.  So the 

maximum vertical neutron angle with respect to the 6He projectile direction was only 

5.7°.  In the horizontal direction, the maximum neutron angle was 11.3°.  The decay 

energy distributions are affected by the solid-angle acceptance of the detection system.  

The higher the decay energy, the smaller the acceptance because large decay energy 

results in higher neutron transverse momentum, making the neutrons more likely to miss 

the neutron walls. With decay energies below 0.3 MeV, no neutron will miss the neutron 

walls because both neutrons have laboratory angles less than 5.7°.  When the decay 

energy exceeds 0.3 MeV, some neutrons start to miss the wall in the vertical direction.  In 
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an extreme mode, in which one neutron recoils against the other neutron and the 4He,  the 

first neutron will have the maximum velocity.  The first neutron will just miss the neutron 

walls at Ed = 0.3 MeV if its momentum in the rest frame of the 6He projectile is 

perpendicular to the pole faces of the magnet.   When the decay energy is over 1.2 MeV, 

some neutrons start to miss the wall horizontally.  Fig. 3.3.2 shows the calculated solid-

angle acceptance vs. decay energy based on a Monte-Carlo simulation using the 3-body 

phase space distribution.  The curve starts to fall around 0.3 MeV as predicted.  

     

Because the response function is too complicated, it is not possible to unfold the 

response from 
d

dE
m

d

σ
 directly.  So, models were chosen for 

d

dEd

σ
.  Each one of the models 

was filtered through the detection system using a Monte-Carlo simulation, and compared 

with the measured decay energy spectrum. The one that gave the best fit was considered 

the true decay energy spectrum.  As shown in eq. 1.5.1, to obtain 
d

dEd

σ
, we have to know 

the photonuclear cross section σ E E
1
( ) .  We used the empirical model parameterized 

with a Breit-Wigner function introduced in [10] 

σ E d
d

E
a

E E1

0
2 22

( )
( ) ( / )

=
− +

Γ
Γ

 ,              (3.3.3) 

where  

Γ
Γ

( )
( ) ( )

( )
E

E T E

T Ed
d= 0

0

.                                   (3.3.4) 
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Figure 3.3.2  Calculated solid-angle acceptance of the detection system.  The simulation 
is based on the 3-body phase space model.  
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In eq. 3.3.3, Γ is the width, E0  is the resonance energy and a is a normalization factor.  

For 6He, the excitation energy E Ex d= + 0 975. MeV.  In eq. 3.3.4, Γ(E0) is the width at 

E0, T Ed( ) is the transmission coefficient  with the energy dependence of s-wave neutrons 

[45]. The energy dependence forces the Breit-Wigner function to be zero at zero decay 

energy.  In Fig. 3.3.3a, the measured decay energy for the U target is shown again with a 

solid line that is the Breit-Wigner model with the resonance parameters E0  = 1.9 MeV 

and Γ( )E0 = 1.5 MeV.   Within statistical errors, the model gives a very good fit to the 

data.  So, eq. 3.3.3 with the two best parameters is considered our measured photonuclear 

function σE E
1
( ) for 6He.  The function is plotted in Fig. 3.3.3b.  The corresponding dipole 

strength function, as shown in Fig. 3.3.3c, was determined from the photonuclear 

function σE E
1
( ) based on eq. 1.5.4.    

 

The dipole strength function is compared with two three-body models, as shown 

in Fig. 3.3.4.  The model by Danilin et al. was first introduced in ref. [25] to look for the 

dipole resonance for 6He.  This model is based on hyperspherical harmonics and the 

coordinate space Faddeev approach [23]. The model was later used to calculated cross 

sections for coulomb dissociation of 6He [30].  The dashed curve is the most recent 

calculation obtained from Ian Thompson, one of the collaborators in ref. [30].  In the 

other three-body model, by Pushkin et al.[46], the strength function for two-valence 

neutron halo nuclei is expressed as 

dB E

dE

( )1
 ∝

E

S En
eff

3

2

11

2( )+
                                         (3.3.5) 
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Figure 3.3.3  Decay energy spectrum for the U target. (a)  The points are experimental 
data.  The solid line is the result of a Monte Carlo simulation with a Breit-Wigner 
function (E0 = 1.9 MeV and Γ = 1.5 MeV).  (b) The photonuclear spectrum corresponding 
to the Breit-Wigner parameters determined from the data.  (c) The dipole strength 
function determined from the data.     

(a) 

(b) 

(c) 
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Figure 3.3.4  The dipole strength functions.  The dashed curve and the dotted curve are 
from two 3-body models [25,46]. 
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where S aSn
eff

n2 2=  is an effective separation energy with a = −145 155. . .   The strength 

function for two-neutron halo nuclei is derived from the E1 strength function for one-

neutron halo nuclei by Bertulani et al. [18].  The dotted curve in Fig. 3.3.4 is the result of 

the model with a = 150. and S2n = 0.975 MeV.  Even though the shapes of the strength 

functions differ quite a bit, they are very well concentrated in the area between 1.5 MeV 

and 2.0 MeV.  Since excitation energy Ex = E0 + 0.975 MeV, this may indicate a 

concentration of the dipole function between Ex =2.475 MeV and Ex = 2.975 MeV.   

 

We can further compare our data with another 3-body model using the coupled-

rearrangement-channel method base on an α + n + n cluster model [28].  The calculated 

strength distribution had a broad peak at Ex ≈ 2.5 MeV.  The width of the peak predicted 

in the model is in the neighborhood of 4 MeV, which is very similar to the model by 

Pushkin et al.  Some authors [25,28] in their papers thought that the broad widths did not 

support the existence of a resonance in 6He.  They call the peak a reminiscence of a 

resonance behavior since the soft dipole resonance is supposed to have a very narrow 

width (Γ≤1 MeV).  

 

The experiment and the calculations agree that there is a strong concentration of 

the dipole strength at low energy  Ex ∼3 MeV.  However, it is not clear whether the 6He 

breakup occurs directly or through a resonance state if we base our judgement solely on 

the decay energy spectrum.  We will look for further evidences in the following section.  
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3.4 Post-breakup Coulomb Acceleration 

It remains as an interesting topic whether halo nuclei, such as 11Li and 6He,  

breakup in the coulomb field through a soft dipole resonance, or simply break directly 

into three piecestwo neutrons and a charged fragment.  For 11Li, the post-breakup 

coulomb acceleration (PBA) of the 9Li fragment favored the direct breakup mechanism 

[10].  It is one of the goals of the experiment to find if PBA can be found in the 6He 

breakup as well.  First,  let’s briefly explain what is PBA using the 6He projectile and the 

U target as an example.   

 

Because of the great photon intensity, coulomb excitation is more likely to occur 

when the 6He projectile is close to the U nucleus [10].  If the projectile decays 

immediately after being excited by the coulomb field, the two valence neutrons fly away 

with whatever velocity they have at the moment of the breakup because the neutrons do 

not feel the coulomb force.  On the other hand, the 4He would be accelerated as it leaves 

the coulomb field of the U nucleus.   Since the decay energy is small relative to the 

incident energy of the 6He,  it cannot significantly alter the velocities of the fragments.  

Therefore, on average, the accelerated 4He fragment tends to have a higher velocity than 

the neutrons if the direct breakup is the dominant mechanism.  However, if it forms a 

resonance after being excited, the projectile will not break up until the resonance reaches 

the end of its lifetime.  If the resonance lives long enough, the excited 6He will travel far 

away from the U nucleus.  As a result, the neutrons and the 4He fragment will have about 

the same velocity because the coulomb field at the point of the breakup is too weak to 

have any effect on the 4He fragment.   
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3.4.1 Projectile Slow-down 
 
As we can see from the above, the premise for the post-breakup acceleration is 

that the 6He projectile has to break up when it is close to the target nucleus.  As the 6He 

projectile approaches the target nucleus, it slows down when part of its kinetic energy 

transforms into potential energy.  The closer the projectile is to the target nucleus, the 

more kinetic energy it loses, and the lower its velocity.  It can be inferred that if the 6He 

breaks up at a place close to the target nucleus, the average neutron energy should be 

lower than the incident beam energy per nucleon.  The energy distributions of the 

neutrons from the 6He 2-n removal reactions are shown in Fig. 3.4.1.  These events were 

n-4He coincidence events. The distributions were fitted with a Gaussian function. The 

centroids of the distributions give the average neutron energies.  Fig. 3.4.2 shows the 

difference ∆E between the average neutron energies E n  and the average beam energies 

per nucleon E beam .  The solid line connects points ∆Emax for the maximum slow-down as 

the 6He projectile grazes the target nucleus. If Rt  and Zt denotes the radius and the change 

of the target nucleus, respectively, ∆Emax can be expressed by the potential energy at 

R R R
He t= +6 , 

∆E
Z Z e

R
t He

max =








6

2

6                                    (3.4.1) 

where fmR
He

33.26 = , Rt = 1.2 A1/3.   As shown in the figure, the 6He projectile slows 

down more for the high Z targets because of the presence of stronger coulomb fields.  
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Figure 3.4.1  Neutron energy distributions for the 6He breakup.  The points are 1n-4He 
coincidence events from the experiment.  The solid lines are Gaussian fits. 
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Figure 3.4.2  Difference between the average neutron energy and the average 6He beam 
energy per nucleon.  The average neutron energy is determined from the centroid of the 
Gaussian in Fig. 3.4.1.  The average beam energy is equal to the beam energy at the center 
of the target.  The solid line connects the maximum energy differences for the six targets.  
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Another observation is that the lower the Z of the target, the closer the slow-down is to 

the maximum.  This indicates the dominance of the nuclear interactions for the low Z  

targets, interactions in which the 6He projectile has to get very close to the low Z targets 

in order to acquire sufficient energy to induce a breakup. 

 

3.4.2 Velocity Shift 

     Although the projectile slow-down proved that the breakup of 6He occurs close 

to the target nucleus, it did not tell how the 6He breaks updirect or through a resonance 

state.   We turned to the difference between the average the 4He velocity and average 

neutron velocity for further evidence.  For each 2n-4He coincidence event, we determined 

the velocity for each neutron and the velocity for the 4He fragment.  To rule out the bias 

towards any one of the neutrons, we took the average of the velocities of the two 

neutrons.  The top three graphs in Fig. 3.4.3 show the difference between the z-

component of the 4He velocity and that of the average velocity of the two neutrons for the 

three heavy targetsU, Pb, Sn.  It will be explained later why only the z-component is 

used. The results for the light targetsCu, Al, C are shown in the top three graphs in Fig. 

3.4.4.  The velocity difference is expressed relative to c, the velocity of light.   One 

concern with the velocity difference between the neutrons and the 4He fragment was that 

neutron and 4He velocities were measured by different detectors in the experiment.  

Different responses of the detectors could cause a systematic shift in the velocity 

difference.  This type of systematic error might lead us to a wrong conclusion.  In order to 

see if a systematic shift exists in our detection system, we calculated the z-component of 

the center-of-mass velocity for the 2n+4He system both before breakup and after breakup.  
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Figure 3.4.3  Velocity (z-component only) difference distributions for the three heavy 
targets in the expriment.  The top three graphs are the differences between the 4He 
velocity and the average velocity of the two neutrons, calculated on an event-by-event 
basis.  The bottom three graphs are the differences between the 6He center of mass 
velocity before breakup and after breakup for the same three targets, respectively.  The 
dashed lines are the centroids of the bottom distributions.  
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Figure 3.4.4  Velocity (z-component only) difference distributions for the three light 
targets in the expriment.  The top three graphs are the differences between the 4He 
velocity and the average velocity of the two neutrons, calculated on an event-by-event 
basis.  The bottom three graphs are the differences between the 6He center of mass 
velocity before breakup and that after breakup for the same three targets, respectively.  
The dashed lines are the centroids of the bottom distributions.  
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Before breakup, the center-of-mass velocity is determined from the incident beam energy 

at the center of the target.  After breakup, the center-of-mass velocity is determined from 

the measured velocities of the two neutrons and the 4He.  Based on momentum 

conservation, the difference between the two velocities should center at zero if there is no 

systematic error with the measurements.  It has to be pointed out that only the z-

component can be used, because the center-of-mass velocity of the 6He is changed in the 

transverse direction due to the interaction with the target nucleus.  The z-component, on 

the other hand, remains the same since the target nucleus on average recoils at 90° to the 

z direction.  Therefore, it is a good approximation to assume that the target nucleus gains 

zero momentum in the z direction after the impact.  Based on momentum conservation, 

there should be no momentum change for the z component of the 2n + 4He system before 

and after the interaction, i.e. the center-of-mass velocity difference should be zero.  The 

graphs on the bottom in Figs. 3.4.3 and 3.4.4 show the center-of-mass velocity difference 

distributions for the six targets.  Every peak in the graphs has a center at  

(-0.0045±0.0012) c.  This indicates that there is a small systematic shift in the detection 

system.  The vertical dashed lines in the top graphs indicate -0.0045 c.  To account for the 

systematic shift, the velocity shift was measured from the centroid of the velocity 

difference distribution to the dashed line.  The result is shown in Fig. 3.4.5.  As shown in 

the figure, within the statistical uncertainty, the heavier targets produce a 4He fragment 

with a higher velocity than the neutrons.  

 

If a resonance state was formed, it would be meaningful to see how long the 

excited 6He nucleus remained in the resonance state in order for the observed velocity  
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Figure 3.4. 5  Average velocity difference between the 4He and the neutrons from the 6He 
breakup.  The data points are determined from the centroids of the top graphs in Figs. 
3.4.3 and 3.4.4.  The data are adjusted for the systematic shift (indicated by the dashed 
lines in those figures).  

 

 

 

 

 

( )

( )

v v

c
nα −



 81

shifts to be produced. Obviously, the longer the lifetime, the smaller the velocity shift.  

Sackett et al. [10] showed how to calculate the lifetime of the resonance from the velocity 

shift.  As shown in Fig. 3.4.6, simplified breakup schematics is used in the calculation.  

First, a straight-line trajectory is assumed, since the 6He is only deflected by a few 

degrees.  Second, the excitation occurs at the distance of closest approach, because the 

electric field is the most intense at that point.  So, the 6He is excited at point A, then 

breaks up at point B.   To see the detailed deduction of the formula, please refer to ref. 

[10].  The relation between the average velocity shift and the mean lifetime is expressed 

as: 

∆V V V
Z Z e

m V b V
z nz

He U= ∞ − ∞ =
+

4 2

2

4
2 2 2

1
( ) ( )

τ
,                 (3.4.2) 

where V z4 ( )∞ and V nz2 ( )∞ are the z-component of the measured velocities for the 4He and 

the two neutrons, respectively, V is the incident beam velocity, b is the impact parameter 

and τ is the mean lifetime of the resonance.  For the U target, ∆V = ±0 0216 0 0045. . c 

and V = 0 2260. c. If we use a small average impact parameter, b = R(6He)+R(238U)          

= 2.33 + 7.44 = 9.77 fm, based on eq. 3.4.2 the mean lifetime of the resonance is 

τ = ±47 18 fm c/ , which yields a width of Γ = ±4 2 16. . MeV .  This means that a 

resonance state has to have a width 4.2 MeV to be consistent with the measured velocity 

shift, which would be much larger than the MeV5.1=Γ obtained from the decay energy 

spectrum in Fig. 3.3.3a.   Based on the measured MeV5.1=Γ , the resonance should have 

a lifetime of about 131 fm/c.  The velocity shift shows, however, that the 6He projectile 

breaks up long before 131 fm/c.  This means that the time is too short to form a  
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Figure 3.4. 6  Schematic view of a 6He breakup.  The impact parameter is denoted by b. 
The 6He is excited at point A, the closest approach, then breaks up at point B.  The 
distance between the U nucleus and point B is r, v is the beam velocity and τ is the mean 
lifetime of the resonance.  

 

Target U Pb Sn 

<∆V>/c 0.0216±0.0045 0.0190±0.0055 0.0185±0.0046 

τ (fm/c) 47±18 50.5±24 18.6±22 

Target Cu Al C 

<∆V>/c 0.0098±0.0075 0.0019±0.0087 -0.0002±0.0177 

τ (fm/c) 27±49 100±491 ∞±∞ 

 

Table 3.4. 1  Average velocity shift <∆V> between the 4He and the neutrons from the 
6He breakup, and the mean lifetime of the resonance determined from  <∆V>.   

vτ 

6He

U target

A B

Photon absorbed here Breaks up here

b r
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resonance.  So, the velocity shift appears to support a direct breakup mechanism.  One 

can notice that it is a conservative estimation by setting the average impact parameter at  

the sum of the radii of the 6He and U nuclei.  With a higher b, the mean lifetime of the 

resonance τ is even smaller, therefore the corresponding Γ will be even further from the 

measured MeV5.1=Γ .  The mean lifetimes determined from the velocity shifts for the 

other targets are listed in Table 3.4.1.  For Al and C, eq. (3.4.2) does not stand since E1 

excitation is a very small part of the 6He breakup, hence the calculated mean lifetimes 

have no physical meaning.  The calculated mean lifetimes for the other targets are 

consistent within the statistical uncertainties.   
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3.5 Neutron Correlation 
 
3.5.1 Evidence From Neutron Relative Angle 

When the neutron halo was found in the nuclei near the neutron dripline, a simple 

model of core-plus-dineutron was suggested as the main structure [4].   If the 6He nucleus 

does have a dineutron structure, coulomb excitation would cause a two-body breakup, in 

which the 4He core is pushed away by the target nucleus, leaving the two neutrons with 

the same momentum.  As a result, the two neutrons are going to be strongly correlated, 

i.e., the relative angle θ between the momenta of the two neutrons in the rest frame of the 

6He should be zero, or cosθ should be 1.  The measured cosθ distributions are shown in 

Fig. 3.5.1 for the six targets.  Two observations can be made from the figure.  First,  from 

the U target to the Al target, the distributions peak forward at cosθ = 1.0. Second, the 

forward peak, becoming weak from the heavy to the light targets, is hardly found in the 

distribution for the C target. 

   

Again, the response of the detection system might distort the true cosθ 

distribution.   Since the solid-angle acceptance of the system favors the breakups with 

small n-n angles, the cosθ distribution may be forced to be forward peaked.  To take the 

response and other geometry effects into account, we calculated the cosθ distribution for 

the U target in two extreme decay modes by Monte-Carlo simulations. In the first mode 

the two neutrons recoil against the 4He core as a dineutron.  The dashed histogram in Fig. 

3.5.2, which shows the simulation result in the dineutron mode, is strongly forward 

peaked.  The solid histogram in Fig. 3.5.2  
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Figure 3.5.1  Angle distribution of the two neutrons from the 6He breakup. These are 2n-
4He coincidence events for the six targets used in the experiment. The angle was 
calculated in the 2n+4He center of mass frame. 
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Figure 3.5.2  Angle distribution of the two neutrons from the 6He breakup.  The points 
are from the experiment for the U target.  The solid histogram is a Monte-Carlo 
simulation with the 3-body phase space model.  The dashed line is the same simulation 
with the dineutron model.  The dashed line reaches above 10000 at cosθ = 1 
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is for the three-body phase space model.  The two neutrons in the phase space decay 

mode are uncorrelated.   As shown in Fig. 3.5.2, the angle distribution for the phase space 

model is only slightly peaked after being folded with the response function of our 

detection system.  It also appears to be  peaked at θnn = 1800.   Figure 3.5.2 only plots the 

U data against the simulation results from the two models.  We can further compare the 

two models with the angle distributions for the other targets shown in Fig. 3.5.1.  One can 

see that the data suggest the correlation between the neutrons in 6He is in between the two 

extreme models. This is consistent with the hybrid model [22] introduced in section 1.4.  

In this model, the two valence neutrons of 6He stay in shell model orbits when they are 

close to the core, but form a cluster (dineutron) when they are far from the core.  If the 

6He nucleus breaks up when the neutrons are far from the core, the neutrons tend to be 

strongly correlated.  If the 6He breaks up when the neutrons are close to the core, the 

neutrons tend to be uncorrelated.    The tendency of the neutrons to be uncorrelated from 

the heavy to the light targets may be caused by the dominance of the sequential decay of 

the 6He through the 5He.  In the sequential decay mode, the first neutron knocked out 

from the 6He projectile has no correlation with the second neutron, which is later 

separated from the unstable 5He.  Only after all these decay modes are taken into account, 

can the cosθ distributions for the six targets be reproduced theoretically.  

 

3.5.2 Evidence From Neutron Momentum 

 One indirect method to find the n-n correlation in 6He is to compare the width of 

the 4He parallel momentum distribution with that of the neutron parallel momentum 
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Figure 3.5.3   (a) The width of the 4He parallel momentum distribution for the six targets.
(b) The width of the neutron parallel momentum distribution for the six targets.  (c) The
ratio of the 4He momentum width to the neutron momentum width.  The data, the same as

those in Fig. 3.2.8, are from n-4He events.  The dashed line indicates 2 . 
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distribution. The theory is based on momentum conservation in a projectile as in the 

Goldhaber model [47].  The momentum correlation term between two neutrons in a 

projectile A can be written as  

� �
p n p n A n( ) ( ) . ( )1 2 2

2 215 2• = −−σ σ ,                         (3.5.1) 

where σ A−2  andσ n  are the momentum widths of a fragment (A-2) and a neutron, 

respectively.  It is easy to see that if the two neutrons are not correlated, then 

� �
p n p n( ) ( )1 2 0• = , and 

σ
σ

A

n

− =2 2 .  In Fig. 3.5.3, the bottom graph plotted the ratio 

between σ 4 He
 and σ n  for all the targets used in the experiment. The dashed line is 2 .  

As shown in the figure, the data points are very much lying on the dashed line except the 

abnormal point for Al.  This may indicate that the two neutrons in 6He are uncorrelated.   
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4 Summary 
 

The kinematically complete measurement of the 6He dissociation made it possible 

for us to study the 6He nucleus in a variety of perspectives.  At first, the 2-n removal 

cross sections for the six targets were determined with the n-4He coincidence data. The 

efficiency of the detection system was taken into consideration by scaling our data to a 

measured cross section on Si [17] at a similar energy.  Our measured cross sections were 

consistent with the two theoretical calculations by Warner et al. [30] and Ferreira et 

al.[37].  For example, for U, σ2n = (1.87 ± 0.24) b vs.1.68 b from ref. [30]; for C, σ2n = 

(0.36 ± 0.05) b vs. 0.34 b from ref. [30] and 0.46 b from ref. [37].  The measured cross 

sections were also adjusted for the neutron multiplicity based on the theory by Barranco 

et al. [40,41].  The adjusted cross sections are somewhat smaller than the unadjusted ones 

except for C and Al. 

 

The coulomb cross sections were separated from the nuclear cross sections by two 

methods, method 1 (extrapolation) and method 2 (fitting).  The coulomb cross sections 

from method 1 are larger than those from method 2.  Except for U and Pb, the results of 

method 2 are in better agreement with the calculation [37]. For U, Method 1 gives  

σcoulomb = (1.06±0.24) b; method 2 gives σcoulomb = (0.92±0.24) b .  So on average, for U, 

the coulomb cross section contributes about 50% to the total cross section. 

 

Neutron and 4He momentum distributions were reported for the six targets.  We 

chose the parallel momentum distributions over the transverse momentum distributions 

because the neutron and 4He transverse momentum distributions were shown to be 
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significantly affected by the coulomb deflection and the solid-angle acceptance of the 

detection system.  A Monte-Carlo simulation shows that the parallel momentum 

distribution is hardly altered by the acceptance of the system.  The parallel momentum 

distributions were fitted with Gaussian functions.  The width σn = (26.9±2.2) MeV/c for 

C is a little bit smaller than the result by Kobayashi et al. [9] who reported a width of 32 

MeV/c for a transverse momentum distribution at a beam energy of 0.8 GeV/u.  It was 

found that the widths of the neutron and 4He parallel distributions increase as the size of 

the target decreases.  This may indicate a shift of the reaction mechanism from 

dominating coulomb breakup to dominating nuclear breakup.  The measured width of the 

4He parallel distribution, σn = (40.2±2.3) MeV/c, yields a rms radius of 

fmr 17.095.22

1
2 ±=  for 6He, which is consistent with the results determined by 

Tanihata et al. from the 6He interaction cross sections [39,44].   

 

The experiment was designed to measure 2-n coincidence events, in which all the 

three fragments from the 6He breakup were detected.  The kinematically complete 

measurement of the breakup made it possible for us to construct the decay energy 

distribution.  By using the equivalent photon method, the decay energy spectrum for the 

U target was fitted with a Breit-Wigner function folded with the response function of the 

detection system.  The fitting yields a Breit-Wigner shape dipole strength function 

dB(E1)/dEd with Ed = 1.9 MeV and Γ = 1.5 MeV.  The location of the strength function 

agrees with the predictions of several three-body models [24,28,45].   However, the width 

of our dipole strength function appears to be narrower than those predicted in the models.  

This may be the result of our system’s low sensitivity at high decay energies (> 3MeV).  
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Although our experimental result as well as the models [25,28,45] agree on the 

enhancement of the dipole excitation between Ex = 2.5 MeV and 3.0 MeV.  Whether it is 

a soft dipole mode (SDM) is inconclusive based upon the shape of the strength function. 

 

      We looked for the post-breakup coulomb acceleration [10] in the 6He breakup.  

First, from the 1n-4He coincidence events, we found that the neutron average energy is 

significantly less than the 6He per-nucleon beam energy for the high Z targets, which 

indicates that the breakups occur when the 6He projectile is close to the target nucleus. 

The energy difference decreases with the decrease of the target charge, which is due to 

the weakening of the coulomb field of the target nucleus.   Then, from the velocity 

difference spectra, the 4He fragment on average was found to travel faster the neutrons.  

This finding supports the post-breakup coulomb acceleration.  The average velocity shift 

for the U target, ∆V = ±( . . )0 0216 0 0045 c, leads to a resonance with a much shorter 

mean lifetime than that inferred from the measured width of the dipole strength function.  

So the post-breakup acceleration suggests that 6He does not break up through a resonance 

state.  The concentration of the dipole strength function is just a resemblance of a 

resonance state.  

 

To see if the two valence neutrons of 6He are correlated, we plotted the 

distribution of the relative angle of the two neutrons in the rest frame of the 6He 

projectile.  Compared to the two extreme modelsthe dineutron model [4] and the direct 

breakup model [10]the experimental data lean toward a structure without much 

correlation.  We also found that the forward peaking of the relative angle distributions is 
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more prominent for heavy targets than for light targets, which may suggest the 

dominance of the sequential decay of the 6He through the 5He for light targets [16].   

Besides the neutron relative angle distributions, we also looked for the neutron 

correlation in the 6He nucleus from the widths of the neutron and 4He momentum 

distributions.  The fact that, on average, the ratio between the width of the 4He 

momentum distribution and that of the neutron momentum distribution is close to 2 , 

strongly supports that the valence neutrons are not strongly correlated in the 6He nucleus.    

 


