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SUMmmary

The proton-nucleus elastic scattering at intermediate energies is a well-established
method for the investigation of the nuclear matter distribution in stable nuclei and

was recentlyv also anhaﬂ for the investication of radioactive nuclei usinog the method
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of inverse kmematms

In the current experiment the differential cross section f
tering on the isotopes “%*%**%**Be and °B was measured. The experiment was
performed at GSI, Darmstadt. The beams of exotic nuclei were produced via frag-
mentation of a primary beam (*2C or '®0) and separated by means of the GSI
fragment separator (FRS). The main part of the experimental setup was the time
projection ionization chamber IKAR which was simultaneously used as hydrogen
target and a detector for the recoil protons. The trajectories of the projectiles were
determined by a set of multi-wire proportional chambers placed two in front of IKAR
and two after it, respectively. Several scintillator detectors placed throughout the ex-
perimental setup were used for Z-identification of the projectiles and for the trigger
signal. As compared to the experiments on investigating the neutron-rich He and
Li isotopes, performed with similar setup, there were several improvements. The
experimental setup was build in a different experimental hall where better trans-
mission of the radioactive beam from FRS was achievable which leads to higher
intensity beams. Multi-wire proportional chambers with individual strip read-out,
which gives better resolution as compared to the ones used in previous IKAR exper-
iments, were used. Different trigger logic was applied which resulted in more events
written to tape.

As results from the experiment the absolute differential cross sections do/dt
as a function of the four momentum transfer ¢ were obtained. In this work the
differential cross sections for elastic p-'?Be, p-"*Be and p-®B scattering at low t
(t < 0.05 (GeV/c)?) are presented.

The measured cross sections were analyzed within the Glauber multiple-scattering
theory and the nuclear matter density distributions and radii of the investigated iso-
topes were determined. For deducing the density distributions, the cross sections
were calculated within the Glauber theory using various parameterizations of the
density functions. As a first approach phenomenological density distributions were
used and their parameters were fitted to the experimental cross sections. In a more
model independent analysis the density distribution was expanded on a basis of
Gaussian functions (Sum of Gaussian analysis) and the free parameters were also
fitted to the experimental data. In this case no constraints on the shape of the
nucleus are made a priori.

The analysis of the differential cross section for the isotope *Be shows that a
good description of the experimental data is obtained when density distributions
consisting of separate core and halo components are used. The parameterizations
SF, GG, GO and GH give the best description. The results imply the existence of
a halo structure in the isotope “Be with a possible configuration of a '?Be core and
two valence neutrons. The determined rms matter radius is 3.11 + 0.04 + 0.13 fm.
Consistent results are obtained when assuming a structure of °Be core and four
halo neutrons for Be.

In the case of the 2Be nucleus, a good description of the experimental data is



obtained with the GG, GO, GH and SOG parameterizations. The results showed
an extended matter distribution for this nucleus as well. The halo consists of two
valence neutrons around “Be core. For this nucleus a matter radius of 2.824-0.03 &
0.12 fm was determined. An interesting result is that the free 12Be nucleus behaves
differently as compared to the core of **Be and is much more extended than it.
Preliminary experimental results for the isotope 8B are also presented. The
density distribution was parameterized with the GG, GO and GH functions. An
extended matter distribution was obtained (though much more compact as compared
to the neutron halos). A proton halo structure was observed for the first time with

the proton elastic scattering method. The deduced matter radius is 2.60 £ 0.02 £
0.26 fm

V.LU 1111,

The density distributions from microscopic theoretical calculations were used as
................
then compared to the experimental data. Microscopic densities calculated within the
FMD (Fermionic Molecular Dynamics) model and in a few-body calculation were
used. The calculated cross sections describe the experimental data relatively well
and the calculated densities are close to the ones deduced from the present analysis

for the cases of “Be and 8B. In the case of 2Re bigo‘pr discrenancies are obhserved.
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A significant contribution of intruder states from the sd shell to the structure of
the '>14Be nuclei was confirmed. In the case of '2Be the the sd intruder states play
important role for the N = 8 neutron magic number disappearance. The provided
experimental data can be used as an input to theoretical calculations to further
investigate the shell breaking and the clustering effects.

The results obtained in the present analysis are in most cases consistent with pre-
vious experimental studies of the same isotopes with different experimental methods
(total interaction and reaction cross section measurements, momentum distribution
measurements). In the case of the ?Be isotope slightly larger matter radius than
the previously measured one was determined.

The EXL project within the NUSTAR project at the future accelerator facility
FAIR proposes a new universal detector system for studies of light-ion induced re-
actions. The EXL detector setup will be installed at the new experimental storage
ring (NESR) where reactions of radioactive beams with internal gas targets can be
studied. The FAIR facility provides high intensity radioactive beams and the usage
of storage ring techniques increases further the luminosity which is very important
for experiments with rare isotopes. The proposed setup will allow, among others,
the investigation of the nuclear matter distribution of exotic nuclei in regions of the
nuclear chart not accessible with present techniques. Within this thesis a feasibil-
ity study of the EXL setup was performed using a stable **Xe beam. Detectors
representing all the major systems of EXL were installed in the ESR at GSI and
tested. Check of the achievable luminosity was performed and different reaction
channels were separated. The results from this test experiment were promising and
the feasibility of the setup was confirmed.
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1.1 Measuring nuclear sizes and shapes

The nuclear structure of stable nuclei is fairly well known and the existing nuclear
models are able to describe the properties of such nuclei in most cases with reasonable
accuracy. At the same time, when going away from the valley of stability, the
predictions of the theoretical models in most cases deviate substantially from the
experimental results. In the last decades, since radioactive beams became available,
the major interest has been focused on performing experiments with exotic nuclei,
which expand the knowledge about nuclear structure and the results can be used to
test and improve the predicting power of various theoretical models.

The size and radial distribution of the nuclear charge and matter receive con-
siderable attention as these are fundamental properties of the nuclear many-body
system. The theoretical models attempting to describe the nuclear system have
as basic parameters, among many others, the size and the shape of the nucleus.
Thus, it is not surprising that physicists keep their interest in determining these
observables.

Many methods have been developed to study the nuclear density distributions of
stable nuclei. Standard methods for probing the charge density and radius are the
elastic electron scattering and the isotope shift measurements of X-rays from muonic
and electronic atoms [1]. To obtain the charge densities, electromagnetic probes are
used and thus, precise information about the distributions can be obtained due to
the fact that the electromagnetic interaction is very well known. Using (e,e) elastic
scattering, experiments at low and high momentum transfer were performed and the
charge densities of stable isotopes were extensively investigated. The charge densities
of some exotic nuclei were also investigated by isotope shift measurements using laser
spectroscopy. The charge radii of the He [2] and Li [3] isotopes were determined and
recently also the charge radii in the "% Be isotopes [4] were investigated. The
12Be and *Be isotopes are still not investigated due to the limited production rate
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adron elastic Qcatterind and total cross section measurements
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provide information about the nuclear matter density distribution [1]. Additionally,

from the momentum distributions of the fragments from break-up reactions the
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rms nuclear matter radii can be determined. In this case. due t

77105 11uUiTQL 11iuu

a 'n'nrr\\nm ate

[eBS IR VAVARVIVIViw B S S S 8 8 L L1l UiinS UGwdT, < v M VALLLGUT

knowledge of the nucleus-nucleus interaction and the reaction process, relatively
large uncertainties in the results are present. Besides, the hadron elastic scatter-

transfer due to the increasing
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replacing p(r) with the corresponding density.

In general, the density distributions (1.1) have non spherical components which
should be included when complete information about the nuclear sizes and shapes
is sought. The discussion in this thesis is restricted only to spherical density dis-
tributions and some experimental methods to derive them, in particular for exotic
nuclei.

The basic and relatively easy method used for determination of the nuclear mat-
ter radius of unstable nuclei is the measurement of the total interaction cross section
o7 which is defined as the total cross section for nucleon removal from the incident
nucleus [5]. At intermediate energies the effective radius (interaction radius) for the
nucleus-nucleus collision can be defined in a simple geometrical picture as:

o1 = (R, + R, (1.3)

where R, and R, are the interaction radii of the projectile and target nuclei, re-
spectively. The separability of the projectile and target radii assumed in the above
equation can be proven by performing measurements with different targets. Us-
ing Glauber-type calculations, the interaction radius is connected to the root mean
square radius Ry, [5].

!Throughout this work point density distributions are regarded (in a point distribution the
nucleons are regarded as point-like particles and are assumed to have no intrinsic density distri-
bution). To obtain the real (folded) radius it has to be folded with the size of the nucleon. The

relation between the folded and unfolded radii is: \/< T?olded > = \/< Tinfolded >4 <2 >

2The first moment corresponds to the root mean square radius (rms)
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The momentum distributions of the fragments from break-up reactions give in-
formation about the nuclear size and the spatial extent of the valence nucleons. The
width of the transverse momentum distribution of the valence nucleons is related to
the spatial extent and the binding energy of the valence nucleons around the core

agreament with +the 11meertaintv nrinecinle [X]
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The wave function of the valence nucleon/s at large distances is of Yukawa type
and has the form (1.4) with R being the w dth of the potential [5].
'27\\ \F el _\ e
v(r) =1 — (1.4)
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The inverse decay length x determines the siope of the density tail and is related to
the nucleon/s separation energy S, via:

K= ——" , (1.5)

7 ,

where 1 is the reduced mass of the system. From this wave function the density
distribution can be written a

The momentum distribution of the valence nucleon is given by the Fourier trans-
form of the nucleon wave function (1.4) and is equal to:

1 2
f(p) = Clm s with hQKJQ = Z (17)
where (' is a normalization constant and p is the Cartesian momentum of the nu-
cleons and I' is the FWHM of the momentum distribution. Conclusions about the
spatial extent of the tail in the nuclear density can be made as this transformation
directly reflects the Heisenberg uncertainty relation — narrow momentum distribu-
tions correspond to large radii and vice versa.

With these relations, the properties of the valence nucleons are deduced from the
experimentally measured momentum distributions and the rms radius of the nucleus
R,.,s 1s calculated via:

n’ 1 2w

Lo (1.8)

< R*>= =
apsS, 282 17

Such calculations are only true for valence particles with orbital angular momenta
[=0,116].

More detailed information about the structure of the nucleus can be obtained
via measuring the differential cross section for proton elastic scattering. The inter-
mediate energy proton elastic scattering is a well-established method for studying
the structure of stable nuclei [7] and was recently successfully applied for the in-
vestigation of the radioactive isotopes of %®*He [8, 9, 10] and ®*!'Li [11] (Fig. 1.1).
This method allows for deducing not only the rms radius of the nucleus but also
the nuclear matter radial density distribution. A big advantage of the method is
that at intermediate energies (~1 GeV) the elastic scattering process is very well
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Figure 1.1: Excerpt of the nuclear chart for the light isotopes. Stable nuclei
are marked in black, in blue are the 3~ -radioactive isotopes and in pink — 37-
radioactive ones. Candidates for halo nuclei are indicated. The isotopes studied
in the present experiment are marked with red.

understood and there exists a theory, namely the Glauber multiple-scattering the-
ory, which connects in a straightforward way the measured differential cross section
and the matter density distribution.

The Glauber multiple-scattering theory describes the differential cross section
for elastic scattering based on the assumption that the eikonal and the adiabatic
approximations are valid (for details see Chapter 4). The differential cross section
is expressed through the free nucleon-nucleon scattering amplitudes folded with
the nucleon density distribution. The approach is similar to the description of
optical diffraction. The advantage is that relatively small systematical uncertainties
are introduced from the theoretical model because the experimental values for the
free nucleon-nucleon scattering amplitudes, which are fairly well known, are used.
This model also takes into account multiple scattering of the proton in the nucleus.
Depending on the choice of parameterization for the nucleon density distribution
model dependent or independent results are obtained.

Experiments on cross section measurements at low energies also provide impor-
tant information about the nuclear structure but they have the disadvantage that
the nucleon-nucleon interaction at these energies is not well known and in medium

effects and potential scattering make the theoretical interpretation of these data
difficult.

1.2 Halo nuclei

Already with the first experimental studies of nuclear radii (e.g (o, «) scattering
experiments made by Rutherford) it was discovered that the nuclear radius is con-
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nected to the mass number A to a good approximation by the relation:
R = ryA'/3 (1.9)

with rg ~1.2 fm. When the first secondary radioactive beams were produced at
BEVALAC, LBL3, Berkeley, Tanihata et al. made systematic measurements of the
total interaction cross sections for various nuclei in 1985 [12, 5]. The results showed

nnexnectedlv laroe values for the cross sections for some verv neutron-rich nuclei
y e Tor SS Tor ver 1

1expectedly large values the cross sections some very neutron-rich nucle
which differed substantially from the standard relation (1.9). This phenomenon has
been explained as due to an extended nuclear matter distribution consisting of a
compact core surrounded by a low-density halo of loosely bound valence nucleon/s.
Nuclei with such structure are called halo nuclei. The most famous example of
a halo nucleus is the isotope "Li (Fig. 1.2). This nucleus has a halo radius of
5.98(32) fm [11] which is almost equal to the matter radius of ***Pb (6.58 fm [7]),
even though the latter has about 20 times more nucleons. In the case of halo nuclei,
the nuclear radii differ substantially from the classical formula (1.9). In Fig. 1.1 the
halo nuclei which are subject of investigation in the last decades are shown on the
chart of the nuclides.

208 pp 1

Figure 1.2: Schematic view of the density distributions of the nuclear matter
for stable nucleus (?°*Pb) and extremely neutron-rich nucleus (*'Li) [13].

The nuclear halo is a quantum effect and is explained as a result of the com-
bined impact of the small binding energy of the valence particle/s and their low
angular momenta (I = 0,1) [14, 15, 16, 17|. To distinguish a halo from other spa-
tially extended system two constraints must be fulfilled. First, the total many-body
wave function must have a cluster structure, so that a core and one or more halo
components can be found. Second, a large part of the wave function for the halo
particles must be in the classically forbidden region outside of the nuclear potential
(normally, a probability of at least 0.5 is assumed as a large part).

The density distributions of nuclei far from stability are generally not very well
known. For the understanding of the nucleon-nucleon interaction the description of
these nuclei is of high importance as it can test the theoretical models for asymmetric
nuclear matter and its isospin dependence. Of special interest are the so called

3Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, CA, USA
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Borromean® halo nuclei (which are composed of a core plus two valence neutrons)
where the nucleon-nucleon correlations play an important role and can be exclusively
studied.

1.3 Motivation

The nuclear matter density distributions and the nuclear matter radius are im-
portant parameters in the description of the complicated relations among the con-
stituents of the nuclear matter. Microscopic models which describe the density
distributions permit to study the interactions between the nucleons. Nowadays,
these calculations are limited to the lightest nuclei with A < 12. Thus, experimen-
tal investigation of the nuclear structure of heavier exotic nuclei is very important
for expanding the knowledge about the nuclear matter and its correct theoretical
description. The aim is to have a model which can describe “normal”’ as well as
exotic nuclei in the same framework.

The experiments with exotic nuclei are challenging because of the specific tech-
niques required due to the low intensity with which the nuclei are produced and their
short lifetime. First of all, it is impossible to make a target of short-lived nuclides,
therefore, the experiments must be performed in inverse kinematics. In this case
a beam of radioactive nuclei is produced and it interacts with a stable target (in
the case of the present experiment with a hydrogen target). This requires some ad-
vanced experimental techniques. Second, the secondary beams of radioactive nuclei
have low intensity which demands longer data taking and/or very thick targets and
large detection solid angles, and for some of the experimental methods even makes
it impossible to perform the analysis due to insufficient statistics. Very effective at
low momentum transfer measurements is the use of an active target which provides
a full solid angle coverage and a relatively thick target with low detection threshold.
For halo nuclei investigations this is of particular importance, as the low momentum
transfer region is sensitive to the halo part of the nucleus and also can be almost
exactly theoretically described as the nuclear density of the halo is very small which
makes the in medium nuclear effects and the contribution of the multiple scattering
small or even negligible.

The isotope Be is known to be a Borromean two-neutron halo nucleus. Its halo
structure was first discovered in interaction cross section [19] and fragments’ mo-
mentum distributions [20] measurements. The low two-neutron separation energy
(S2,=1.34 MeV) which is a condition for the existence of a halo is also observed.
Later, experiments on total reaction |21] and interaction |22| cross sections measure-
ments confirmed the halo structure. The halo configuration of Be is accepted to
be Be core plus two valence neutrons but a configuration with four halo neutrons
also cannot be excluded. In a number of theoretical calculations the wave functions
of the valence neutrons were studied |23, 24, 25|. The effects of a low-lying v1s,/,

4The Borromean rings are the heraldic symbol of the Borromeo family, which can be found
carved on their castle on an island in Lago Maggiore in Northern Italy. The three rings are
interlocked in such a way that if any of them were removed, the other two would also fall apart [18].
The 3-body quantum analog is one where the 3-body system is bound, but where none of the two-
body subsystems are bound, hence, the name of the Borromean halo nuclei.
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orbital [24, 25] on the structure of the nucleus and the clustering effects [23, 26]

were investicated. A considerable occunancy of the intruder orbital is exnected as
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compared to the standard sheli-model ordering where the neutrons should be on the
v0ds/, orbital. Several experiments were performed to study this structure which
gave controveraial raciilta ahaiit +he amain + of mivinge 27 92 90 2Nl Fynerimantal
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information about the matter density distribution will be useful to compare with
the theoretical calculations and get a deeper insight in the structure of the “Be
nucleus.

The nucleus '?Be is supposed to be the core of the halo nucleus *Be which

alone makes it 1nfpraqf1n6 pnnndh to qfnﬂv its structure. Another interesting aspect
g aspect

none m

the expected breakdown of the shell structure and disappearance of the N = 8
magic number for the neutrons. Details on the experimental investigations of the
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radius of ?Be have been also carried out [19, 20, 21]. Theoretical calculations which
study the mixing with the intruder orbitals from the sd shell also exist. Clustering
structure [34, 23, 26] or few-body structure with a ?Be composed from a '“Be
core plus two valence neutrons |25, 24] have been investigated as well. The valence
neutrons’ wave function depends on this structure and the size of the nucleus is
strongly affected, respectively. The mixing with the intruder sd configuration and
the relatively low two-neutron separation energy (Ss,=3.67 MeV) may lead, though
not to a Borromean halo, to an extended matter distribution. Additional information
about the density distribution, not only the matter radius will be very useful for a
better understanding of the structure of *Be.

One of the candidates for a proton-halo nucleus is ®*B. The experimental results
for its structure are somewhat controversial. Depending on the experimental method
and the energy of the incident beam different results are obtained. Measurements
of the total interaction and reaction cross sections at energies above ~ 140 MeV /u
did not give evidence for an extended matter distribution in ®B [35, 36, 37|, while
later measurements of total reaction cross section at 20-60 MeV /u were interpreted
as evidence for a long low-density tail in the density distribution [38]. The mea-
surements of the momentum distributions of the break-up fragments show narrow
peaks which also supports a halo structure [39, 40]. A proton halo has not been
investigated with small angle proton elastic scattering up to now and such study
will give important information about the structure of the ®B nucleus.

From the above considerations it is clear that the investigation of neutron- and
proton-rich nuclei is particularly important for the understanding of the nuclear
matter and the evolution of shell structure away from the (-stability and close to
the drip lines. In the present experiment the differential cross sections for small angle
proton elastic scattering on light exotic nuclei were measured in inverse kinematics.
The isotopes "101L1214Be and 8B (Fig. 1.1) were investigated with the main interest
focused on the very neutron-rich *Be nucleus, which is assumed to have a two-
neutron halo structure, the nucleus ?Be (supposed to be the core of Be) and the
proton-rich isotope ®B which is a candidate for a proton halo nucleus. The aim of
the work is to determine the nuclear matter density distributions of the investigated
nuclei which is one of their basic properties. In this thesis the experimental results
on the isotopes ?Be and *Be will be presented together with their theoretical
interpretation in the frame of the Glauber multiple-scattering theory. A comparison
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results for the nucleus ®B and their interpretations will be displayed as well.

At the future FAIR facility radioactive beams with high intensity (several orders
of magnitude higher than the one available in GSI) will be produced [41, 42]. Within
the EXL project for FAIR a universal detector system is being developed with the
purpose to study the structure of exotic nuclei via light-ion induced reactions {43, 44].
The EXL setup will be installed at the NESR at FAIR. The usage of storage ring

xrith carara 1 4+hanvatinal rnlan~cani
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techniques gnvmq the pnthﬂﬁ'v to ppr{"nrm hu)“]n ]umlnos1fv and low haﬁlz round
experiments. This setup can be also used to investigate matter distributions in nuclei
using proton elastic scattering 14 K] T+ hag the advan e that also heavy isotopes can
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be studied which is not the case with the present IKAR setup. With it only isotopes
up to carbon can be studied due to the increased multiple Coulomb scattering of the

ectiles which makes imnossible the determination of the scattering anoles with

ojec hich makes impo ination 1g angles with

'

the necessary accuracy and the increased energy loss of the projectiles in the detector
which hinders the high resolution measurements of the protons’ recoil energies.

To check the feasibility of the EXL detector setup a test experiment was per-
formed at the existing experimental storage ring ESR at GSI. Small solid angle de-
tectors representing all the systems in EXL were installed and the system was tested
with a stable 13¢Xe beam. Results from this experiment will be also presented.



The 5247 experiment was performed at the GSI (GSI Helmholtzzentrum fiir Schwer-
ionenforschung GmbH) accelerator facility (see Fig. 2.1) in Darmstadt [46], in two
runs in the years of 2005 and 2006. In this experiment, the absolute differential
cross sections for proton elastic scattering on the "%1%:11L12.14Be jsotopes and on 8B
at low momentum transfer (small scattering angles) were measured.

When it comes to experiments with exotic nuclei, fulfilling the experimental de-
mands is a challenging task and special experimental techniques have to be used.
As the exotic nuclei have very short lifetimes it is not possible to produce targets
from them. Thus, the method of inverse kinematics has to be used to perform the
experiment. This means that the roles of target and beam are interchanged and a
beam of the radioactive ions impinging on a stable target is used. The production
of radioactive beams itself is a complicated and challenging task and usually the
produced beams have relatively low intensity and may also contain contaminations
from other isotopes. The low beam intensity can be compensated with the use of
a very thick active target. The active target method (where the target medium is
simultaneously used as a detection medium) is particularly useful when the mea-
surement is performed at low recoil energies as there is no low energy cut off due to
events which could not leave the target to reach the detector. Another advantage of
the active target is the fact that it covers the full solid angle of interest. This makes
the active target method highly effective for the investigation of small angle proton
scattering in inverse kinematics with radioactive beams.

2.1 Beam production

For the radioactive beam production two primary beams were used. The 2C ion
beam was produced with the ECR ion source at the high-charge state injector (HLI)
and the *O was produced using the MEVVA (MEtal Vapour Vacuum Arc) source
which delivers high intensity beams (during the experiment intensities from 108 up

9
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Figure 2.1: GSI accelerator facility. The beam is accelerated in the UNILAC
and SIS accelerators. At the entrance of the fragment separator FRS it interacts
with a Be production target. The produced fragments are separated in the
FRS and the secondary beam of exotic ions is delivered to Cave C where the
experimental setup is placed.
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to 10'° part./s were used). The beams were accelerated to relativistic energies of
about 750 MeV /u with the UNILAC accelerator (UNIversal Linear ACcelerator) and
the heavy-ion synchrotron SIS (Schwerlonen Synchrotron) (detailed parameters for
the beam production are given in Table 2.1). Using the slow extraction mode, when
the desired energy is reached in the SIS, the beam is extracted during a time interval
from one to ten seconds, which results in a typical uniform structure of the beam
bunch. The beam is then directed to a beryllium production target with a thickness
8000 mg/cm? located at the entrance of the FRagment Separator (FRS) [47, 48].

5 NI nl Noaoradar | Qan [ Tty | (Vb oot
1 Lllllda].l)/ -’—’p’mma chl aucl, DClUILIU. Ligecy L1IIUCLI lby, UILILALLLL
beam | MeV/u | mg/cm? | beam | MeV/u | part./s | nation, %
769 2000 Be 700(8) 3300 0.3
12C 775 2700 *B 701(8) 2500 2.7
764 5000 ‘Be 700(8) 6000 0.5
745 - 19Be 702(8) 4700 6.5
762 5000 | TBe | 700(8) | 6000 15
B0 | 759 5000 | 2Be | 701(8) | 5600 1.1
744 1000 1Be 700(8) 3200 25

Table 2.1: Parameters of the primary and secondary beams and the produc-
tion setup. The degrader thickness is optimized for maximum secondary beam

intencitv and minimum contamination The nrimarv bheam enerov i chosen
;;;;;;;;;; Yy anda minimum contamination. 101e primary Deamnl energy 1s cnosen

such that the secondary beam energy at the center of the IKAR detector equals
700 MeV /u. The o of the spread in energies for the secondary beam is given
in brackets. In all cases the thinest possible degrader was used to reduce the
spread in energies.

At relativistic energies the reaction mechanism is considered to be “pure” projec-
tile fragmentation [49]. An advantage of this reaction mechanism at high energies
and using heavy-ion beams is that the reaction products are confined to forward
angles and have velocities close to that of the primary beam, which allows to pro-
duce good quality beams of radioactive nuclei. Depending on the impact parameter
projectile fragmentation occurs for peripheral collisions and multi-fragmentation in
the case of central collisions. The fragmentation is a two-step process described
by the abrasion-ablation model [49]. For a given impact parameter, the nucleons
which are located in the geometrical overlap of the two interacting particles are
called participants (Fig. 2.2). These are the nucleons which interact during the re-
action. The nucleons outside the interacting region are called spectators. After the
abrasion most of the participants leave the collision region. This process is fast and
occurs within 1072! s. The target spectators are nearly at rest while the projectile
spectators continue with almost the incident particle velocity. They constitute the
prefragments which further undergo statistical evaporation (ablation) of particles,
clusters or fission fragments. The second step is slow and takes about 1076 s. The
produced final fragments are then separated in the FRS.

The FRS is an achromatic magnetic forward spectrometer [50, 51]. It can sep-
arate all kinds of exotic beams in-flight by a combination of ion optic devices and
a passive degrader. The FRS facility consists of four 30° dipole magnets placed
symmetrically to a dispersive intermediate focal plane and a number of quadrupole
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and hexapole magnets (Fig. 2.3). The quadrupoles placed in front of each dipole are
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ing the field volume of the bending magnets. Quadrupoles placed after the dipole
magnets determine the focusing conditions at each focal plane. Hexapole magnets
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The isotope separation is based on magnetic analysis combined with energy loss in
matter (Bp — —AE — —Bp selection). Heavy ion beams with magnetic rigidity Bp
from 5 to 18 Tm can be analyzed by the device.

projectiie prefragment final fragment

target

Figure 2.2: Projectile fragmentation at relativistic energies. The particles
which are located in the region of geometrical overlap of the projectile and
target nucleus interact during the reaction (participants). The nucleons outside
the interacting region are called spectators. The final fragments have velocities
close to that of the incident beam particle.

The motion of a particle with momentum p in a magnetic field B is described by
the Lorentz force. Thus, for the particle motion the following equation is obtained:

Bp ==, (2.1)

where p is the radius of the trajectory of the particle and ¢ is its charge. The ratio
p/q is called magnetic rigidity and is characteristic for a particle with certain mass,
charge and velocity. At relativistic energies the fragments are fully stripped and
therefore ¢ = Ze, where e is the elementary charge. Their momentum is p = GyAuc

with 0 =v/c, v = \/1/(1 — 3?), u is the atomic mass unit and ¢ is the velocity of
light. In this case equation (2.1) transforms to
A B
o8P (2.2)
Z  [Brycu

In the first stage of the analysis isotopes with the same A/Z are selected, ac-
cording to Eq. (2.2). Heavy-metal alloy slits are used to remove the parts of the
beam with A/Z different from the selected one. An Al wedge degrader is placed at
the central dispersive focal plane F, of the FRS (Fig. 2.3). Isotopes with the same
magnetic rigidity which have passed the A/Z selection are focused on the same po-
sition of the energy degrader. They lose momentum in the degrader according to
their charge Z and mass A (Bethe-Bloch formula [52]). At the end a second stage
Bp selection is applied and the particles are separated according to their different
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velocities. The mean thickness of the degrader and the Bp settings of both separator
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Figure 2.3: Setup of the fragment separator ion optics. The path of the
projectiles with different A/Z ratio is schematically shown and the selection
is marked (with red the path of the selected ions is marked, in black are the
fragments which are separated with the Bp selection). On the A vs. Z plots
the isotopic composition of the beam after the target and at the end of the FRS
are shown. The size of the squares represents the corresponding intensity of the
isotope.

The simulation for the settings of the fragment separator and the optimization
for the beam production was done with the MOCADI program [53]. The program
calculates the transport of particles through ion optical systems and layers of mat-
ter. For each isotope simulations with different degrader thicknesses were done in
order to choose the one which gives the best values for the intensity of the primary
fragment and the contamination from other isotopes in the secondary beam. The
very exotic nuclei, as in our case, have larger fragmentation probability when in-
teracting with matter. Thus, a thinner degrader was necessary in order to achieve
higher transmission of the isotope of interest which leads to a not very “clean” sec-
ondary beam. Whenever it was possible no degrader was used as it makes the spread
in the beam energies higher (e.g. in the case of 1°Be). The quality of the isotope
separation as calculated from MOCADI is shown in Fig. 2.4. The example is for
the case of "*Be beam production. In this case the largest contamination from other
isotope was observed which is due to the fact that a very thin degrader had to be
used in order to obtain reasonable intensity for the “Be beam which has very high
break-up cross section. The produced secondary beams had intensities of several
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Figure 2.4: Beam composition and quality of the isotope selection obtained
with the MOCADI simulation. The settings for the FRS are chosen for the pro-
duction of *Beam. The sharp cuts of the ToF values are due to the acceptance
of the dipole magnets which is the limit in the simulation (in experiment the

limit is the resolution of the detector).

thousands particles per second (Table 2.1). The additional isotopes in the beam
were separated in the off-line analysis. In the simulation the energy of the primary
beam was chosen such that the energy of the secondary beam in the center of the
IKAR detector was 700 MeV /u for all isotopes. It is important to note that later in
the analysis of the experimental data the equivalent proton energies for the case of
“normal” kinematics are used. During the experiment about 10° elastic scattering
events for each isotope were collected.

2.2 Experimental setup

A schematic view of the experimental setup is shown in Fig. 2.5. The main part of
the setup was the time projection ionization chamber IKAR which was used as an
active target. Additionally, four multi-wire proportional chambers (MWPC) were
installed, two of them placed before IKAR and two after it. They were used for
tracking of the projectiles and determination of the projectile scattering angle. The
MWPCs were also used to adjust and monitor the beam profile and to determine
the positions of the chambers relative to each other. Between the first two and
the second two MWPCs there were bags filled with He gas used to minimize the
interaction of beam particles with matter and thus, reduce the multiple Coulomb
scattering. The energy loss in the three scintillators S1, S2 and S3 together with an
information about the time of flight between the S8 scintillator, placed at the end
of the FRS (see Fig. 2.1), and S1 were used for projectile identification. The signals
from S1, S2 and S3 were also used for a fast trigger signal. A VETO scintillator was
placed at the entrance of IKAR to limit the accepted beam size and was also included
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Figure 2.5: Schematic view of the experimental setup for small angle proton
elastic scattering on exotic nuclei in inverse kinematics. The central part is the
ionization chamber IKAR, simultaneously used as a gas target and recoil proton
detector. The four multi-wire proportional chambers MWPC1-MWPC4 deter-
mine the scattering angle of the projectile 65. He bags were placed between them
to reduce the multiple Coulomb scattering of the projectiles. The scintillators
S1-S3 and VETO are used for beam identification and triggering. The ALADIN
magnet and the position sensitive scintillator wall are used for break-up reaction
channels discrimination.
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in the first level trigger. At the end of the setup was the large acceptance magnet
ALADIN with a position sensitive scintillator wall placed after it. With their help
projectiles which undergo reactions on their path through the experimental setup
are discriminated using their different magnetic rigidity (~ A/Z ) and energy loss
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measurements could be performed.

Major change as compared to the previous IKAR experiments [8, 11| when the
neutron-rich He and Li isotopes were investigated is the fact that the experiment
was performed in Cave C (old experiments were made in Cave B) where much
better transmission from the FRS can be achieved and therefore higher intensity
secondary beams are obtained. Another difference are the used MWPCs. The read-
out of the current chambers was performed strip-wise and therefore better coordinate
determination was possible. The flash ADCs used to read the signals from IKAR
were also different with bigger word length and shorter time bit of 40 ns. An effect
which worsens the conditions as compared to previous measurements is the fact
that due to the higher charge of the projectiles there is a bigger contribution of
multiple Coulomb scattering when the beam passes through the setup which makes
the determination of the scattering angle 6, less accurate.

The next sections describe the construction of the detectors used in the experi-
mental setup, while detailed explanation of the procedure for the signal processing
and data analysis is given in Chapter 3.

2.2.1 Design and operating principle of the IKAR detector

The ionization chamber IKAR! is a cylindrically symmetric stainless steel gas de-
tector with a diameter of 70 cm and a length of 160 cm. It was developed in PNPI
(Petersburg Nuclear Physics Institute, Gatchina, Russia) [54, 55, 56]. It consists of
six identical ionization chamber modules (Fig. 2.6) placed perpendicularly to the
axis of the chamber which coincides with the beam axis. At the entrance and at the
exit there are semi-sphere shaped Be windows with thickness 0.5 mm and diameter
7 cm through which the beam passes. This shape was chosen in order to withstand
the high pressure at which the chamber is operated and tests with overpressure
were performed to check the reliability of the construction. During the experiment
the chamber was filled with a high purity Hy gas (less than 1 ppm? impurities)
with a pressure of 10 bar. For a safe operation of the chamber a special tent was
build around it which, in case of a leak, should lead the hydrogen gas out of the
building to prevent the build up of an explosive mixture. An emergency shutdown
of the high-voltage supply was included in case this happens. The high operating
pressure was necessary in order to achieve a reasonable target thickness and it was
constantly measured during the experiment with a high precision manometer. De-
pending on the recoil angle a target thickness of 7.513 mg/cm? (for 500 keV protons)
to 5.089 mg/cm? for 30 MeV protons was achieved. Even small amounts of electro-
negative impurities cause a noticeable electron loss on the electron drift path to the
anode due to adhesion of the electrons. This adhesion leads to deterioration of the

ITKAR — the name comes from the first letters of the Russian translation of “Ionization Chamber
for Hadron Scattering”.
21 ppm = 1 foreign particle per 10 H atoms
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Figure 2.6: The IKAR ionization chamber (Figure from [57]). In six indepen-
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dent sections of this detector the recoil energy Tg, the recoil angle fr and the
vertex point Z, are determined. (see also Fig. 2.7).

energy resolution and modification of the energy response. Therefore, high purity
gas is necessary to achieve precise measurements of the recoil energy and additional
correction for the electron adhesion has to be done. The fluctuation in the number
of ion pairs created by the proton has a negligible effect on the energy resolution of
the order of 0.1% [58, 54].

Each ionization chamber module is composed by cathode, grid and anode (Fig. 2.7).
The anode consists of two parts — inner anode A and outer anode B, all made from

grid (0 kV)

! potential Anode B
electrode
de B ' -15kV
anode ! Anode A
+10 kv+ T H cathode Anode A Aol

5 mg/cm
anode A F [

Be - projectile E

[

Figure 2.7: Structure of a single IKAR module with a typical scattering event
(left). All variables which can be determined with IKAR, namely the recoil
angle A, the recoil energy Tr and the vertex point Z,, are marked in the figure.
Scheme of one anode (right). Each anode consists of central anode A, the central
part of which is made of thin Al foil in order to reduce the matter with which the
beam interacts, and a ring anode B, which is common for each two neighbouring
modules. [57].

10
em | 40 cm ‘
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stainless steel. Anode A has a diameter of 194 mm with a central part made of
Al foil with a thickness of 5 mg/cm? to reduce the interaction of the beam with
matter. Anode B is shaped as a ring with inner diameter 206 mm and outer one
390 mm. Events which happen between the grid and the cathode which are placed
at a distance of 100 mm are detected. The distance between the grid and the an-
ode is 20 mm. The operating voltage is +10 kV on the anodes and -15 kV on the

Aaotb A Ao MA Tean +bha s bhan AF Alandbns dac walaticalsy crnall +ha Andlhndan o d +hA
Callucd 1 UUP LLIC 11UIllpcClL Ul CleUuloucy LClablVCly olllall, ULIC CaullLUCS allu Llic
B anodes are common for two neighbouring modules. The configuration of modules
2, 4 and 6 is shown in Fig. 2.7. Modules 1, 3 and 5 have a mirror configuration with
roaanoct to thic one (modiile giv ie the firet in heam divection) The reenil tracka
LUOPU\/U LU ullld uUllT \lllUUUJU O1IA 1D UL11IT 111DUL 111 vcailll ULLC\/UIULL} 4 11T 1C0UUll uviauns
corresponding to elastic scattering at small angles are almost parallel to the sur-
face of the electrodes As slows down, the proton ionizes the gas n the chamber

villiici vV uiiT TlLiTi

athode immediately after the

of the recoil proton Tk. The signal i c
ions and start to drift towards the

is i
collision when the electrons separate f
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anode nlate The anode sional annears first when the electrons drift throuch the
. gnal appears first when the electrons driit through the
grid.
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Figure 2.8: Monte Carlo simulation of the signals from elastic scattering events
in IKAR as a function of the energy Tx of the recoil proton. Anode A measures
full energy up to £, = 3.5 MeV and after that only energy loss as the range of
the proton becomes longer than the size of the anode. Up to energy 5.2 MeV
the track of the proton fits in the active region of anodes A and B together thus,
the sum of their signals gives the full proton energy. Above 5.2 MeV only the
energy loss is detected in IKAR.

For the energy calibration of the detector ! Am a-sources are used. On the
surface of each cathode two sources were evaporated and in addition in modules 5
and 6 sources were also placed on the grid. The comparison between the signals from
the a-particles placed on the grid and the cathode was used to control the amount
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of electrons lost due to adhesion on the impurities in the hydrogen gas (mainly O,
molecules).

The expected pulse-heights on the anodes A and B for elastic scattering events
as a function of the proton energy Tk are shown in Fig. 2.8. Protons with energy
less than 5.2 MeV are completely stopped in the active volume of IKAR. For an

enerov Tn - 3.5 MeV the range of the proton fits in the area of anode A and sienals
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appear only on it. For 3.5 < Tk < 5.2 the proton goes beyond the end of anode
A and its energy is given by the sum of the signals on anode A and B. For higher
energies the protons leave the active volume of IKAR and only the energy loss is
detected in both anodes. Besides precise energy measurement, the vertex point of

the interaction and the scatterine ancle of the recoil nroton can also be determined

Uil UL QU UiV Qaia vail SUQUUTL s QuilniC Ui vl 2 olil PV

with the IKAR detector.

2.2.2 Tracking detectors

The MWPCs determine the trajectory of the projectile before and after IKAR.
Hence, the scattering angle 6, of the projectile can be extracted. The baseline of
each couple of chambers is 113.5 cm. A schematic view of one plane of the MWPC
is shown in Fig. 2.9. Each chamber has two such planes, one in X and one in Y

—= signal 1

signal 2

anode

cathode 2

7z p

0.5 mm / £ Val

Figure 2.9: Scheme of one plane of a multi-wire proportional chamber. The
cathode strips are read-out in groups and the coordinates are determined using
the signal amplitudes.

direction. Each plane has two cathode layers and one anode with a 2 mm cathode-
anode gap. In the small chambers (MWPC1, MWPC2 and MWPC3), the anode is
made of 25 pm wires with spacing of 2 mm, while in the big chamber (MWPC4)
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the wires are 30 pum again with spacing of 2 mm. The last MWPC was made bigger
in order to provide acceptance for the scattered projectiles. The cathodes are made
of 50 pm wires with spacing 0.5 mm. In the small chambers each 5 wires of the
cathodes are shortcut and thus, the signal from them is read-out as from 2.5 mm
strip. In the big chamber MWPC4 each 6 wires are shortcut which corresponds to
a strip width of 3 mm. This is done to reduce the number of electronic channels
to be used. The charge on each strip is read-out and then the coordinates in the

chambers are determined hv analvzine the distribution of the Phargpq on the cathode

Liiiiii x1Qa y Liziiy

strips. The first three chambers have 64 strips in each plane while the last one has

86 strips. The windows of the chambers are made from mylar. The chambers are
filled with a mixture of 75 % Ar and 25 % (‘ﬂn oases and their working voltace is

11110 1Th a mixture of 431 Qi SIS Qaila UiilTis Vifiiig VUILQE

1.5 kV. Additionally to the tracking, the proportional chambers were used to adjust
and monitor the beam profile.

I 92 Cnhri
LekieD T

At the beginning of the setup there were two plastic scintillators S1 and S2 with
a thickness 1 mm (S1) and 2 mm (S2). They are designed relatively thin in order
to minimize the interaction with the beam and gave a fast signal for the trigger
(see Section 2.3). They were also used for projectile identification together with the
time of flight information from the S8 scintillator in FRS and S1 (see Section 3.1).
After the last proportional chamber a third scintillator S3 was placed. It was much
thicker than the first two (5 mm) so that a sufficiently good energy-loss signal was
obtained and isotope selection was possible.

At the entrance of IKAR a VETO detector was placed. It was a plastic scintil-
lator with 2 mm thickness and a hole with a diameter of 2 ¢cm in the center. The
signals were detected with two photomultipliers placed on both sides of the scintil-
lator to avoid loss of events due to the hole in the center. The purpose of the VETO
was to limit the size of the accepted beam and angular dispersion and thus to assure
that the accepted beam particles are on the axis of IKAR. It was important that
the scattering process happens at the axis or as close as possible to it. Otherwise,
the energy of the proton would not be determined with sufficient accuracy.

2.2.4 ALADIN magnet and the scintillator wall

The ALADIN magnet and the scintillator wall behind it were used to separate the
break-up events occurring along the experimental setup from the elastic and inelastic
scattering ones (Fig. 2.10). The chamber behind the magnet was not evacuated and
the scintillators were operated at atmospheric pressure due to technical problems
which did not allow the operation of the photomultipliers in vacuum. This lead
to an increased number of break-up events. The position sensitive scintillator wall
consists of two layers. Each layer is built by 96 plastic scintillators (BC408) with
a 2.5 cm width, 110 cm length and 1 cm thickness positioned in vertical direction
behind the ALADIN magnet. The distance between the two layers is about 5 cm.
Each scintillator bar is packed in black foil to exclude cross-talk. Each 8 bars are
packed together and have a common high-voltage supply. Additionally, a light guide
is connected to each scintillator with the purpose to test the system with a laser.
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to the first one in order not to miss events where the particle passes between the
bars and to increase the position resolution. The total active area of the detector

is 240x110 cm?®. The scintillator wall is placed at an angle 7° with respect to

the pernendicular to the beam direction so that the narticles hit the scintillators
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perpendicularly to the surface which makes it easier to determine the coordinate.
The signals from each scintillator are detected with two photomultipliers placed on

top and bottom of each bar. Via the energv loss in the scintillators the Pharga 7 of
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the projectile and the x position can be determined. The algorithm for recognizing
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Figure 2.10: The Large Acceptance DIpole magNet (ALADIN) and the scin-
tillator wall. The straight dashed line represents the trajectory of the projectiles
with magnetic field off. The solid line is the trajectory of an ion when a magnetic
field is applied.

For each isotope, before the actual data taking, a so called “sweep” run was made
to calibrate the scintillator detectors in the wall. For this purpose the field of the
magnet was changed from 0 to its maximum value of 1.66 T and thus, all possible
scintillator bars were illuminated by the beam.



22 CHAPTER 2

e ) 1_m _ L Ly

2.3 Electronics and data acquisition

The electronics scheme of the 5247 experimental setup is shown in Fig. 2.11. A two
level trigger logic was applied in order to write on tape only useful events which
have complete information from all detectors and are not affected by pile-up in
IKAR which was the slowest detector in the setup. In the first level a coincidence
between the scintillators S1, S2 and S3 together with an anti-coincidence with the
VETO detector was demanded (T1). The second level trigger contained a check for
the presence of a signal in IKAR in a combination with a pile-up protection scheme.

Thia A~ o contral nid (OTT) Hh o ennditi that +ha +imme hotwoon +hae
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current event and the previous one is at least 24 us. In case a particle comes in the
same time window after the current event it is counted as an EKR/LEKR? event.
Only in case the condition was fulfilled a second level trigger was produced which
gave the start to the data acquisition system (DAQ). The DAQ read the information
from the flash ADCs (FADC) for IKAR and the MWPCs as well as the signals from
all the scintillators, and also scaler values. The used FADCs had a signal length
of 32 us (800 channels). For the read-out of the signals from the MWPCs special
preamplifiers GASSIPLEX, developed in CERN, were used [60]. The scalers gave
information about the counts in S1, S2, S3, S8 and IKAR, and in addition a clock
with a 10 kHz frequency was also connected to it. During the read-out the DAQ sent
an inhibit signal to the scalers and they did not count during the dead time. With
this trigger conditions the system was working with an average dead time of about
50 %. The relatively big dead time was partly due to the not uniform structure
of the spills obtained from the synchrotron by slow extraction which lead to more
than one projectile coming in the 24 us window. For the data acquisition the GSI
system MBS (Multi Branch System) was used [61| and the online data monitoring
and analysis was performed with the Physics Analysis Workstation PAW [62].

3EKR - Event Killed by Rationer which comes in the 24 us window after a candidate event;
LEKR - also event killed by rationer but coming after an EKR event.
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Figure 2.11: Electronics scheme of the IIKAR setup. The first level trigger is
given by a logical AND from the signals of the scintillators S1, S2 and S3 in an
anti-coincidence with the VETO detector. The second level trigger is given by
the presence of signal in IKAR. The control unit (CU) provides pile-up protec-
tion as described in the text. (CFD means constant fraction discriminator.)
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3.1 Isotope identification of the projectiles

The secondary beam produced by the Fragment separator contains other isotopes
beside the main one (see Section 2.1). Due to this fact additional projectile identi-
fication is necessary. This is done off-line by using the information from the three
scintillators S1, S2 and S3 and also information from the FRS about the time-of-
flight (ToF) of the projectile. The start signal for the ToF measurement was given
from the scintillator S8 at the end of the FRS and the stop was given by a co-
incidence signal from S1-S2. The flight path is &= 40 m. Typical ToF for the Be
isotopes was 223 ns. In Fig. 3.1 the 2-dimensional plots of the energy loss in the
different detectors and the ToF for the case of a “Be beam are shown. From these
correlations the isotopes in the beam can be unambiguously separated. In addition
the energy loss in the scintillator S3 was used to make sure that after the target
the projectile has the same charge Z. The observed intensities are similar to the
expected ones (see MOCADI calculations — Fig. 2.4). Similar plots for the identi-
fication of the projectiles in the cases of '?Be and ®B beams are shown in Figs. 3.2
and 3.3, respectively. The isotope separation is done on event by event basis.

3.2 Tracking of the projectiles

The particles passing through the proportional chambers ionize the gas inside the
chamber which induces a charge on the chamber’s strips. The amplitudes of the
signals from the strips are used to determine the coordinates of the particles. When
the signal is produced by only one particle (Fig. 3.4(A)) the coordinate is calculated
using the center of gravity method for three strips [63]:

b
Aipaat1 T Airo + A1

X = W (imas — 0.5) + C4 (3.1)

25
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Figure 3.1: 2-dimensional AE plot from scintillators S1 and S2 (left), and from
the ToF and AE from S2 (right). Additionally, the energy loss in S3 (bottom
figure) was used to make sure that the projectile had the same charge Z after
the target. The given example is for the case of 1*Be beam. The Be nuclei are
clearly separated from the admixtures of ''Li which also pass through the FRS.

where W is the strip width, A, is the amplitude of the signal on the i strip and #,,44
is the number of the strip with maximal amplitude. When two particles are hitting
the detector at the same time, two different cases are distinguished (Fig. 3.4(B)).
Let S be the sum of the amplitudes from the three strips with highest values. In
case that the sum for the first particle is at least three times bigger than the same
sum for the second particle S; > 355 and their maxima are more than five strips
away from each other the same center of gravity method (as discussed above) is
used. This condition is applied in order to assure that the particle which coordinate
is determined is really the projectile. In case the sums of the amplitudes differ
less than three times it is not possible to determine which signal corresponds to
the needed projectile particle and which comes from background or noise and such
events were neglected. When the maximum of the second signal is closer than five
strips to the first one and S; > 355, the coordinates of the particles are found by
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Figure 3.3: Isotope identification for the case of B beam.

fitting the signals with a Gatti function I'y (\):

2
p(N) SO = K 1 — tanh?(Ky)\) A= T ,
Qa 1+ Kstanh?(Ks\) h

which gives the best description of the response of the MWPC [64]. The fitting

was done by using the induced charge method [63]. The variable A of the Gatti

function is given by the ratio of the distance x from the maximum of the signal and

the distance between the anode and the cathode h. The Gatti function is equal to

the charge density normalized to the total anode charge q,. The parameters K, Ks

and K3 depend on each other (see Eq. 3.3) and K3 is determined from the chamber
geometry:

(3.2)

Ko K3
Kl = 1/2 )
darctan(K;'™) (3.3)
s 1 1/2
Ky="(1--K
2= T K
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Figure 3.4: Proportional chamber signals. (A) Single signal. To determine
the coordinate of the particle it is analyzed with the center of gravity method
for three strips. (B) Double signal. The signal is fitted with a sum of Gatti
functions in order to correct for the influence of the small second signal on the
coordinate or the event is completely neglected from the further analysis (for
details see text).

All events where three or more particles are observed as well as the ones where
S1 < 35 were neglected. The parameters which were used for calculating the
coordinates are listed in Table 3.1. The position resolution of the MWPCs was of
the order of o = 150 pm.

H Chamber | N strips ‘ W, cm ‘ 4 | K3 H
Small 64 0.25 | 1.27135 | 0.75
Big 86 0.30 1.18 0.846

Table 3.1: Parameters for calculating the particle coordinates from the pro-
portional chamber signals using the Gatti function method.

In this way coordinates relative to the first strip in each chamber were deter-
mined. Then they were transformed to absolute coordinates with the zero position
determined with an alignment procedure using the direct beam. For this the beam
profiles of the direct beam in all planes of the MWPCs were used. Examples for the
8B beam at MWPC1 and MWPC2 are shown in Fig. 3.5. The center of gravity of
the beam was taken as the zero of the coordinate system. These beam profiles were
also used to control the beam quality during the run. From the absolute coordi-
nates the incoming and outgoing angles of the projectiles were calculated together
with the corresponding scattering angle 6, using simple geometry rules taking as a
reference point the zero determined from the alignment. In Fig. 3.6 the trajectory
of the projectile before and after the interaction is shown and the corresponding
coordinates measured with the MWPCs are marked (z; to x4 and y; to ys). The
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Figure 3.5: Beam profiles. The distribution of the coordinates of the beam
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of IKAR.
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absolute positions of the chambers, z; to z4, with respect to the exit window of the
beam line (defined as z = 0) were measured directly at the experimental setup. To
calculate the scattering angle the following trigonometric equations are used:

Ty — T3 To — I
tanf, = —

24 — 23 22— 21
y4 - y3 y2 - y]. (34)
Z4 — 23 22 — 21

0, = /62 + 62

The resolution for the scattering angle is determined by the position resolution of
the proportional chambers and the angular spread due to the multiple Coulomb
scattering of the projectiles. The resolution function for the case of *Be deduced
from the unscattered beam is shown in Fig. 3.7. The contribution of the multiple
Coulomb scattering to the uncertainty in this case is 0,,, &~ 0.49 mrad and the

tanb, =
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Figure 3.6: Geometry for projectile tracking and coordinate determination
necessary for calculating the scattering angle ;.
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Figure 3.7: Angular resolution function of the tracking system of MWPCs,
deduced from data on unscattered particles for the case of “Be beam. The
determined resolution is o,,s ~ 0.61 mrad including the multiple Coulomb scat-
tering and the resolution of the MWPCs.

total uncertainty including the position resolution of the proportional chambers is
Oms ~ 0.61 mrad.

With the information from the MWPCs the vertex point of the interaction can
also be calculated. The detailed description of the procedure is given in Appendix B.
This calculation has very big uncertainty and the values were not used for obtaining
the cross section. They were only used during the analysis to check the consistency
of the response of the different detectors in the setup (MWPC and IKAR).

The two-body kinematics for elastic scattering directly connects the scattering
angle of the projectile with the proton recoil energy:

m + (T, + M)sin?0s — cosbs/m? — M?sin?0;

(T, + m + M)? — T,(T, + 2M)cos?0; ’ (8:5)

Ty = T,(T, + 2M)
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where T}, is the recoil energy of the target nucleus, 7, is the energy of the projectile,

M is the mass of the nrojpnfﬂaj m, is the mass of the target nuclens and 4. is the
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scattering angle of the projectile (description of the scattering kinematics is given
in Appendix C). For all variables the values in the laboratory system are used.

3.3 Detection of the recoil protons

From the IKAR detector three types of signals are obtained (Fig. 3.8(A)). The
pulser signals were used to check the stability and linearity of the response of the
electronics section. The energy calibration and the correction for the adhesion of
electrons on the electro-negative impurities in the gas were obtained from a-particle

sionals Signa]q from the recoil nrotons from different reactions were recorded as
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well. It should be noted that the energy and the amplitude of the signals in IKAR
are not proportional as the shape of the signal depends on the angle between the
ionization track and the chamber axis. For example, the a-particles, which always
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Figure 3.8: (A) 2D correlation between the energy measured in the IKAR
detector and the amplitude of the signals. (B) Energy spectrum of a-particles
measured in the fifth module. An average energy resolution o = 60 — 65 keV for
the whole detector was obtained.

The ?*! Am source used for calibration in this experiment has an o-line with an
energy E, = 5486 keV. The starts of the a-signals were located in random positions
in the FADC spectra due to the fact that their appearance was not correlated with
the trigger signal starting the data acquisition. The energy scale was calibrated using
the cathode alphas. The dependence of the amount of ionization in the hydrogen
gas on the energy of the particle has been thoroughly investigated [65]. It has been
found that the charge on the anode is in good approximation a linear function of the
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recoil energy almost in the whole energy range (except for very low energies) but

this linear function does not g0 trouoh the zero of the coordinate svstem. The value
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of the energy where the cha,rge becomes zero (the linear function crosses the energy
axis) depends on the type of the ionization gas and for hydrogen it is -50 keV. This
has to be taken into account in the calibration. When using a-particles to calibrate
proton energies one should also take into account the different amount of ionization
produced by a-particles and protons with the same energy. When both effects are

taken into account the energy to which the Q1gn9] from the rv-pswﬁn]p has to be

VGAATLL 141U QUUUULLY uviiT CTlLiTl

calibrated changes according to the equation:

Qr
Ea,l - (Ea — To) —|— TO 5 (36)
TWa
where Ty = —50 keV, (J, and (Jr are the integrals of the signals from the a-particie

and the proton, respectively, and v = 0.992 is a coefficient to take into account the
different ionization produced from the protons and the a-particles. Thus, we get a
valiie B . — BERE2AN A kol for the cathade a-narticloa +o which tho onerov acale haa

value E,; = 5530.6 keV for the cathode a-particles to which the energy scale has
to be calibrated. Due to the fact that the a-particles are emitted isotropically from
the source and the distribution of the ionization along the track follows the Bragg
curve distribution, the center of gravity of the charge from their ionization track
effectively is not located on the cathode but at a distance R/3, where R is the range
of the a-particle in the gas. For this reason a correction of the energy E, ; has to be
made to account for the adhesion in this distance (R/3) and the energy is increased
to E, 2 = 5554 keV which is the final value for calibration. Based on the information
obtained from all modules of IKAR an average energy resolution of ¢ = 60 — 65 keV
was achieved (Fig. 3.8(B)) for the IKAR detector.

The adhesion coefficient was determined by comparing the signals of the a-
particles located at the grid and at the cathode. The energy of the alpha particles
coming from the cathode source is a little bit lower than the one of the grid alphas
due to the fact that their drift path is longer and more ionization electrons are
lost. The difference between their paths until the signal appears on the anode were
calculated taking again into account the isotropy of the emitted particles and a
correction coefficient o = 0.00663 cm ™! was determined. The energy of the protons
was corrected according to:

Ei%hr = Ergare ™, (3.7)

where d is the distance between the center of gravity of the ionization track and the
cathode in cm. In the present case the losses due to electron adhesion were less than
1 % per 10 cm drift path.

The FADC signals from events where no scattering took place (projectile pass-
ing through IKAR without any reaction happening) contain information about the
geometry and time parameters of the chamber. The average of many such signals
is shown in Fig. 3.9. The peak at the beginning of the signal is due to the different
electron drift velocities in the cathode-grid and grid-anode volumes, and the slope
of the plateau is due to the electronic response of the system. This signal can be
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parameterized with the function:

(0, U <Tstart
% (1 — totaa 5(t—tés:‘m)> b <t < te
Ia(t) = { G2, ‘ tea <t < txc
%(1—%4—%—2), tka <t <tga+lka
(0, taa +txe <t

which is obtained from the integrating of the different parts of the ionization track
inside IKAR assuming a uniform distribution of the charge along the track. The
factors 1/6 and 5/6 simply mean that 5/6 of the ionization is generated in the

Pﬂthndp-grid volume and 1/6 of it in the grid-ﬁmndp volume. The indices K& and
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Figure 3.9: Average projectile signal from the sixth IKAR module (dotted

line). The time parameters of the signal are determined with a fit to it (dashed

line).

G A refer to cathode-grid and grid-anode variables, respectively. @y is the total
charge produced in IKAR and [, is the current induced on the anode from the
charge Qy;. The anode signals from the projectiles were fitted with the above
function and the distance between the grid and the cathode (given by the time
difference between tg4 and tx ) was determined for each of the six modules. Then
the average distance was determined to be Vi5=500.35 channels. Using the fact
that the geometric distance between the grid and the cathode is 10 cm (known with
very high precision) this gives a conversion factor 0.1999 mm/channel, later used for
determination of the target thickness.

A typical recoil proton signal is shown in Fig. 3.10. The projectile signal as
determined above is already subtracted and the signal was smoothed. The param-
eters of the signal which were used further in the analysis in order to determine
the energy of the recoil proton and vertex point of the interaction, and to separate
the elastic from the inelastic events are marked. The begin and end of the signal
are determined from the points where the tangents to the signal cross the baseline.
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Then a trapezoid is build in such a way that its integral is equal to the integral of
the original signal and the width of the signal is determined from the FWHM of
the trapezoid. The amplitude of the signal is determined from the maximum of the

original signal.
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Figure 3.10: Proton signal taken with the FADC. It corresponds to a proton
with recoil energy of 2.95 MeV. Smoothing and subtraction of the projectile
signal was already applied to the raw signal. The parameters of the signal used
for the further analysis, determined by approximating the signal with trapezoidal
shape, are shown.

The vertex point of the interaction Z, can be calculated from the beginning or
end of the FADC signals (depending on the geometry of the modules). In Fig. 3.11
the two possible geometries are shown schematically. The beam always comes from
the left. Depending on the drift direction, the vertex point appears to be at the
beginning or at the end of the signal, respectively. For the calculation of the vertex

even module - 2, 4, 6 odd module - 1, 3, 5
1 i ' -

= proton = = proEon =

= o : = = ! 4 =

== 4 ' = S ! / 5

= L = | —~—e; =5
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= i = projectile ' = projectile
cathode grid anode anode grid cathode

Figure 3.11: Geometry of the modules in IKAR with respect to the beam.
A scattering event and the directions of the scattered projectile and the recoil
proton are also indicated.
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point Z, the following relations are used:

(tena — tea)dra
T = L — v , even modules
g (3.8)
indK
Ty = Zg + 29mTKG -0 4d modules

KG

where Z is the position of the grid in mm, dxq is the distance between the grid
and the cathode in mm, tpegi, and te,q are the begin and end of the signal in the
FADC spectrum in channels, Vi is the distance between the grid and the cathode
in channels and tg 4 is the grid-anode drift time of the electrons. The uncertainty of
the vertex point determination varies with recoil energy and it starts from 0.5 mm
for low Tk up to 3 mm for Ty ~ 30 MeV. This uncertainty increases with the
increase of the recoil energy Txr because in that case the energy left in the IKAR
detector decreases and becomes comparable with the noise level thus, making more
inaccurate the determination of the signal parameters and the total recoil energy
itself.

3.4 Effective target length

The effective target length V(7x) is different from the length determined by the
distance between the cathode and the grid and is important for the absolute nor-
malization of the cross section do/dt. For its determination Monte Carlo simulations
were made. There are two conditions which must be fulfilled in order to have a use-
ful event. First, the scattering must take place far enough from the electrode’s
surface which assures that scattering on proton and not on the electrode’s material
happened. In addition, the effective length also depends on the recoil energy of the
proton. The proton should lose all its energy or leave IKAR without entering the
grid-anode volume. To comply with these conditions the region where useful events
can be detected is limited and is a function of the proton energy (recoil angle). In
Fig. 3.12 the energy dependence of the begin of the signal t4e, (which is analogous
to the effective length) is shown for odd modules. Correspondingly, the length in
the even modules is determined from the end t.,4 of the signal. For odd modules, at
the side of the grid the limit is set to a constant value of 2 mm which assures that
scattering on hydrogen and not on the electrode’s material takes place. For even
modules the same condition is applied on the side of the cathode. On the cathode
side (for odd modules) the limit is expressed as an energy dependent function:

PR Co+ CiTr+ CoTh, Tr <5 MeV
begin =\ By + BTk, 5 MeV < Ti < 30 MeV

where the coefficients B; and C; are determined for each module and beam isotope
individually. For even modules, similar function is used on the grid side. The func-
tions and their parameters were determined with the help of Monte Carlo simulation.
The uncertainty which the determination of the effective target length contributes
to the absolute normalization of the cross section was estimated to be 0.5%.
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Figure 3.12: 2D plot of the begin of the signal in IKAR versus the recoil energy
determined with the MWPCs for odd modules. Data points together with the
energy dependence of the effective target length determined with a Monte Carlo
simulation (solid lines) are potted. The effective target length is given between
the solid lines. The target length in even modules is determined from analog
correlations between the end of the signal and the recoil energy.

3.5 Selection of the elastic scattering events

This section explains the steps to be performed in order to obtain the absolute
differential cross section for elastic scattering.

First, the projectile isotope impinging on the target is selected (Section 3.1).
Then, the correlation between the coordinate measured at the scintillator wall af-
ter the ALADIN magnet and the scattering angle measured with the proportional
chambers is used to discriminate the break-up reaction channels from the scattering
events. This correlation is used instead of the absolute coordinates on the scintil-
lator wall in order to compensate for the different entering angles in the magnetic
field. This selection assures that the isotope survived after the reaction in the target.
The energy loss in the scintillator wall is used to select the charge Z of the isotope
and then the magnetic rigidity is used to separate the different masses. Examples
for this selection for the cases of the isotopes presented in this work are shown in
Fig. 3.13. In the case of 8B there are no other boron isotopes present as this is the
lightest one and only charge selection is sufficient.

As a next step, the elastic scattering events have to be separated from the inelas-
tic events (in case the excited state is particle stable) and from other background
events. For this purpose the parameters of the signals in IKAR and the recoil en-
ergy calculated from the MWPCs’ signals are used. In Fig. 3.14 the two-dimensional
correlation of the energy measured in IKAR versus the energy of the recoil proton
determined from the scattering angle measured with the MWCPs and the effect of
the event selection is shown. This selection is done using the amplitude, width, be-
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Figure 3.13: Correlation of the coordinate x behind the ALADIN magnet vs.
the scattering angle 6, (corresponding to the entering angle in the magnetic
field) for the cases of *Be, ®B and '?Be beam. The magnetic field separates the
isotopes with different magnetic rigidity thus, the break-up reaction channels
are separated from the scattering events. In the case of ®B there are no other
isotopes as this is the lightest one. Additional determination of the isotope
charge Z is done by the energy loss in the scintillator wall (plotted for the case
of 1?Be beam).

gin and end of the signals in IKAR. A Monte Carlo simulation was made to establish
the correlations between these variables which correspond to elastic events and then
the proper cuts were applied to the data.

The recoil energy is measured in IKAR with much bigger accuracy than the one
determined from the data from the proportional chambers. Thus, the energy Tx
determined from the scattering angle has to be calibrated. For this purpose elastic
scattering events with energy lower than 5 MeV were used (as in this case the protons
are fully stopped in IKAR and their total energy is measured). In the correlation
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Figure 3.14: Correlation between the energy F4p measured in IKAR versus
the recoil energy Tr determined with the multi-wire proportional chambers for
the case of a 1?Be beam. (A) before selection of elastic events; (B) after selection
cuts are applied; (C) Monte Carlo simulation of the same correlation for elastic
scattering events.

between Erxar and Eymw pe the scale of Ejxar was divided in equidistant bins with
a width of 0.250 MeV, and the MWPC energy corresponding to it was determined
with a fit with a Gauss function. The correlation between the bin energy and the
one determined with the Gaussian function (see Fig. 3.15) was then fitted with a
linear function:

Eikar = aEywpe + b, (3.9)

and Tg was calibrated according to this equation.

The last step before determining the number of elastic scattered events N,; cor-
responding to a certain recoil energy is the background subtraction of events which
were not removed by the selection cuts. For very low momentum transfer the inelas-
tic scattering cross section is several orders of magnitude smaller than the elastic
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Figure 3.15: Plot of the recoil energy measured in IKAR versus the recoil
energy determined with the MWPCs for the case of 2Be isotope. For the
calibration a linear function is used: Erxar = aEpywpco + b.
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vs Ty (Fig. 3.14(B) as divided in 0.5 MeV bins at the Ty scale for T > 5 MeV
and the projection on F4p was plotted (Fig. 3.16). From there, the corresponding
number of elastic events and inelastic background were determined. For lower ener-
gies, similar procedure was used — 0.25 MeV bins were cut in the F4p scale and the
background was determined from the spectra projected on Tk.
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Figure 3.16: Example for background subtraction. For each interval ATg =
0.5 MeV of the recoil energy determined with the proportional chambers the
energy distribution measured with IKAR is plotted (Eap = Erxar). The
background events which do not correspond to elastic scattering are clearly
separated.

The differential cross section is build from the experimental data from the number
of elastic scattered events N, in an interval At of the momentum transfer squared
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through the formula:

d_O' o Nel
dt — AtNpM(1 —¢)

mb/(GeV/c)? , (3.10)

Nr is the target thickness in part./cm? M is the number of incident particles
(monitor) and e is the inefficiency of the event selection. The Mandelstam variable ¢,
which is equal to the square of the momentum transfer taken with a negative sign,

can be calculated from the recoil enerov of the nrotons usine anm'\]o kinematics

Dt e e viih pa i vAhe Holiin wasipat SaafdboRiitbui
formula (Eq. 3.11), with m,, the proton mass in (GeV/c)? and Tx the recoil energy
of the proton in MeV.

—t = ¢* = 2m,Tr107* (GeV /c)? (3.11)

Analogously, the four-momentum transfer can be calculated from the momentum p
and the scattering angle 6, of the incident particle via:

t| = p?0? . (3.12)

For normalizing the cross section one needs to know the thickness of the target
Nrp. It can be calculated from the target particle density n and the effective length
of the target V(Ty):

V(Tk)
Vka

where Vi is the distance between the cathode and the grid in channels (see Sec-
tion 3.4) and d is the distance between the cathode and the grid in cm. The particle
density of the target was determined through the Van der Waals equation:

Nr=n d part/cm2 | (3.13)

N P 1
_N_»p 1T 14
TV TR+ B (D) (3:14)

The temperature 7" in K and the pressure p in hPa were measured constantly during
the experiment. The values for the first virial coefficient B'(T") were calculated by
G. Korolev [66] (at 300 K, B'(T) = 0.000524), k = 1.38-10723 J /K is the Boltzmann
constant. The value p* is the pressure in technical atmospheres p* = p/980.655. In
this experiment the density of the hydrogen target was n = 0.80839 mg/cm?.

The number of incident particles M is given by:

M = Neoine — Nexkr — NLEkR (3.15)

where Nepine is the total number of beam particles which give first level trigger.
The numbers Nggpr and Npgpxr denote particles killed by the control unit (CU)
after a candidate for good event and after a killed event, respectively. The control
unit provides pile-up protection in IKAR before and after the scattering events (see
Section 2.3). The final number of monitors is obtained from the scaler value when
the isotope of interest is selected in the off-line analysis and the contaminations from
other isotopes are cleaned.

The correction e depends on the amount of rejected elastic events from the se-
lection cuts applied during the analysis and was determined with the Monte Carlo
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simulations. The simulation ke into account the finite size and angular spread

of the incident beam. the mu Le Coulomb scatterino and the detector geometry.
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The simulated events were analyzed in the same manner as the experimental data
and the efficiency of the event selection was evaluated. This efficiency depends on
the recoil energy.

The total uncertainty in the absolute normalization of the differential cross sec-
tion does not exceed 4 %. To this error contribute the uncertainty from the t-scale
calibration which is ~2%, the error in the determined number of incident particies
of the order of ~1 % and the error in the target length and density which are ~2 %
and ~1 %, respectively. The total error was calculated as a quadratic sum of the
individual errors.

The differential cross sections for p-'?Be, p-¥Be and p-®B elastic scattering ob-
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figure corresponds to the equivalent proton energy for the case of normal kinematics
which is connected to the projectile energy in inverse kinematics through:
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The obtained cross sections were analyzed within the Glauber multiple-scattering
theory and the nuclear matter density distributions and rms matter radii were de-
duced (see Chapter 4 and 5).
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p-'Be elastic scattering versus the four-momentum transfer squared (top) and
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only.



Theoretical background for the
interpretation of the data

Elastic scattering on complex nuclei was used for a long time to study the nuclear
structure of stable and exotic nuclei. The use of protons as projectile reduces the
ambiguities in the theoretical description as no correlations between the nucleons
in the projectile have to be taken into account. Such investigations were performed
in a broad range of energies — from energies around the Coulomb barrier up to
intermediate and high energies.

At low energies, in the region of the Coulomb barrier (E ~ 5 — 30 MeV /u), the
scattering of particles can be described as potential scattering. The experimental
data can be fit using complex potential functions which often bring ambiguities to
the results. On the contrary, at higher energies around ~ 1 GeV (much higher than
the Fermi energy) the scattering processes are much better understood and can be
described in terms of diffraction scattering in analogy to optics. Due to the high
energy, the scattering between the nucleons in the projectile and the target can be
approximated by the free nucleon-nucleon scattering amplitudes which is well studied
in this energy region. Due to the short wavelength of the projectile smaller structures
in the nuclear matter distribution can be studied which is not the case of potential
scattering. Depending on the energy, an absorbing black disk approximation or
multiple scattering are used. At energies of the order of 10 MeV and higher the
wavelength of the relative particle motion is comparable to the nuclear size. Then
the nucleus can be regarded as an absorbing black disc and the processes can be
described in terms of diffraction scattering [67]. At higher energies (about 1 GeV or
greater) the free path of the nucleon becomes smaller than the nuclear radius and
it can be regarded as a transparent body. In this case multiple diffraction from the
individual nucleons in the nucleus should be considered.

43
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4.1 The Glauber multiple-scattering theory

The Glauber multiple-scattering theory is a diffractive theory which describes the
scattering of nuclei at intermediate energies (500 MeV to 1 GeV) |7, 68, 69]. It
connects the many-body density distribution of a nucleus with the differential cross
section for nuclear scattering. The two main assumptions of the theory are the
eikonal approximation and the adiabatic approximation. When a very energetic
particle passes through the nucleus it is hardly deflected and it leaves the nucleus
before any changes in the arrangement of the nucleons can take place. Thus, the
trajectory of the projectile inside the nucleus can be approximated with a straight
line (eikonal approximation) |7]. Due to the fact that the particle energy is so much
higher than the energy of the internal motion of the nucleons they can be regarded
as stationary during the collision (adiabatic approximation). The incident particle
tends to lose only a small fraction of its energy and momentum in each individual
collision and with the above approximations the total phase shift can be written
as the sum of the individual phase shifts for scattering on single nucleons. For the
elementary scattering amplitudes of the free proton-proton (pp) and proton-neutron
(pn) scattering the experimental values are used.

The differential cross section for elastic scattering in a single scattering approx-
imation is given by:

do

o~ Al@Psa) , (4.1)

S(a) = [ e (42)

where f(q) is the amplitude for scattering by a single nucleon with a momentum
transfer q' (@ = p; — pr, pi and pr being the initial and final momentum of the
proton, respectively), A is the nuclear mass number and S(q) is the nuclear form
factor. This approximation gives only qualitative description as also screening effects
between the nucleons and multiple collisions influence the measured cross section.
To treat these effects the diffraction theory of multiple scattering is used.

When the momentum of the incident particle p; is sufficiently high so that its
wavelength is smaller than the interaction range between the proton and the nu-
cleus, the individual scattering amplitudes contribute coherently to the scattering.
The partial wave expansion of the scattering amplitude then is given by the two
dimensional Fourier integral of the profile function ~(b):

ik / iq-b 2

fla)=5= [ e*Py(b)d% (4.3)

27
where b is the impact parameter and integration is made on a plane perpendicular
to the direction of the momentum of the incident proton. This expression is accurate
as long as the momentum transfer q is small compared to the incident momentum
p; of the particle. Correspondingly, the nucleon profile function can be calculated
from the inverse Fourier transform:

1
b pr—
v(b) 2mik

[t . (4.4)

IFor simplicity a system with ¢ = A = 1 is used.
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nucleons’ positions rq,...,ra on the plane perpendicular to the direction of the
projectile momentum, Which are denoted as sy, ...,sa (Fig. 4.1(A)). The diffraction
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Figure 4.1: (A) Scheme of proton-nucleus interaction (the proton is shown as
a plane wave). The impact parameter b and the transverse components s; of the
nucleons’ coordinates are defined. (B) Scattering on a nucleon, described as a
black disk with uniform density (left) and with a density distribution increasing
towards the center (right). The corresponding profile functions, describing how
the amplitude of the initial wave is attenuated are also shown.

amplitude for a scattering process in which the nucleus is transformed from an initial
state |7) to a final state |f) with a momentum transfer q is:

ik ‘
Fra) = 55 [ (0 b.s1, sl (45)
where I'(b,s1,...,s4) is the nuclear profile function. We can evaluate the profile

function using a simple optical analogy (Fig. 4.1(B)). The nucleus can be regarded
as a collection of refractive/absorbing objects, each with a refractive index close to
unity. In this case the incident wave is not distorted much when passing through
the nucleus and the phase shifts x; produced by the individual nucleons combine
additively. The total phase shift function is:

Mbss30) = b= (4.6)

and the nuclear profile function becomes:

F(baslg--.,SA) = ]_ _6 (bsl, ,SA)

-1 H eXi(P—sj)
L (4.7)
=1—]J1—(b—s)]

J

This function describes scattering from nucleons with fixed positions. When the
product in Eq. (4.7) is expanded we get the combination law for the profile functions:

F(b,sl,...,sA):Z’yj(b Z’yj —8j)Ym(b —sm) +... . (4.8)

j<m
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from the knowledge of the profile functions v; of the individual nucleons calculated
from the inverse Fourier transform of the free scattering amplitudes f;N(q) which
are known from measurements.

Free pp and pn scaitering ampiitudes

The free pp and pn scattering amplitudes consist of a scalar part (central term),
coming from the strong interaction, and a vector contribution from the spin-orbit
and spin-spin interaction. At energies close to 1 GeV the vector part is negligible
compared to the scalar one [7]. The scalar amplitudes are approximated with the
following distribution:

c ko . 7‘72’312)N
pN(q) = 4—;]\[(610N +i)e” 2 . (4.10)

The parameter o,y is the total pN scattering cross section, §,n is the slope of the
differential cross section, €,y is the ratio between the imaginary and the real part of
the scattering amplitude (/N replaces the corresponding nucleon — proton or neutron)
and k is the wave vector of the projectile:

T2 2MT;
k| = L (4.11)

Zh 4 (14 4)2

where 77 is the projectile kinetic energy per nucleon and M and m are the projectile
and target masses, respectively. This parameterization corresponds to scattering by
an optical potential and for q = 0 we get the Optical theorem:

kO'pN

Im(£(0)) = <22

(4.12)
For calculating the pp and pn scattering amplitudes the results from the Phase
Shift Analysis [70] of data from experiments at different energies have been extrap-
olated [9]. In Fig. 4.2 the available data on the elementary cross sections o,y for
free pp and pn scattering and the ratios €,y are displayed as a function of the pro-
ton energy E, |9]. The slope parameters in the present analysis were chosen to be
Byp = Bpn = 0.17 fm?. The values of the parameters of the pN scattering amplitudes
used for the present analysis are listed in Table 4.1.
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| Nucleus | T,, MeV [ 0, mb | € | 0pn, mb | e | Bpp = Bpn, i |

2Be 703.5 43.63 |0.092 | 37.58 |-0.298 0.17
11Be 702.9 43.59 10.093 | 37.58 |-0.298 0.17
B 703.4 43.62 |0.092 | 37.58 |-0.298 0.17

Table 4.1: Parameters of the free pp and pn scattering amplitudes used in the
present analysis. T}, represents the equivalent proton laboratory energy in direct
kinematics.

Contribution of the Coulomb interaction

Besides the strong interaction, the Coulomb interaction between charged particles
also has a noticeable effect on the scattering cross section at very small momentum
transfer where the interference between the Coulomb and the strong amplitudes is
the strongest. In order to describe properly the cross section at small momentum
transfer the Coulomb interaction has to be taken into account. One can write the
pp phase shift as the sum of purely strong and Coulomb phase shifts |7]:

Xp(b) = x; (b) +x; (b) . (4.13)

The Coulomb phase shift Xg(b) can be calculated with:

xS (b) = —% U(b, z)dz , (4.14)

—00

where U(b, z) is the Coulomb pp potential. For calculating the p-nucleus scattering
amplitude a more simple approach giving practically the same result can be used.
In this case the interaction of the projectile proton with the averaged Coulomb field
of the nucleus is used. In the present analysis the averaged Coulomb field method
was used and details about the calculation can be found in [7, 9).
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In the above considerations no correlations between the nucleons in the target nu-

latia were faken inta accniint The center of mass (O motion of the nucleus
blUuD WwClLCT uvancilil 111vvu altuvuullu. 1 11T \/U 1uC1L Ul 11l1aod \\JLVL} 111 vlivuL Ul ullT 11uvuvlicuo

has an appreciable contribution to the cross section in the region of high momen-
tum transfer (large scattering angles), with the effect decreasing with increasing
n

mass number A [’7] The correlations between the nucleons in the nucleus can be
expressed in mathematlcal terms with the condition szl ; = 0 (with r;y being
+tha OM canrdinatoa of the niieleona) ’I‘L corroction factor 1iq calenlatad according
L11T Ulvli LuulLUlLLIauTd Ul ullo llu\/IUULLD/ 411 Lulicuvuliull 1avuvul 1D valvuiauvcu GJb\/ULU1115
to Eq. (4.15)
a*(r?)
Hey(q) = e85G=1) (4.15)
This equation gives an exact correction for a Gaussian density. For a non-Gaussian
density the CM motion is taken into account to a good approximation up to the
nnnnnnnn +ion minimim 71 With +hic factaor tho correacted aeattoring amnlitiide
oCuuliu ullll AL ULIULL 111111111141, llJ. yviliull ullld Lavuvul ullT Luli1ocuuCu svauvuoL 1115 allllJllU uuc
is:
/
F(a) = Hoy(a)F'(a) (4.16)

The CM correlations are especially important for light nuclei [9].

Clusterization correlations

A dynamic correlation which may exist in the nuclear matter is due to possible a-
clusterization [7]. The a-cluster structure is supposed to be similar to the one of the
free a-particle. Calculations show that clusterization without repulsion between the
the a-clusters brings a considerable reduction of the cross section near the maxima,
while when repulsive correlations are included the effects from the clusterization
become less. Due to the significant compensation of the effects from proper a-
clusterization and a-cluster repulsion it is difficult to study them separately. The
differential cross section calculated when these correlations are included differs very
little from the one where only center of mass correction is included. The influence of
the correlations between the halo neutrons on the cross section were investigated for
the 5®He isotopes and it was shown that they have only small effect on the deduced
matter radii [9]. Thus, in the present analysis these correlations were not taken into
account in the cross section calculations and fits.

Other effects contributing to the cross section

For nuclei with a non-zero spin the cross section depends on the spin-orbit interac-
tion. The spin-orbit amplitude increases the cross section in the maximum while at
the minimum it can be both increased or decreased [7]|. In the case of light nuclei,
the cross section for intermediate energy proton elastic scattering at low momentum
transfer (¢t < 0.05 (GeV/c)?) is not affected by this effect and does not exhibit any
spin dependence [7].

The nuclear deformation also affects the cross section by filling the diffraction
minima [7| but is not crucial for the low momentum transfer region.

As these two effects are negligible for the region of small momentum transfer,
they were not taken into account in the present analysis.
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A 9 Nancithv naramatarizatinne
Q.4 UCIISIly paialliciCricauviio
4.2.1 Phenomenoiogicai parameierizations

In the single Gaussian parameterization the point density of each nucleon in the
nucleus is approximated with a Gaussian function:
3 3/2 (7 37"; )
p(,r) = (r\ ™9 \ € 2Hin Y (4 17)
\2mR2 /
where the parameter R, is the rms matter radius of the nucleus. This approximation
is good in the cases of light nuclei with a compact structure.
[P S B e e ¥ kY -~ PRy Y i |-y
Symmeirized Fermi (SF) parameterization
The standard Fermi density distribution:
Ry —1
) = o (14 o5 (4.18)
,.114 \I } ’JU \L 1 (o3 / \‘T.LU}

describes well the radial shape of nuclear matter in medium and heavy nuclei. In
order to make it suitable for the description of light nuclei it has been modified and
in this case a symmetrized Fermi density is used [71]:

rmo\ —1 -1
Pm(T) = po [(1 + e(TR)> + (1 + e(TR)) — 1]

_ sinh(R/a) (4.19)
po cosh(R/a) + cosh(r/a)

with a normalization: 3 !

" 4nR¥1+ (ta/R)?’
where R is the “half-density radius” (p(R) = p(0)/2) and a is the width of the nuclear
density surface layer. The rms nuclear matter radius R,,,s is connected to R and a

by the relation:
Ry = (5) R[1+ (—R) 12 (4.21)

This function has exponential decrease at large r and flattens out at the center of
the nucleus which is the characteristic behaviour of the nuclear density distribution.

(4.20)

Po

Gaussian - Gaussian (GG) parameterization

In the case of halo nuclei it is reasonable to parameterize the core and halo den-
sities separately. In the GG parameterization both core and halo distributions are
described by Gaussian functions:

3 \8/2 (L2
pelr) = (zwm) L)
3c i (a2) (4.22)
prlr) = (%RQ) e
h
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Here R, and Rj, are the rms radii of the core and halo nucleon distributions. The
total matter distribution p,,, normalized to one nucleon, and the matter radius R,
are given by:

— NOR2A 1/2 (4.23)

In the GO parameterization the core is again described by the Gaussian function
(4.22) while for the halo a harmonic oscillator density distribution for an oscillator
function with angular momentum [ = 1 is used:

55 2 (i)
3\2rR2) \R,/

h

f)l.(’l”\ = c
\"/

AN

—~~
o
[\
W~

N

The matter distribution and the matter radius are again calculated by Eq. (4.23).

Gaussian - Halo (GH) parameterization

The GH density distribution [9] is defined by the form factor:

2

St)=(1+az?)e ™™ 2= t% ) (4.25)
with a parameter « in the range [0,0.4]. For o = 0 the GH density distribution
coincides with a Gaussian function, while for a = 0.4 it describes a distribution with
a pronounced halo component. The parameter R,, which is equal to the nuclear
matter radius is related to the slope in the t-dependence of the differential cross
section and « is related to its curvature. The GH density distribution is:

3/2 _% .
P (1) 3(273372%) 1 2+ agp(r)]e( :Rm) , with e
cp(r):Z[E)—lO(RLm) +3<RLm> ].

Gaussian - Exponential (GE) parameterization

In the case of Gaussian plus exponential density parameterization, the core of the
nucleus is parameterized with the usual Gaussian function with a parameter R.,
describing the core radius, whereas the distribution of the valence nucleon/s is de-
scribed with an exponential function of the form:

pu(r) = —ze T Fn (4.27)

with a parameter Ry, corresponding to the radius of the valence nucleon/s (halo
radius).
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4.2.2 Sum of Gaussian parameterization

The method for analyzing the differential cross section using a Sum of Gaussian
(SOG) density parameterization was first used very successfully in electron scattering

ovnerimenta far determining the charoe digtrihiitiong of niiele: 179 721 Tn cantraat

CAPULILLLCLIUD 1UlL UCUUL1111111115 l.rllC bllaléc ulou11uu01uuo Ul llu\/lUl ll Ll IUJ 111 vulliviastu

to the previously mentioned phenomenological densities this method is in principle

model indenendent ag no constraint on the QthD nF the nuicleng are made a nriori

10VUUCL LT P ULIUTLIL Qs LU VS ui Qiiiv Uil vl SuGpo ViU LuliTuWsS QiU 1aluis @ paauig,

rather the den81ty distribution is expanded on a basis of Gaussian functions. In such

Lo Aacerribhnad
a Way auy DllalJC Cail D€ aescrioed.

In this approach the density is parameterized with the following sum:

Ze <A A; o _(=R)®_(r+R)?

,0(7’):27r3/273%:;1+21é?/72(6 e A (4.28)

where A; is the relative weight of the i'* Gaussian, R; is the position of the "
Gaussian and + is the width of all Gaussians. The normalization condition for the
density is:

o

/p(r)47rr2d7“ =A . (4.29)

0

The parameter v is defined by the width (FWHM) I = 2y+/In2 which is the minimal
width of the admissible structures in the density distribution. The choice of a
Gaussian for the basis has been made because the theoretical radial wave functions
show peaks which roughly have Gaussian shape, and because this function falls
rapidly with increasing |R; — r| hence, small interferences between the densities at
radii |, — 79| > 1/20 are obtained [72]. Due to the flexibility of the shape (4.28)
local variations of p(r) are possible, however, they are independent of the behaviour
of p(r) at other radii far away.

This analysis gives accurate results when there is information about the cross
section in the whole range of momentum transfer. In real experiments that is never
the case and only limited data are available thus, in the analysis some constraints
on the parameters must be placed. In order to reduce the model dependence to
minimum several hundreds of different sets of R; are chosen by random numbers in
the analysis procedure. The widths of all Gaussians are fixed to the same value and
equal to v. For every set of R; the amplitudes A; are fitted to the data. A condition
A; > 0 is set so that no structures narrower than 7 are created by the sum in
Eq. (4.28). Then all distributions with a good x? ? are accepted and a superposition
of them defines a band of possible values for p(r). The average density together
with a 1o error band is taken as significant in the analysis. More accurate density
distributions with smaller uncertainties can be obtained when data with bigger range
of momentum transfer are analyzed.

Zall densities with x? < x2,,, + 1 construct the average density with a one o error-band
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4.3 Fitting procedure

As it was discussed before, the differential cross section in the frame of the Glauber

ltinle-gcatterine theorv is oiven bv:
HIUILIPIe-5tattielilly ViCOL J s slvell VY.
do— ta— 7 \1D
_dQ = |Fr(q)]” , with
A A 2N\
Zk / ) ) A kL.t.OU)
Fila) = — deequF(b S SA\nf.Z(S1 SA\ndQS
Ji\My 271'] "~y 21 ySA M AT SAT j
Jj=1

The measured differential cross sections are obtained as a function of the four-
momentum transfer squared ¢. For determining the cross section as a function of
the solid angle € the following conversion equation was used (see Appendix C):

do 7 do (4.31)
dt KdQ vt

The aim of the fitting procedure is to find, for a given density parameterization,
those parameter values for which the differential cross section calculated according
to Eq. (4.30) describes the experimental data the best way. For the fit the y? method
was applied with the following y? function:

P ) e

J=1

Here N is the number of cross section data points, o..,(t;) and Ace.,(t;) are the
experimental differential cross section for a given momentum transfer ¢; and its error,
o (t;) is the corresponding calculated cross section value for the same momentum
transfer ¢; and A, is a normalization factor, which was used as an additional free
parameter, with AA,, being the systematic uncertainty in the absolute normalization
of the experimental data. In the ideal case a normalization A, = 1 should be
obtained. The reduced chi-square x? is then:

XQ

=4 4.
N_Nfree 7 ( 33)

X
where Ny, is the number of free parameters used in the density parameterization.
The x? estimates the quality of the fit, the optimal value being close to 1.

In the case of two free parameters a and b the absolute uncertainty of the obtained
matter distribution p,,(r) is calculated using the error propagation formula:

1/2
Apm(T‘) _ <(8péna(r) . O_a)Q + (apénb('r) . O_b)2 + (Zapéna('r) ) 6Pgb(r) - /{(Lb) ’
(4.34)
where o, and oy, are the corresponding rms errors of the fit parameters and r, is
their correlation parameter. Thus, the density p(r) = Ap(r) with its error band is
obtained.
From the results obtained with different parameterizations the average value for
the radius which is taken as a final result from the analysis is calculated using the
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weighted mean method The w 1ghted mean and error of a number of uncorrelated

_ _ Z W; Ty 1
T+or == + —, 4.35
Zb(’% V 2 Wi ( )
where

Here x; and dx; are the value and error obtained by the i* measurement (in our

case the fits with different densmf parameterizations) and the sum runs over the N
Then v2 — ~ 23 Iated and combare d with N _ 1

measurements. Lhen X LJWZ\.,(/ — Iy 18 calculated and CoIMiparca wioi v — 1.
If x?/(N — 1) is less than or equal to 1 and there are no known sources of big
avatematical errorg the rear g ar ccepted. Otherwis 2/(N veryv larca
Systemati UETWIise, if X7/ 4V 1/ 18 very iarge
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T

e

the related result is not accepted. In the case of correlated data one should keep
in mind that the error of the average value may be underestimated. More detailed
information about the topic can be found in the Introduction of Review of Particle
Physics by the Particle Data Group [74]

ML~ QY QT 5 A OIIT avarnntarigatiang oo +hn garmme Aanebadsr Adangidsr satrilhag
11i€ O\, oL allu \Jll palalllUbUleablUllb usc bllU SAlllC VlIC-pLUYy uUllley L,lebl.lULL—

tion for all the nucleons in the nucleus. The GG, GO and GE parameterizations
divide the nucleus a in core and halo component and use different one-body densities
for the core and halo nucleons. In this case the number of nucleons in the halo is
not a free parameter but is fixed a priori. In Table 4.2 are given the fit parameters
for each density parameterization. From all the used densities only the SG parame-

| Parameterization | Fit parameters | Nppee |
G A B 1
SF An: Ro, Qg 2
aG A, R, R) 2
GO A, R.. Ry 2
GH A,, R, o 2
CE A, R, Ry 2
SOG A, Ampei Nyquss + 1

Table 4.2: Free parameters for the different density parameterizations. A, is
the overall normalization of the cross section, Ampg,; is the amplitude of the
i Gaussian used in the SOG analysis and Nggyss is the number of Gaussian
functions used.

terization does not allow a halo component in the density distribution and as will be
seen later it gives a rather poor description of the experimental data for the isotopes
of interest.

It should be noted that connection between the form of the density and the
angular distribution of the scattering is not reversible. If the density distribution is
known one can calculate unambiguously the angular distribution of the cross section.
But in the opposite case, when the angular distribution of the cross section for the
scattering is measured it is possible that many densities with different form and
parameters lead to the same angular distribution.
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The differential cross section for proton elastic scattering at small momentum trans-

r»c;

fer is particularly sensitive to the nuclear shape at the nuclear periphery but less
sensitive to details of the shape in the central region of the nucleus. This makes
it very useful for investigating halo nuclei where the surface is the most interesting
part. With several simulation calculations based on the Glauber theory the sensi-
tivity of the differential elastic scattering cross section to the halo structure of the
nucleus can be investigated.

For the calculations the one-body densities have been parameterized with Gaus-
sian functions. The calculations were performed for the nucleus *2Be and only the

region of low momentum transfer has been investioated

S Ui g momentum transier nas Tl 1V OS Ui 5 v,

In a first series of calculations it was assumed that 2Be does not have a halo
structure and for the nuclear density Gaussian distributions with radii 2.7, 2.8 and
2.9 fm were used. Then the corresponding scattering cross sections were calculated.
In Fig. 4.3 the results are displayed, the density distributions on the left side and the
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Figure 4.3: (A) Matter density distributions for 12Be for a compact structure
with different radii of the Gaussian function. (B) Differential cross sections
corresponding to the matter distributions in (A). The slope of the cross section
is strongly affected by the change in the matter radius.

cross sections on the right side. In a second series of calculations a halo structure of
19Be core plus 2 valence neutrons was assumed and compared to the non-halo case.
The core was approximated again with a Gaussian function with a radius 2.1 fm, and
for the distribution of the valence particles a Gaussian density with a radius 5.0 fm
was used. The rms radius of the core+2n system was again chosen to be 2.8 fm. The
calculated densities and scattering cross sections are shown in Fig. 4.4 for the halo
and no halo cases with the same matter radii. In this case the cross sections have
been divided by an exponential function Chexp(Bot) which makes the effect of the
halo structure better visible. The coefficients Cy and By are the absolute value of the
nuclear part of the scattering cross section at momentum transfer t = 0 (GeV /c)?,
and the slope of the cross section at low momentum transfer, respectively.
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Figure 4.4: (A) Matter density distributions for ?Be assuming a one Gaussian
parameterization (dotted line) and two Gaussian parameterization with separate
core and halo distributions (solid line), both distributions having a matter ra-
dius Ryms=2.8 fm. (B) Differential cross section corresponding to the density
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Figure 4.5: (A) Matter density distributions for 2Be assuming two Gaussian
parameterization having the same core radius R.=2.1 fm and different halo radii
Ry. (B) Differential cross section corresponding to the density distributions in
(A). The cross section is not sensitive to the behaviour of the tail at the far

periphery.

0.06

From these results one comes to the conclusion that the slope of the cross section
is directly related to the root mean square matter radius of the nucleus R,,s (see
Fig. 4.3) and its curvature (deviation from exponential shape) reflects the presence of
a halo component (see Fig. 4.4). On the other side it was found that the differential
cross section at low momentum transfer is not sensitive to the behaviour of the
halo at very large radii where the density becomes very small [9] (and where for
halo nuclei an exponential behaviour with a slope of the exponent related to the
halo nucleons separation energy is expected). In Figs. 4.5 and 4.6 densities with
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Figure 4.6: (A) Matter density distributions for 12Be assuming two Gaussian
parameterization having the same halo radius R,=>5.0 fm and different core radii
R.. (B) Differential cross section corresponding to the density distributions in
(A). The cross section shows sensitivity to the different matter radius which in
this case is caused by different core radii.

different matter radii but the same core or halo radii are plotted, respectively. The
conclusion is that differences in the matter radius which come from the different
halo structure at the far periphery of the nucleus cannot be investigated with the
present method as the differences in the cross section are very small (within the
experimental error-bars) and our data are not sensitive to them. A good precision
data at higher momentum transfer would reduce the uncertainties in the determined
density distributions.

4.5 Theoretical predictions on the nuclear matter density dis-
tributions

Besides determining the density distributions by fitting the parameters of probe
density functions to the experimental data, also matter densities calculated in mi-
croscopic nuclear models were used to calculate the differential cross section and
compare it with the experimental one. In this case no fitting to the data was
performed. A y? method was used to estimate the quality of the theoretical de-
scription. This procedure can be used to test the theoretical predictions of different
microscopic nuclear models. In this work densities from microscopic calculations
within the fermionic molecular dynamics model and a few-body model were used.

4.5.1 Matter density distributions calculated within the fermi-
onic molecular dynamics model
Molecular dynamics methods are used when correlations and fluctuations become

important in the dynamical evolution of a many-body system. In the molecular
dynamics the constituents of the system are represented by a few classical degrees
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of freedom — like center of mass position and momentum, angle of rotation etc. —
and interact through potentials.
Th Farminnice Malaciilar Nonamicg (M +ha A_hadsr hagia afbatog are naritv and
111 1'CL1111ul11v lVLUlC\/ulal JJ')/ 11alliivd \L LVLJJ} ulL C L\ UUU)’ Uaoid dsuauvtd alc POJL lby aliu
angular momentum projected Slater determinants |Q) [75, 26]:
.,-\Jﬂ' \ __J7\' 1~ PPRRRIEN
Qur) = Pukl) (4.37)
of single-particle states |¢):
Q) = Aflg) @ @ lga)} - (4.38)

The single-particle wave functions are described by Gaussian wave packets which
are localized in phase-space:

xq) = Tc,exp{— b)) @ 16 (4.39)

i

The complex width a of the Gaussians is considered as an additional degree of
freedom. The spins |x;) of each packet can take any direction. The single-particle
parameter b = r + iap is related to the mean position and the mean momentum.
The isospin part |§;) is taken to be time independent and identifies either a proton
or a neutron. A superposition of two Gaussian wave packets is used for each single-
particle state |¢;) which gives improved description for light nuclei.

The many-particle state is determined by minimizing the intrinsic energy of the
parity projected Slater determinant:

<Q7r|Heff - Tcm'QW>
(Q™1Qm)

with respect to the parameters of all single-particle states. Additional configurations
are created by imposing constraints, like a certain radius or quadrupole moment,
on the states. The symmetries of the Hamiltonian are restored by performing pro-
jections on parity, angular momentum and a center of mass momentum of zero.
A multi-configuration calculation is done by diagonalizing the Hamiltonian in this
subspace. In all cases effective interaction derived from the realistic Argonne V18
potential by means of the Unitary Correlation Operator Method (UCOM) is used.
From the multi-configuration ground state the nuclear matter density is calculated
as the Fourier transform of the form factor. Within the FMD model, ground-state
properties like binding energies and rms radii can be reproduced well for light nu-
clei [26].

E[lQT)] = (4.40)

4.5.2 Few-body model calculations

Within the three-body model used to calculate the ground state properties of ?Be
and “Be these nuclei are represented as a core+2n system and the total wave func-
tion has the form ® = ¢.(&.)V7,,(1,2) [76]. The total wave function is a product of
the intrinsic wave function ¢. of the inactive core (depending on the intrinsic coordi-
nates .) and the active part ¥(1,2) which depends on the relative coordinates and
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spins of the valence neutrons. W(1,2) is the solution of the three-body Schrodinger
equation: o R R R R

(T+V + E)V(1,2)=0 , where V=V, + Vo4 Vis. (4.41)

Within the few-body representation the 2Be nucleus is sought as a solution of a

three-body problem for two neutrons located outside a '°Be core [25]. The potentials
are defined such that the two-body subsystem n-+'°Be has the known eigenstates
of 1'Be. Several potentials are used for calculating the ground state binding energy
in ?Be starting from a potential that describes 'Be and increasing the s-, p- and
d-wave strengths, separately and together, in order to reproduce the experimental
binding energy of *Be:

11

e A: reproduces all the eigenstates in **Be,

e B1: increased p-wave potential,

e B2: increased s-wave potential,

e B3: increased s- and p-wave potentials together,

e B4: increased d-wave potential,

e B5: increased s-, p- and d-wave potentials; reproduces the experimental bind-
ing energy in “Be.

In a similar way different density distributions were calculated for *Be [25]. This
isotope is represented in a three-body model as a ?Be closed p shell core plus two
valence neutrons. As the p shell is full the valence neutrons of “Be can occupy
orbitals in the sd shell (1s /2 and Ods /2). The different calculations assume different
mixing between these orbitals:

e C4: the valence neutrons occupy mainly the d shell (96%), with 1% in the s
shell; reproduces the experimental two-neutron separation energy,

e CT7: mixing with 29% s-wave and 67% d-wave,
o C9: 83% s-wave plus 14% d-wave,
e D4: mainly s state, with 86% s-wave and 10% d-wave.

Details about both calculations can be found in [25, 77].
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Experimental results

5.1 Results for 1“Be

5.1.1 Nuclear matter density distribution and matter radius of
14 Be

The obtained differential cross section for p-'*Be elastic scattering was analyzed
using a number of density parameterizations with the Glauber theory (see Sec-
tion 4.2). The results from the fitting with the different parameterizations are listed
in Table 5.1. The single Gaussian parameterization, which does not allow for an
extended matter distribution, does not give a good description of the experimental
data (Fig. 5.1).

On the other side, a good description of the experimental cross section is obtained
with the symmetrized Fermi parameterization (Fig. 5.2). A very big value for the
diffuseness parameter a = 0.8 is obtained which is an indication for the existence of
a halo structure in “Be.

The results from the analysis with the GH parameterization are shown in Fig. 5.3.
The parameter a determines the contribution of the halo component which is the
biggest when o = 0.4. In the case of *Be the obtained value is a = 0.14 which
indicates the presence of a relatively small halo component.

Further analysis was done assuming core plus halo structure of “Be. First a
2Be core plus two halo neutrons structure was assumed. The core was param-
eterized with a Gaussian function and the two halo neutrons consecutively with
Gaussian, harmonic oscillator and exponential functions. The three model densities
give equally good description of the experimental data and the results for the radii
are consistent (Table 5.1). The obtained densities and the fits to the experimental
cross section are presented in Figs. 5.4, 5.5 and 5.6 for the GG, GO and GE models,
respectively. For the core a mean radius R, = 2.65 4 0.02£0.12 fm was determined
and for the halo R, = 5.40 £ 0.31 £ 0.21 fm. The first error includes the statistical

59
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Table 5.1: Parameters obtained by fitting the experimental cross section for
p-1*Be elastic scattering using the parameterizations SF, SG, GG, GO, GH, GE
and SOG of the dengity r1 atrihuition T]’]D nroconted narameterg refor to noint-
and SOG of the density distribution. The presented parameters refer to point
nucleon density distributions. Only statistical errors are given. The parameters
are as follows: R,, - root mean square matter radius; R, - radius of the nuclear
core; Ry - radius of the halo; N - number of degrees of freedom; A, - normal-
ization of the calculated cross section. A, and « are dimensionless, all other fit
parameters are in fm.,
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Figure 5.1: Results obtained with the Single Gaussian parameterization. To-
tal nuclear matter density distribution of *Be (left); comparison between the
experimental data and the fit with the SG parameterization (right).

error and the model uncertainties (the weighted mean of the errors from different
parameterizations) and the second error is the systematical error which includes the
4% error in the absolute normalization of the cross section and the error coming from
the use of the experimentally known free pN scattering amplitudes in the theoretical
analysis which is evaluated to 0.04 fm [9)].
An independent sum of Gaussian analysis was performed using seven Gaussian

functions distributed from 0 to 12 fm with a width of v =

1.2 fm. The results

from the analysis are shown in Fig. 5.7. This parameterization also gives a good
description of the experimental data and shows a small halo component in the matter
distribution.
A comparison of the cross sections calculated with all the density parameteriza-
tions with the experimental data is shown in Fig. 5.8. The cross sections are divided
by an exponential function to enhance the halo effect on the cross section. The C)
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Figure 5.2: Results obtained with the Symmetrized Fermi parameterization.
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Figure 5.4: Results obtained with the Gauss-Gauss parameterization. Core
and matter density distribution of *Be (left); comparison between the experi-
mental data and the fit with the GG parameterization (right).
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Figure 5.6: Results obtained with the Gauss-Exponential parameterization.
Core and matter density distribution of #Be (left); comparison between the
experimental data and the fit with the GE parameterization (right).
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data and the fit with the SOG parameterization (right).
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coefficient is the value of the nuclear part of the differential cross section calculated
with the GO parameterization at four-momentum transfer ¢t = 0 (GeV/c)? and By
is the slope of this cross section at small momentum transfer. The results show the
characteristic behaviour for a halo structure except for the SG model which does

not describe the data well. This bhehaviour is internreted as due to the fact that the

11UV UOSULiT viiT UWavue 1105 UULG VIV UL 10 111uTL i Tuol Qs

SG parameterization does not allow for a halo structure.
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Figure 5.8: Experimental differential cross section for proton elastic scattering
on Be as a function of the four momentum transfer —¢ (black points), com-
pared with the fitted cross sections obtained on the basis of different density
parameterizations (lines). All data are divided by an exponential function to
better visualize the halo structure. Note that the SG parameterization gives a
bad description due to the fact that no halo structure can be described with it.

The values for the deduced matter radius R,, with the different density param-
eterizations are consistent within errors except for the SG (see above) and SOG
parameterizations. There is no good explanation yet why the SOG analysis gives
inconsistent results even though the x? of the fit is good. The fact that this model
gives completely different absolute normalization was a reason not to include it when
calculating the average density and matter radius. The GE parameterization gives
bigger radius than the rest of the parameterizations due to the different behaviour
of the density tail at large radii. Due to the exponential fall of the density the
contribution of the tail to the rms radius is much bigger than in the other cases. As
the data from this experiment are not sensitive to the behaviour of the density at
large radii this parameterization was also not included when calculating the average
values which might lead to a systematically underestimated matter radius.

To construct an average density the results from the SF, GG, GO and GH pa-
rameterizations were used. The average matter density with its error-band, given
as the sum of the error-bands from all the models, is plotted in Fig. 5.9. From the
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results obtained with this models a weighted mean rms radius for “Be:
R,, =3.114£0.044+0.13 fm (5.1)

was deduced including the statistical and systematical errors.

0
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Figure 5.9: Average density distribution of “Be isotope. For the average the
densities deduced with the SF, GG, GH and GO parameterizations were used
and the error-band was created as the sum of all the individual error-bands.

Another analysis was performed assuming '°Be core plus four neutron structure
of 1“Be. This analysis gives consistent results for the matter radius R,, and the
normalization A, with the ones obtained when a two-neutron halo is assumed. This
leads us to the conclusion that the data from this experiment are not sensitive to
the number of halo particles but only to the total matter density.

5.1.2 Comparison with experimental results from other exper-
iments

In Table 5.2 a comparison is made between the value obtained for the matter ra-
dius of "Be in this experiment and the results from previous experimental studies
performed with different experimental methods. Within errors the present result is
consistent with the results from the other experiments. One can see from Table 5.2
that the results obtained from the measurement of the total interaction cross sec-
tion depend very much on the model and the parameterizations used for the analysis
and different results are obtained. The present results are least model dependent
as many density parameterizations were used and their average was taken as a final
result, and they have very good accuracy (one of the smallest errors).
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ii Experimental method i Analysis model i Ry, fm | Ref. ii
Elastic scattering Glauber theory 3.11(14) | this work

Interaction cross section Glauber theory 3.11(38) [19]
Interaction cross section Glauber theory 3.16(38) [19]
Interaction cross section | few-body description | 3.10(15) [22]
Interaction cross section | optical limit Glauber | 2.94(9) [22]

Reaction cross section microscopic model | 3.36(19) |21]

Table 5.2: Comparison of the current results for the isotope “Be with results
obtained in previous experimental studies. When the Glauber theory was used
for the analysis, different density parameterizations were used in the different

cases.
=1 92 ‘nmnarienn wi hanratiral caleillatinne from mirnrn-
e LeJ vv"'"u' A~ AYd N yviers [ YR AYA S AZYASL{") ] WHINVHAITIUALINVI I FINJsRIRT nninrviI v
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The experimental cross section was used to probe several theoretical predictions
on the nuclear matter density distribution of *Be. Microscopic theoretical densities
were used to calculate the differential cross section within the Glauber theory. In this
case no fitting was performed. The calculated cross sections when few-body densities
were used are plotted in Fig. 5.10 and the densities are compared with the average
density obtained from the present analysis. For the case when microscopic density
from FMD calculation was used, the results are shown in Fig. 5.11. Both theoretical
models suppose a halo structure of the nucleus. In Table 5.3 the theoretical radii
and the y? of the calculated cross sections compared to the experimental data are
given. The best description of the experimental data is obtained with the C9 and D4
versions of the few-body calculations. In this case there is also a very good agreement
between the theoretical and experimental values for the total matter radius, the halo
and the core radius. The comparison between theory and experiment supports a
structure for *Be where the valence nucleons occupy mainly the s;/2 orbital with
10-15% admixture of ds /5 [25].

H Model ‘ R,,, fm ‘ Ry, fm ‘ R., fm | x> ‘ Ref. H
Elastic scattering | 3.11(14) | 5.40(37) | 2.65(12) | — | this work
C4 2.80 3.68 2.59 | 7.30 [25]
C7 2.96 441 259 [5.07] [25]
C9 3.44 6.30 2.59 | 2.06 [25]
D4 3.18 5.35 259 |292 [25]
FMD 2.94 - - 4.35 | |26, 78]

Table 5.3: The root mean square radii R,,, Rp, and R, for " Be determined with
different versions of theoretical model calculations and x? from a comparison of
the calculated cross section with the experimental one.

Within the FMD model the a-clustering in the nucleus is studied [26]. In this
case the theoretical calculation does not agree very well with the experimental data,
therefore no final conclusions about that can be made on the basis of the present
experiment.
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Figure 5.10: Differential cross section for p-'*Be elastic scattering calculated
with a theoretical density distribution from few-body calculations compared
to the experimental one (top). Few-body nuclear matter density distributions
compared to the average matter distribution of “Be deduced from the present
experiment (bottom). Best agreement with the experimental data is obtained
with the C9 and D4 theoretical densities.



CHAPTER 5

24
2.2

do/dt/C exp(B,t)

0.6

0.00

0.01

0.02
t, (GeV/e)

0.03

0.04

0.05

LLLLL B R R | T T

this work
— FMD

10 12

14

Figure 5.11: Differential cross section for p-'*Be elastic scattering calculated

with a theoretical density distribution from FMD calculations compared to the
experimental one (top). FMD nuclear matter density distribution compared to

the average matter distribution of *Be deduced from the present experiment

(bottom).



68 CHAPTER 5

=4 ) Daaiiléa fau 12Dn

J. L Ntoulilo 1VI [® ]«

5.2.1 Nuclear matter density distribution and matter radius of
125,,

The results from the analysis of the experimental data for the nucleus ?Be using
different density parameterizations are presented in Table 5.4. In the case of *Be
both symmetrized Fermi and single Gaussian parameterizations give bad description
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in Figs. 5.13 and 5.12 for both parameterizations, respectively. In these cases, the

calculation substantially differs from the experiment at high momentum transfer
The discrepancy with the experimental data is a strong indication for the presence
of a halo component in the 2Be structure.

D
1 al d.vlllUbU— I lb palt alllUbUlb

rization | R,,, fm A, Density ~ parameters x?/N

SG 2.43(2) | 1.03(1) - 127/42
SF 2.55(9) | 1.04(1) Ro=1.00(36) a=0. 65(1) 74/42
GG |3.00(13) | 1.00(1) R.=220(2) R, =>547(40) | 38/42
GO 2.91(9) | 1.00(1) R.=2.14(2) R, =5.28(26) | 34/42
(1) (2)
(2) (46
(3)

GH 2.78(5) | 0.99 R, =278(5) a=0252) | 33/42
GE  |3.09(15) | 1.00(2) R.=220(2) Ry =>5.75(46) | 41/42
SOG | 2.80(5) | 1.02(3 - - 36,36

Table 5.4: Parameters obtained by fitting the experimental cross section for
p-1?Be elastic scattering using the parameterizations SF, SG, GG, GO, GH, GE
and SOG of the density distribution. The presented parameters refer to point-
nucleon density distributions. Only statistical errors are given. The parameters
are as follows: R,, - root mean square matter radius; R, - radius of the nuclear
core; Ry, - halo radius; N - number of degrees of freedom; A,, - normalization of
the calculated cross section. A, and « are dimensionless, all other fit parameters
are in fm.

The GH parameterization gives one of the best fits. The results are presented in
Fig. 5.14. This parameterization supports an extended matter distribution in ?Be
(the parameter a = 0.26 is very close to the upper limit of 0.4).

Other density parameterizations were used for ?Be as well, where its structure
was assumed to be a “Be core and two valence neutrons. For the core again a
Gaussian function was used and for the valence neutrons Gaussian, harmonic os-
cillator and exponential functions. The results are plotted in Figs. 5.15, 5.16 and
5.17, respectively. All of them indicate a rather large halo component. The GE
parameterization gives a relatively large matter radius, comparable with the “Be
matter radius, which is due to the slow exponential fall of the density at large radii.
The results for the core and halo radii obtained with these three parameterizations
are consistent within errors (see Table 5.4). The core radius was determined to be
R, =218 £0.02 £0.10 fm and the halo radius — R, = 5.41 £ 0.23 £ 0.22 fm.

The more model independent sum of Gaussian analysis was also performed. For
the analysis a basis of ten Gaussian functions distributed in the range of 0 to 15 fm
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Figure 5.12: Results obtained with the Single Gaussian parameterization.
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Figure 5.13: Results obtained with the Symmetrized Fermi parameterization.
Total nuclear matter density distribution (left); comparison between the exper-
imental data and the fit with the SF parameterization (right).

with a width v = 1.4 fm was used. The resulting description is very good and com-
parable to the one with GH density parameterization. For the fit 200 different sets
of positions for the Gaussians were generated and the amplitudes of the Gaussians
were fitted to the experimental data. The deduced density distribution with its 1o
error-band and the corresponding calculated cross section are plotted in Fig. 5.18.

The differential cross sections calculated with the different density parameter-
izations are compared in Fig. 5.19. The cross sections are again divided by an
exponential function and from the plot the presence of a halo structure is obvious.
The SG and SF parameterizations which do not allow a halo component apparently
do not describe the cross section well at high momentum transfer £. The present
analysis strongly suggests that the last two neutrons in ?Be have an extended dis-
tribution. This supports the hypothesis of shell breaking around the N = 8 magic
number (see Section 1.3). ?Be does not have the low separation energy typical for
a halo nucleus and " Be is bound but due to the observed extended distribution a
non-Borromean halo structure of ?Be is supported [79)].
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Figure 5.14: Results obtained with the Gauss-halo parameterization. Total
matter density distribution of ?Be (left); comparison between the experimental
data and the fit with the GH parameterization (right).
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Figure 5.15: Results obtained with the Gauss-Gauss parameterization. Core
and matter density distribution of ?Be (left); comparison between the experi-
b
mental data and the fit with the GG parameterization (right).
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Figure 5.16: Results obtained with the Gauss-oscillator parameterization.
Core and matter density distribution of '?Be (left); comparison between the
experimental data and the fit with the GO parameterization (right).
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Figure 5.17: Results obtained with the Gauss-Exponential parameterization.
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Figure 5.18: Nuclear matter density distribution of '?Be deduced with the
sum of Gaussian analysis. Total nuclear matter density distribution of Be
(left); comparison between the experimental data and the fit with the SOG
parameterization (right).

Except for the SG and SF parameterization, all other densities give consistent
results within errors for the matter radius R,, of ?Be and for the normalization
of the calculated cross section A,. This allows us to regard the average results as
model independent. In Fig. 5.20 the average density of '?Be is plotted. The average
is constructed from the density parameterizations GG, GO, GH and SOG and the
error-band is constructed as the sum of the error-bands of all the four densities. The
GE parameterization was not included in the average due to the different behaviour
of the density at large radii as discussed in the case of the “Be isotope.

The average matter root mean square radius deduced from the present analysis
of the data was calculated from the radii deduced from the GG, GO, GH and SOG
parameterizations. For ?Be the rms radius is:

R, =2824+0.03+0.12 fm (5.2)

including the statistical error and a systematic error coming from the error in the
absolute normalization and the errors introduced to the analysis from the free pp
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points), compared with the fitted cross sections obtained on the basis of dif-
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Figure 5.20: Average density distribution of '?Be isotope. For the average the
densities deduced with the GG, GH, GO and SOG parameterizations were used
and the error-band was created as the sum of all the individual error-bands.
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and pn scattering amplitudes.

12Be is adopted as the core of the halo nucleus *Be. The comparison between
the core size of “Be (R. = 2.65(12) fm) and the matter radius of *Be (R,, =
2.82(12) fm) indicate that the free '?Be and the core have different behavior (see
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Figure 5.21: Comparison between the total matter density of ?Be with the
total matter density and the core density of “Be. When bound in *Be, the
12Be nucleus has much more compact structure.

breaking of the N = 8 neutron shell closure is observed due to intruder orbitals from
the next sd shell. This leads to an extended matter distribution due to neutrons on
the s1 /o orbital. While, when '?Be is within the *Be nucleus most probably its last
neutrons occupy the p shell which is the available one.

5.2.2 Comparison with experimental results from other exper-
iments

The size of ?Be has been investigated before in a number of experiments. In Ta-
ble 5.5 the previous results are summarized and compared to the radius measured in
this experiment. In this case we obtain slightly larger radius than the ones obtained
with the previous measurements.
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M — ; I o r — N
I Experimental method | Analysis model | Ry, fm | Ref |
TV ncdim cmadd At o i ce card s~ Vo P IS D QO/19) I IR |
L1asulC SCauleriilg Cross SeCulol rlaubl LlIeoLy A.Oéklé} ULILLS WOILK
Interaction cross section Glauber theory | 2.57(5) [19]
Interaction cross section Glauber theory | 2.59(6) [19]
Reaction cross section microscopic model | 2.62(7) |21]
Table 5.5: Comparison of the present results on R, for the nucleus ?Be

with previous experimental studies. When the Glauber theory was used for the
analysis different density parameterizations were used in the different cases.

5.2.3 Comparison with theoretical calculations from micro-
scopic models

Theoretical densities were used to calculate the elastic scattering cross sections with
the Glauber approach and the calculations were compared with the experimental
data. The cross section corresponding to the few-body calculation and the calcu-
lated density [25] are shown in Fig. 5.22 and the FMD microscopic density and
cross section [26, 78] are shown in Fig. 5.23, respectively. The theoretical radii and
the obtained x? from the comparison of the calculated cross sections with the ex-
perimental one are compared in Table 5.6. All these models do not describe the
experimental data well in the whole region of momentum transfer, in particular at
higher ¢. This is the reason for the inconsistency in the values for the rms radii.
All models predict smaller halo than the one deduced from the present experiment.
This leads to smaller matter radius, respectively. In the case of ?Be no definite

H Model ‘ R,,, fm ‘ Ry, fm ‘ R., fm | x> ‘ Ref. ”
Elastic scattering | 2.82(12) | 5.41(32) | 2.18(10) | — | this work
A 9.72 4.02 230 | 4.96| [25]
Bl 2.59 3.51 230 |513| [25]
B2 2.75 4.16 230 | 4.60 | [25]
B3 2.70 3.94 230 |4.83| [25]
B4 2.57 3.42 230|556 [25]
B5 2.62 3.63 230 |5.23| [25]
FMD 2.56 - - 6.09 | |26, 78]

Table 5.6: Root mean square radii of ?Be determined with different versions
of the three-body calculation and x? of the calculated with the corresponding
density distribution cross section relative to the experimental one.

conclusion about the structure of the nucleus can be made based on the comparison
of the theoretical calculation with the experimental data. Further calculations using
the data as an input may give more information.
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Figure 5.22: Differential cross section for p-'?Be elastic scattering calculated
with a theoretical density distribution from few-body calculations compared
to the experimental one (top). Few-body nuclear matter density distribution
compared to the average matter distribution of “Be deduced from the present

experiment (bottom).
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experimental one (top). FMD nuclear matter density distribution compared to
the average matter distribution of *Be deduced from the present experiment
(bottom).
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5.3 Preliminary resuits for °B

Preliminary analysis of the data for the nucleus ®B was also performed. In contrast
to the analysis of the data for the isotopes '>'“Be, for 8B the cross section was
obtained only from information about the projectile scattering angle obtained from
the MWPCs (see Eq. (3.5)). In this case the information from IKAR was not used

in the selection nrocedure as the detector was not workine nronerly and no sionals

111 vaaU SULCL UV P ULTL LT vl LOUTLUUL WS LUy WULSIULE pPrUPTa Y Qi Ul Si5:aQas

from the B anodes were recorded during the ®B run. For the case of 8B this is not so
crucial as the proton separation energy S, = 0.137 keV is very small and practically
no inelastic scattering is observed as there are no particie stable excited states in
the nucleus. Thus, it is sufficient to separate the break-up events from the elastic

seatterine in order to obtain the preliminarv cross section. As the recoil enerov is
Y \s the recoll energy 1s

SURUUTL LS JSEAZE RS S S Ae Y

determined with a bigger error from the MWPCs this leads to a bigger uncertainty
in the measured cross section.

The preliminary experimental data were analyzed using the GG, GH and GO
density parameterizations. The fit parameters of the analysis are given in Table 5.7.
The deduced density distributions and the fitted cross sections are displayed in
Figs. 5.24, 5.26 and 5.25 for the GG, GH and GO parameterizations, respectively.
The average density distribution is shown in Fig. 5.28. Except for small values of
the momentum transfer (t < 0.01 (GeV/c)?) the cross section is described quite well
but still a relatively bad x? is obtained. The bad x? also reflects the fact that a
normalization coefficient much different than one is obtained.

Paramete- Fit parameters
rization | R,,, fm A, Density  parameters x2/N
GG 2.57(5) 1 0.39(1) R.=2.35(1) Ry, =3.78(29) | 369/47

(5)
GH | 260(3)|0.39(1) R,=2603) a=0.08(2) |362/47
GO | 259(4) | 0.39(1) R.=230(1) R, =4.06(22) | 363/47

Table 5.7: Parameters obtained by fitting the experimental cross section for
p-8B elastic scattering using the density parameterizations GG, GO and GH.
The presented parameters refer to point-nucleon density distributions. Only
statistical errors are given. The parameters are as follows: R, - root mean
square matter radius; R, - radius of the core ; Ry - halo radius; N - number of
degrees of freedom; A,, - normalization of the calculated cross section. A, and
« are dimensionless, all other fit parameters are in fm.

The different density parameterizations give consistent results for the matter,
core and halo radii within errors (Table 5.7). For ®B a core radius of 2.33 + 0.01 &
0.23 fm and a halo radius of 3.96 + 0.18 £ 0.40 fm were obtained. The core radius is
consistent with the radius of the free "Be isotope which is R,, = 2.31 fm [19]. Due to
the fact that the halo structure is composed of one proton, it is not so pronounced as
in the case of the neutron halos and a smaller halo radius is observed. The behaviour
of the cross section when divided by an exponential function though clearly shows
the presence of the halo (see Fig. 5.27). The deduced weighted mean rms radius for
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Figure 5.27: Experimental absolute differential cross section for proton elas-
tic scattering on ®B as a function of the four momentum transfer —¢ (black
points), compared with the fitted cross sections obtained on the basis of differ-
ent phenomenological density parameterizations (lines). All data are divided by
exponential function to better visualize the halo structure.
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Figure 5.28: Average matter density distribution of ®B. For the average the
densities obtained with the GG, GO and GH parameterizations were used and
the error-band was created as the sum of all the individual error-bands.
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8B is R,, = 2.60+£0.02+0.26 fm and was obtained using the results from the three
izations hp GO and GH. The average matter densitv distribution

NI T gy \NF Quaila \Fa 110 QAVUL QAT LG UUTL UTLISIVY WUiSuiivuuivil

is shown in Fig. 5.28 and the small halo tail can be seen. The error in the density
is constructed as the sum of the errors from all the densities.

The preliminary analysis of the data for the p-*B elastic scattering gives strong
evidence for the presence of a proton halo. Such structure is for the first time
investigated with the present experimental method.

5.3.2 Comparison with other experimental results and with
microscopic theoretical calculations

erimental and theoretical studies of the structure nF R show con-
erimental and theorefical studies of the structure of "b show con

The nrevious ex

The previous wp nen d th

. in the range from
D 2Q £y N A D) RN fan ~Ara dotormined The analiraic Aaf ovnoritmonte an intoraction
4.J0 1111 L,lJ:) LU 4£.0UU 1111 wClC UCuLCllllicu. 111€ a lalyblb Ul UAPULllllUllbD VIl 1111 alulull
cross section measurements gives systematically smaller values for the matter radius

than the one obtained in this work. The present experiment is consistent with the
results obtained from momentum distribution investigations and also with several
theoretical calculations.

” | ‘ R,,, fm | Ref. H

Experimental method Analysis model
Elastic scattering — 2.60(26) | this work
Interaction cross section | Glauber theory | 2.38-2.39 [19]
Interaction cross section | Glauber theory | 2.43-2.44 [37]
Interaction cross section | few-body model 2.50(4) [80]
Momentum distribution | microscopic model | 2.58-2.60 [39]

Theoretical model
Dynamical microscopic

cluster model 2.57 [81]
ANC 2.60(4) 182]
FMD 2.53 78]

Table 5.8: Comparison of the results for the nucleus 8B with previous exper-
imental studies and theoretical calculations. List is not comprehensive, more
studies exist. (ANC - asymptotic normalization coefficient)

The experimental cross section was compared with a cross section calculated
using density from FMD model calculations with a radius of R,, = 2.53 fm. In
Fig. 5.29 the comparison between the experimental data and the FMD calculation
is shown. The quality of the description with this model is quite reasonable and
from the comparison of the experimental and calculated cross sections x? = 7.69 is
obtained. There is a very good agreement between the theoretical density and the
one deduced in the present experiment (Fig. 5.29(bottom)).
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Feasibility studies of the EX

L
setup for FAIR

6.1 The EXL project at the future FAIR facility

At GSI a future international facility FAIR (Facility for Antiproton and Ion Re-
search) [41, 42] is planned where the main interest are experiments with radioactive
beams and experiments at storage rings. The FAIR facility has the advantage of
providing beams with intensity up to four orders of magnitude higher than the
presently available at GSI. The radioactive beams will be produced at the Super
FRS [83] which is a system analogical to the present FRS at GSI (Fig. 6.1). The
secondary beam afterwards can be used in direct experiments or in storage ring
experiments. Within the EXL project (EXotic nuclei studied in Light-ion induced
reactions at the NESR storage ring) [42, 43| for FAIR which is part of the NUSTAR
(NUclear STructure, Astrophysics and Reactions) program [44], a universal detector
system is proposed for the investigation of light-ion induced reactions.

In the frame of the EXL project, it is foreseen to install a universal detection
system providing high resolution (due to the beam cooling) and large solid angle
coverage at the internal target of the NESR storage cooler ring where very high
luminosities (due to the beam recirculation) can be reached (Fig 6.2). This will
allow the investigation of all kinds of reactions for nuclei with a lifetime long enough
to survive the cooling time in the storage ring (of the order of 1 s). The use of
a windowless internal target creates favourable conditions for high resolution mea-
surements at very low momentum transfer where important information about the
nuclear structure is contained (an advantage as compared to direct experiments
like for example in the R3B [42] project where due to the thicker target the low
momentum transfer information will be lost).

Due to the very low production rate of exotic nuclei there is a limited possibility
to study them. The storage ring experiments have advantage with respect to this be-

83
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radioactive beams are avallable for low and hlgh energy direct experiments and
for experiments at storage rings with cooled beams. The EXL project belongs

to the ring branch.

cause of the higher luminosity reachable there. The accumulation and recirculation
of the beam in the ring with a typical frequency of several MHz and the fact that
there are no windows around the target, which reduces the matter with which the
beam interacts, makes it possible to reach a luminosity several orders of magnitude
higher than in a regular beam line experiment.
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Figure 6.2: Ring branch at the FAIR facilities. High-intensity radioactive
beams are supplied by the Super FRS. High precision and luminosity experi-
ments are planned.

The key nuclear structure physics and astrophysics issues to be studied by the
EXL setup are described in [43, 45]. The main topics concerning exotic nuclei to be

addressed are as follows:

e Studies of the unusual matter distributions by using light-ion elastic scattering
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in inverse kinematics which gives access t the nu clear size and radial shape,
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e Investigation of electric and magnetic giant resonances and other exotic collec-
proto

tron deformations. Thus. important
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information about the nuclear equation of state and a b ter understanding of

e Studies of the nucleon-nucleon interaction and the spin and isospin effects
on it can be made using charge-exchange reactions. Studies of the Gamow-
Teller transitions give information about the weak interaction rates which are
important for the nucleosynthesis.

e Investigation of the single-particle proton and neutron structure of neutron-
and proton-rich nhcle by transfer reactions which gives getting insight in the
evolution of the shell structure towards the drip-lines and finding spectroscopic

information 1mp0rtant for the astrophysical r- and rp-processes.

The information provided through such experiments is an important basis for tests
of many nuclear structure and astrophysical theories.

Heavy-lon
Spectrometer

== Neutrons /
Charged Ejectiles

Recaoil
Detector

Beam in
Storage Ring

Figure 6.3: Detector setup planned to be installed at the NESR at FAIR in
the frame of the EXL project. The setup foreseen consists of a large solid angle
recoil detector system around the internal gas-jet target, a forward scintillator
spectrometer for neutrons and light charged ejectiles placed downstream from
the target and a heavy-ion spectrometer for identification of beam-like particles
placed after the first dipole magnet of the storage ring.

The EXL detector system (Fig. 6.3) includes an array of double-sided Si strip
detectors for recoil target-like reaction products for position and energy loss mea-
surements, completed by Si(Li) detectors for total energy measurement of stopped
particles. It will be surrounded by detectors for v-rays and slow neutrons. Further
downstream there will be scintillator detectors for fast ejectiles (neutrons and light
charged particles). In forward direction, after the dipole magnet of the storage ring
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there will be an in-ring spectrometer for the detection of beam-like reaction prod-
ucts. This detector system will allow for a full reconstruction of the kinematics of
the reaction.

6.2 Feasibility studies of the EXL setup

6.2.1 Experimental setup for the test experiment

neriment for checkinoe the fea-
periment for checkir a

Within the frame of the present thesis a > )
sibility of the EXL detector setup was performed at the Experimental Storage Ring
ESR in GSI, Darmstadt [84]. The stable *®Xe beam with an energy of 350 MeV /u
was interacting with the internal hydrogen gas-jet target. Detectors representing ail
the major detector systems of EXL were installed (Fig. 6.4).

N =
S
MWPC A
reaction \

products reaction
PM / products I
Tube I

] e

position sensitive Y
! P \ p—i—n diode scintillator
b— - | ==
~l T~
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| ]
CT fast ejectiles detectors
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Xebeam | gotector
Gas-Jet Target

Figure 6.4: Experimental setup for the EXL test experiment performed at the
present storage ring ESR at GSI. Around the gas-jet target a Si strip detector
for the low momentum transfer recoil protons and a photomultiplier tube for
monitoring the luminosity were installed. Further downstream a set of scintilla-
tor detectors with iron converters was placed for detection of fast light ejectiles.
At the first dipole magnet a MWPC was placed to detect heavy-ions which have
undergone atomic charge exchange. At the end of the setup, after the dipole,
a position sensitive p-i-n diode and a scintillator, used for beam identification,
were installed.

An UHV! compatible single-sided Si strip detector was mounted in the vacuum
chamber around the internal gas-jet target to detect the recoil protons (Fig. 6.5).
The detector was mounted on a special vacuum compatible ceramic support and the
read-out was completed with custom made copper wires with glass pearls shielding.
The high vacuum in the storage ring requires any equipment placed inside to be
resistant to high temperatures. The Si strip detector was tested and it was shown

LUHV - Ultra High Vacuum
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that it can withstand temperatures up to 200° [85]. The detector consists of 40 strips
with a thickness of 1 mm and a width of 1 mm with a total area of 40x40 mm?.
The strips were read-out in groups of 8 using a charge division method (Fig. 6.5).
The detector was first tested off-line with an Am a-source and an energy resolution

of OE Loy ot E Mol (0 EO0ZY waa ohtained (Tie & BIAYY Tha datoctar alan dhowed a
OI 20 K€V at 0 WVIEV (U.9/0) Was O0tailiea (r'ig. 0.09{/1)). 1€ G€reCiol a1so Siowea a

very good position resolution (Fig. 6.6(B)). To protect the detector from the light
coming from the hydrogen target a thin Ni foil (1 pum) was mounted in front of

it. The detector was mounted at 90° laboratorv angle where the low momentum
. gle where the low 1 fum

Uuiniutu @ LUL UV Y Qg 110111 C00

transfer recoil particles are to be detected and covers a solid angle of 0.077 sr.

y
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Figure 6.5: Photo of the Si strip detector used in the EXL test experiment,
together with the mounting flanch and the wiring (left). Charge division read-
out for the Si strip detector (right). The sum of signal 1 and signal 2 gives the
energy deposited in the detector, and their ratio gives information about the
coordinate of the particle.
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Figure 6.6: (A) Energy resolution of individual strip of the Si strip detector.
(B) Position resolution of one group of the Si strip detector. The individual
strips are clearly separated.

Two walls of organic scintillators (Fast Ejectile Detectors — Fig. 6.4) with iron
converters have been installed at distances of 2.5 m and 4 m downstream after the
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target. The scintillators are 50 cm long, 10 cm wide and have a thickness of 5 cm.
The iron converters have a thickness of 5 cm. They were used to detect the fast
ejectiles (i.e. neutrons and light charged particles).
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Figure 6.7: (A) Photo of the p-i-n diode used for projectile identification in the
EXL test experiment. (B) Scheme for the coordinate determination (see Eq. 6.1
and text for details). (C) Electrodes scheme of the detector. The signals from
the four cathodes were used to determine the coordinate of the particles while
the signal from the back anode gave the energy loss of the projectiles.

A 1 mm thick scintillator and a position sensitive p-i-n silicon diode (Fig. 6.7(A),
(C)) with a thickness of 300 um were installed after the first dipole magnet of the
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ESR in a movable vacuum pocket driven in and out of the beam tube. These
detectors were used for identification and fast timing of the beam-like heavy ions.

m oy

!
The active area of the p-i-n diode was 45x45 cm”. The energy signal of the p-i-n
diode was read-out from the back anode of the detector and the signals from the
four corners of the cathode were used to determine the coordinates of the heavy ion
(Fig. 6.7(B) and Eq. 6.1).

L (s +1) — (b +1b)
NN A
L (s +15) = (I + 1)
N

(6.1)

A multi-wire proportional chamber (MWPC) was used as a luminosity monitor,
detecting '**Xe ions deflected out of central orbit due to atomic charge-exchange
reactions. The luminosity has been also measured with a photomultiplier installed
near the target, detecting light produced by the interaction of the heavy ions with
the hydrogen atoms. The Si strip detector served as a third luminosity monitor.

The electronics scheme for this setup is shown in Fig. 6.8. The trigger for the
read-out of the detectors was obtained by a logical OR from the signals from the Si
strip, fast ejectile and scintillator detectors.

shaping —~| ADC gate
ampl.
Si strip reamp.
detector P P
CFD
gate
= delay | — = QDC <~—
fast ejectiles
scintillators :
trigger | start
L CFD |——=|delay —=| TDC box | | PAQ
[
ate
f delay QDC £ geggﬁgtor
scintillator
L CFD delay ——=| TDC
|
p-i-n ampl. L | ADC | gate
diode
MWPC CFD
counter
PMT CFD E—

Figure 6.8: Electronics scheme for the EXL test experiment. (CFD - constant
fraction discriminator; ADC - amplitude to digital converter; QDC - charge to
digital converter; preamp. - preamplifier; TDC - time to digital converter)
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During the test experiment the beam was scanned over the internal gas-jet target
in order to obtain the target profile and check the consistency of all the luminosity
monitors. The target profiles obtained with different detectors are plotted in Fig. 6.9.

Thev are consistent with each other and oive the nrofile of the overlan hetween

They consistent with each other and give the profile of the overlap between
the target and the beam. The size of the jet target after defolding the beam size
(estimated to be 5 mm) was determined to be 7.0+0.2 mm (FWHM). The absolute
luminosity has been deduced with the help of a current transformer measuring the
beam intensity and by knowing the target density (which was constantly measured
during the experiment), and reached the value (64:2)x10*” cm~2s~'. This 1um1n031tv

is two orders of ms\gnlfnr]a hicher than the one fvn1n9] for the *KALB ox

vaull 15400 J PAvaL I0r

where the usual value is (8 4+ 2) x 10% ecm™2?s™ .

6 T T T T T T T T

——e— Si strip detector ] [
Photomuitipiier | I
I’y

relative luminosity

beam position, mm

Figure 6.9: Target profile of the hydrogen gas-jet target installed at the ESR.
The position of the beam was changed at the target position and the resulting
change in event rate was observed with several detectors installed at different
places of the setup. The determined target size was 7.040.2 mm FWHM.

For the analysis of the differential cross section for elastic scattering the data
from the first group of the Si strip detector (the 8 strips placed closest to 90°, which
corresponds to 0° c.m. angle) were taken. In the first group of the Si strip detector
almost only elastic scattering events are detected as the cross section for the inelastic
scattering is negligibly small at these angles [86]. To obtain the cross section the
energy of the protons was corrected for their energy loss in the Ni foil placed in
front of the detector and additionally, each data point was corrected for the effective
solid angle. This correction is necessary due to the extended target. The correction
was obtained from Monte Carlo simulations performed in KVI, Groningen [87, 88,
89]. In Fig. 6.10 the experimental data are compared with the simulation of the
detector response for an extended target with FWHM equal to 8.5 mm and with the
theoretical calculation of the elastic scattering cross section. This target size was
chosen as it gives the best description of the experimental data. The inconsistency
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with the measured target size comes from possible not correct estimation of the

beam size. The exnerimental data noints corrected for the taroet seometrv are also
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shown. This correction is very 1mportant as due to the extended target the detector

[ theor. calc. ]
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Figure 6.10: The differential cross section for p'3®Xe elastic scattering (solid
line) calculated with the Glauber theory is compared with the experimental
data (full circles) from the first group of the Si strip detector and with a Monte
Carlo simulation. The triangles correspond to a simulation of the detector re-
sponse for a not point-like target (FWHM=8.5 mm) and the full diamonds are
the experimental data corrected for the extended target effect according to the
simulation.

covers different solid angle for different momentum transfer values ¢. The obtained
differential cross section was analyzed within the Glauber multiple-scattering theory
(see Chapter 4). The results are shown in Fig. 6.11. From the analysis with the
symmetrized Fermi parameterization a matter radius R,,,s = 4.85 £ 0.1 fm was
determined. The parameters of the symmetrized Fermi function are R = 4.54 +
0.05 fm and a = 0.90 4+ 0.05 fm. For a comparison the charge radius determined for
136Xe is 4.8 fm [90]. Note that in order to compare both values the charge radius
has to be defolded from the proton radius which leads to the value 4.76 fm.

The inelastic scattering for the excitation of the giant dipole resonance (GDR) in
136X e was also observed (The calculations were performed for the excitation energy
of the GDR E.,=15 MeV, taken from Ref. [91]. ). According to the simulation for
the kinematics of the elastic and inelastic scattering events plotted in Fig. 6.12 and
the calculated cross sections, in the fifth group of the Si strip detector the most
inelastic events will be detected and the contribution of the elastic scattering there
is the smallest. In Fig. 6.13 the experimental data, taken from the fifth group of the
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Figure 6.11: Measured differential cross section for p-139Xe elastic scattering.
The data points correspond to the experimental data corrected for the extended
target size. The cross section was analyzed within the Glauber theory using the

symmetrized Fermi parameterization.
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Figure 6.12: Kinematics of the proton scattering on Xe nuclei. The energy
of 136Xe is 350 MeV /u. The inelastic scattering (red line) is calculated with an
assumed excitation energy for the GDR F.,=15 MeV.
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Figure 6.13: Comparison between the experimental data and simulation for
the response of the fifth group of the Si strip detector. In the simulation both
elastic and inelastic scattering are included. Left side: Total spectra from the
experiment (top) and the simulation (bottom). Right side: Simulation of elastic
scattering events only (top) and of inelastic scattering events only (bottom).

Si strip detector which is located around 75° in the laboratory system, are compared
with the simulation. In the simulation both elastic and inelastic events are included
and very good agreement between simulation and experiment is observed.

Other reaction channels, like (p,n), (p,pan), (p,2pan) could also be identified us-
ing correlations between the detectors for fast ejectiles and the detectors for beam-
like heavy ions. The scintillator was used only for triggering as its energy resolution
did not allow isotope separation. For this the p-i-n diode, which has better resolu-
tion, was used. The result of such a coincidence measurement is shown in Fig. 6.14.
The cleaning of the energy spectrum of the p-i-n diode is due to a condition that
a light reaction product was detected in the forward scintillators. An example of
proton identification is shown in Fig. 6.15. These spectra were obtained with a
selection of the iodine isotopes in the p-i-n diode and coincidence conditions in the
fast ejectile detectors.

The results from this first test measurements show that investigations of different
nuclear reactions at storage rings with cooled beams and gas-jet target are feasible.
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Figure 6.14: Reaction channel selection. The top plot shows the raw energy
spectrum of the p-i-n diode without any condition applied. The middle plot
is the same spectrum with a condition for a coincidence with a fast proton
or neutron hitting the forward angle scintillator detectors. The bottom plot
shows a simulation of the p-i-n diode response for a 3%Xe(p,pmm)3¢~*Xe and
136X e(p,2pan ) 3=*1 channels. The left peak corresponds to I isotopes and the
right one to Xe.

It is possible to make low background measurements with UHV compatible detectors
close to the beam orbit. Separation of different reaction channels is possible as well,
when auxiliary detectors are used. The feasibility of the detector setup for the EXL
project for FAIR was confirmed.
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Figure 6.15: Proton signals in the first two layers of the fast ejectiles scintillator
detectors are displayed. On the left side the experimental spectra are shown.
On the right side the simulation of the signals from 350 MeV protons in the
same detectors are plotted for comparison.
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The differential cross section for intermediate energy proton elastic scattering pro-
vides detailed information about the size and spatial extent of the nuclear matter.
The data at low momentum transfer reflect mainly the outer structure of the nucleus
thus, the proton elastic scattering is a very good tool for investigating halo nuclei
where the most interesting part is the low density surface formed by the halo.

The active target ionization chamber IKAR is designed especially for measure-
ments of recoil protons in proton-hadron collisions at low momentum transfer. It
gives high resolution information about the energy and scattering angle of the recoil
proton in a 47 measurement.

An experiment on proton elastic scattering on "%1%1L1214Be and B in inverse
kinematics was performed at GSI with main part of the experimental setup being
the IKAR ionization chamber which served simultaneously as a proton target and
a detector for the recoil protons. In addition, there were a number of auxiliary
detectors used for particle identification and projectile tracking. The experiment
was performed with improved conditions as compared to the previous measurements
on the neutron-rich He [8] and Li [11] isotopes. The experimental setup was moved
to Cave C where better transmission of the secondary beam from the fragment
separator FRS is available, and in addition improved MWPCs with better resolution
were used.

The result from the experiment are the differential cross section for proton-
nucleus elastic scattering as a function of the four-momentum transfer at small scat-
tering angles. They were analyzed within the Glauber multiple-scattering theory
which describes very well the scattering process at intermediate and high energies.
This theory connects in a straightforward way the nuclear matter density distribu-
tion and the scattering amplitude. The Glauber analysis is proven to work very well
for stable nuclei and the theory was already successfully applied for the investigation
of the neutron-rich He and Li isotopes. For the analysis, various density parameter-
izations were used to calculate the differential cross sections and their parameters
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were fitted to the experimental data. For the first time the SOG method was applied

for the gna]vmq of small- and]p proton elastic sca;

In this thesis, the results from the analysis of the cross sections for p-?Be, p-
“Be and p-®B are presented. The matter radii determined in this analysis with
high accuracy are in most cases consistent with the previous measurements with
other experimemal methods and the values determined with the different densuy
parameterizations are consistent with each other within the uncertainties.

The results from the analysis show evidence for an extended nuclear matter
distribution of the nucleus ?Be, and confirm the Borromean halo structure of *Be.
The extended matter distribution of ?Be is explained as due to intruder orbitals
from the sd shell. The very large nuclear deformation of the isotope results in a
change in the shell gap. The last neutrons of ?2Be can occupy an s orbital and as
a result their wave function extends out of the nuclear potential which leads to the
appearance of a low density tail in the matter distribution. ?Be is not a Borromean
halo nucleus as the core °Be is stable. The halo structure of “Be is of no doubt
because evidence has been observed in previous experiments and is expected as both
factors for the presence of a halo (low binding energy and low orbital momentum
of the last nucleons) exist. Unfortunately, the present analysis is not sensitive to
the number of halo particles and both two-neutron halo and four-neutron halo give
equally good description of the experimental data. The results from this analysis
show that the free 2Be nucleus has different structure as compared to the core of
14Be when assumed that the core consists of 12 nucleons.

The obtained high precision experimental data and density distributions can be
used as a sensitive test and as an input for different theoretical studies. In this work
a comparison was made with several existing model density calculations. For this
purpose the experimental cross sections were compared with calculated ones using
theoretical densities as an input for the calculation. Densities calculated within the
Fermionic molecular dynamics model and the few-body model were used. These
models study the clusterization effects and the correlations between the particles in
the nuclei. In the case of Be relatively good agreement with the data is observed
while for the case of ?Be the calculations do not describe the measured differential
cross section well in the whole momentum transfer range. Further studies should be
performed to investigate the reasons for this disagreement in the case of the *Be
nucleus. For “Be the comparison with theory showed a possible high occupancy of
the s orbital even though the shell model predicts that the last two neutrons should
be on a d orbital.

Preliminary data for the ®B isotopes were also analyzed. The analysis shows the
existence of proton halo in ®B, and this study is the first observation of a proton
halo with the proton elastic scattering method. The obtained density distribution
was compared with FMD calculations and very good agreement is observed. The
halo structure of this isotope may be important for the nuclear astrophysics. It is
expected that the size and shape of the proton halo, in case it exists, will strongly
affect the S7 factor of the proton capture reaction "Be(p,7)®B [92]. This reaction
is considered as one of the most important astrophysical reactions as its low-energy
cross section determines the solar neutrino flux [93| coming from ®*B and the cross
section for it is important for the branching ratios of the pp-chain reactions. At
solar energies the reaction is highly peripheral which means that only the external
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part of the bound and scattering wave functions contribute to the radiative capture
cross section. Thus, the behaviour of the low-density tail of the matter of ®B is very
important for the study of this problem.

Data for the compact isotopes ?Be and “Be were also measured in the present
experiment but the analysis of these data is still not completed due to problems
in the IKAR detector during this measurements. As these isotopes have a number
of particle stable excited states separation of the elastic and inelastic scattering
channels is not possible without information from IKAR.

The future usage of the present IKAR setup for further studies is limited. With
it, it is possible to investigate isotopes up to carbon. Heavier projectiles have very

hich multinle Coulomb scatterino throuch the setun and nroduce bigo sional in the
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IKAR detector, hence it is not possible to measure the scattering angles and the

recoil enerov with the necessarv accuracy in the region of low momentum transfer.
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A proposal has been accepted for an experiment to measure the differential cross
sections for proton elastic scattering on the neutron-rich carbon isotopes and this
would be the last IKAR experiment.

For the investigation of heavier neutron- and proton-rich isotopes far off stability
a new universal detector system EXL is being designed. It should be installed at
the NESR at the future accelerator facility FAIR and can be used to study all kinds
of reactions. Due to the usage of storage ring techniques high resolution and high
luminosity can be achieved. Thus, the system provides very good conditions to
study exotic nuclei. The fact that the projectiles do not leave the vacuum of the
storage ring and the use of very thin internal target provide favourable conditions
for high resolution measurements at low momentum transfer with high luminosity.
The experimental conditions for such studies were tested at the existing storage ring
ESR at GSI. Single small solid angle detectors representing all the detection systems
to be included in EXL were installed at the ESR and the feasibility of the setup was
tested with a stable 3¢Xe beam. The target profile and size were measured. The
elastic and inelastic scattering channels were observed. Other reaction channels like
(p,pan) and (p,2pan) were also identified. The feasibility of the setup for reaction
studies was confirmed and the results are considered as an important milestone for
the EXL project at FAIR.
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APPENDIX A

e N

Absolute differential cross
sections

Table A.1, Table A.2 and Table A.3 contain the experimental data points for the
differential cross section for elastic scattering measured in inverse kinematics in the
current experiment and analyzed in this work.

Table A.1: Measured differential cross section for p-'?Be elastic scattering at
energy 700.5 MeV /u.

| t, (GeV/c)? | do/dt, mb/(GeV/c)? | A do/dt, mb/(GeV/c)? |

0.164-102 7683.84 259.089
0.211-1072 6590.30 245.705
0.258-1072 5796.99 229.290
0.305-10~2 5528.12 225.041
0.352-1072 5248.16 224.871
0.446-1072 4984.77 123.470
0.586-102 4157.88 115.881
0.680-10~2 3883.34 197.313
0.727-1072 3827.75 197.511
0.774-1072 3319.61 187.250
0.891-1072 2901.40 75.8509
0.113-107! 2548.63 88.9425
0.127-1071 2337.00 116.150
0.136-107¢ 2048.54 112.024
0.145-107¢ 2041.63 110.186
0.155-107¢ 1785.57 102.223
0.164-107! 1753.28 104.870
continued on next page
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continued from previous page

t, (GeV/c)? | do/dt, mb/(GeV /c)? ‘ A do/dt, mb/(GeV/c)?
0.174-10~1 1644.52 99.1812
0.183-107* 1539.64 94.7981
0.192-10~* 1305.46 88.5779
0.202-1071 1345.63 89.9429
0.211-107* 1239.18 85.6318
0.220-10~* 1227.82 85.5067
0.230-107! 1054.69 79.5557
0.239-10~1 919.586 75.2464
0.249-107! 969.037 77.1342
0.258-107! 956.969 76.9275
0.267-10~* 873.311 74.2124
0.277-107! 770.759 70.6278
0.286-10~* 821.297 68.5959
0.296-10~! 808.733 69.5251
0.305-107! 740.933 65.8939
0.314-10°! 718.647 66.4222
0.324-10~* 626.080 62.7858
0.333-107! 602.815 60.7111
0.342.10~1 546.046 59.5907
0.361-107! 495.899 33.0056
0.385-107! 407.658 36.9156
0.403-107! 362.691 34.2765
0.422-107! 326.390 33.5579
0.441-10~1 288.716 31.5070
0.460-10~! 273.652 31.0106
0.479-10~* 277.204 30.6897
0.497-10~* 221.990 28.8375

Table A.2: Measured differential cross section for p-'“Be elastic scattering at
energy 699.9 MeV /u.

| t (GeV/c)? | do/dt, mb/(GeV/c)? | A do/dt, mb/(GeV/c)? |

0.164197-102 9634.82 421.987
0.211111-1072 7618.37 400.393
0.258024-10~2 7171.60 371.693
0.304938-102 6243.02 361.553
0.351851-1072 6200.38 355.609
0.445678-102 0673.31 196.862
0.539505-102 0317.73 340.617
0.586419-102 4783.58 328.419
0.633332-10~2 4553.99 311.440
0.680246-102 4418.89 309.695
0.727159-102 4382.49 311.080
continued on next page
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continued from previous page
t, (GeV/c)? ‘ do/dt, mb/(GeV /c)? | A do/dt, mb/(GeV /c)?

0.797530-10~2 4210.20 226.583
0.913406-10~2 3597.48 146.859
0.104880-10 * 3276.08 196.195
0.118419-107¢ 2593.51 125.749
0.131958-10~* 2466.60 172.840
0.140984-10~* 2087.57 159.221
0.150011-107* 1966.33 157.489
0.159037-10~* 1731.86 147.575
0.177089-10~* 1493.04 78.1376
0.199654-10~* 1095.40 83.6043
0.213194-107! 973.751 109.800
0.222220-107* 988.608 116.444
0.231246-10~* 935.490 111.505
0.244785-10~* 815.551 73.6571
0.262838-10~! 665.917 66.8068
0.280890-10~* 648.731 67.5933
0.298942-10~1 498.940 59.8007
0.316995-10~* 479.556 56.1793
0.335047-10~¢ 391.864 51.7567
0.362125-10~* 301.333 33.0055
0.398230-10~* 197.622 28.0605
0.434335-10~ ¢ 138.659 23.0834
0.470439-10~ 1 116.887 21.7853

Table A.3: Measured differential cross section for p-°B elastic scattering at
energy 700.5 MeV /u (preliminary results).

| t, (GeV/c)? | do/dt, mb/(GeV/c)? | A do/dt, mb/(GeV/c)? |

0.516-107! 9917.88 297.95
0.610-10~1 8227.76 255.26
0.704-1071 7198.82 228.82
0.798-10~! 6450.34 209.32
0.891-1071 5934.02 195.71
0.985-10~* 5365.69 180.56
0.108-107* 4806.65 165.46
0.117-1071 4518.77 157.6
1.27-1072 4279.18 151
1.36-1072 3785.14 137.23
1.45-1072 3387.68 125.96
1.55-1072 3281.82 122.92
1.64-1072 3133.23 118.64
1.74-1072 2754.35 107.57
1.83-1072 2732.06 106.91
continued on next page
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continued from previous page
t, (GeV/c)? | do/dt, mb/(GeV /c)? ‘ A do/dt, mb/(GeV/c)?
1.92.1072 2531.48 100.94
2.02-1072 2089.44 87.5
2.11-1072 2078.3 87.15
2.20-107? 2056.01 86.46
2.30-1072 1853.57 80.12
2.39-1072 1820.14 79.07
2.49-1072 1678.98 74.56
2.58-1072 1580.55 71.37
2.67-1072 1387.39 65
2.77-1072 1316.81 62.62
2.86-1072 1329.81 63.06
2.96-1072 1205.38 58.83
3.05-1072 1177.52 57.87
3.14-10 2 1032.65 52.79
3.24-1072 1002.93 51.73
3.33-1072 921.21 48.78
3.42-1072 861.78 46.59
3.52-1072 850.64 46.18
3.61-1072 806.06 44.51
3.71-1072 726.2 41.47
3.80-1072 711.34 40.9
3.89-1072 689.05 40.03
3.99-1072 679.77 39.67
4.08-1072 655.62 38.72
4.18-1072 575.76 35.51
4.27-1072 562.76 34.98
4.36-1072 527.47 33.52
4.46-1072 501.47 32.42
4.55-1072 458.75 30.59
4.64-1072 397.46 27.89
4.74-1072 410.46 28.47
4.83-1072 388.17 27.47
4.93.1072 339.88 25.23
5.02:1072 308.31 23.72




From the information obtained with the proportional chambers the vertex point of
the interaction can be calculated. In Fig. B.1 the geometry of the chambers and
the measured variables are displayed. From this variables the vertex point 7, is

MWPC4
MWPC 1 MWPC2 MWPC3

v4|
S ‘—:S,
" Vertex ¥3
point x3 :
x4
z3 z4

Figure B.1: Geometry for projectile tracking and coordinate determination
necessary for calculating the vertex point Z,,.

105



106

APPENDIX B. VERTEX POINT CALCULATION

calculated via the relations:

o To — X1
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APPENDIX C

Relativistic kinematics of elastic
scattering

For the description of the scattering processes of particles with energy ~1 GeV
relativistic kinematics is used. The Lorentz invariant Mandelstam variables s, and
u describe the particle kinematics. In Egs. (C.1) a general notation is used where
the indices a and b indicate the incoming particles, and 1 and 2 indicate the outgoing
particles after the interaction (p, + py — p1 + pa, see Fig. C.1),

s=pa+p)’=P1+p),
t=(pa—p)* = +p)°, (C.1)
U = (pa _p2>2 = (pb +p1>2 )

where p is the four momentum. The variable s is the invariant mass of the two
particles, t is the four momentum transfer in the direct channel and w is the four

a
1

L

2

Figure C.1: Schematic representation of a reaction. Particles a and b are the
incoming particles before the reaction and particles 1 and 2 are the reaction
products (depending on the process they can be identical to a and b or different
from them).

momentum transfer in the exchange channel. Only two of these variables are inde-
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v Adant and Aha s AL AL ann maladbad s

pcuucuu allul UL1IC LI CC Ul ULI1ICLIL al € 1Claulcu Uy.
el L — a2 L an2 1 an2 1 a2 (Y D)
ST UT U=1T, T Ty T Ty T 17y, -4 )

where with m the masses of the particles participating in the reaction are noted. A
thorough description of the kinematics is given in [94].

The kinetic energy of the particle T, the total energy F, the linear momentum
p and the four momentum p are connected via the relations:

¥a P
p?=E*—p’ (C.3)
p’> =T%+2mT

In terms of particle velocity the same variables are given by:

T=(y—1m and p=pymv, (C4)

where
v ['T(T + 2m) Cs
B=2=\ Trmp (C.5)

is the velocity in units of the speed of light ¢ and

1 T
Y (C.6)

is the total energy in units of the particle rest mass.

m
i ,. ., A
(E,k) (B,,-k)
& (k)
Laboratory system Center of mass system

Figure C.2: Particle scattering kinematics in the laboratory system and in the
center of mass system.

In Fig. C.2 the elastic scattering of a particle with mass M with a kinetic en-
ergy T, on a particle with mass m is shown. From the conservation of energy and
momentum it follows that the scattering angle of the projectile 6, and the kinetic
energy of the recoil target particle are related by:

T2 +2MT, — Tp(T, + M + m)
\/TP(TP +2M)(T, — Tr)(T, — Tr + 2M)

cosby =

(C.7)




109

When this equation is solved for the energy of the recoil particle Tr we get its
denendence from the scattering ancle of the proiectile:
VAR AL AL AL VALY VUL D oY WA VY R v
m + (T, + M)sin6s — cosfs/m? — M?sin?0;
Tr =T,(T, +2M) 5 5 (C.8)
(T, +m+ M)? —T,(T, + 2M )cos?0;
Mh A walatinn khatranns +hna rmamantiizng of tha rartinla i tha cantar AF mmaca asratarn
1 11€ 1Claulull DCLWCCIL LLIC 11IUILLICIIVULIL Ul U1IC pal LICIC 111 ULLIC CCLILCL UL LI1lddd DybbUlll.
and the kinetic energy in the laboratory system can be derived by using the invariant

mass of the system s expressed in the laboratory and the center of mass frames:

2 T,(T, + 2M)m? 9
M2+ m2+2(T, + M)m (&)

The four momentum transfer ¢ is related to the particle momentum k via:
t = 2k*(1 — cosf*) , (C.10)

where 6* is the scattering angle in the center of mass system. From this relation it
follows that the differential cross section as a function of the solid angle €2 and as a
function of the four momentum transfer ¢ are related via:

do 7 do
- A1
dt k2 dO) (C.11)
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