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Introduction

When the excitation of a nucleus exceeds the nucleon binding energy, 
discrete states are replaced by a continuum. This is, however, by no means 
featureless. Initially, the spectrum is dominated by individual resonances that 
are rather narrow. With increasing energy the width becomes progressively 
larger until, typically in the 10 to 50 MeV region, the individual resonances 
are replaced by very broad structures called giant resonances [HAR01, 
SPE91]. 

These short-lived, highly collective states offer unique insights into the 
bulk properties of nuclei, and have been studied extensively during the last 
couple of decades. See for instance [HAR01]. One of the more recent 
techniques employed in these studies is Coulomb excitation by inelastic 
scattering of heavy ions that, due to relativistic effects, offers very large 
cross sections at beam energies exceeding 100 MeV per nucleon. At such 
energies, multiphonon states have also been observed [EML94]. 

The energies of the scattered projectiles are usually measured by 
magnetic spectrometers, such as SPEG at GANIL [BIA89b]. In Uppsala, a 
novel approach has been adopted [RIN96], where the storage ring 
(accelerator) also acted as an integrated magnetic spectrometer. In the first 
experiment (CA01) using this facility, a 250A MeV 17O beam was scattered 
from a xenon target [RIN97a]. One result from these measurements was an 
unexpectedly large fraction of fast neutrons emitted from the target nucleus 
and detected in coincidence with 17O ions at the focal plane. The angular 
distribution of these neutrons seemed to be forward peaked. Since a detailed 
investigation of the neutron spectrum was not the main purpose of the CA01 
experiment, the detectors that were employed were not optimal for this task. 

In the present experiment (CA44) focus was shifted towards neutron 
detection. Improvements were made with respect to the angular resolution, 
range, and granularity, as well as energy resolution. At the same time, the 
focal plane detector assembly was developed further. As a result of these 
efforts and improved experimental procedures, a missing energy resolution 
of E/E < 5·10-4 was achieved. Both xenon and argon targets were used, the 
latter being naturally monoisotopic and having two neutrons outside a closed 
shell.
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The nomenclature used throughout this thesis is relevant for giant 
resonances, and may not be common in the context of direct reactions. The 
term excitation energy thus refers to the excitation of the target nucleus, e.g. 
40Ar, and is defined as Ex = Ebeam – Eion – Erecoil. The excitation energy of the 
daughter nucleus, e.g. 39Ar, is called missing energy and is defined as Emiss =
Ex – En – Bn, where En is the energy of the neutron and Bn the neutron 
separation energy or the Q-value of a knock-out reaction. If the excitation 
energy is below the 2n threshold, the missing energy corresponds to low-
lying states in the daughter nucleus. 

This monograph focuses on my main project as a PhD student. Parts of 
this work have been presented earlier at national nuclear physics 
conferences, and published in the proceedings of the 5th International 
Conference on Nuclear Physics at Storage Rings (STORI02) [NAD03]. 
During this time I have also participated in several others projects. They will 
not be described here, but the List of Other Publications in the Appendix 
includes papers from experiments at the neutron beam facility at The 
Svedberg Laboratory (TSL) in Uppsala, a tagged neutron beam experiment 
performed at the Indiana University Cyclotron Facility (IUCF), Bloomington 
Indiana, USA, and nuclear interferometry studies at the Kernfysisch 
Versneller Instituut (KVI), Groningen, the Netherlands. 
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Theory

Nuclear reactions are usually classified according to what happens to the 
participating particles. If the same appear in both the entrance and exit 
channels, the reaction is called elastic or inelastic scattering. If not, the 
reaction can for instance be a rearrangement, pick-up, knock-out, or capture 
process. Another aspect of the reaction is the mechanism, which can either 
be a direct, one-step process, or proceed through a large number of 
interactions that eventually give rise to a compound nucleus. Direct reactions 
are thus characterized by much shorter interaction times (typically 10–22 s vs. 
10–18 s for compound reactions). These two processes represent the extremes, 
but intermediate processes are also possible. These are in general called pre-
equilibrium, or multi-step reactions. In the context of this experiment, these 
could in principle contribute to the cross section for neutron scattering on 
17O, which is part of the process that was studied (see section T.1.2). 
However, since the mean free path increases with energy, at 250 MeV per 
nucleon multi-step reactions can be neglected. 

This chapter will not give a general description of nuclear reactions. 
Instead, it will focus on aspects required for the analysis of the present 
experiment. The first section deals with direct reactions, and describes in 
some detail the model that was used to calculate the differential neutron 
cross section for the knock-out process. Part two focuses on the excitation 
and decay of giant resonances. 

T.1 Direct reactions 

T.1.1 Scattering 
Elementary scattering theory is covered in most textbooks on quantum 
mechanics [MES62, SCH68] or nuclear reactions [SAT83, SAT90]. This 
section is mainly based on that by D. F. Jackson [JAC70]. 
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T.1.1.1 General Concepts 
The basic scattering problem is that of a particle entering a central potential 
V. Using the reduced mass, this potential can describe the interaction 
between two particles. The Hamiltonian of the system is 

H = H0 + V, (T.1) 

where H0 is the kinetic energy term. For inelastic scattering it can be 
generalized to include internal degrees of freedom (excited states). The time-
independent Schrödinger equation for the system is 

(E – H0) (k, r) = V(r) (k, r). (T.2) 

The incident particle can be described by solutions (k, r) = A·exp(ik·r) that 
satisfy the homogenous equation 

(E – H0) (k, r) = 0. (T.3) 

If one denotes the outgoing scattering state | +> and the corresponding 
incoming state | –>, these states satisfy the Lippmann-Schwinger equation 

| ± > = |  > + G0
± V | ± >. (T.4) 

The operator G0
± = (E – H0 ± i )–1 corresponds, for  0, to the Green’s 

function,

G0
±(r, r´) = < r | G0

± | r´ >, (T.5) 

when the Lippmann-Schwinger equation is written as 

+(k, r) = (k, r) +  G0
+(r, r´) V(r´) +(k, r´) dr´. (T.6) 

The explicit form of the Green’s function is found to be 

G0
+(r, r´) = (–µ/2 ) exp(ik | r – r´|) / | r – r´|. (T.7) 

For large r, but finite r´, its asymptotic behavior is 

G0
+(r, r´)  (–µ/2 ) (exp(ikr)/r) *(k´, r´), (T.8) 

and equation T.6 becomes 
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+(k, r) (k, r) + f( , )exp(ikr)/r, (T.9) 

where

f( , ) = (–µ/2 ) <  | V | + > = (–µ/2 )Tfi  (T.10) 

is the scattering amplitude. It acts as the coefficient for the outgoing 
spherical wave exp(ikr)/r, and is related to the differential cross section by 

d /d  = (k´/k) | f( , ) |², (T.11) 

where for elastic scattering, described above, k = k´.

T.1.1.2 The Distorted Wave Born Approximation 
Although the Lippman-Schwinger equation gives an exact solution to the 
scattering problem, it has the disadvantage of having the scattering state +

on both sides. In order to re-write it in terms of  it is convenient to define 
the operators 

G± = (E – H ± i )–1 (T.12) 

corresponding to the total Hamiltonian. They satisfy the relation 

G± = G0
± + G0

± V G±. (T.13) 

This gives 

| ± > = |  > + G± V |  > = (1 + G± V) |  >. (T.14) 

The transition matrix can now be written 

Tfi = <  | V | + > = <  | T+ |  >, (T.15) 

where T+ = V (1 + G+V) is the transition operator. When the iterative 
solution to equation T.13, 

0
00000 ...

n

n GVGVGGGG , (T.16) 

is substituted into equation T.14, it yields the Born expansion. This can be 
interpreted as a series of interactions, between which the Green’s function 
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corresponding to G0
± acts as a propagator. If the interaction V is weak, high 

order terms will give a negligible contribution. The (first) Born 
approximation, where only one term is retained, is valid if |V|/E << 1/kd,
where d is a characteristic distance over which the potential V varies 
significantly. It gives an expression similar to equation T.4, except that the 
scattered state on the right hand side is replaced by the initial state. 

If the potential can be written as a sum of two parts, the solution to one of 
which is known, distorted wave techniques are useful. If V = U + W and the 
solution for the Hamiltonian HU = H0 + U is denoted +, the transition 
matrix becomes 

Tfi = <  | V | + > = <  | U | + > + < – | W | + >, (T.17) 

or in the Born approximation  

Tfi = <  | U | + > + < – | W | + >. (T.18) 

This approach is, for instance, useful for inelastic scattering, if the elastic 
solution is known. 

T.1.1.3 Optical Potentials 
When describing the interaction of a nucleon with a target nucleus it is, 
instead of dealing with all reaction channels explicitly, often convenient to 
say that part of the incoming flux is absorbed. A simple but often efficient 
way to model this is to introduce a complex potential. Such potentials can be 
either phenomenological, or derived from the nucleon-nucleon (NN) 
interaction. They can be optimized to describe the behavior of the projectile 
interacting with a specific nucleus, or nuclei in certain mass and energy 
ranges. In general they give the best results when the projectile is light and 
has little internal structure, while the target is heavier and shows an average 
behavior. Whatever the approach, the potentials usually share some general 
characteristics. If both projectile and target carry electric charge, a Coulomb 
term is included in the optical potential. 

To model the neutron-projectile interaction in section T.1.2 below, only 
central and spin-orbit terms were used in the potential [NAD81], 

U(r) = V(r) + Vso(r), (T.19) 

where
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V(r) = –Vf0(r) – i(Ws – 4awWD d/dr) fw(r) (T.20) 

and

Vso(r) = (Vso + iWso) (b/r) (d/dr) fso(r) L· . (T.21) 

In the fit by Nadasen et al. all three radial form factors were of the Woods-
Saxon type 

1

exp1
i

i
i a

Rrrf . (T.22) 

The factor b in equation T.21 was chosen as b = ( /2m c)2 = 2 fm². 
Although not stated explicitly, all the parameters above depend on the 
energy of the incident projectile. This is shown in Figure 1. 

Figure 1: Energy dependence of optical model parameters for protons. From 
[NAD81] with permission from the American Physical Society. 

The energy dependence is especially obvious for the imaginary part of the 
central potential, which for this very reason is separated into volume (Ws)
and surface (WD) terms. At low energy, the volume term is small due to Pauli 
blocking. At high neutron energies, or when using heavy projectiles, the 
situation is reversed. With energies corresponding to neutron scattering at 
250 MeV, the surface term could be neglected in the knock-out calculations 
below.
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T.1.2 Knock-out reactions 
This section describes the model used in the program [WER] that was used 
to calculate the differential neutron cross sections that were compared with 
experimental data. 

In the knock-out process there are two particles in the entrance and three 
in the exit channel. If the projectile interacts with only one nucleon in the 
target nucleus (impulse approximation), the latter can be treated as a system 
consisting of a core and the particle being knocked out. While in principle 
any particle can participate in the reaction, the indices below will reflect the 
experimental situation, i.e., p for projectile, n for neutron, and c for core. 

The Hamiltonian of this system can be written as 

H = Tp + Tn + Tc + Vpn(rpn) + Vpc(rpc) + Vnc(rnc). (T.23) 

In the outgoing channel Vnc is assumed to be zero (i.e., no final state 
interaction). Before the collision, Vnc is the potential in the Schrödinger 
equation that describes a bound state of the neutron in the target nucleus. 
The solution is the wave function (rnc).

The Vpc interaction is neglected entirely, leaving the core as a spectator. 
The relative motion of the projectile and the center of mass of the n-c system 
(the target nucleus) is described by plane waves. This approach does not 
allow for a treatment of the absorption of the projectile by the target through 
the potential as described in section T.1.1.3. 

With these approximations, and the observation that kn + kc = 0 in the 
initial state, the transition matrix becomes 

)()exp()()exp( ncnccncpnpnpnpnif idVidT rrkrrrQr  (T.24) 

where

Q = –(kn´ + kc´) = kpn – kpn´. (T.25) 

To obtain the cross section, the square of the transition matrix, summed over 
final spins and averaged over initial spins, must be evaluated. By making a 
partial wave expansion of the second integral in Equation T.24, followed by 
some algebra, it can be shown that 

2222
))()((4 drrrRqrjTT nlLpnif . (T.26) 

where q = –kc´. In the actual calculations, the Fourier-Bessel transform of 
the radial neutron wave function, i.e., the second factor in Equation T.26, is 
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determined separately and given as an input to the program. The first term is 
the transition matrix for a free collision between the projectile and a neutron. 
It is related to the neutron scattering cross section by 

2
2

)(
2

),(
QT

d
d

pn
pn

pnpnpnpn

k
kkk

, (T.27) 

where µpn = mpmn/(mn+mp) is the reduced mass of the n-p system. The 
neutron scattering cross section can be obtained either from experiment, if 
available, or from DWBA calculations. With the correct kinematic factor 
and summed over the relevant subshells, each with an appropriate 
spectroscopic factor SJ, the final expression for the differential cross section 
becomes 

d
kkd

kmmmmm
mmm

drrrRqrj
k
k

k
kkj

E
pnpn

nnCMpncnnp

cnp

nlL
pn

pn

p

np

npp

)(
))()((

)(

)(
2

12

,
2

22
22

3

kkk

 (T.28) 

T.2 Giant Resonances 

T.2.1 Phenomenology 
Giant resonances are collective excitations that occur in all but the lightest 
nuclei. As all resonances, they can be characterized by their strength, energy, 
and width, where the last two are smooth functions of the mass number A. 

For an operator Ô that describes the transition from an initial state to a 
series of possible final states, one can define the strength function 

f
if EEiOfES

2
. (T.29) 

Its moments, assuming that the initial state is the ground state, are 

0

2

00 0
f

k
f

k
k OfEEdEESEEEm . (T.30) 

If k  0 this is said to be an energy weighted sum rule. The strength of a 
resonance is measured by the degree to which it exhausts the corresponding 
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sum rule. In general, giant resonances account for a considerable fraction of 
the strength, typically more than 90%. Energy weighted sum rules (EWSR), 
usually with k = 1, are especially interesting for isoscalar modes as they can 
be determined in a model independent way [HAR01]. 

The macroscopic models were the first to be developed, and are useful in 
describing the excitation energy of a resonance. They also allow an intuitive 
classification of giant resonances. The first attempts to describe the dipole 
resonance (IVDR) were hydrodynamical and assumed that the protons where 
oscillating with respect to the neutrons either as two incompressible spheres 
[GOL48] or within a sphere of fixed radius [STE50] The former would, 
according to the liquid drop model, give a mass dependence of the excitation 
energy being proportional to A–1/6, and the latter to A–1/3. An empirical fit 
shows that a combination of the two gives the best result [BER75]. The basic 
idea can also be extended to other resonances. 

Resonances can thus be classified according to the multipolarity ( L) of 
the oscillation, and by the composition of the ‘liquids’. If the latter are 
protons and neutrons oscillating out of phase, like in the example above, the 
resonance is said to have isovector ( T = 1) character. If the protons and 
neutrons oscillate in phase, it is called isoscalar ( T = 0). If one substitutes 
ordinary spin for isopin, one can distinguish between electric ( S = 0) and 
magnetic ( S = 1) resonances. A schematic picture of possible modes is 
shown in Figure 2. 

Figure 2: Classification of giant resonances in terms of angular momentum, spin and 
isospin according to the hydrodynamical model. 

This nomenclature is less suitable for magnetic resonances, since in that case 
J rather than L is a good quantum number. Magnetic resonances tend in 
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general also to be less collective than their electric counterparts. However, 
since the excitation of magnetic resonances is negligible in the present study, 
these differences will not be elaborated upon within the framework of this 
presentation.

Microscopic models describe the giant resonances as a coherent 
superposition of single particle-hole states. If one defines the excitation 
between adjacent major shells to be 1 , as would be the case for a 
harmonic oscillator potential, parity conservation requires that particles 
participating in the creation of resonant states where L is even, are excited 
by an even multiple of  and vice versa. In a more realistic model a 
residual particle-hole interaction has to be taken into account, which forms 
the superposition of all possible particle-hole states of a given multipolarity, 
thus forming the giant resonance and giving it a strength that exhausts the 
corresponding sum rule. The residual interaction also shifts up the energy of 
isovector resonances with respect to the unperturbed state. The opposite is 
true for resonances with isoscalar character [HAR01]. 

The detailed structure of giant resonances is obtained by time-dependent 
Hartree-Fock calculations using the random phase approximation (RPA), 
which yield a prediction for the strength distribution as a function of 
excitation energy [HAR01]. They also allow the determination of the width 
of the resonance. The latter will be further discussed in section T.2.3. 

T.2.2 Excitation 
Giant resonances can be excited in a variety of ways, through both strong 
and electromagnetic interactions. Some reactions are very selective and thus 
suitable for studies of particular resonances. Others offer different 
advantages. To put the method employed in the present experiment in 
context, a few common alternatives are first summarized. 

The simplest, isoscalar electric, modes ( T = S = 0) are usually studied 
through inelastic alpha particle scattering. This gives rise to characteristic 
angular distributions that allow reliable identification of the multipolarities 
( L). An alternative is proton scattering, which is less selective but generally 
has a smaller underlying continuum, and offers the possibility to study spin 
degrees of freedom. 

Nucleon scattering is not very suitable for the investigation of isovector 
( T = 1) resonances. In the NN interaction, 

VNN = V0 + V  + V  + V , (T.31) 
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the V0 term is, despite a minimum around 300 MeV, always dominant, and 
V  is always the weakest. It is therefore preferable to use charge-exchange 
reactions, where V0 does not enter. In addition to (p, n) and (n, p), the 
corresponding (3He, t) and (d, 2He) reactions can be used, where 2He refers 
to two protons in a relative 1S0 state. Experiments involving only charged 
particles are easier to perform, but the interaction is more complex, and so is 
the interpretation. Electric isovector ( T = 1, S = 0) resonances can also be 
excited in charge exchange reactions involving pions ( ±, 0), see for 
example [ERE86]. 

The electromagnetic interaction is well known, and can be used for the 
excitation of resonances. It can involve absorption of real photons – a 
technique that has been used for the classic giant resonance (IVDR), but 
suffers from poor intensity and resolution. The inverse, i.e., capture 
reactions, can be used as well. Another possibility is electron scattering. 
Since the form factors have a strong dependence on L they can, with the 
exception of L = 0 and L = 2, be used to identify the multipolarity. 
Selectivity is, however, poor as both isovector and isoscalar electric 
transitions are excited. Radiation tails, due to bremsstrahlung, create a large 
continuum, but in contrast to hadronic reactions this can, at least in principle, 
be calculated. 

T.2.2.1 Coulomb Excitation 
Another technique, using virtual photons, is Coulomb excitation in heavy ion 
scattering. At beam energies above 100 MeV per nucleon, this process offers 
very high cross sections for excitation of, especially electric, giant 
resonances. This is very valuable for studies of multiphonon states, i.e., giant 
resonances built on an excited state that itself is a giant resonance – a 
possibility originally suggested by Axel and Brink [AXE62, BRI55]. For 
interpretation of the data, this method requires not only a calculation of the 
differential cross section (i.e., angular distributions for the projectile), but 
also the virtual photon spectrum. The equivalent photon method, 
independently developed by Weiszäcker [WEI34] and Williams [WIL34], 
expresses the excitation cross section, 

 = ( ) ( ) -1d , (T.32) 

in terms of the cross section  for absorption of a real photon and the 
equivalent photon number . Classically [JAC75], the latter is related to the 
frequency spectrum of the incident electromagnetic energy by 

( ) = -1 dI( )/d . (T.33) 
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When a charged particle moves at relativistic velocities, the electric field 
becomes almost perpendicular to its trajectory, as shown in Figure 3. 

Figure 3: The electromagnetic field of a relativistic particle with charge Z1 incident 
on a target with charge Z2 with impact parameter b.

For a particle with a charge Z1 and velocity v, traveling in a straight line 
along the z-axis that passes the target at a distance (impact parameter) b, the 
electromagnetic field seen by the target has the form 

Ez(t) = –Z1 vt / (b² + ²v²t²)3/2, Bz(t) = 0 (T.34) 

and

ET(t) = Z1 b / (b² + ²v²t²)3/2, BT(t) = v/c × ET(t) (T.35) 

where  is the ratio of the particle’s mass to its rest mass. By adding a small 
term, Bz(t) = vEz(t)/c, to equation T.34, the equations above can be 
interpreted as two incoming pulses with frequency spectra given by [JAC75] 

dIz( ,b)/d  = (c/2 ) |Ez( )|² (T.36) 

and

dIT( ,b)/d  = (c/2 ) |ET( )|². (T.37) 

Performing the Fourier transforms of equations T.35 and T.36, followed by 
an integration over the impact parameter, from a minimum value bmin, of the 
sum of the two contributions, yields an explicit form for dI( )/d  that can 
be used to calculate the equivalent photon number. 
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A more accurate treatment of this problem has for instance been made by 
Bertulani et al. [BER88, BER93, BER99, BER03] by evaluating the inelastic 
scattering amplitude. In first order perturbation theory this is 

)()(),()()(
2

)( )(
int

)( rrrrrrrr ikfk Vdd
v

ikf  (T.38) 

where r´ is the intrinsic coordinate of the target nucleus, and r is the relative 
coordinate between the target and projectile. At intermediate energies and 
forward scattering angles, one can use the eikonal approximation, enabling 
the product of the projectile wave functions to be written as 

k´
 (–)*

k
(+) = exp(–iq·r + i (b)). (T.39) 

where q = k´ – k, and 

(b) = (i/ v)  UN
opt(z´, b)dz´ + i c(b) (T.40) 

is the Glauber phase that takes into account both the strong interaction, 
including absorption through an optical potential, and has a Coulomb part 

c(b) = (Z1Z2e2/hv)·(2ln(kb) + EI(b2/RG
2). (T.41) 

The second term on the right hand side represents the “gaussian” radius of 
nuclei, RG

2 = R1
2 + R2

2, and EI(x) is the integral 

x

t

I dt
t

exE )( . (T.42) 

As suggested by Baur [BAU], a similar approach could be used in knock-out 
calculations.

T.2.3 Damping and Decay 
Giant resonances are high frequency (1021 Hz) shape and density vibrations 
that are damped out within a few oscillations. This process is a major source 
of information about the bulk properties of nuclei. The damping mechanism 
can be seen microscopically as a spreading of the original 1p-1h 
configuration into more complex states until the nucleus either decays or 
reaches equilibrium, thus becoming a compound nucleus retaining the initial 
spin and parity. Since the giant resonances are located in the continuum, the 
first step of the decay is almost exclusively particle emission. In light nuclei, 
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or at high excitation energies, charged particles can play an important role, 
but due to the Coulomb barrier the dominant channel in heavy nuclei is 
neutron decay. More specifically, the total width can be written as the sum 

 =  +  + . (T.43) 

The escape width ( ) indicates an immediate emission of the excited 
particle in one of the particle-hole pairs that make up the resonance. This is 
sometimes called direct decay, but in the present work the term semi-direct 
decay will be used to distinguish it from direct reactions where a particle is 
knocked out in a quasielastic scattering process without forming a resonant 
state, although both reactions occur on a comparable time scale. Knowledge 
of this partial width and its associated missing energy spectrum, which 
reveals the final states in the daughter nucleus, gives information on the 
contributions of various 1p-1h states to the resonance. Usually this cannot be 
unambiguously determined from theory. 

The Landau damping ( ) reflects the coupling of the correlated 1p-1h 
excitations in the giant resonance to uncorrelated configurations. This causes 
fragmentation of the strength. Landau damping is usually stronger in light 
nuclei.

The dominant term in the equation above is the spreading width ( ). The 
spreading occurs by coupling of the 1p-1h states to 2p-2h states. These in 
turn couple to 3p-3h states, and so on. The width  is to a large extent 
determined by the first step (doorway states) of this process, and can be 
further divided into decays that occur during pre-equilibrium ( ) and those 
coming from the final compound nucleus ( ). This is shown schematically 
in Figure 4. 

Figure 4: Schematic representation of the various particle-decay modes of giant 
resonances. 
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The statistical decay of a compound nucleus in equilibrium is fairly well 
understood within the Hauser-Feshbach theory [HAU52], and calculations 
using programs such as CASCADE [PÜH77, HAR83] can be used to 
subtract this component from the measured spectrum. Assuming an initial 
state with excitation energy Ei and spin iJ , the rate of emission for a 
particle p with energy p is determined from the expression 
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where sp is the spin and L the angular momentum of the emitted particle, 
while TL

p( p) is the transmission coefficient for scattering of the particle on 
the residual nucleus. The CASCADE program uses transmission coefficients 
by Rapaport et al. [RAP79], but the actual choice of these coefficients has 
limited impact on the final result. Instead, the main uncertainty lies in the 
determination of the level densities . For most nuclei the first few excited 
states are known, but the data quickly becomes incomplete. Several 
parameterizations of the level densities have been made. The first attempt 
was made by Bethe [BET37] using the Fermi gas model. Later, Gilbert and 
Cameron [GIL65] used a shifted Fermi gas model, but substituted a constant 
temperature expression at lower energies. The CASCADE program uses a 
back-shifted Fermi gas model, in which both the ground state position  and 
the level density parameter a are fitted to experimental data. Other 
parameters in the expression 
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are the excitation energy U, the temperature t, and the spin cut-off factor .
The temperature is defined by the relation 

U –  = at² – t. (T.46) 

For high values of U the spin cut-off parameter  approaches  

² = It / ². (T.47) 
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Using the moment of inertia I of a rigid rotor, one would have that ²
0.015A5/3t. As discussed in the paper by Dilg et al. [DIL73], however, a 
somewhat smaller I, perhaps by up to a factor of two, may be more 
consistent with the data. 
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Experiment

E.1 Introduction 
The previous experiment in this series (CA01), which studied the 
AXe(17O,17O´xn)A-xXe reaction at 250 and 400 MeV, left several open 
questions [RIN97]. Perhaps the most intriguing of these concerned the origin 
of a strong component of fast neutrons, which seemed to have a forward-
peaked angular distribution. 

The CA01 setup was focused on the study of the excitation energy 
spectrum. The neutrons detected in coincidence were primarily a means of 
getting a better signal-to-noise ratio by eliminating a large portion of the 
beam halo. The present setup was instead designed with priority given to 
neutron detection. For this purpose the EDEN neutron detector array 
[LAU93] was temporarily moved to Uppsala from the Kernfysisch 
Versneller Instituut (KVI) located in Groningen, the Netherlands. It was very 
well suited to this type of experiment, and offered a major improvement in 
capability. Almost equally important, however, was the fact that the focal 
plane telescope, which detected the scattered ions, was redesigned. This 
contributed to a better excitation energy resolution, which combined with the 
more accurate neutron energy information, resulted in a significantly 
improved missing energy determination. 

The primary goals of the new experiment were to check the previous 
reaction with respect to the angular distribution of the fast neutron 
component, and to extend the measurements. The latter could be 
accomplished either by changing the beam ion, target, or perhaps both. To 
scan several energies was quickly rejected as unpractical, since it would 
require much more beam time than was allocated to the experiment. 

Changing the beam ion would have had one major advantage. The knock-
out cross section decreases much slower with decreasing mass (and charge) 
than that for Coulomb excitation of giant resonances. A comparison 
between, for instance, 17O and 9Be beams would thus be valuable for 
determining the fraction of the fast neutrons originating in direct reactions, 
and that coming from semi-direct decay of the resonances. 
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A change of target, on the other hand, would reveal information about the 
generality of this effect, and the influence of nuclear structure. The choices 
available were limited by the cluster-jet target. In addition to xenon, suitable 
candidates included krypton and argon. The latter has two very attractive 
properties. Firstly, it is naturally monoisotopic. Acquisition of enriched 
krypton or xenon in the amounts required was not financially possible. 
Secondly, argon has two neutrons outside a closed shell, which could be 
interesting in the context of the neutron skin of a nucleus. 

Ideally, the experiment would have been run with at least two beams and 
two targets. A beam change takes considerable time, but the target gas can 
be substituted relatively quickly, making it possible to complete such a 
program in two runs without wasted beam time. In practice, however, 
equipment such as the EDEN detector array was only available for a limited 
period of time, and was delivered to TSL shortly before the experiment. Not 
having the possibility to make a test run, it was decided to restrict the 
experiment to only one beam type. With hindsight this proved to be wise, 
considering the amount of beam time that was spent on commissioning. 

Figure 5: Floor plan of The Svedberg Laboratory. 
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E.2 Hardware 

E.2.1 The Svedberg Laboratory 
The present experiment was performed at The Svedberg Laboratory 

(TSL) [KUL90], located in Uppsala, Sweden. After a major upgrade that 
was finished in 1987, during which the laboratory also received its present 
name, it consists of a cyclotron, a storage ring, a neutron beam facility, and 
several experimental areas, as well as a center for proton therapy of cancer. 
An overview is shown in Figure 5. 

E.2.2 Accelerators 

E.2.2.1 The Gustaf Werner Cyclotron 
The cyclotron [HOL86] is the heart of the laboratory. The magnet has an 

extraction radius of 1.2 m, and can create an average field of up to 1.8 T. 
The main coil weighs 50 tons, and uses up to 300 kW of power. There are 
also 13 trim coils (60 kW in total). The weight of the iron yoke is 600 tons. 

The RF system can operate in the frequency range of 12 – 24 MHz. In 
order to reach lower ion frequencies, and thus lower energies, one can use 
higher harmonics (H), i.e., several RF cycles per ion revolution, as indicated 
in Figure 6. 

The figure also illustrates the two possible modes of operation. All ions 
except protons and 3He can be accelerated in isochronous continuous wave 
(CW) mode over the whole range of energies available at the cyclotron. 
Since this fixed frequency mode allows bunches of ions with different 
energies to coexist in the cyclotron, it gives a high current. For stripping 
injection into CELSIUS, peak currents of up to 200 A of H2

+ can be 
delivered. Light ion beams intended for continuous use are limited to 10 A
for radiation protection reasons. At the second harmonic, fully stripped Z/A = 
½ ions can reach 45A MeV. The beam with the highest energy that has been 
used so far is 129Xe29+ at 1.24 GeV. The maximum velocity for p and 3He
ions is such, however, that the use of a frequency modulated (FM) 
synchrocyclotron mode becomes necessary to compensate for the relativistic 
mass increase without losing vertical focusing. This allows proton energies 
of up to 180 MeV, but reduces the maximum current by an order of 
magnitude, compared with 96 MeV protons in CW mode. 
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Figure 6: Magnetic field - frequency diagram of the Gustaf Werner cyclotron for a 
selection of ions. 

In order to give a wide variety of beams, there are two ion sources 
available. For light ions, such as p, d and alpha, as well as H2

+, D2
+, there is 

an internal cold cathode Penning Ionization Gauge (PIG) source. Adjacent to 
the Cyclotron Hall there is a building housing an Electron Cyclotron 
Resonance (ECR) source, which was built in collaboration with the 
Department of Physics of the University of Jyväskylä in Finland. It is of the 
same general type as the room temperature source at NSCL, East Lansing, 
Michigan, USA. It has been used to produce a variety of heavy ion beams. 
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Figure 7: The CELSIUS storage and cooler ring. 

E.2.2.2 The CELSIUS storage ring 
The other TSL accelerator is a synchrotron with a circumference of 81.8 m. 
As can be seen in Figure 7, it consists of four quadrants of ten dipole 
magnets each, connected by four straight sections. The target straight 
sections have lengths of 9.3 m, and the remaining two are 9.6 m long. The 
bending radius of the quadrants is 7 m, and the maximum field of the 
magnets is 1 T. This value is limited by the power supplies, and could be 
increased without major changes to the ring. The bending magnets also have 
a quadrupole component, providing some focusing. In addition there are four 
quadrupole magnets around each target. These have a maximum gradient of 
12.25 T/m. The magnetic lattice has a fourfold symmetry, with the following 
sequence in the first quadrant between injection and target: FDDFDFDDFD-
QF-QD (F: focusing, D: defocusing). 

In contrast to electron accelerators, losses due to synchrotron radiation are 
negligible, and the ring can store beams with rigidities of up to 7 Tm. In 
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terms of momentum this corresponds to 2.1Z GeV/c, or a proton energy of 
1.36 GeV. For ions with Z/A = ½ the maximum energy is 470A MeV. The 
number of stored ions varies, but typical values range from 1011 for protons 
down to 108 for 40Ar.

For ions in this mass range it is possible to use stripping injection, which 
is the preferred method for CELSIUS. Accumulation, with electron cooling, 
is both efficient and fast. Cooling of a 16.6A MeV 17O beam takes for 
instance no more than 0.2-0.9 s, depending on the electron current [TSL95]. 
This injection method utilizes a cyclotron beam of rather low energy with 
either molecular hydrogen or deuterium, or partially stripped heavier ions 
such as He+, N5+, O5+, Ne6+, Ar9+, and in the future maybe Ar11+. These are 
charge states of which high currents can be delivered from the ECR ions 
source and the cyclotron. During the injection into the ring the ions pass a 
thin carbon foil that strips off the remaining electrons. In the case of protons, 
the injected beam can be allowed to cross the foil several hundred times. For 
heavier ions this number has to be significantly lower, or the energy loss 
would become too high. Argon ions can only pass the foil once, and so their 
trajectory has to be adjusted immediately, just as in the case of multiturn 
injection. The main advantage of the method is thus lost. 

Multiturn injection is mainly used in CELSIUS for ions that are fully 
stripped, such as high-energy protons. To accumulate 1010 protons injected at 
180 MeV can, however, take 3-5 minutes due to long cooling times after 
filling the entire aperture of CELSIUS. This should be compared with the 
acceleration times, which range from 20 s for most ECR beams, up to 42 s 
for protons of 1.2 GeV or more. The latter times could have been 
considerably shorter had the CELSIUS magnets been laminated, thus having 
smaller eddy currents. 

After accumulation and acceleration follows the data taking. This is also 
known as the “flat-top”, referring to the constant field of the magnets, and 
not to the beam current, which is gradually reduced due to interactions in the 
target and other processes. When the current gets too low, the beam is 
dumped by returning the fields of the magnets to the injection values. This 
takes half a minute. All in all, a typical CELSIUS cycle lasts for 5-15 
minutes, of which at least one minute is overhead. 

In order achieve long lifetimes for heavy ion beams, which are more 
prone to pick up electrons from any residual gas in the ring, CELSIUS has 
been designed for a vacuum of 10-11 mbar (1 nPa). In practice this tends to be 
slightly worse, especially around the targets, but the vacuum restrictions on 
for instance the outgassing of materials present a challenge for any 
experiment that requires mounting of equipment inside the ring vacuum 
system. 
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Figure 8: The CELSIUS electron cooler. 

E.2.2.2.1 The Electron Cooler 
In the straight section opposite to injection, just upstream of the /4 RF 
acceleration cavity, there is an electron cooler. Liouville’s theorem requires 
the phase space of a particle bunch (emittance) to be conserved when 
exposed to conservative forces, such as the electromagnetic fields of the 
beam optics. The electron cooler creates a friction-like force by accelerating 
electrons with a low momentum spread to the same velocity as the beam 
ions, and allowing them to travel together through a 2.5 m long drift tube 
section, moving towards a common “thermal” equilibrium. After a number 
of revolutions, the ions in the beam will reach the “temperature” of the 
electrons. A cutaway drawing in Figure 8 shows the details of the design. 
Electrons can be accelerated to energies of up to 300 keV. 

The introduction of a cooler has two important consequences. When the 
transverse motion of the ions in the beam is reduced, the lateral size of the 
beam shrinks to a few millimeters. This is not only advantageous during 
accumulation, but also gives a better definition of the interaction point in the 
target. As long as the beam energy is below 550A MeV, corresponding to 
the maximum electron velocity, the cooler can also be used during the data 
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taking to counteract heating of the beam due to interactions with the target 
and residual gas. Another benefit of using the cooler is a better energy 
definition. The momentum spread ( p/p) is typically 10-3 for uncooled and 
10-4 for cooled beams. The cooler can also maintain the correct energy even 
if the RF is switched off after acceleration, giving rise to a so-called coasting 
(as opposed to a bunched) beam. 

Optimal operation of the electron cooler is very dependent on the precise 
alignment of the electron and ion beams. The most important diagnostic 
instrument used for this purpose is the magnesium-jet beam profile monitor, 
which measures the width of the beam with a resolution of 0.5 mm. 
Originally it was located 1.4 m before (upstream from) the cluster-jet target. 
This position was, however, not considered to be very good, as it had a small 
value of the beta function and a high dispersion. The monitor was therefore 
moved to the beginning of the injection straight section. This transfer 
occurred between this (CA44) and the previous experiment in this series 
(CA01) [RIN96, RIN97]. 

E.2.2.2.2 Targets 
There are two internal targets in the CELSIUS ring. The pellet target is 
located at the center of the WASA detector, which studies the production 
and decay of mesons from light-ion collisions. The pellets of frozen 
hydrogen or deuterium have a diameter of 25 m, and are injected at rates of 
several tens of kHz with a velocity of 60 m/s vertically through the beam 
pipe.

Following the commissioning of the pellet target, the cluster-jet target is 
mainly used for heavy ion experiments. A cutaway drawing is shown in 
Figure 9. The gas enters from above through a nozzle, cooled to a 
temperature close to the transition to the liquid phase at that particular 
pressure. This creates the proper conditions for clustering, which means that 
the gas forms tiny droplets of around a hundred atoms. On its way to the ion 
beam tube the target beam then passes a cooled skimmer and a series of 
collimators. Altogether this gives a better target definition than would be 
possible with a conventional gas target. 

The cross section of the cluster-jet beam is elliptic, with the long axis 
parallel to the ion beam. The nominal size at the interaction region is 10.5 by 
6.5 mm, although recent measurements [FRI] indicate that 12 by 8 mm may 
be a better value for heavy target gases. At the bottom of the target there is a 
cryogenic beam dump. The target is also equipped with a gas recirculation 
and cleaning system, particularly appropriate for expensive gases such as 
deuterium, krypton, and xenon. 
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Figure 9: The internal cluster-jet target at CELSIUS. 

One drawback of this target type is that not all gases cluster well. In 
addition to the noble gases, the target has therefore mostly been used with 
hydrogen, nitrogen and methane. Typical target thicknesses vary from 0.2 
ng/cm2 for hydrogen to 3.2 ng/cm2 for xenon. 

E.2.2.2.3 CELSIUS as an internal magnetic spectrometer 
Both targets of CELSIUS offer the option of detecting particles scattered at 
very small angles down the beam pipe by inserting detectors into the vacuum 
chambers of the first dipole magnets in the following quadrant, but it is also 
possible to use the whole fourth quadrant as an internal magnetic 
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spectrometer. Focusing is both horizontal and vertical, and the energy of the 
inelastically scattered ions is measured by their position on a detector 
telescope at the focal plane. The momentum dispersion ( p/p) of the 
spectrometer is 15 cm/%. 

The principle of operation is the following. Particles in a closed orbit 
perform both horizontal and vertical betatron oscillations. These have a 
period and amplitude that is not constant, but depends on the position in the 
ring. The behavior is described by the beta function. The number of full 
betatron oscillations an ion performs per turn is called the horizontal (Qx) or 
vertical (Qy) tune of the ring. Since one usually wants the beam to have a 
small diameter at the target, the amplitude of the oscillation is chosen to be 
small there. Half a betatron cycle downstream, or more correctly at a point 
where the betatron phase advance is 180°, there is a focus. This is also the 
focus for ions scattered at the target, as they oscillate in a manner similar to 
the beam, only with larger amplitude. For inelastically scattered ions this is 
not entirely true, as they have a lower energy and deviate from the closed 
orbit when passing the dipole magnets, but it gives some intuitive 
understanding of how the accelerator and spectrometer parameters are 
related to each other. Results of more detailed calculations are discussed in 
section A.2.1.3. In CELSIUS the focus after the cluster-jet target occurs in 
the injection straight section. By changing the tune one can move this focus. 
In so doing, however, one must avoid tunes that would give resonant 
conditions, e.g., integer values of Q, or the beam could be lost. As the 
properties of the horizontal and vertical oscillations are different, a certain 
position of the focus may require different tunes in the two planes. 

Accumulation and acceleration are performed with the normal tune, but 
before data taking starts, the fields of the quadrupole magnets are adjusted so 
that a focal plane is created at the desired position in the injection straight 
section. This can be performed without beam loss. The calculations for this 
so-called Q-jump were performed using the computer code MAD [GRO90]. 

The values that were used in the CA01 test experiment, and published in 
the original NIM paper [RIN96], differ somewhat from the later xenon 
measurement, as well as the present experiment. They place the horizontal 
focus at a position 22.9 m downstream from the target, and the vertical even 
somewhat further away. The reason for the change can be seen in Figure 10, 
showing the three detector positions available at the injection straight 
section. Their centers are located 20.73 m, 22.56 m, and 22.76 m 
downstream from the target. Originally the one in the middle, labeled Silicon 
2, was used for the position sensitive part of the focal plane assembly, and a 
horizontal focus at 22.5 m was therefore more suitable. The new integrated 
telescope is housed in the position further downstream. Since the focus is 
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rather shallow, exact positioning is not critical, and neither measurements 
nor calculations are very precise. 

Figure 10: Layout of the CA01 experiment with the detector setup at the focal plane 
shown in the insert. The position marked Silicon 1 was not used for data taking. 

The tunes are summarized in Table 1. 

 Horizontal (Qx) Vertical (Qy)
Standard 1.690 1.834 

CA01/NIM 1.766 1.795 
CA44 1.772 1.806 

Table 1: CELSIUS tunes 

The diameter of the vacuum tube inside the quadrupole magnets defines the 
acceptance cone to 0.6° for the forward-scattered particles. Acceptance can 
also be limited by other equipment inside the ring. A Monte Carlo simulation 
of the acceptance as a function of excitation energy made for a 250A MeV 
17O beam is presented in section A.2.1.3. 
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Figure 11: Layout of the present experiment. The detector setups around the target 
and at the focal plane are shown magnified at the bottom and top of the figure, 
respectively.
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E.2.3 Detectors 
As indicated in Figure 11, two detector systems were employed in 
coincidence for this experiment. One was positioned at the focal plane of the 
spectrometer. In addition to measuring the energy of the scattered ions, and 
thereby the excitation of the target nuclei, it provided particle identification, 
acted as a vertical beam profile monitor, and was used as the event trigger as 
well as the start signal for the time-of-flight measurements. The other system 
was placed around the target. It identified and measured the energy of 
particles, predominantly neutrons, emitted by the excited nuclei, either in the 
decay of a giant resonance, or as a consequence of a direct reaction. 

E.2.3.1 Focal Plane Telescope 
Since the detector at the focal plane has to be both position sensitive and 
fast, a telescope consisting of silicon and plastic scintillator detectors was 
chosen. The former type is used for position measurement, and the latter for 
timing. Together they can also function as a E-E detector, although in this 
experiment it was actually a E1- E2 detector, since the ions were not 
stopped in the plastic. 

Another important requirement for the telescope was to allow 
measurement of all positions from the limit set by the beam halo (small 
momentum transfers), to that set by the acceptance of the spectrometer (large 
momentum transfers), even if the actual orbit of the beam did not coincide 
with the geometric center of the beam pipe. In addition, it had to cover a 
reasonable part of this interval simultaneously, and the rather sensitive 
silicon detectors needed protection during injection to avoid radiation 
damage. 

E.2.3.1.1 Design and Development 
The original CA01 experiment had three separate detectors in the injection 
straight section, one in each of the positions indicated in Figure 10. The first 
two were identical, each containing a double-sided silicon detector. The last 
one housed a plastic scintillation detector. The most upstream detector was 
used for verification of the location of the vertical focus, and the second 
measured the positions of the ions on the focal plane. During data taking the 
first detector was removed from the beam to eliminate the angular straggling 
that would have an adverse effect on the excitation energy resolution. In 
CA44 the first position was still operational, but the detector was of poor 
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quality and was not used. The new design of the focal plane telescope made 
the second position redundant. 

In all the positions the detector assembly was mounted on bellows, and 
could be moved to the desired position within the beam pipe by the use of 
step motors. These were not integrated with the CELSIUS control system, 
but were linked to the ring cycle by signals that were sent from CELSIUS to 
the local controller at certain times in the cycle. This enabled the detectors to 
move into measuring position after injection, acceleration, and cooling were 
finished. They were also withdrawn before the beam was dumped. 

The two upstream positions were designed for silicon detectors placed in 
vacuum, and connected by cables leading through a steel tube inside the 
bellows to feedthroughs at the base of the mounting. Outside the vacuum 
there were four pre-amplifiers (see section E.2.3.1.3). The total cable length 
was almost one meter, which was detrimental for the performance of the 
detectors. At the entrance to the ring there were valves that could be closed 
when the detector was in the parking position. This enabled installation of 
the detectors, with subsequent heating (baking), pumping, and calibration 
with an alpha source without breaking of the CELSIUS vacuum. 

In CA01 the plastic scintillator and its photomultiplier (PM) tube were 
placed in the downstream position inside a 0.5 mm thick cylinder of stainless 
steel, which in turn was inside bellows of shorter length but larger diameter 
than the other two. The back end of the cylinder was open, and the detector 
was placed outside the CELSIUS vacuum system. This arrangement was 
retained for CA44, but was considerably modified. 

The cylinder itself was provided with a flat window (see Figure 11) and a 
rail at the bottom, on which all the components of the detector telescope 
could be inserted as a single package. This not only speeded up installation, 
but also ensured that the alignment of the detectors mounted on the unit was 
correct. The unit had three detectors. Two single-sided silicon detectors, the 
first a horizontally (x) sensitive detector with vertical strips and the second a 
vertically (y) sensitive detector with horizontal strips, were followed by a 
new thicker plastic scintillator with its PM tube. The alignment of the unit 
within the cylinder was such that the first silicon detector was only a few 
millimeters away from the flat window, minimizing the effects of angular 
straggling in the window. The mounting of the two silicon detectors was U-
shaped (with the open side towards the beam) and made in such a way that it 
extended a fraction of a millimeter beyond the detector. In this way it was 
possible to make sure that the unit was in contact with the wall at the end of 
the cylinder before being locked into position. The silicon detectors were 
mounted with their active sides directed towards each other. The 
arrangement allowed an L-shaped piece of aluminum, with a thin alpha 
source on either side, to be inserted between the detectors through a guiding 
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slit on top of the holder. In this way it was possible to test and calibrate both 
detectors simultaneously, even when mounted in the measuring position. The 
source had to be removed before data taking. 

A new end-cap was designed to hold the four pre-amplifiers for the 
silicon detectors. This compact mounting required connecting cables no 
longer than the difference between the length of the cylinder and the 
detector. By closing the cylinder the cap reduced pick-up in the noisy 
environment around the accelerator. 

The result of the modifications was a more reliable system that was easier 
to work with, and the opportunity to avoid the need for ultra high vacuum 
(UHV) compatibility made it simpler to manufacture. The introduction of 
single-sided detectors with a much more linear response, especially near the 
edges, made more sophisticated online analysis possible. This in turn 
significantly contributed to the improved energy resolution obtained with the 
spectrometer (see section A.2.1). Better alignment also reduced calibration 
uncertainties. The reduction of the distance between the silicon and plastic 
detectors from 20 cm to 2 cm meant that fewer particles were lost due to 
scattering in the silicon, reducing the thickness advantage of a double-sided 
silicon detector. The use of two silicon detectors created a redundancy 
making the particle identification more reliable. This was further improved 
by an increase in scintillator thickness, which also made it possible to select 
ions at trigger level, even though this feature was not used in the present 
experiment. Finally, the analysis showed (see section A.1.2.2) that the 
impact of the window, which could have been a drawback, was negligible. 

E.2.3.1.2 Plastic Scintillator 
The main requirement on the scintillator was to provide accurate timing. The 
standard NE102A plastic is well suited for this purpose. The scintillator had 
a thickness of 4 cm (along the beam), a height of 5 cm, and a length (along 
the PM tube) of 6 cm. It was connected by a light guide to a 2-inch (51 mm) 
Philips XP2262 PM tube, with a base having both anode and dynode 
outputs. Initially the first was used for timing and the second for pulse height 
measurements, but after the first week of running (xenon) it was found that 
at the low voltage at which the tube was operated the anode actually gave a 
better pulse height resolution as well. A change was made before the start of 
the second (argon) run. 

The detector used for the CA01 runs had a thickness of 0.5 cm. Its energy 
resolution was not sufficient for particle identification based on this detector 
alone. For this reason it was decided that the thickness should be increased. 
By better matching the size of the PM tube, this also improved light 
collection.
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Figure 12: Upper panel: E2 (plastic scintillator) versus E1 (silicon strip detector) 
data from the CA01 experiment. Lower panel: Upper panel data projected on the 

E1 axis. 

Calculations using the programs SRIM-2003 [ZIE03] and eneloss [JIP84] 
show that a 4.2 GeV 17O ion deposits 70 MeV in the entrance window, and 
14 MeV in each silicon detector. Stopping the ion would require 9 cm of 
plastic.

The upper panel in Figure 12 shows E-E data taken during CA01. Note 
the axes, with the E (plastic) in the vertical, and the E (silicon) in the 
horizontal direction. The reason for this choice is to facilitate comparison 
with the projection on the E-axis in the lower panel. Our estimate was that 
in order to improve the resolution on the E-axis to a comparable level, taking 
into account the energies deposited by various ions, quenching, and light 
collection, a thickness of 4 cm would be sufficient. Figure 13 shows the four 
highest peaks in a plastic scintillator pulse height spectrum from an argon 
run of CA44, revealing a resolution even better than expected. The higher 
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background is due to more interactions in the thicker plastic. This is 
discussed in section A.1.2.2. 

The height and length were retained for reasons of compatibility with the 
old position of the silicon detector, despite that the good alignment in the 
new telescope would have allowed the use of a cubic 4x4x4 cm3 scintillator. 

Figure 13: Raw plastic scintillator spectrum from a run with the argon target. 

E.2.3.1.3 Silicon Detectors 
The silicon detectors used in this experiment were all delivered by Micron 
Semiconductor Ltd. They were of a model known as BB1-300RU, and came 
in two versions – single and double sided. The minimum specifications for 
these detectors, as offered in the quotation, are summarized in Table 2. 

Active Area 40 x 40 mm2

Strip Width 1 mm 
Detector Thickness 300 ± 15 m
Interstrip Resistors 120 Ohms 
Voltage Required 
for Full Depletion 

30 V (typical) 
50 V (maximum) 

Minimum Alpha Resolution 200 keV 
Maximum Leakage Current 
at Full Depletion Voltage

2 A (single-sided) 
3 A (double-sided) 

Table 2: Silicon detector specifications from the manufacturer. 
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The CA01 experiment used two double-sided detectors. A special U-shaped 
ceramic UHV compatible frame was developed. The open side allowed the 
edge of the detector to be moved very close to the beam. On the opposite 
side four gold plated readout pins were mounted. The detectors were read 
out by the method of resistive charge division. This means that the outermost 
strips on each side of the detector were connected to the pins. All strips were 
also connected to neighboring strips through resistors located on the inner 
edge of the frame. Since a break in the chain would render the whole 
detector inoperative, the resistors had double wire bonds to both adjoining 
strips. Each of the four output signals was fed into a charge-sensitive pre-
amplifier (ORTEC 142B). The energy from each side is, after calibration, 
given by the sum of the charge at the two outputs. If these are labeled Q1 and 
Q2, L is the length of the detector, and the resistors are approximated by a 
continuous resistive layer, the position x is given by 

1
2 21

21

QQ
QQLx . (E.1) 

Here x = 0 indicates that the hit occurred on the strip closest to pin 1, and x
= L that it was next to pin 2. Due to the discrete nature of the resistors one 
would, however, expect to have equidistant discrete values corresponding to 
the position of each strip. In practice position resolution depends on the 
energy resolution, which in turn is a function of the deposited energy and is 
affected by electronic noise. As long as the individual strips are fully 
resolved, however, this is of no consequence, and fits can be made to their 
centroids, either in x or in the Q1 vs. Q2 plane. 

A drawback of this resistor configuration was that it was not possible to 
distinguish a hit on the outermost strips from a failure of the data acquisition 
system to provide a value for one of the channels. This could have been 
avoided if there had been an additional resistor between the outermost strips 
and the readout pins, forcing correct events to have signals in both channels. 
Such a requirement in the analysis reduced the effective size of the detector 
by 5% to 38 strips. 

The detectors that were delivered for the CA01 experiment had all 
satisfied the minimum specifications in terms of resolution and noise. 
Unfortunately, having closed down the process for three years, Micron was 
unable to supply replacement detectors in 1998 that met these standards, 
despite several attempts to fulfill our original order. Developing a new 
detector for this project was not financially possible, but the delay was used 
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to investigate many options, both to improve the original design, and to find 
other solutions. 

One improvement that reached a fairly advanced stage of development 
pending the delivery of the double-sided detectors was a system for 
individual readout of the strips. This would have solved the problem of non-
linear response that made online analysis difficult. Other advantages of this 
method, such as the ability to handle higher count rates and better noise 
characteristics, were less important for our application. A new detector 
holder was manufactured, as well as a flange with multi-pin D-Sub 
feedthroughs from Caburn-MDC Ltd. Outgassing tests were made in the 
vacuum lab at TSL for various glues that were to be used in the design. 
Arrangements were also made to obtain the necessary electronics. 
Eventually, however, the lack of success in procuring suitable double-sided 
detectors, and the many advantages of the new telescope, led to the 
abandonment of this idea. 

In early 2000 the final detectors were delivered. They were single-sided, 
but used the same photo mask and readout type as the original detector, and 
were much easier to manufacture to high standards. The leakage currents at 
full depletion for the x and y detectors used in the CA44 experiment were 35 
nA and 80 nA respectively. Since only one side was read out, the back 
planes were metallic and connected directly to the ground. The noise levels 
were much better than for the double-sided variety. 

Figure 14: Left-versus-right pulse-height signals from the horizontally position-
sensitive silicon strip detector. The strongest "band" along the diagonal is due to 17O
ions. 
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Most importantly they solved the problem of non-linear response in a 
simple, reliable, and inexpensive way. 

Before assembly the leakage current of all the individual strips were 
measured, and the detectors were oriented in the frames in such a way that 
the best detector would become horizontally sensitive, and that its better side 
would be closest to the beam. Tests with an  source before assembly 
showed energy resolutions of 60 keV at around 5 MeV. In Figure 14 the two 
signals, “left” and “right”, from the horizontally sensitive detector, recorded 
during an oxygen beam on argon target run, are plotted against each other. 
The individual strips are clearly resolved. One can also see diagonal bands 
that correspond to peaks in the summed pulse height spectrum. The energy 
resolution is not as good as on the test bench before the experiment, but 
adequate.

E.2.3.2 Detectors around the target 
The best choice and placement of the particle detectors around the target is 
dependent on the reaction and excitation energy interval one wants to study. 
The decay of heavy target nuclei at moderate excitation energies is limited 
by the Coulomb barrier to proceed almost exclusively through neutron 
channels. In lighter nuclei, such as argon, charged particle emission becomes 
significant already at fairly low excitation energies, and would in principle 
be of interest for an experiment like the one presented in this thesis. The 
experimental techniques for detecting neutrons and light charged particles 
are, however, very different. The latter would require an array of detectors to 
be placed within the scattering chamber. Such an array is being developed as 
part of the CHICSi project [WES03], and will be installed in a new chamber 
at the cluster-jet target. It will have around 500 telescopes consisting of an 
ultra thin silicon detector, a standard silicon detector, and a GSO scintillator 
read out by a photodiode, but was at the time of this experiment not yet 
ready for use.  

Neutron measurements are, on the other hand, preferably done by time-
of-flight techniques, using detectors placed outside the vacuum chamber. 
They benefited therefore from the use of the old chamber, which had several 
thin windows. 

In addition to the physics motivation there were thus also technical 
reasons for why it was advantageous to follow the basic concept of the CA01 
series of measurements for CA44 as well. Attention was instead focused on 
improving the neutron detection capabilities. The goal was to extend the 
angular coverage, increase the granularity, and improve the energy 
resolution. In addition, since the new measurements would strongly 
emphasize the forward angles, it was felt that a better method was needed for 
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the identification and rejection of charged particles, such as scattered or 
fragmented beam ions. This was done using thin plastic scintillators placed 
in front of the neutron detectors. 

 

E.2.3.2.1 Neutron detectors 
A neutron detector array that satisfied our requirements was EDEN 
[LAU93], a system developed in collaboration between IPN (Orsay) and 
KVI (Groningen). It was brought from KVI to Uppsala for this experiment. 

 

 
Figure 15: Photo of the EDEN multi-detector setup around the CELSIUS cluster-jet 
target. 

 
The array consists of 40 NE213 organic liquid scintillator detectors, each 

with a thickness of 50 mm and a diameter of 200 mm. The back wall of the 
scintillator cell is a 6 mm thick glass window, connected to a 50 mm long, 
conical light guide. This has a diameter of 170 mm on the cell side and 110 
mm at the 5-inch (127 mm) PM tube. Two models of PM tubes are used: 
Philips 4502B and the later 4512B. There is only an anode output available 
from the PM base. The stainless steel front cover of each cell is 0.2 mm thick 
and deforms as the liquid expands, allowing the detectors to operate at 
temperatures between –10ºC and 45ºC. 
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The detectors are mounted on five supports, each with room for nine 
detectors arranged in a 3 by 3 matrix, with the detector centers 28 cm apart. 
The detectors are placed at an angle, so that their axes converge at a point 
1.75 m in front of the mounting. A photo of the set-up is shown in Figure 15. 

In order to fit the forward detectors within the opening angle of the front 
window of the scattering chamber the outer columns of the two mountings 
placed at the smallest angles were not used. Various pieces of equipment on 
the ring limited the distance from the target at which the detectors could be 
placed to 1.5 m on the outer and 2.3 m on the inner side of the ring. Thus 
unfortunately even the middle columns were somewhat shadowed by the 
flange surrounding the window. The remaining detectors were placed at a 
distance of 2 m from the target, well within their respective windows. The 
exact distance was measured for each detector. The total angular coverage 
was 10º – 110º, with a gap between the first two mountings and the other 
three.

In comparison, the previous experiment had only seven neutron detectors, 
placed at distances of 0.6 – 0.7 m. There were 6-inch (152 mm) thick 
detectors at 57º, 58º, 122º, and 125º, and 2-inch (51 mm) thick ones at 93º, 
96º, and 152º. 

E.2.3.2.2 Veto detectors 
The thin plastic scintillators placed between the target and the neutron 
detectors, as indicated in Figure 11, were not part of EDEN. Instead, new 
mountings were made for detectors that were already available at TSL. Their 
dimensions did not match that of the EDEN detectors, and it was not 
possible to have one plastic scintillator in front of each. The distance to the 
target varied somewhat, but was approximately 1 meter. 

The two EDEN detector groups at small angles, which consisted of only 
two columns, were each covered by two 2 mm thick detectors each with and 
area of 26 by 20 cm2, mounted one above the other, overlapping a few 
millimeters in the middle. The detectors had single PM tubes, which were 
oriented up for the upper detector and down for the lower one. The EDEN 
mounting at the largest angle was covered by four plastic detectors. These 
were, except for having a thickness of 5 mm, similar in size and layout to 
those mentioned above. They were also mounted with a slight vertical and 
horizontal overlap. 

The two detector supports at medium angles, in the foreground of Figure 
15, shared a single 120 by 30 cm2 plastic detector with a thickness of 5 mm 
an a PM tube on each short side. This covered only the two lower rows 
completely, but since not all the channels of the EDEN electronics were 
operational at the time, two of the detectors in the upper row were not read 
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out. All the PM tubes used for the veto detectors were Philips XP2262 – the 
same type that was used for the plastic trigger scintillator in the focal plane 
telescope.

Despite their slightly improvised nature these detectors proved very 
valuable, and the next experiment at KVI in which EDEN was used 
[GHE02] also had thin plastic veto detectors. 

E.2.4 Electronics and Data Acquisition 
The data acquisition (DAQ) for the CA44 experiment used a VME-based 
system developed for EDEN by primarily the Orsay group. This was more 
comparable in structure and performance to the VALET-plus [VAL] used in 
CA01 rather than SVEDAQ [SVE], which is the current standard DAQ 
system at TSL. The major advantage of this arrangement was, however, that 
the software was already adapted to EDEN. In addition to the integration of 
the CAMAC electronics of the focal plane telescope and the veto detectors, 
only relatively minor changes were required, making it possible to set up the 
system in a short time. 

During operations at KVI the EDEN electronics are often located in the 
experimental hall, reducing the length of the signal cables. We considered 
this option, but nevertheless decided to place it in the counting room. It was 
important to have access to the main amplifiers of the silicon detectors, 
which had to be placed in the proximity of the ADC:s, without entering the 
CELSIUS hall. Despite tests and calculations one really needed to see all 
signals on the oscilloscope to know that the coincidences were properly 
timed. It also greatly facilitated general debugging. In hindsight, this 
definitely was a correct decision. 

E.2.4.1 EDEN electronics 
All EDEN electronics is CAMAC based and made by GANELEC. The 
modules have high power consumption, making efficient cooling important. 

The signal from each neutron detector is split into three branches. Two 
are delayed by 70 ns before going to 1612F charge-to-digital converters 
(QDC). The third enters an FCC8 constant fraction discriminator (CFD) that 
provides a signal for the trigger logic, a stop for the 812F time-to-digital 
converters (TDC), and an input for the RDV gate-and-delay generator 
(GDG), which generates pairs of individually timed gates for all QDC input 
channels. One gate in each pair is 400 ns long, and covers the whole pulse. 
The other is typically 35 ns and is used to register the fast component. This 
arrangement allows the use of pulse shape discrimination (PSD) techniques 
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described in section A.1.3.1. The QDC:s are especially designed for this 
mode of operation. They have 8 input channels, each giving two output 
parameters that correspond to integration over the long and short gates. Both 
the QDC:s and TDC:s have 12-bit (4096 channel) resolution. The readout is 
done through a FERA bus. A LeCroy scaler was also available. 

E.2.4.2 Additional electronics 
The pulses in the veto detectors were measured with a LeCroy 4300B QDC 
working in 11-bit mode. A time-to-FERA converter (TFC) allowed a second 
such module to serve as a TDC. 

The signals from the pre-amplifiers of the silicon detectors in the focal 
plane telescope were fed into Ortec 672 spectroscopy amplifiers before 
being digitized in an Ortec AD413 peak sensing ADC. 

The plastic trigger scintillator used the same QDC:s as the veto detectors. 
Since all the pulses corresponding to a certain ion would be of similar 
amplitude we decided to use a LeCroy 623B leading edge discriminator. 
Under these circumstances it had a time walk no larger than that of the 
CFD:s used for the veto detectors, and it had the dual advantages of being 
faster and having a veto input. During the argon runs this input made it 
possible to eliminate a module from the regular trigger chain that was to 
block the system when the computer was busy, or when CELSIUS was not 
in the part of the cycle meant for data taking. This in turn allowed a 
reduction in the delay of the neutron detector signals to just one extra return 
trip of the signals down to the experimental hall and back (2x160 ns) on 
spare high quality (RG-213) cables. 

E.2.4.3 Trigger logic 
The trigger condition was a coincidence between a signal in the plastic 
scintillator of the focal plane telescope and an OR of all the neutron 
detectors. In the specially designed fast correlator unit (ETRAVE), the 
plastic was connected as the “master”, and the EDEN detectors as “slaves”. 
When the trigger gave a signal, the unit waited for the duration of a pre-set 
coincidence window to see if any neutron detectors had fired. If so, a start 
signal was sent to the TDC:s, and the event was read out. The length of the 
coincidence window was chosen to be 320 ns in the argon run. Initially, 
during the xenon run, it was somewhat longer. This allowed detection of 0.5 
MeV neutrons in the detectors located at 2.3 m, as well as a margin before 
the gamma peak in the time-of-flight spectra for later background 
subtraction.
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Initially we did not know how large the beam halo would be, and thus 
how much dead time to expect. Despite that a passive reading of the veto 
detectors was the preferred method, some thought was given to possibly 
include them in the trigger. Fortunately the dead time turned out to be low. 
This can be seen in Figure 16, which shows the dead time, in percent, as a 
function of cycle time during one of the argon runs. 

Figure 16: Box diagram of data acquisition dead time (%) as a function of CELSIUS 
cycle time during the same argon run as in Figure 17. The average dead time during 
this run was 4.6%, but lower (4.3%) for the neutron events used to extract the 
angular distribution. 

E.3 Experimental Procedure 

E.3.1 Beam and Target 

E.3.1.1 Beam Production 
A beam of 17O5+ ions from the ECR source was accelerated in the cyclotron 
to 16.6A MeV. Stripping injection into CELSIUS allowed a typical 
accumulation of 3·108 stored ions using electron cooling. The beam of 17O8+

was then accelerated to 250A MeV. After acceleration the RF cavity was 
turned off and the cooler turned on again. The reason for using a coasting 
beam was earlier experience of high frequency (MHz) noise being picked up 
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by the silicon detectors when bunches swept past. Whether this problem 
would remain with the new design of the focal plane telescope, where the 
detectors were mounted inside a metallic cylinder, was not investigated. 

E.3.1.2 Targets 
Since the beam halo is created during interactions with the target or residual 
gas, it depends on the beam current as well as on the target thickness. We 
chose to run with maximum current and adjusted the target thickness to have 
a peak singles count rate in the focal plane telescope in the order of 10 kHz. 
The main reason for this was that a thinner target improved the vacuum 
conditions, thereby increasing the lifetime of the beam. From a practical 
point of view it was also easier and quicker to adjust the gas pressure at the 
target than to change accelerator settings. 

To some extent the choice was also dictated by a breakdown of the gas 
recycling system that occurred shortly before the experiment. As it took 
some time to obtain the necessary spare parts, there was a risk that we would 
run out of xenon gas. In the case of argon this was not an issue, since it is 
much cheaper and there was plenty in stock. Instead, it was important to 
gather sufficient statistics during a period that, for scheduling reasons, had to 
be shorter. 

Figure 17: Number of events recorded per cycle during an argon run. The steep rise 
around cycle number 32 corresponds to a break in the experiment when the beam 
injection was optimized. 
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The target thicknesses used during the important runs of each data set 
were 1.6 ng/cm2 (7.2·1012 atoms/cm2) for xenon and 3.3 ng/cm2 (5.0·1013

atoms/cm2) for argon. Neither gas was isotopically enriched, but natural 
argon consists to 99.6% of 40Ar.

To ensure a good overlap between beam and target there are luminosity 
monitors placed before the first quadrupole magnet downstream from the 
target. These small plastic scintillation detectors measure ions scattered at 
small angles, and are used to fine-tune the beam orbit. 

E.3.1.3 CELSIUS cycle characteristics 
The length of the CELSIUS cycle was chosen to be 900 s, of which 86% was 
used for data taking. The beam current was typically 1 mA (electric), but 
there were large variations both between cycles and over the duration of 
each cycle. Figure 17 shows the number of events recorded per cycle in the 
longest argon run. Between cycle number 31 and 32 a short break was made 
to optimize the injection. Figure 18 and Figure 19 show the trigger rate and 
the beam current as functions of time during cycle 50 of the run displayed in 
Figure 17. The drop in intensity is of the order of 50%, which indicates that 
the length of the cycle is reasonably matched to the target thickness. The 
lifetime without target is, of course, much longer. 

Figure 18: The trigger rate plotted as a function of cycle time during a typical cycle. 
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Figure 19: Box diagram of the measured beam current as a function of cycle time 
during a typical cycle. Note that the zero is suppressed. 

E.3.1.4 Beam orbit in CELSIUS 
This type of experiment differs from many others performed at CELSIUS in 
that not only is it important to have the beam well centered on the target, but 
one would also prefer a closed orbit that coincides with the geometric center 
of the beam pipe in the first quadrant. If this could not be achieved, the 
second best thing would be to document the deviation of the actual orbit 
from the center, so that the appropriate corrections to the excitation energy 
scale could be made later. For this purpose electrostatic pick-ups placed at 
the beginning and at the end of each CELSIUS straight section were used. At 
the injection straight section they are located at a distance of 4.56 m from the 
center. A reading of the beam position taken during the xenon run is shown 
in Figure 20. The first pick-up position is located at the end of the injection 
straight section, and they are then numbered in a clockwise order, with 
number eight being at the beginning of the injection straight section. The 
main source of error in the calibration of these pick-ups is their position with 
respect to the center of the ring. Estimates suggest that this error could be as 
large as 1 mm. 

To verify this estimate, a simple test was performed some time after the 
experiment. A proton beam was placed in an orbit that gave the readings that 
were documented during the argon runs. After the detectors were removed in 
order to avoid radiation damage, the metal cylinder at the focal plane was 
moved in small steps towards the stored beam until it was hit and the beam 
was stopped. 
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Figure 20: Printout of the signals from the eight beam-profile monitors in the 
CELSIUS ring recorded during a xenon run. Unfortunately the colors in the printout 
that was made online do not translate well into a gray scale. 

This occurred at a distance 2 mm beyond the geometric center. 
Considering the uncertainties involved in this procedure the result could be 
interpreted as being compatible with the estimate of the error in the pick-up 
readings.

E.3.2 Calibrations 

E.3.2.1 Plastic scintillators 
The detectors that were used only for particle identification did not require 
very precise calibration. 

For the plastic trigger scintillator, where the important peaks could easily 
be distinguished, it was only important to make sure that all relevant pulse 
heights would fall within the range of the QDC. Due to the large size of the 
pulses, the signal had to be attenuated by 10 dB. Lower voltages on the PM 
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tube would have given a non-linear response. In section A.1.2.2 the energies 
for different ions are tabulated, and the corresponding peaks identified. 

Figure 21: Pulse-height spectrum from a veto detector (positioned at a forward 
angle). 

In the case of the veto detectors, the high voltage on the PM tube and the 
QDC pedestal subtraction were set to include some noise below the particles 
depositing the least energy in the detector, i.e., the high energy protons 
coming from projectile breakup. These form a peak at an energy depending 
on the thickness of the detector, the dE/dx for 250 MeV protons in plastic 
being 0.4 MeV/mm. The CFD thresholds were then set to be just above the 
noise. This was safe to do since the deposited energy was recorded for all 
events, and it was usually sufficient for off-line discrimination even if the 
time information was missing. The pulse height spectrum from one of the 
veto detectors at small angles is shown in Figure 21. 

E.3.2.2 Silicon Detectors 
An alpha calibration of each silicon detector channel was made at the 
beginning of the experiment, but since the pulse height spectrum was only 
used for particle identification, it served mainly as a guideline for 
adjustments. In order to make the online analysis work properly, it was 
necessary to keep the two signals, read from each side of the resistor chain, 
gain matched. As the experiment revealed, such a procedure had its 
advantages. By comparing the two signals from the each detector, a non-
linearity could be discovered in the highest part of the range of one ADC 
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channel that was used for the measurement of the vertical position (see 
Figure 22). Amplification was lowered accordingly, but immediate repair 
was not necessary as the effect was known and could be corrected for if the 
need for analyzing very large pulses, e.g. pile-ups, in the affected region 
would arise. 

Figure 22: Two-dimensional plots of the up-versus-down signals from the vertically 
position-sensitive silicon detector (left panel) and left-versus-right signals from the 
horizontally position-sensitive silicon detector (right panel). A non-linear response 
for large pulses in one channel can be seen in the upper part of the left panel. 

The strip geometry provided an autocalibration of the position. For online 
purposes the linearity of the electronic position determination, as described 
in section E.2.3.1.3, was satisfactory. Offline the correct position parameter 
was obtained by a polynomial fit to the centroids corresponding to each strip. 

E.3.2.1 Neutron Detectors 
The pulse heights of the neutron detectors were calibrated before and after 
the series of runs on each target. The time-of-flight was calibrated only once. 

E.3.2.1.1 Pulse Height 
The pulse height spectra of the neutron detectors were calibrated using 137Cs 
and 60Co sources. In order to establish the exact locations of the Compton 
edges on the observed distribution we used earlier Monte Carlo calculations 
performed by Olsson et al. [OLS94] for the EDEN detectors using the 
program GRESP7 [DIE91, DIE82]. The resulting cobalt spectra, raw and 
folded with the detector resolution, are presented in Figure 23. The 
contributions from the two cobalt peaks to the summed curve were weighted 
by the branching ratios of the beta decay. 
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Figure 23: Monte Carlo calculation of the two components of the gamma-ray 
spectrum from a 60Co source. The histograms are the raw spectra, one partly hidden. 
The two lower curves are the result after folding with the detector resolution and the 
upper curve the sum of the two other curves. 

Figure 24: Experimental calibration spectrum from a 60Co source. 

Cesium spectra were analyzed in a similar way. 
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If one compares electrons and heavier particles depositing an equivalent 
amount of energy in a scintillator, the latter have a higher ionization density 
and generate a lower light output. This effect is known as quenching and is 
important to consider when calibration is done with gamma sources, but one 
actually wants to determine the threshold for neutrons. Gamma rays give a 
light output proportional to the energy of the recoiling electron. More 
specifically, Olsson et al. [OLS94] found that the light output for the EDEN 
detectors could be described by LO = E - 15 [keV]. 

To estimate the energy that a neutron would have to transfer to a proton 
(Ep) in order to give a light output equivalent to a certain electron energy 
(Ee), we used the function of Verbinski et al. [VER68]. Below 8 MeVee it is 
given in tabular form, and above that energy as 

Ee= 0.75275Ep – 1879 [keV]. (E.2) 

E.3.2.1.2 Time-of-Flight 
In this experiment the neutron time-of-flight was not measured relative to an 
RF signal provided by the accelerator, as is often done, but with respect to 
the scattered ion. This requires the knowledge of the ion velocity – a 
quantity easily derived from the energy measured by the focal plane 
telescope. As can be seen in Table 3, however, the energy acceptance is very 
narrow. The time difference between the time-of-flight of 4.234 and 4.215 
GeV 17O ions is only 0.2 ns. This is much less than the bunch length of most 
accelerator systems, making it a very accurate method even without 
corrections for the ion energy, if only one kind of ion is selected at the focal 
plane.

Figure 25 shows time plotted versus deposited energy in the neutron 
detector at the smallest angle. The ungated plot (left panel) is dominated by 
charged particles that punch through the neutron detector, and thus deposit 
more energy for longer flight times. These times cannot, however, be 
compared to the prompt gamma time without taking into consideration 
which ion reaches the focal plane. In the right plot, 17O ions have been 
selected and halo suppression has been applied (see section A.1.2), 
dramatically reducing the number of charged particles. The veto detectors 
were not used for this plot. On close inspection one can see that the gamma 
ray time depends on the pulse height (large pulses have shorter times), an 
effect that can be attributed to time walk in the EDEN CFD:s. 
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Figure 25: Scatter plots of deposited energy versus time in a neutron detector. The 
left panel shows an ungated plot, whereas in the right panel events are in 
coincidence with 17O in the focal plane, and halo suppression has been applied. 

If deposited energies in the 0.3 – 5 MeVee range are selected, the time 
resolution of the gamma peak is 0.5 ns FWHM. Using the non-relativistic 
approximation that dE/E = –2dt/t, where E is the kinetic energy and t the 
time, the resolution for neutrons is 

2222 dv
LE

E . (E.3) 

Here L is the length of the flight path between the target and the detector, d 
is the effective thickness of the detector, v is the velocity of the particle, and 
 is the intrinsic time resolution of the measuring system. A trivial but 

interesting observation is that a reduction in detector thickness is most 
important for low energy neutrons. 

The centroid of the gamma peak in the neutron detectors was determined 
for each run. The calibration of the TDC gain (ns/channel) was performed by 
the introduction of a 20 ns delay during the last argon run. 
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Analysis and Results 

The first part of the off-line analysis consisted of data reduction, where 
events that did not fulfill certain basic criteria were removed. The next step 
was to establish conditions that were calibration independent, such as 
particle identification in the various detector systems. This included 
scattered ions on the focal plane telescope ( E-E), neutrons in the EDEN 
detectors (pulse shape discrimination), and charged particles in the veto 
detectors. Each detector was treated separately. After calibration of the basic 
parameters, such as silicon detector position or neutron time-of-flight, the 
conditions were re-checked, but it was advantageous to keep them 
calibration independent throughout the analysis. The next stage was to 
perform Monte Carlo simulations of the neutron detector efficiency and light 
output. This allowed calibration dependent conditions, such as common 
software thresholds, to be applied. 

In the second part of the analysis, spectra were constructed for the 
physical quantities that were measured in the experiment, i.e., neutron 
angular distributions (differential cross section), neutron energy and the 
excitation energy of the target before neutron emission. The last two 
quantities gave the missing energy in each event. The spectra allowed final 
calibrations to be performed. The results were compared with model 
calculations for statistical decay of compound nuclei and knock-out 
reactions.

The data handling and analysis for this experiment was done in an 
environment using C++ and ROOT [BRU97]. 

A.1 Data Reduction 
Most of the data reduction was performed using a specially developed 
sorting program that reads the original data, and writes it into ROOT trees 
(ntuples). In so doing it evaluated each event. Some could be discarded from 
the data set during this pre-sorting. The remaining had several time-
consuming conditions, such as evaluations of multiple polygonal gates, pre-
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calculated in order to allow quick addition or removal of certain categories 
of events during the analysis.  

The data compression feature of ROOT allowed the sorted files to contain 
many parameters without becoming excessively large, as was the case with 
PAW [PAW]. These could for instance include raw, calibration independent 
ADC data used for certain cuts, as well as calibrated data for physics 
interpretation. Certain accelerator related parameters, detector multiplicities, 
and information on for instance the instantaneous dead time were also 
included for each event. 

Logical conditions prone to frequent changes, or related to individual 
neutron detectors, were implemented as ROOT macros, and were loaded 
before each interactive analysis session. 

A.1.1 Pre-sorting 
The decision of removing events from the data set was based on the criteria 
of integrity and completeness. All events were evaluated individually. Effort 
was put into correction procedures at block level and higher, so that a 
corrupt event would not lead to the rejection of its neighbors, or even an 
entire block of 32 kilobytes. 

The criterion for the integrity of the events included that all sizes should 
be correct, i.e., both the total length as well as the number of data words 
given by each module. Checks were also made that the module headers had 
correct virtual station numbers. The fraction of events that did not have the 
right format was only 4·10-4.

The requirement of completeness had a much a larger impact, removing 
35% of all events. Almost 93% of these were due to insufficient information 
from the silicon detectors, which had to include at least one horizontal 
channel with a non-zero value, and both vertical channels. The latter 
requirement was due to the fact that all relevant events had to be at the beam 
height in the middle of the detector, and hits on the outermost strips, which 
could give zero charge on the other side, were not interesting. Some halo 
ions could also generate triggers without passing through the silicon 
detectors at all, either due to the slightly larger area of the plastic detector 
(see section E.2.3.1.2), or scattering in the end wall of the cylinder. 

The second most frequent cause for rejection, making up 6.8% of the 
removed total, was insufficient information from the neutron detectors. At 
least one detector was required to provide a time signal, and a charge above 
the subtracted pedestal in both the long and short gate QDC channels. 

Other causes for rejection were, for instance, when the bit pattern from 
the fast correlator unit (ETRAVE) did not match the actual contents of the 
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event, or if the trigger scintillator time, which should be constant, was 
incorrect. Their combined contribution was small. 

A.1.2 Focal Plane Conditions 
Each event had two sets of pre-calculated conditions from the focal plane. 
One was aimed at reducing the background from the beam halo, and the 
other to select the proper ion on the focal plane. The use of two silicon 
detectors created a redundancy that meant that the two conditions could be 
applied independently. 

A.1.2.1 Halo Reduction 
The main technique for the selection of events corresponding to inelastic 
scattering rather than the beam halo is the requirement of a coincidence of 
the ion on the focal plane with a particle in the detector array surrounding 
the target. Despite this, a large fraction of the events is made up of 
background in coincidence with halo particles. To significantly suppress the 
remaining halo, one can use the vertically sensitive silicon detector. 

Figure 26: Scatter plot of up vs. down signals from the vertically position-sensitive 
silicon detector. Arrows indicate vertical position and deposited energy. 17O events 
appear along the entire diagonal, whereas lower-mass ions appear only at the 
vertical position of the beam. See text for an explanation. The two-dimensional gate 
used for halo suppression is also shown. 
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Figure 26 shows the pulse heights of the “up” and “down” silicon 
channels plotted against each other. The diagonal bands, where the sum of 
the charge in the two channels is constant, correspond to different ions. It is 
interesting to note that while the 17O band runs across all the strips, the 
others cover only a few. This can be understood since ions that are created in 
nuclear reactions may have rigidities that allow them to reach the focal plane 
detector, but very rarely to complete one turn or more around the ring. The 
corresponding bands therefore lack a halo. By selecting only the strips 
actually covered by the beam, one can effectively reduce the background. 
The polygonal cut in Figure 26 represents a good compromise between the 
best signal-to-noise ratio and a desire not to reject true events. In some parts 
of the analysis, for instance when setting neutron-gamma cuts near 
threshold, data from two strips were sufficient, while in a few cases six had 
to be included. 

The cut in Figure 26 may appear too soft in pulse height, since it not only 
covers the 17O, but extends into the 15N distribution as well. The ambiguity 
disappears when the appropriate ion is selected by the E-E technique. 

A.1.2.2 Ion Selection 
The rigidity of a fully stripped ion in a magnetic field is defined by 

TET
ZcZ
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Here T is used for the kinetic and E0 for the rest energy of the ion. The 
relative rigidity of a scattered 17O ion is 
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and  = 1+T/E0. Depending on the position of the telescope, only ions with 
certain rigidities reach the detectors. During the argon runs, the active area 
of the detector covered relative momentum losses ( p/p) for 17O ranging 
from 0.21% to 0.46%. The energies of other ions with the corresponding 
rigidities can be obtained from equation A.1, rewritten as 
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Table 3 lists the energies for the interval of rigidity for a selection of fully 
stripped ions that might be created in a nuclear reaction of 17O with the 
target.

Ion Tmin
[MeV] 

Tmax
[MeV] 

Tavg/A
[MeV/amu] 

E in 
window
[MeV] 

E in 
silicon
[MeV] 

E in 
plastic
[MeV] 

O-18 4027 4045 224,2 74,6 15,4 1250,6 
O-17 4215 4234 248,5 70,2 14,4 1146,5 
O-16 4416 4436 276,5 66,0 13,5 1060,3 
N-16 3478 3494 217,8 58,1 12,0 960,3 
N-15 3664 3680 244,8 54,2 11,1 875,5 
N-14 3864 3882 276,5 50,5 10,4 801,0 
C-15 2768 2781 184,9 47,3 9,8 791,7 
C-14 2932 2945 209,8 43,6 8,9 712,0 
C-13 3112 3126 239,9 40,2 8,3 642,5 
C-12 3312 3327 276,5 37,1 7,6 580,0 
B-13 2231 2241 171,8 34,4 7,0 568,3 
B-12 2385 2396 199,0 31,3 6,4 505,1 
B-11 2561 2573 233,1 28,4 5,9 448,2 
B-10 2760 2773 276,5 25,8 5,3 398,8 
Be-11 1701 1709 154,7 23,6 4,9 387,4 
Be-10 1845 1853 184,6 21,0 4,3 335,4 
Be-9 2011 2020 223,7 18,6 3,8 290,9 
Li-8 1309 1315 163,5 12,8 2,6 202,2 
Li-7 1463 1470 209,1 10,9 2,3 168,8 
Li-6 1654 1661 275,6 9,3 1,9 140,6 
He-4 1104 1109 276,5 4,0 0,8 60,8 
He-3 1355 1361 450,4 3,1 0,6 44,8 
H-3 393 395 130,6 1,6 0,3 25,3 
H-2 549 552 273,4 1,0 0,2 15,4 

Table 3: Energy and energy loss data for ions that could reach the focal plane. 

Neutron pick-up is allowed if the energy loss is substantial. The same applies 
to other reaction products where Z/A is smaller than for 17O. Ions with Z/A
larger than that of 17O would need increased velocity in order to appear in 
the required rigidity window. This is only possible for light fragments. 
Figure 27 shows the centroids of the major peaks in the plastic scintillator, 
corresponding to the ions that have velocities closest to that of the beam, 
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plotted versus the deposited energy. The latter was calculated using the 
program eneloss [JIP84]. The results are summarized in Table 3. 

Figure 27: Pulse heights for (left to right) 6Li, 7Li, 9Be, 11B, 13C, 15N, and 17O ions in 
the plastic scintillator plotted versus the calculated deposited energy. The response is 
not linear due to the lower light output for heavy ions (quenching). 

Once the peaks are identified a reliable selection can be made by using the 
horizontally sensitive silicon detector and the plastic trigger scintillator as a 

E1- E2 telescope. Figure 28 shows a plot of these parameters indicating the 
cut on 17O. A closer inspection of this figure reveals more details than the fit 
above.

The horizontal tails to the left of each peak are mainly due to nuclear 
reactions in, or scattering out of, the plastic detector. The events in the 
vertical band extending upwards from the 17O peak are caused by a pile-up 
in the silicon detector, but not in the faster plastic. Below the peak are pile-
up events where the plastic seems to register the pulse height of an 17O ion, 
but the silicon detector that of a lighter one. Part of this effect may be 
attributed to hits between the strips. Regular pile-ups are visible to the upper 
right, together with any 18O ions that would be the result of neutron pick-up 
reactions. One can also see a weak but clear, continuous distribution of pulse 
heights from particles that interacted after passing the dipoles. The lower 
part is difficult to distinguish, but ions that stop in the plastic, above the 
“knee” around channel 1250 in the plastic and 4000 in the silicon, are 
visible. The main source of these particles is the window of the focal-plane 
cylinder, and a cut on the 17O peak removes them efficiently in the analysis. 
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Figure 28: n identification on the focal plane was performed using the horizontally 
sensitive silicon detector and the plastic scintillator detector as a Esilicon– Eplastic
telescope. The figure shows the cut on 17O that was later used in the analysis. 

A.1.3 Neutron Conditions 
The purpose of the conditions set in the EDEN detectors was mainly to 
select neutron events, using pulse shape discrimination and the veto 
detectors. Events in which more than one detector fired were rejected in 
order to avoid effects of cross-talk, i.e., neutrons scattered between the 
detectors. When compatible with proper background subtraction, so were 
events where the deposited energy was at least 2 MeV larger than allowed by 
the neutron time-of-flight. This margin was dictated by the detector 
resolution and uncertainties in the pulse height calibration. 

A.1.3.1 Pulse Shape Discrimination 
The main advantage of using a liquid organic scintillator such as NE213 
rather than a plastic for neutron detection is that while retaining the good 
timing properties, it is also well suited for use with pulse shape methods for 
particle identification. The light produced has distinct fast and slow 
components, with heavier particles producing more of the latter in relative 
terms. 
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The main application of this property is to distinguish between neutral 
particles, primarily gamma rays and neutrons. In the future digital processing 
[LIE01] will likely be used for pulse shape analysis, but today there are two 
main methods available. One is based on the differentiation of the signal, 
and the recording of a zero-crossover (ZCO) time. Such modules were used 
in the CA01 experiment. The other method, described in section E.2.4.1, 
involves integration of the signal using a long and a short gate. Both 
methods have their advantages and disadvantages. The ZCO method is 
faster, can be applied at trigger level, and can be more sensitive close to 
threshold [BIA89a]. The two-gate method, on the other hand, makes it easier 
to determine whether the neutron interacted with a hydrogen or, for instance, 
a carbon nucleus, and in the latter case it might be possible to distinguish the 
reaction channel. Figure 29 shows a sample pulse shape spectrum from 
CA01, and Figure 30 a similar spectrum from CA44. 

Figure 29: Scatter plot illustrating pulse-shape discrimination based on the zero-
cross-over technique used in the CA01 experiment. The two-dimensional neutron 
gate is indicated. 

An interesting detail is that in addition to the bands expected from 
gammas and neutrons, Figure 30 shows events that seem to be related to 
heavier particles. The use of veto detectors also indicates that the “electron” 
band has an admixture of other light charged particles in detectors at small 
angles. This will be further discussed in section A.1.4.2. 

A.1.3.2 Veto detectors 
In addition to their function as detectors, the thin plastic scintillators act as 
passive absorbers. A charged particle has on its way to the neutron detector 
to pass the 0.7 mm stainless steel window of the vacuum chamber, and cross 
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approximately 0.6 m of air on its way to the veto scintillator, which has a 
thickness of either 2 mm or 5 mm. Then follows another 1 m of air, and 
finally the 0.2 mm stainless steel window of the neutron detector. 

Figure 30: Scatter plot illustrating pulse-shape discrimination based on the two-gate 
method used in the present experiment for a detector positioned at 81º with respect 
to the beam. The two-dimensional neutron gate is indicated. Ion selection (17O) and 
two-strip halo suppression have been applied. 

Calculations using the program eneloss [JIP84] show that in order to just 
reach the neutron detector, a proton needs an energy of 29 MeV, depositing 
6.4 MeV in a 2 mm thick veto. A 250 MeV proton deposits 0.8 MeV in the 
veto and 18 MeV in the following neutron detector. In comparison, an 17O
ions requires 1 GeV to reach the detector, leaving 220 MeV in the veto. At 
250A MeV it deposits 52 MeV in the veto and 1.2 GeV in the neutron 
detector. In the 5 mm thick detectors the values scale accordingly. All ions at 
beam velocity punch through the neutron detectors. 

This leads to the conclusion that if one wants to have a good resolution 
for protons at threshold, the high voltage has to be chosen so that most of the 
heavier ions are above the upper limit of the dynamic range (see Figure 21). 
This limits the usefulness of the veto detectors in the E-E role. Had such 
information been available, one could have had a more reliable identification 
of the events that were rejected by pulse shape discrimination, and perhaps 
obtained a better understanding of the light output produced in the EDEN 
detectors by various particles. 
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The large pulses from the heavier particles are, however, always above 
the CFD threshold and give a time signal. This combined information is 
therefore sufficient to remove most charged particles, possibly with the 
exception of high-energy pions and electrons falling below the QDC 
threshold. Their contribution is discussed in section A.1.4.2 below. 

A.1.4 Background 
Despite that this was a coincidence experiment, the background levels were 
very high. As will be discussed below, this was to some extent a tradeoff for 
the better neutron resolution. The background, consisting mostly of gamma 
rays, did however pose some problems during the experiment, as it was not 
possible to get a clear view of the neutron distribution online. Figure 31 
shows time-of-flight spectra for a neutron detector at an angle of 89º with 
respect to the beam, showing the cumulative effect of ion selection (17O),
halo reduction, and pulse shape discrimination. 

Figure 31: Time-of-flight spectra for a neutron detector at 89º with respect to the 
beam with the following criteria applied: none (upper left panel), focal-plane ion 
selection (upper right panel), halo reduction (lower left panel), and pulse-shape 
discrimination (lower right panel). 

A.1.4.1 Gammas 
Figure 31 shows that the majority of all events on the focal plane were 
recorded in coincidence with gammas in the neutron detectors. Some of 



62

these were emitted from the excited target nuclei, and had the time-of-flight 
characteristic of a photon. While the properties of these gammas were not 
measured per se, the position of the peak was used as a reference for 
determining the time-of-flight of other particles. The remaining background 
could be divided into three components. 

1. Gammas originating from the target. 
2. Point sources such as activated “hot spots”  

in the accelerator beam tube. 
3. General background in the CELSIUS hall. 

The first are due to excitation of target nuclei, but not by the ion detected on 
the focal plane. This part of the background scales with solid angle in the 
same way as the neutron flux. If the beam had been bunched, most of these 
events would fall very close to the true gamma peak – the width being 
determined by the bunch length. In our case there would not have been any 
wrap around effects, since the time it took for the bunch to complete a turn 
around the ring (450 ns) was longer than the time-of-flight gate for the 
neutrons. The use of a continuous beam meant, however, that the time of 
arrival was random. Some structure could come from a phenomenon known 
as self-bunching, but this effect was assumed to be negligible. 

There are several hot spots around the ring, the major one being at the 
injection point. During tuning of the beam it is also possible that activation 
occurs elsewhere. Due to the short lifetime of this activity, it can be difficult 
to determine the positions based on measurements, but the risk is higher 
where the beam pipe suddenly gets narrower. This occurs just before the 
quadrupole magnets following the cluster-jet target, in between the 
mountings of the forward detectors in our setup. During this experiment the 
activation was considerable, and had there been time to make a test run we 
might have chosen to place the forward detectors closer to the target. An 
attempt was made to alleviate the problem by placing lead bricks between 
the most active part of the beam pipe and the neutron detectors. 

The third category basically covers everything else, including particles 
hitting the walls of the vacuum chamber. This background is not necessarily 
isotropic. As a general comparison with CA01, one could observe that the 
total solid angle seen from the target that was covered by the neutron 
detectors was reduced by more than a factor of three, and at the same time 
the total scintillator volume was increased slightly (see section E.2.3.2.1). 
This reduced the total signal-to-noise ratio. 
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A.1.4.2 Protons and pions 
Light charged particles make up an interesting component of the background 
at forward angles. If one selects the electron (gamma) rather than the proton 
(neutron) band in a pulse shape discrimination plot like that in Figure 30, 
although for the detector at the smallest angle, a projection on the “long 
gate” (total deposited energy) axis reveals an unexpected peak. This is 
shown in Figure 32. 

Figure 32: Pulse-height spectra for events in the PSD “gamma” band with (dark) and 
without (light) veto rejection taken from the neutron detector at the smallest angle 
with respect to the beam. 

The shape of the spectrum is compatible with a gamma background up to 
approximately 6 MeV, and a high-energy peak. It has to be stressed, 
however, that at energies of 10–15 MeV there is a considerable (10–20%) 
uncertainty in the pulse height calibration. Application of the veto detectors 
has a strong effect on the intensity of this peak, indicating light charged 
particles. Ion selection and halo reduction conditions lower the peak by an 
order of magnitude. The only candidates thus may seem to be delta electrons 
from the target, or pions produced in the heavy ion collisions. 

On closer inspection neither of these explanations proves satisfactory. 
The intensity of the delta electron spectrum falls off with energy, without 
any high-energy peak. Pions could produce a peak in two ways. They can 
have a very high energy and be close to minimum ionizing, thus depositing a 
similar amount of energy in the detector independently of their actual 
energy. Such high-energy pions can be produced using a 4.25 GeV 17O
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beam, but the cross section is expected to be very small. Most pions should 
instead come from nucleon-nucleon (NN) interactions within the colliding 
nuclei. In this case, however, the available energy is much lower, despite the 
Fermi motion that lowers the pion production threshold in nuclear collisions. 
If on the other hand, the pions are stopped in the detector, and thus produced 
at the recorded energy, when corrected for the losses between the detector 
and the target, again one has to identify a mechanism that so strongly favors 
an energy close to the NN threshold. 

A more reasonable hypothesis is instead that these “electron” events are 
actually caused by high-energy protons. Unfortunately no data was found in 
the literature on such pulse shape signatures in NE213, but it seems 
reasonable to assume that the closer a proton comes to becoming minimum 
ionizing, the more electron-like will its signature be. As discussed in section 
A.1.3.2, the amount of energy that 250 MeV protons, produced by projectile 
fragmentation, deposit in the detector is compatible with the location of the 
peak. This is also supported by the time-energy correlation shown in Figure 
25. For comparison the energy should, of course, be converted to electron 
equivalents, even though one could argue that the low-energy formulae for 
the light output (see section E.3.2.1 and Figure 47) might need some 
corrections.

If this explanation is correct, it implies that at least this method of pulse 
shape discrimination gives some redundancy in eliminating high-energy 
protons that have pulse heights in the low energy tail of the peak that extends 
into the noise, and are difficult to remove by the veto detectors alone. 

A.2 Argon 

A.2.1 Excitation Energy 

A.2.1.1 Projectile excitation 
In order to calculate the excitation energy of the target nucleus, one must in 
addition to the kinetic energy of the scattered ion also know its excitation 
energy, as well as the recoil energy of the target. In the present experiment 
the momentum transfer to the target was very low, making it difficult to 
measure the recoiling nucleus. If required, detector systems such as the 
CHICSi time-of-flight telescopes [WES03] could be used for this purpose. 
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Projectile excitation is more complicated to handle. In the current 
experiment there is no way to measure it. What one can do is to eliminate 
such events by choosing a probe with no bound excited states. If such a 
projectile is excited in the reaction, it will decay by particle emission before 
it reaches the first dipole magnet 4.7 m downstream from the target. The 
heaviest stable candidate is 9Be. Its only drawbacks are toxicity and a high 
melting point, which slightly complicate the handling at the ion source. 

If one wishes to have a larger cross section for Coulomb excitation, both 
in absolute terms and with respect to direct reactions, heavier projectiles are 
required. As mentioned in section E.1, the ion selected for the CA01/CA44 
series of experiments was 17O, which has three bound excited states. 

Energy [keV] J  Life time [ps] Configuration  
0 5/2+ Stable ground state  

870.73 1/2+ 179.2 1p 2s½
3055.36 1/2- 0.08 4p-3h 20Ne(0+) 13C(½-)
3842.8 5/2- < 0.018 4p-3h 20Ne(2+) 13C(½-)

Table 4: Properties of bound states in 17O.

Only the highest of these has significant collective properties, and inelastic 
electron scattering data [MAN87, TIL93] shows that only this state is 
excited to any considerable extent in such reactions. The data also indicate 
that it carries just a small fraction of the total E3 strength. One can thus 
expect projectile excitation to be small, making 17O a suitable projectile for 
this type of experiments 

A.2.1.2 Resolution 
The dominant contribution to the resolution in excitation energy is due to the 
horizontal size of the beam at the target, and its value depends on the precise 
alignment of the electron beam in the cooler with respect to the ion beam. 
This was done using the magnesium jet beam profile monitor located at the 
beginning of the injection straight section. A reading is shown in Figure 33. 
The indicated beam width of 1.9 mm FWHM at this location was typical 
during the CA44 experiment. The scale has only a relative calibration, and 
does not give any information about the absolute position of the beam. The 
magnesium jet monitor was only accessible from the CELSIUS control 
system, and no data could be taken to tape. 
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Figure 33: Magnesium jet profile monitor scan during the argon experiment. From 
the CELSIUS log book. 

The stability of CELSIUS allows unmanned operation, but in this 
experiment the beam size was a critical parameter that needed continuous 
monitoring. This was accomplished by using the vertically sensitive silicon 
detector at the focal plane as an online beam profile monitor. Figure 34 
shows an ungated spectrum as it appeared in the online analysis, except for 
the position calibration of the x-axis. A subtraction of the halo suggests a 
beam size of around 2 mm FWHM. 

Calculations [RIN96] have shown that the size of the beam at the target is 
smaller than at the focal plane by a factor of two in the vertical and three in 
the horizontal plane. This would indicate a horizontal beam size of around 1 
mm at the target, contributing approximately 1.5 MeV to the resolution in 
excitation energy. This is an improvement by a factor of two compared with 
the CA01 experiments [RIN97b], and can be attributed to better online 
monitoring of the beam and improvements in the operation of CELSIUS. 

Other contributions to the resolution are the strip width, where each 
covers an interval of about 0.5 MeV, and projectile excitation. Due to its 
very close proximity to the detector, the effects of angular straggling in the 
window of the focal plane cylinder is negligible. 
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Figure 34: Position spectrum from the vertically position-sensitive silicon detector, 
as it appeared online. 

The best estimate of the excitation energy resolution, including the results 
from section A.2.2, is 2.0 ± 0.5 MeV. This should be compared with the 3.5 
± 0.5 MeV quoted for CA01. 

A.2.1.3 Calibration 
The calibration of the excitation energy scale is based on both calculations 
and measurements. Since no major changes had been made to CELSIUS 
between the CA01 and CA44 experiments, and the beam energy was the 
same on both occasions, the original calculations of Likar and Ringbom 
[RIN96] remained valid. 

Recent preparations for a future experiment, using a silicon beam and 
hydrogen and deuterium targets, which will have a similar arrangement for 
the detection of fragments at small angles, prompted interest in new 
calculations. A program previously used by Tegnér [TEG] for modeling the 
part of the ring between the target and the first dipoles was extended up to 
the detector position at the injection straight section. As a cross-reference, 
calculations were performed by Murin and co-workers [MUR] with the 
beam and tune of CA44. The results were in agreement with those obtained 
previously, showing a dispersion corresponding to just above 0.5 MeV per 
mm. In this calculation, however, the position of the beam did not exactly 
coincide with the center of the beam pipe at the location of the focal plane 
telescope.
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Figure 35: Position spectra from the horizontally position-sensitive silicon detector 
for neutron thresholds of 10, 13, 16, and 19 MeV. 

The experimental calibration was done using the beam position monitors 
discussed in section E.3.1.4, and by setting conditions on the neutron energy. 
Figure 35 shows four in a series of silicon position spectra, summed over 
several neutron detectors, where a threshold in neutron energy (from time-
of-flight) is moved successively higher. The minimum excitation energy 
then corresponds to the sum of this threshold and the neutron separation 
energy. By plotting these values versus the position on the detector, as in 
Figure 36, a calibration curve can be established, indicating a value of 0.49 
MeV per mm, which is in agreement with the calculation within the 
uncertainties.

Figure 36: Excitation energy calibration curve. 
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The detector position with respect to the center of the beam tube was 
calibrated before the experiment. The correction for the position of the beam 
in the tube can be obtained from the beam position monitors (see section 
E.3.1.4) Figure 20. This shows that 6.87 m upstream of the detector position 
the beam was at +11.5 mm (beyond the center of the beam pipe on the 
outside of the ring), and 2.25 m downstream it was at –0.5 mm. From this 
follows that at the detector position the beam is approximately 2.5 mm 
outside of the center of the beam tube. 

A.2.1.4 Corrections and results 
The measured excitation energy spectrum has to be corrected for two 
important effects: spectrometer acceptance and neutron multiplicity. Since 
little had changed between the CA01 and CA44 experiments in terms of the 
magnetic performance of the spectrometer or installed equipment, the results 
from the same Monte Carlo simulation were used for acceptance 
determination. They are presented in Figure 37. It worth noting that over the 
region of interest in this experiment, i.e., 15 < Ex < 35 MeV, the corrections 
due to limited acceptance are very small. 

Figure 37: a: Magnetic spectrometer acceptance as a function of excitation energy 
for two assumed angular distributions of scattered ions from the target (illustrated in 
b). 

For the study of the giant resonance channels, an understanding of the 
neutron multiplicity is important. In direct reactions, on the other hand, most 
of the excitation energy is transferred to a single nucleon that immediately 
escapes the nucleus and no such correction is required. The latter is also true 
for the resonance part at low energies. Above the two neutron threshold, 
however, the probability of detecting one of the neutrons from the statistical 
decay of a giant resonance (see section A.2.3) is enhanced in proportion to 
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the number emitted. The average multiplicities of neutrons with energies 
higher than 1 MeV (the threshold set in time-of-flight) were calculated using 
the computer code EvapOR [BEE93]. The result is shown in Figure 38 
together with the uncorrected excitation energy spectrum, summed over all 
neutron detectors.  

Figure 38: Excitation energy spectrum with argon as target (left panel), and neutron 
multiplicity (right panel) calculated with EvapOR for J = 2 using level density 
parameters according to Dilg et al. [DIL73]. 

This raw spectrum is used in the further analysis to extract weights for the 
statistical model calculations in section A.2.3.2. In order to obtain the true 
excitation energy spectrum, the efficiency of each detector, depending on its 
threshold (see Figure 43), has to be applied to the Ex – En matrix (see section 
A.2.2.1) before summing the Ex-axis projections. 

A.2.1.5 Results from literature 
The excitation energy spectrum of 40Ar was observed before the CA44 
experiment. It was measured by a test setup for the CA01 experiment using 
an 16O beam [RIN96]. It had considerable structure and peaked around 18 
MeV. This energy coincides with that expected for the two giant resonances 
most strongly excited by Coulomb excitation, namely the isoscalar giant 
quadrupole resonance (ISQR) and the isovector giant dipole resonance 
(IVDR), although it is slightly lower than could be expected from 
systematics [BER75] for the latter. 
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Figure 39: Experimental inelastic spectra for the 40Ca + 40Ca reaction at 50A MeV 
for different angles, showing primarily the ISQR. From [CHO95] with permission 
from Elsevier Science. 
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In the mass region around A = 40 the E2 (ISQR) strength starts to be 
fragmented, but there is still a concentration of strength around 18 MeV. 
Figure 39 shows data for 40Ca [CHO95], where the whole structure between 
12 and 20 MeV is interpreted as belonging primarily to the isoscalar 
quadrupole resonance (ISQR). Since properties of giant resonances vary 
slowly with A and Z, the interpretation of results can be expected to apply to 
40Ar as well. 

At higher beam energies one would expect stronger IVDR excitation, 
despite the lower charge of our projectile. In 40Ar the isospin splitting of the 
IVDR is large, with several MeV between the two components. This 
splitting and the fragmentation of the ISQR make it difficult to disentangle 
the contributions of the different multipolarities without measuring the 
angular distribution of the scattered projectiles. This cannot be done at 
CELSIUS using the current setup that has a limited angular acceptance cone 
of ±0.6° (in the lab frame). 

In view of this, and since the fitting procedure previously used for xenon 
[RIN97] was deemed too unreliable for argon, it was decided the CA44 
experiment would focus on studying the upper part of the excitation energy 
spectrum rather than to include the lower part of the giant resonances. This 
explains why the spectrum in Figure 38 starts just below the peak of the 
resonance.

A.2.2 Missing Energy 
Since not all of the outgoing particles from a reaction are detected in this 
experiment, the missing energy is an important quantity. If only one neutron 
is emitted, and binding energies are taken into account, it identifies the state 
in the daughter nucleus to which the intermediate states (giant resonances) 
decayed, or the residual hole state after a neutron was knocked out. Whether 
one wants to understand the structure of a giant resonance by looking at 
individual semi-direct decay channels, or to study the details of a direct 
process, good resolution in missing energy is essential. While not yet able to 
resolve individual states using the basic technique pioneered in CA01, the 
improvements in this area are perhaps the most significant in the CA44 
experiment. 
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Figure 40: The Ex – En matrix for the neutron detector at 10º with argon as target. 

 

A.2.2.1 Ex – En Matrix 
A natural way to approach the missing energy is through the excitation 
energy versus neutron energy matrix. An example of such a matrix for the 
detector at the smallest angle from an argon run is shown in Figure 40. On 
the diagonal one can see neutron decay to the ground state and low-lying 
states in the daughter nucleus, in this case 39Ar. The band contains 
contributions from both knock-out and semi-direct processes, where a 
neutron is emitted from resonant states before the initial 1p-1h configuration 
spreads into 2p-2h, and even more complex ones (see section T.2). The 
statistical decay of the resonance appears in Figure 40 at low excitation and 
neutron energies, with a continuum extending up in excitation energy. One 
might speculate that just above (in terms of excitation energy) where the 
ground state band merges with the statistical distribution, there is an excess 
of events that could be attributed to pre-equilibrium emission. Excited states 
in the daughter nucleus are located parallel to the ground state band at lower 
neutron energies. The matrix is good at visualizing the areas of interest, 
which is important for selecting cuts, but a more detailed study requires a 
projection. 

 

A.2.2.2 Transitions to low lying states  
Plotting the missing energy, corrected for the neutron separation energy, is 
basically to make a projection on the diagonal of the Ex – En matrix 
perpendicular to the Ex = En (+ Bn) line. In order to see individual states, a 
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perpendicular to the Ex = En (+ Bn) line. In order to see individual states, a 
cut has to be made that removes the statistical part. The resolution in missing 
energy depends on both the neutron and excitation energy resolution. It is 
also very sensitive to precise calibration of each detector. A band in the 
matrix that is not parallel to the Ex = En line, or slightly bent, will have a 
large impact on the resolution. A selection of missing energy spectra from 
detectors at various angles is shown in Figure 41.  

Figure 41: Missing energy spectra from detectors at angles of (upper row) 10º, 15º, 
and 52º, and (lower row) 81º, 89º, and 101º, for excitation energies between 20.2 
and 35.4 MeV, and neutron energies in the 8.9 – 25.5 MeV range. The vertical lines 
below 4 MeV indicate missing energies corresponding to low-lying final states in 
39Ar. The line at 6.6 MeV is located at the 2n threshold. 

It is interesting to compare this figure with the 40Ar(p,d)39Ar data taken at 
35 MeV by Tonn et al. [TON77] shown in Figure 42. 

Figure 42: 40Ar(p,d)39Ar spectrum measured at a proton energy of 35 MeV and an 
angle of 6º showing low-lying final states. Taken from Tonn et al. [TON77] with 
permission from the American Physical Society. 
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Note that high channel numbers in the latter correspond to low excitation 
energies, with the ground state around channel 850. The positions of the five 
lowest lying states in 39Ar are indicated in Figure 41. While the resolution in 
our experiment, performed at 4.25 GeV, is not quite sufficient to resolve the 
individual states, the overall picture seems compatible with the Tonn data. 
Especially interesting is the fact that almost all the neutron intensity falls 
within the range between the ground state and the state at 3.277 MeV, which 
is the highest one having significant (p, d) cross section. Since one can 
expect that hole states strongly populated in pick-up reactions would also be 
strong in the knock-out spectrum, these similarities support the view that a 
large fraction of the high energy neutrons originate from direct processes. A 
more detailed discussion of the knock-out calculations will follow in section 
A.2.3.5.

The random background in Figure 41 is small due to the strict limit on 
neutron energy, which corresponds to a short time-of-flight window. 
Nevertheless, a Monte Carlo calculation was made to give it the proper 
shape, assuming an excitation energy and time independent background, at 
least over the duration of the window. 

When constructing a neutron angular distribution, our resolution makes it 
possible to make a selection on the transitions to the ground state, or at least 
the first few states. This condition, which is a polygon in the Ex – En matrix 
that does not have all sides parallel to the axes, is in general stronger than 
independent limits on the two parameters. A comparison will be made in 
section A.2.3.4. 

A.2.3 Neutrons 

A.2.3.1 Efficiency 
In this experiment the requirements on the understanding of the detector 
efficiency were dictated by the need to relate measured neutron spectra to 
those calculated using a statistical evaporation model. The uncertainty in the 
determination of the absolute cross section was dominated by other factors 
(see section A.2.3.4). 

The efficiency determination for the EDEN neutron detectors was made 
using the Monte Carlo code NRESP7 [DIE91, DIE82], which is part of the 
same package as the GRESP7 that was used for pulse height calibration. The 
parameterization of Olsson et al. [OLS94] was used again. Figure 43 shows 
the results. The series of curves correspond to different thresholds. Note that 
the fine structure of the curves reflects variations in the carbon cross section. 
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Figure 43: Efficiency for the EDEN neutron detectors as function of neutron energy. 
The curves correspond, from top to bottom, to thresholds of 0 keVee, 60 keVee, 210 
keVee (1 MeVpe), and 390 keVee.

A.2.3.2 Statistical model calculations 
To distinguish between the statistical and (semi-) direct parts of the neutron 
time-of-flight spectrum, model calculations (see section T.2.2) were 
performed using the computer codes CASCADE [PÜH77, HAR83] and 
EvapOR [BEE93]. The latter was used as a crosscheck, and to determine 
which decay channels were most important. No individual levels were given 
in EvapOR, even though such an option exists, and the default Dilg [DIL73] 
level density parameters were used. The resulting yields of residual nuclei 
for a selection of energies are summarized in Table 5, which also shows the 
average neutron multiplicity. The use of level densities by Gilbert and 
Cameron [GIL65] produced similar results. 

In the CASCADE calculation for 40Ar, individual levels were used for 34S
(below 5.5 MeV), 35S (3.5 MeV), 36S (4.6 MeV), 37S (1.2 MeV), 37Cl (4.3 
MeV), 37Ar (3.95 MeV), 38S (2.5 MeV), 38Cl (1.65 MeV), 38Ar (5.52 MeV), 
39Cl (1.0 MeV), 39Ar (2.5 MeV), and 40Ar (3.5 MeV). The level properties 
were taken from the ENSDF database [ENSDF]. Above these energies, the 
level density was described by continuous functions. For the six most 
important of the nuclei above, i.e., those corresponding to the , pn, 2n, p, 
and n channels as well as 40Ar, individual level density parameters were used 
instead of the default values. 
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Ex
[MeV] 

34S
2n

35S
n

36S 37Cl
p 2n

37Ar
3n

38Cl
p n 

38Ar
2n

39Cl
p

39Ar
n

40Ar n
multi

15   4.1     0.44 95.4 0.015 0.95 
20   8.01   0.01 37.6 2.45 51.9 0.021 1.27 
25  8.8 3.94 0.36  2.14 74.4 2.52 7.85 0.004 1.67 
30 0.97 15.5 0.62 1.45 0.61 8.02 70.8 0.62 1.27  1.71 
35 6.12 12.9 0.12 10.1 22.5 6.63 40.0 0.14 0.24  1.98 

Table 5: Yields (%) of residual nuclei and neutron multiplicities from 40Ar decay (J
= 1) obtained by EvapOR calculations using the default Dilg parameters. 

The parameterization that is used by the CASCADE program, is that of 
Dilg et al. [DIL73] made for the mass region 40 < A < 250. Literature 
studies revealed, however, a more recent work by Huang, Grimes, and 
Massey [HUA00] that was aimed at the mass region 20  A  41, which was 
more suitable for our purposes. Since the Grimes parameterization is slightly 
different, see equations A.5 (Dilg) and A.6 (Grimes) below, a re-fit of the 
Grimes values to Dilg form was made in the region of interest. The results 
are presented in Table 6. 
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36S 38Cl 38Ar 39Cl 39Ar 40Ar
Grimes, a/A 4.28 4.45 4.45 4.53 4.53 4.62 
Grimes,  1.5 -1.8 1.4 -0.9 -1.2 0.6 
Dilg, a/A 4.12 4.30 4.28 4.37 4.37 4.44 
Dilg,  1.93 -1.24 1.89 -0.33 -0.62 1.16 

Table 6: Level density parameters from [HUA00] converted to the expression used 
by Dilg et al. (equation A.5). 

The range of the fit was defined on the lower side by the individual levels in 
that particular nucleus, and on upper side by a cutoff set at 17.5 MeV, which 
is approximately equal to 60/A1/3. By default, this is the start of an 
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interpolation region that extends up to 120/A1/3 MeV. For higher energies 
CASCADE uses the liquid drop model [MYE74]. 

Calculations were made at energy intervals of 0.5 MeV. Figure 44 shows 
energy spectra for J = 1 states of the compound nucleus at excitation 
energies of 20 and 30 MeV folded with the neutron detector efficiency. At 
the highest neutron energies one can see transitions to individual low-lying 
states. EvapOR results, based on the input described above, are also 
included.

Figure 44: Neutron energy spectra for J = 1 states of the compound nucleus 
calculated with CASCADE (shaded) and EvapOR (smooth line), at excitation 
energies of 20 MeV (left) and 30 MeV (right). Both spectra have been folded with 
the neutron detector efficiency using a 100 keVee threshold, and normalized to one. 

For comparison with data, we chose to correct the calculated spectra for 
detector efficiency instead of applying the correction to the data itself. The 
spectra were then summed over the appropriate excitation energy interval, 
where the sum was weighted by a fit to the experimental excitation energy 
spectrum. This procedure smears out the peaks corresponding to transitions 
to individual levels, producing a smooth, nearly Maxwellian distribution. 
Ideally one would like to add the contributions from all resonances, but as 
can be seen in Figure 45, the spectra for the L = 1 (IVDR) and L = 2 (ISQR) 
cases are similar, and precise knowledge of their respective strength is not 
essential. Finally, the calculated spectra were transformed into the time 
domain, as this somewhat unusual approach appeared to be the most suitable 
way to present the data. 
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Figure 45: CASCADE spectra for L = 1 (IVDR) and L = 2 (ISQR) summed over the 
energy range 20 < Ex < 35 MeV, with weights from the experiment, and folded with 
the neutron detector efficiency using a 1 MeVpe threshold. The L = 2 spectrum is 
shaded. 

Figure 46: Calculated statistical neutron spectra shown in the time domain together 
with experimental data from neutron detectors at angles of 10º (upper left), 52º 
(upper right), 89º (lower left), and 101º (lower right). Excitation energies in the 20 – 
35 MeV range were included. The threshold was set at 1 MeVpe. The error bars 
indicate only statistical uncertainties. Note that all spectra from the CASCADE 
calculation use the same normalization, and were not fitted to the each detector 
individually. 
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A.2.3.3 Threshold and upper cutoff 
Due to drifts during the experiment, it was found that the best threshold 
determination was made by simply fitting the corrected CASCADE 
distributions to the statistical part of the experimental neutron time-of-flight 
spectrum. The threshold calculations were made in steps of 10 keV, and 
since our focus was mainly on the high-energy part, an uncertainty of a few 
tens of keV was acceptable. Figure 46 shows that the agreement between the 
calculated statistical distribution and the data is reasonable. 

A more important issue was the possible need for an efficiency correction 
due to an upper cutoff in some detectors, since events giving an overflow 
signal in the ADC recording the pulse height had to be discarded. The reason 
for this was that without proper pulse shape discrimination no unambiguous 
determination of the particle type could be made.  

Figure 47: Deposited energy vs. the energy obtained from time-of-flight in neutron 
detectors at angles of 10º (upper left), 52º (upper right), 89º (lower left), and 101º 
(lower right). Conditions include 17O ions on the focal plane, a 2-strip halo reduction 
cut, and veto rejection. 
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A complication in this respect was that the response of the EDEN 
detectors for large pulse heights was not in perfect agreement with equation 
E.2. The light output was not fully linear, and smaller than expected. This 
issue was never fully resolved, but since the determination of the cutoff was 
the only part of the analysis that required a precise calibration of the upper 
part of the pulse height range, it was not considered to be of critical 
importance. The solution was to establish the location of the cutoff by 
inspection in each detector. In a plot of the deposited energy vs. the energy 
obtained from time-of-flight, neutron events should lie below the diagonal, if 
the conversion of electron to proton equivalent pulse heights (equation E.2) 
is correct. 

Looking at Figure 47, where the overflows are included, as exemplified 
by one of the selected detectors, one sees that the maximum deposited 
energy does fall somewhat below the diagonal at high energies. However, 
since this means that the actual cutoff value is higher than it seems to be, one 
can conclude that little efficiency is lost in the relevant energy range as long 
as the high-energy (upper right) corner of the neutron distribution is not 
really cut. 

Figure 48: Fast neutron peak at angles of 10º (upper left), 52º (upper right), 89º 
(lower left), and 101º (lower right). 

A.2.3.4 Angular distributions 
The statistical part of the neutron spectrum showed little angular 
dependence. The recoil velocity was negligible, and neither beam nor target 
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was polarized. This can be seen in Figure 46, where the same calculated 
curve fits the data in all detectors without any individual normalization. 

The experimental angular distributions of the fast neutrons were extracted 
in two ways. The first used a gate in missing energy on transitions to low-
lying states. The second was to subtract the calculated statistical distribution, 
as well as random background, from the neutron time-of-flight spectra, and 
then integrating over a certain time range. Figure 48 shows the fast neutron 
peaks obtained using the subtraction method, and Figure 49 the 
corresponding neutron angular distribution. 

Figure 49: Experimental differential neutron cross section for argon under the 
conditions 20 < Ex < 35 MeV and 8.5 < En < 24 MeV. 

Only statistical uncertainties are shown in Figure 49. Much more 
important are the systematic errors. Discussions in sections A.1.4 and 
E.2.3.2.1 point out problems with large background and scattering chamber 
window placement, especially at small angles. 

In the CA01 experiment no information about the beam current was 
stored on tape, and cross sections could not be measured directly. One could 
thus only determine the ratio of fast versus statistical neutrons. By 
calculating the cross section for Coulomb excitation of the giant resonances 
involved, a rough estimate could be given for the cross section [RIN97]. In 
CA44 it was decided to perform an absolute measurement of the differential 
cross section. 

The value of beam current was provided by the CELSIUS control system 
as a frequency that was fed to a scaler. This was read out once per buffer, 
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and interpolation was done for each event. This high sampling frequency 
made sure that the uncertainty of the current measurement itself was not 
increased. Since each 15 min cycle had a unique number, and the time within 
the cycle was recorded (see section E.3.1.3), not only an average current was 
obtained, but also a correlation between the even rate and beam current 
could be established for any subset of the data (see Figure 18 and Figure 19). 

The precision in the measurement of the integrated beam current is not 
the only source of uncertainty when making an absolute cross section 
measurement in a storage ring. Equally important the determination of the 
target thickness and the overlap between beam and target, which can give an 
effective target thickness that deviates from the nominal value given in 
section E.3.1.2, due to the beam hitting off-center. Since the target thickness 
was increased, but not re-measured, before data taking. The value used is 
thus based on previous experience of what could be expected at that pushing 
pressure. The actual value could, however, differ due to for instance more 
effective clustering. 

We estimate that the combined uncertainty of the current, the target 
thickness, and the overlap is less than a factor of three, which should be 
regarded as a systematic uncertainty in the normalization of the differential 
cross section in Figure 49. Other quantities, including the (neutron) detector 
efficiency and experimental geometry, are much better known. 

A.2.3.5 Knock-out calculations 
The formalism used to describe the knock-out reaction is presented in 
section T.1.2 For practical applications, the code needed three important 
inputs; a model for the n – 17O interaction, the neutron bound state wave 
functions, and the corresponding spectroscopic factors. 

The neutron – projectile interaction, which is the 17O(n, n)17O reaction at 250 
MeV in inverse kinematics, was calculated with Raynal’s DWBA98 
program [RAY98] using an optical potential (see section T.1.1.3) with the 
following parameters 

V = 18.78 MeV  R0 = 1.31 fm a0 = 0.770 fm 
 WS = 9.67 MeV RW = 1.257 fm aW = 0.694 fm 

VSO = 2.49 MeV WSO = -1.87 MeV RSO = 1.023 fm aSO = 0.600 fm 

The parameters are based on Nadasen’s measurements of proton scattering at 
180 MeV [NAD81]. 
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The bound state neutron wave functions and their Fourier-Bessel transforms 
(see T.1.2) were calculated using both a harmonic oscillator and, in the case 
of argon, a Woods-Saxon potential. The choice of potential did not have a 
large impact on the resulting differential cross sections. 

Finally, the spectroscopic factors were obtained from pick-up reactions, and 
based on the latest evaluation by Endt and Firestone [END98]. Unfortunately 
the various experiments, presented in Table 7, leave a considerable 
uncertainty as to the precise values. 

Energy
[keV] 

n l j Sj
used

Sj
(p,d)

Sj
(pol d,t) 

Sj
(3He, )

0 1f7/2 2.4 2.4 1.3 2.0 
1267.2 2p3/2 0.2 0.2 0.14  
1517 1d3/2 3.2 3.2 2.01 3.21 
2092 1f5/2 0.017 0.026   
2358 2s1/2 1.1 1.1 0.85 1.07 

2631.6 2p3/2 0.016 0.016 0.04  
2829.9 2s1/2 0.024 0.024   
3061 1f7/2 0.11 0.11   
3277 2s1/2 0.19 0.19   
3350 1d 0.29 0.26   
3379 1d3/2 0.15 0.15   
3892 1d 0.27 0.30 0.28  
5417 2s1/2 0.0 0.05   

Table 7: Spectroscopic factors for bound states in 39Ar.

The (p, d) column indicates results by Tonn et al. [TON77], the (polarized d, 
t) is from measurements by Sen et al. [SEN75], and the (3He, ) data are 
from Wiza et al. [WIZ72]. The paper by Tonn in turn quotes (p, d) data by 
Johnson and Griffiths [JOH68] and Whitten as quoted in [JOH68]. As 
indicated in the table, we decided to use the (p, d) results. The small 
deviations from the Tonn figures depend only on whether one interprets the 
d states at 3350 and 3892 keV as d5/2 or d3/2. One result that may seem a little 
surprising in the Tonn data is that the spectroscopic factor for the first f7/2
orbital is as high as 2.4, despite the fact that it is located in the next major 
shell. In the (3He, ) measurement, this value was arbitrarily normalized to 
2.0. This is also compatible with the (pol d, t) data that, however, seem to 
have a normalization that is too low. We use the higher value, but 
calculations show that this choice has limited influence on the results. It was 
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instead the contribution from the 1d3/2 level that had the largest impact on the 
angular distribution of the knocked-out neutrons, and on this point the data 
from the different experiments seem to agree well. 

Figure 50: Calculated differential cross sections for argon under the conditions 20.2 
< Ex < 35.4 MeV and 8.9 < En < 25.5 MeV using Woods-Saxon bound state neutron 
wave functions. 

Calculated differential cross sections for argon are presented in Figure 50. 
The conditions on excitation and neutron energies are the same as in the 
experimental spectrum shown in Figure 49. One can see that while there is a 
general agreement between the two, the calculated distribution is flatter. Our 
interpretation is that this is largely due to fact that the absorption was 
neglected. This is a good approximation for light nuclei, whether used as 
target and projectile, but may not be sufficiently accurate for the 40Ar – 17O
system. Here some kind of cutoff for the lower partial waves and small 
impact parameters would probably be required. Other aspects of the model 
may also play a role. Since there are no data for elastic neutron scattering on 
17O at this energy, the calculation modeling that interaction may not be fully 
reliable, giving a bias toward high momentum transfers (i.e. large angles) in 
the final spectrum. Other possible improvements of the model would include 
a Coulomb interaction between the projectile and the target nucleus, and 
perhaps a final state interaction between the residual nucleus and the 
knocked out neutron. 

Even though an improved model may give a better fit to the data, there 
seems to be no possibility at the moment to find a model independent way to 
determine the ratio of neutrons coming from the direct (knock-out) and semi-
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direct (giant resonance decay) branches, where one would expect a less 
forward-peaked neutron distribution. The current model does, however, 
clearly show that at least a major part of the fast neutrons can be understood 
as coming from direct reactions. It is also very useful for a comparison with 
xenon, and correctly predicts a flatter neutron angular distribution for that 
nucleus (see section A.3.3). 

A.3 Xenon 
The analysis of the xenon data followed the same procedure as for argon. 
The following description will therefore only focus on the differences 
between the two data sets, and present the results. 

A.3.1 Excitation Energy 
There were two major calibration differences between the argon and xenon 
data.

The position of the beam inside the beam tube was not the same 
Data was taken at two different positions of the focal plane 
detector

The first point meant that while the dispersion of the spectrometer remained 
the same, the offset was different. The beam position monitors indicated that 
on this occasion the beam passed the detector within a millimeter of the 
geometrical center of the beam pipe. 

The reason for taking data at two detector positions was primarily that the 
previous measurements on xenon had covered an excitation energy region 
between 12 and 36 MeV. In addition, due to the lower target thickness 
during the xenon run, it was possible to move the focal plane telescope from 
the standard position at 30 mm to 20 mm from the center of the beam pipe 
without getting an excessive singles rate. This corresponded to 
approximately a 5 MeV difference in excitation energy, and was especially 
useful during the initial part of the run. The disadvantage was less data in the 
20 < Ex < 35 MeV range, upon which the neutron angular distributions from 
the CA01 experiment [RIN97] were based. 

The excitation energy spectrum that could be constructed from the xenon 
data set was generally compatible with the CA01 results, but had much 
larger uncertainties. Considering the sensitivity of the fitting procedure 
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involving several resonances and a direct component, it was concluded that 
no improvement on the previous data was possible. 

 

A.3.2 Missing Energy 
The general improvement in missing energy determination discussed for 
argon, was a benefit for the xenon analysis as well but to a smaller extent. 
The reason for this is that natural xenon consists of a mixture of isotopes 
with different neutron separation energies. 

 
A 124 126 128 129 130 131 132 134 136 
% 0.096 0.09 1.92 26.4 4.1 21.2 26.9 10.4 8.9 
Bn  10.47 10.055 9.607 6.908 9.256 6.605 8.935 8.547 8.06 

 
Table 8: Abundances of stable xenon isotopes and their neutron separation energies 
[MeV]. The average binding energy, weighted by the isotopic abundance, is 7.81 
MeV. 

 
In part this is compensated for by the fact that the level density is higher than 
in argon close to the ground state. Most of the single hole states in the least 
bound orbitals fall into this region. Figure 51 shows the Ex – En matrix for a 
neutron detector at 89 degrees, in which it is possible to distinguish a band of 
transitions to low-lying states in the daughter nuclei. 

 
 

 
Figure 51: The Ex – En matrix for a detector at 89º with xenon as target. 
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The missing energy spectra from CA01 [RIN97] were presented in a 
somewhat different way. Due to the mixture of isotopes, the missing energy 
was simply defined as Emiss = Ex – En.

Figure 52: Missing energy spectra from CA44 for detectors at angles of (upper row) 
10º, 15º, and 52º, and (lower row) 81º, 89º, and 101º, with 14.2 < Ex < 28.3 MeV 
and 5.2 < En < 21.7 MeV using the xenon target. 

More importantly, all neutron energies were included for each excitation 
energy interval, even if such low energies could only be reached by the 
forming of deep hole states, or by emission of more than one neutron. The 
spectra are thus dominated by statistical decay, and it is not easy to identify 
the ground state. Figure 52 shows xenon spectra from CA44 and Figure 53 
similar spectra from CA01.  

A.3.3 Neutrons 
There were few differences in the analysis of the xenon neutron spectra 
compared with the argon data. The statistical model calculations were done 
for 129Xe, 131Xe, 132Xe, 134Xe, and 136Xe. The summed results were weighted 
by their relative abundance. Individual levels were used for xenon isotopes 
with masses between 128 and 136. For excitation energies below 60/A1/3

MeV the Dilg [DIL73] level densities were used. These choices were partly 
motivated by the wish to reproduce the calculation from CA01, and partly by 
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the fact that channels where charged particles are emitted are strongly 
suppressed by the Coulomb barrier. 

Figure 53: Neutron and missing energy spectra from CA01 in five excitation energy 
intervals. No condition is set for the neutron energy. 

A.3.3.2 Knock-out calculations 
Making the knock-out calculations for xenon was somewhat more 
complicated than for argon. The reason was that spectroscopic factors had 
been measured only for the first three levels of 136Xe. The evaluation by 
Sergeenkova and Singh [SER98] of the (p, d) data of Sen et al. [SEN72] and 
(d, t) data by Schneid and Rosner [SCH66] are shown in Table 9. 
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Energy [keV] n l j Sj

0 2d3/2 3.8 
290 3s1/2 1.6 
530 1h11/2 11.2 

Table 9: Spectroscopic factors for the first three states in 135Xe [SER98]. 

All these Sj values are close to 2j+1. It was assumed that this was the case 
not only for the deeper hole states, but also that 136Xe was a good model for 
all the stable lighter xenon isotopes. As a first order approximation, the 
spectroscopic factors could then be scaled by a factor of (N-50)/32, i.e., the 
relative neutron population in the N = 50 – 82 shell. 

Calculations for individual orbitals in 136Xe (d3/2, s1/2, h11/2, g7/2, d5/2)
showed that the s-contribution to the differential cross section was small. 
The g and h orbitals, which had the largest spectroscopic factors and 
contributed most, peaked at zero degrees. 

Figure 54: Calculated differential cross section for 136Xe under the conditions that 20 
< Ex < 35 MeV and 5 < En < 20 MeV using harmonic oscillator bound state neutron 
wave functions. The cross sections for other isotopes behave in a generally similar 
way (with up to 10% lower magnitudes), slightly depending on the choice of 
spectroscopic factors. 
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The h distribution had a small minimum around 80º, but showed only 
slight variation (5% difference between maximum and minimum values) in 
the 40º to 110º range. The g-contribution fell monotonously, but changed 
little (< 20%) over the same interval. The d state distributions had the 
strongest angular dependence, peaking between 50 and 60 degrees. They had 
the largest influence on the detailed behavior of the calculated cross section 
shown in Figure 54. 

In the xenon calculations only harmonic oscillator bound state wave 
functions were used. Results from argon had shown that this had a relatively 
minor effect on the final result. If absorption had been taken into account it 
would have emphasized the part near the surface, perhaps increasing the 
difference with respect to Woods-Saxon wave functions. 

Figure 55: Neutron time-of-flight spectrum from CA01 for a detector at 57º at a 
distance of 62 cm from the target before (a) and after (b) pulse shape discrimination 
for excitation energies between 20 and 35 MeV. 
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A.3.3.3 Angular distributions 
As was the case for argon, the neutron angular distributions were extracted 
by integration in the neutron time-of-flight spectra after subtraction of 
background and the statistical part. The spectra for CA01 and CA44 are 
shown in Figure 55 and Figure 56 respectively. 
The most apparent differences are perhaps that the CA01 spectrum retains a 
distinct gamma peak despite the use of pulse shape discrimination, and has 
significantly lower background (see section A.1.4). The fast neutron peak is 
clearly visible in all spectra. 

Figure 56: Neutron time-of-flight spectra from CA44 detectors at angles of 10º 
(upper left), 52º (upper right), 89º (lower left), and 101º (lower right), for excitation 
energies between 14 and 28 MeV. 

The angular distribution measured during the CA01 experiment is 
presented in Figure 57. It shows two ranges of neutron energies: 2 – 4 MeV 
(upper panel) and 5 – 20 MeV (lower panel). The excitation energy is in both 
cases 20 < Ex < 35 MeV. This window in the Ex – En matrix corresponding 
to the lower panel, however, does not cover the band due to knock-out from 
orbitals in the outermost shell very well, even if one takes into account the 
spread in binding energy between various isotopes (see Table 8) and 
excitation energies of orbitals with significant spectroscopic factors. The 
dashed lines are not fits or calculations, but “guides for the eye”. 
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Figure 57: Neutron angular distribution from CA01 under the condition that 20 < Ex
< 35 MeV. The upper panel shows, as expected, an isotropic distribution of the 
statistical neutrons. The lower panel indicates a forward-peaked distribution for a 
higher neutron energy range. The lowest energy for neutrons that are knocked out 
from the outermost shell is, however, higher than indicated by the neutron gate due 
to the high lower limit on the excitation energy. 

A distribution from CA44 corresponding to the lower panel of Figure 57 
was extracted using excitation energies between 14 and 28 MeV. It is shown 
in Figure 58. The error bars indicate only statistical uncertainties. The 
discussion of the systematic errors from section A.2.3.4 is equally valid here. 
Distributions for 20 < Ex < 35 MeV were also studied, and showed a 
generally similar behavior. The new measurement does thus not seem to 
support the guiding lines in Figure 57. It does, however, follow the trend of 
the knock-out calculations for xenon, which predict a rather featureless 
angular distribution that is considerably flatter than for argon. It should be 
noted, however, that such a distribution is not incompatible with the previous 
results, especially if one assumes that the uncertainty was somewhat higher 
than indicated in the figure. 
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Figure 58: Neutron differential cross for xenon from CA44 under the condition that 
14 < Ex < 28 MeV and 6 < En < 21 MeV. 
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Conclusions

Within the work presented in this thesis, the technique of using the 
CELSIUS storage ring as an internal spectrometer in heavy ion scattering 
experiments has been refined, the results of previous measurements checked, 
and new ones obtained. 

In the experiment a beam of 250A MeV 17O ions was scattered from argon 
and xenon targets. It confirmed the large excess of fast neutrons compared 
with statistical model calculations that was observed earlier for xenon, and 
found it for argon as well. It therefore seems reasonable to assume this to be 
a general phenomenon in nuclei. Analysis and calculations show that a 
considerable fraction of these neutrons can be interpreted as coming from 
direct knock-out reactions, as was suggested earlier [RIN97]. When 
comparing the cross section data from the experiment with those obtained in 
the knock-out calculations, the latter seem to account for only a minor part 
of the observed cross section. It should be remembered, however, that the 
systematic uncertainties in the experimental data are large and the precision 
in the calculations is limited. In addition, knock-out is not the only process 
taking place that gives rise to fast neutrons, although for instance semi-direct 
decay of giant resonances cannot be expected to be the dominant 
contribution. 

The angular distributions do not support the suggestion of using fast heavy 
ion scattering as a probe for the study of the neutron skin in nuclei. While 
the basic idea that a heavy projectile tends to sample the neutron wave 
function near the surface of the nucleus is sound, the measured neutron 
distribution is not as distinct as the previous CA01 experiment suggested. 
This makes it difficult to distinguish direct reactions from other channels, 
such as semi-direct decay of giant resonances. Knowledge of this branching 
ratio would, of course, also be of great value for learning about the 
properties of the giant resonances themselves, but such information is 
difficult to achieve in a model-independent way. 

This is not to say that more advanced models could not improve the 
understanding of the current data. Most critical is perhaps a good description 
of the absorption of the projectile on the target nucleus accounting for other 
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reaction channels besides neutron knock-out. This is particularly true if one 
would want to draw conclusions about the neutron skin, considering how 
rapidly the wave functions fall off near the surface. 

The improvements in the experimental methods have made the concept of 
using a storage ring as an internal magnetic spectrometer attractive for a 
wider range of experiments. Another collaboration [MUR] plans to include 
part of the CA44 equipment in their set-up designed to study the scattering 
of a 28Si beam off hydrogen and deuterium (neutron) targets and to measure 
charged particle production cross sections in reverse kinematics. 

As a follow up to the CA01 series of experiments, CA44 represents 
improvements in several critical areas. The most important is perhaps that 
the missing energy resolution is now almost sufficient to distinguish 
individual states in the daughter nucleus following a direct reaction or semi-
direct decay of a giant resonance. 

The collaboration with KVI further allowed the use of the EDEN neutron 
detector array, which improved both the angular coverage and granularity. 
The positioning of the detectors at a greater distance from the target gave 
better neutron energy resolution. 

The enhanced excitation energy resolution was due to improved operating 
methods, and better diagnostics made possible by a redesigned focal plane 
telescope. The changes also made it more reliable and easier to operate, 
allowing optimal use throughout the experiment. 
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