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INCLUSIVE MEASUREMENTS OF THE BREAK-UP OF 156 MEV °LI-IONS
AT EXTREME FORWARD ANGLES AND THE QUASI FREE BREAK-UP MODEL

Abstract

Inclusive alpha particle and deuteron spectra from collisions of 156 MeV SLi-ions with
12C and 208Pb were measured at extreme forward emission angles including zero degree.
The measurements were performed with the Karlsruhe magnetic spectrograph “Little John’
and required an efficient reduction of the background from small-angle scattering. The
observed double differential cross sections and angular distributions have been analysed on
the basis of Serber’s spectator break-up model. When going to angles smaller than grazing,
where Coulomb effects are expected to be dominating, transitional features may appear.
Corresponding effects probably associated with Coulomb break-up are observed with the
2Ong—target and require a slight extension of the Serber approach. In the case of the
12C-target the break-up cross sections in forward direction seem to reflect the shape of the
internal momentum distribution of the alpha particle and deuteron cluster in the 6Li-pro-
jectile and are in agreement with a 2S-type wave function. However, at larger angles the
shape appears to be distorted, possibly by final state interactions.




INKLUSIVE MESSUNGEN DES AUFBRUCHS VON 156 MEV ®LI.IONEN UNTER
EXTREMEN VORWARTSWINKELN UND DAS QUASI-FREIE AUFBRUCH-MODELL

Zusammenfassung

Es wurden inklusive Alphateilchen- und Deuteronen-Spektren aus Stéf8en von 156 MeV
6Li-Tonen mit 12C und 208Pb im extremen Vorwirtswinkelbereich einschlieSlich der Null-
Grad-Richtung aufgenommen. Die Messungen wurden mit dem Karlsruher Magnetspektro-
graphen ’Little John” durchgefuihrt und verlangten eine effektive Unterdriickung des Unter-
grundes, hervorgerufen durch Vorwirtswinkelstreuung. Die beobachteten doppelt-differen-
tiellen Wirkungsquerschnitte und Winkelverteilungen wurden auf der Basis des Aufbruch-
Modells von Serber analysiert. Zu kleineren Winkeln unterhalb des Streifwinkels, wo eine
Dominanz von Coulombeffekten erwartet wird, konnen Ubergangsphinomene auftreten.
Entsprechende Effekte, die vermutlich auf den Coulomb-Aufbruch zuriickzufithren sind,
wurden beim 2OSPb-Target beobachtet und machen eine geringfiigige Erweiterung des Ser-
ber Ansatzes notwendig. Im Falle des 12C-Targets scheinen die Aufbruch-Wirkungsquer-
schnitte in Vorwirtsrichtung die Form der inneren Impulsverteilung des Alphateilchen- und
Deuteronen-Clusters widerzuspiegeln und entsprechen einer 2S-Wellenfunktion. Jedoch
zeigen sich bei gr6Beren Streuwinkeln Distortionseffekte, méglicherweise hervorgerufen

durch Endzustandswechselwirkungen.
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1. Introduction

The break-up of composite nuclear projectiles in the field of atomic nuclei is an important
reaction mode in nucleus-nucleus collisions at high as well as low incident projectile energies
[1]. It comprises a large fraction of the total reaction cross section and is often signalled by
broad and pronounced bumps centered around the beam-velocity energies in the continuum
part of the inclusive energy spectra of the emitted particles. The strongly forward-peaked
angular distributions and other features, very distinct in reactions induced by loosely bound
projectiles like 6714 [2-7], suggest that the bumps dominantly originate from fast peripheral
fragmentation processes of the projectile, in which the observed fragment remains a specta-

tor of the reaction [8,9].

Thus, the basic scenario shows a projectile a = (b + x) with the velocity v, hitting a
nucleus A in a grazing collision and a spectator b, which moves on essentially undisturbed.
This implies that its velocity after colliding is determined by the projectile velocity superim-
posed by the Fermi motion. The participant x interacts with the target in a variety of
reaction modes, elastically (elastic break-up) or preferably nonelastically [10].‘ In such
break-up reactions the projectile is lifted into the continuum, where it immediately disinte-
grates and the fragments are assumed not to influence each other any more. In contrast, in
another extreme situation the target field excites an intermediate resonance via inelastic
scattering or even cluster transfer, which subsequently decays influenced by the final state
interaction of the fragments in the “excited’ projectile (sequential or resonant break-up). To
which extend one or the other basic mechanism is prevailing in a particular situation and is
contributing to the observed inclusive spectra of the break-up fragments is a question of

interest.

The most simple spectator model describing the main features of the disintegration of
nuclear projectiles was introduced by Serber [8]. It is based on a pure geometric approach
In momentum space, equivalent to a plane wave description in r-space, thus implying mini-
mum distortion by the nuclear target field. Treating the target nucleus as a black disk
includes absorption of the unobserved fragment x (‘opaque model’). Coulomb effects like the
deflection and the deceleration of the projectile in the Coulomb field of the target are

included on the basis of quasi-classical considerations.

In general, the quasi free approach disregards the distortion of the incoming and outgoing
waves. This deficiency is removed by the very successful (post-form) DWBA-approach
worked out by Baur et al. [10,11]. However, due to a zero-range approximation, necessary
for practical calculations, the DWBA-approach implies a constraint of the squared projectile
wave function |§5a( q)|2 to a Lorentzian distribution. An additional numerical problem arises
from the large number of partial waves to be considered at very small emission angles when
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including the Coulomb break-up. The use of the PWBA-expressions appears to be more
flexible in this respect.

In the past, quasi free break-up approaches (spectator models) have been discussed with
data of fragment emission close to or larger than the grazing angle, i.e. resulting from proc-
esses dominantly induced by the nuclear interaction in the periphery of the target nucleus.
When observing at emission angles considerably smaller than grazing the influence of the
Coulomb interaction from larger impact parameters is of increasing importance, and a
change in the character of the break-up process is expected. The aim of the present work is

to look experimentally for corresponding transitional features.

For this purpose inclusive alpha particle and deuteron spectra from the collision of 156
MeV 6Li-projectiles with 12C and 298pb have been measured at extreme forward angles.
The experiment takes profit of the magnetic spectrograph ‘Little John'. It extends available
data, which were previously measured with semiconductor telescopes [4] and were limited
to an angular region = 10°, to smaller angles including 0°. Due to the well-developed cluster
structure of OLi showing very distinct break-up phenomena, 6Li-projectiles are considered
to be most suitable for the intended studies. The experimental results are discussed on the
basis of an extended version of the Serber model including a component of small Coulomb
deflection angles. The analysis provides an insight into the character of the break-up

reaction mechanisms at very forward emission angles.

2. Experimental set-up and procedures

The measurements were performed at the Karlsruhe Isochronous Cyclotron using
6Li3+-particles from the external ECR ion source LISKA [12,13]. The 6Li-particles were
axially injected into the cyclotron and accelerated to a beam energy of 156 MeV. The
charged particle spectra were measured with the magnetic spectrograph ‘Little John’
(Fig. 1), which has a QQDS-magnet configuration and is particularly designed for the
detection in extreme forward direction [14,15]. It is equipped with a focal plane detector
[15,16], which can be moved along the direction of the particle trajectories for a variable
momentum acceptance and resolution, respectively. This requires a flexible imaging of the
system which is performed by the quadrupole doublet (QQ). The sextupole magnet (S) ena-
bles to adjust the focal plane to be perpendicular to the central trajectory. A mode with a
large momentum acceptance (+9.1%) and low resolution was used in this case, where the

vacuum extensions VE2 and VE3 were removed (see Fig. 1).

The focal plane detector consists of two position sensitive proportional counters providing
the momentum information by measuring the position in the focal plane via charge division
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Fig. 1:  The Karlsruhe Magnetic Spectrograph ‘Little John'.

at a thin wire. An additional ionisation chamber and a plastic scintillator, measuring the
energy loss AE and the remaining energy E, are used for particle identification. These four
single detectors, each of which has an efficiency for particle detection close to 100 %

[16,17], were operated in coincidence to reduce neutron and gamma induced background.

At small observation angles several characteristic problems arise caused by the ‘beam
halo’, the angular straggling from the target and the high counting rate from elastic OLi.
scattering, which is up to five orders of magnitude larger‘than the break-up contribution.
The beam halo was minimised by a very careful preparation of the primary beam using
emittance reducing slits in the extraction system of the cyclotron and upstream the

monochromator magnet, and using anti-scattering diaphragms downstream in the beam line
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Fig. 2: Mechanical set-ups (schematically drawn) to stop the primary beam for meas-

urements in different angular ranges.
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[16,18]. The beam spot on the target had a diameter of about 1 mm. At the beginning of
each experiment an angular beam profile was measured, which had an average width of
0.10° and allowed to determine the 0°-direction within an accuracy of better than +0.05°,
The beam current was limited by the counting rate in the detector to values between 5 nA
and 50 pA for reaction angles 10° down to 0.7° and to about 1 pA at 0°,

The angular range in forward direction was covered by three different set-ups for stopping
the primary beam as illustrated in Fig. 2. Dependent on the observation angle the 6 i-beam
was stopped either in a Faraday cup inside the 50 cm ¢ target chamber or on a graphite
block, which is fixed on the acceptance diaphragm. For the zero degree measurement the
beamstop was a small 20 mm broad carbon block placed in front of the focal plane detector.
This beamstop produced a comparatively narrow gap in the energy spectra and could only
be used when particles with Z > 1 were to be detected.

Diaphragm
Beam-Halo
NN
/////—/_;_‘;////// - - J o _ o
7/: e Vo _/: _{._:L_/__—:/ 4 _/_/

____/_/__/__//////

\\\\

-B
eam N Targetframe

Fig. 3:  The entrance of the target chamber with a diaphragm to reduce remaining 614

particles from the beam halo (idealised).

In order to prevent 6Li-particles of the remaining beam halo from hitting the target frame
and enlarging the number of background events a 7 mm ¢ conical diaphragm was positioned
at the entrance of the target chamber (Fig. 3). In combination with a large target frame of
15 mm diameter a measurement with a blank target indicated that nearly no background

remained from beam halo particles at forward angles. This method was considerably
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improved later on with active suppression systems [16,19] which are necessary when
detecting 6Li-ejectiles (for instance for giant resonance measurements [197).

The break-up alpha particles and deuterons have about beam velocity and the charge-to-
mass ratios of alpha particles, deuterons and 6L are the same. This means that the elas-
tically scattered 6Li-particles and the maxima of the break-up alpha particle and deuteron
spectra are positioned at approximately the same horizontal place in the focal plane.
Therefore, the carbon block for stopping the primary beam at 0° was also used to stop the
elastically scattered 6Li-palrticles at positive angles. Thus, a small energy gap is created as a
peculiarity of all measured spectra, but it reduces the overall counting rate in the focal plane
detector by nearly two orders of magnitude. In this angular range a width of 10 mm for the
graphite block turns out to be sufficient. (In an early state of the experiment the block with
20 mm width was also used for 1° and 2°, see Fig. 9, 12C-target.) Since the gap is at a
known energy it provides an additional control of the energy calibration.

For absolute normalisation of the cross sections at angles larger than 2° the beam current
on the Faraday cup in the target chamber was integrated. An additional gas counter [20] in
the target chamber positioned at © = -17° at a distance of 60 mm from the target allowed
an exact relative normalisation of the spectra at different observation angles. The measure-
ment of the beam current with the beam stop on the acceptance diaphragm was rather
inaccurate, because here the escape of secondary electrons was not suppressed. Therefore,
the gas detector was indispensable for normalisation from 2° down to 0°.

3. Data processing

A separation of the different particle types can be performed very easily using the energy
loss and total energy information by setting particle specific windows in a two-dimensional
AE-E-diagram, where the different ejectiles are clearly separated [16].

An accurate energy calibration over the whole momentum acceptance of the spectrograph
is very important since continuous particle spectra not containing clear peaks at well known
energies are to be measured and the shape of the spectrum yields essential physical infor-
mation. Furthermore, due to higher-order ion-optical properties and detector unlinearities
the momentum of the particles is not a linear function of the calculated position in the focal

plane.

The primary data were recorded event by event on magnetic tape (list mode) each con-
taining six 12-bit words using a data aquisition program [19] on a PDP 11/23 computer.
The data reduction comprises two main steps. At first ‘position spectra’ were created, cal-
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culating the apparent position x of a particle in the focal plane with
X = K- QuUQL+ Qr), where Q| and Qg are charge signals from the left and right side
of the wire in the position sensitive detectors and K s the maximum channel number in the
spectrum. Test measurements indicated [17] that electronical off-sets P and Pp of the
charge signals largely influence the resolution of the spectra. This requires to replace Qq by
Q" = Qp- Py in the given expression and to replace Qg analogously. Secondly, the
position spectra were converted into energy spectra for which an energy calibration is need-
ed. It was performed by placing the peak of elastically scattered 6Li-palrticles on five equi-
distant positions in the focal plane varying the magnetic field. The calculated positions were
used to determine a polynomial of 4th degree representing the momentum and the energy,
respectively, as a function of the calculated position K, involving unlinearities of the detector
and the ion-optics of the spectrograph simultaneously. The procedure and especially the
influence of different particle types and different magnetic settings is described in detail in
refs. [16,18].
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Fig. 4. Inclusive alpha particle spectra of the reaction ‘6Li + 12¢ 4 Op = 2° with two
different magnetic settings (a, b) and the combined spectrum (c).
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The covered energy range, which is 39 MeV for alpha particles and 19.5 MeV for deuter-
ons, can be enlarged by measuring with different magnetic settings and combining the partial
energy spectra. An example of a combined inclusive energy spectrum is displayed in Fig. 4.
This spectrum also shows that the preequilibrium background is small compared to the
break-up component in the forward angular range. Yet the main measurements (Fig. 5,6)
were performed with only one magnetic setting in order to exclude inaccuracies for this first
experiment, possibly originating from an insufficient accuracy of the magnetic field meas-

urement.

4. Experimental results

Inclusive alpha particles and deuterons from the break-up of 156 MeV 6Li-projectiles
when bombarding 12¢ and 208Pb-targets were detected for emission angles from 12° down
to 0°. Table 1 contains details of the selfsupporting target foils.

Table 1: Target properties

Target  Enrichment [%] Thickness [mg/crn2]

12, 98.98 4.3
208py, > 99 8.1

A series of alpha particle spectra in the observed angular range is shown in Fig. 5. The
gap in the middle of each spectrum originates from the carbon block, which was used to
suppress the elastic line. (When using the 2Ong-target the 0°-Spectrum exhibits an exper-
imental background below beam velocity energy, probably due to the angular straggling in
the target with secondary scattering of S| i-ions at the acceptance diaphragm, and is there-
fore not used.) The physical background, mainly due to preequilibrium and equilibrium
processes, decreases with increasing energy and is small compared to the break-up contrib-
ution at forward angles.

In the previous experiments of Neumann et al. [4] this background contribution was
approximated by a straight line. In our case this procedure leads to additional uncertainty
because the covered energy range is limited. Neumann et al. found that the physical back-
ground is independent of the observation angles between 10° and 32°. It can be assumed
that this background contribution remains constant for angles down to 0°. Thus, the back-
ground estimate [21] was taken from alpha particle and deuteron spectra at the emission
angle 12°, which is also covered in this experiment. The background is represented by the
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Inclusive alpha particle spectra from collisions of 156 MeV 6Li-ions with 12C and
208py, i the forward angular range. The physical background represented by the
dashed lines is taken from [21].

dashed lines in Fig. 5 and is subtracted later on when comparing the break-up spectra with

model predictions (Figs. 9,10,13),

In order to obtain the angular distributions by integrating the break-up contributions of
the energy spectra a different way of considering the background was chosen for practical
purposes. For alpha particle spectra it was shown by comparison with data from [21] that
the measured physical background and the amount of break-up particles, which is outside
the excepted energy range of the actual setting of the spectrograph, in average cancel each
other. Therefore, the energy spectra were integrated without any background subtraction.
The maximum error of this procedure is estimated to be less than 10% and even decreases

towards smaller angles [18]. The different energy windows for alpha particles and deuterons
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were taken into account by an additional factor 1.6 in the angular distribution of the
break-up deuterons, which was determined by comparing the acquired areas of the break-up

bumps from alpha particles and deuterons [18].

The measured energy integrated cross sections can be compared directly with the corre-
sponding data from Neumann et al. [4] in the overlapping angular region of 10° to 12°. The
latter cross sections are smaller for the 12C-target by 23% and for the 208Pb-target by 12%.
This is a reasonable agreement taking into account e.g. the error in measuring the target
thicknesses. Finally, our data were normalised to those of Neumann et al.. The resulting
break-up angular distributions are displayed in Fig. 6.. Additionally, the measured cross
sections of the elastic 6Li-scattering divided by the Rutherford cross sections are represented

by the upper data points.

The total break-up cross sections in ref. [4] were calculated by adjusting a function
o(0) = C.e99 (© = laboratory angle) to the angular distributions and integrating over
the 477 solid angle. In the present experiment especially the angular distribution of alpha
particles from 2Ong(6Li,aX) showed up to be much more flat, than it was extrapolated to
small angles with the above assumption. Therefore, another function was adjusted in the
forward angular range using the same exponential expression with different parameters. The
parameters from [4] were used for the remaining solid angle. The integral production cross

sections o, . and the parameters are listed in Table 2.

Table 2: Break-up cross sections and related quantities

Target  Ejectile  Angular range (©) C [b] a 0;,t[b]

208py, a < 12.1° 4.0 2.1 0.71
> 12.1° 63.4°  15.27

208p, g < 7.3° 6.6 8.6 0.67
> 7.3° 5.57 7.2%

124 a < 10.6° 9.5 17.8 0.20
> 10.6° 5.2 1447

124 d < 7.0° 3.8 12.8 0.23
> 7.0° 2.1" 7.8"

*
parameters from Neumann et al. [4]

Looking more closely to the positions of the maxima of the energy spectra, they appear
to be conspiciously shifted from beam velocity energies towards smaller energies. When
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bombarding 12¢_nuclei the shift of the alpha particle spectra increases with increasing
emission angle to about 6 MeV at Qb = 12°. When using the 208Pb-target the shifts in
the alpha particle spectra are approximately constant with about 2 MeV below 8° and are
slightly increasing at larger emission angles. A qualitative explanation of this feature as a

geometrical effect is given in Appendix B.
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Fig. 7. Angular distribution of break-up fragments from the reaction oL + 12¢ 4
emission angles around 0°. The curves are to guide the eyes. ‘

In principle, an asymmetry of the angular distribution with respect to 0° is possibly due
to an asymmetric experimental background, which could be produced for example by the
analysing magnet in the beam line. The angular distribution of break-up fragments from the
reaction °Li + 12¢ for emission angles between -1.5° and 2.5° indicate that no asymmetry
is observed (Fig. 7).
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5. Theoretical basis of the analysis

Although the Serber model approach [8] of projectile break-up reactions is based on a
series of simplifying assumptions, it has been proven to be quite useful for exploring the
essential features of the physical process underlying the observed phenomena.

The main assumptions are the following: The projectile a consists of two clusters b and
X, cach with the extension zero and the separation I,y Whereas the target nucleus is treated
as a circular disc perpendicular to the beam direction. The energy of the Fermi motion in the
projectile should be small compared to the incident energy, which is fairly well fulfilled in the

present experiment.

In the most simple form the target is assumed to be transparent to the break-up frag-
ments. Assuming a Yukawa type wave function @(ry,y) for the relative motion of the clusters
the double differential cross section in the frame of this ‘transparent’ (tr.) Serber model

(associated with elastic break-up) is given [23] by

Ppros, 1PN « mp, ————— . 5.1)
JE, Phase bpb (2}18+q2)2

with the reduced mass ¢ and the binding energy € of the fragments. The subscript ‘0o’ means,
as also in the following, ‘without Coulomb effects’. Here the internal momentum q is related
to the observed ejectile momentum Pt the momentum py, due to the projectile motion
and to the emission angle © by q2 = p02+ Pb(z) - 2poPp(cos®O.

Actually, the a-d cluster structure of 6Li is hardly described by a Yukawa type wave
function. Fig. 8 compares the Yukawa form with the more realistic 2S-type wave function
given by Kukulin et al. [24]. In the region of small wave numbers k < 0.5 fm™ the
momentum distribution can be simulated by a Lorentzian shape using a modified value
€ = 1.07 MeV (Fig. 8), which is a useful simplification for the extended model described
below.

Considering the absorption of the participant fragment by the target nucleus (opaque
nucleus), in particular through break-up fusion type processes [3,25,26], leads to the
‘opaque’ Serber model (superscript ‘op.’), where the double differential cross section in
€q. 5.1 is modified (calulated by Utsunomiya [23]) to:

d20 op. dZOtr.
0 0

o .
dQ deb dQ deb

6(E,00) | 5.2)
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(2ps + q2)U4PU2 (s)
G = , (5.2a)
<2pc + q2 - pi sinr“)0>3/4

and Pl/2(,s) is a Legendre function of the argument

. 2
y SN 6
s = . (5.2b)
(Zpe + q2>1/2 (2}18 + q2 - pi sin? 6>U2

1
2 2
2ue + q —-2-p

The factor G reduces the width of the energy distributions of the break-up fragments and
shifts the maxima slightly to larger energies, increasingly with increasing emission angle. The
angular distributions of the break-up fragments (explicitly taking into account clusters of
different mass) are given by: '

] T "Li 1
— @) = — —C({) (5.3)
dQ n(1 + & o2
12
m,oog o
with (=00, 0 :(—— x ) (5.3)
4] 4] mb B
1 (transparent model)
and C(Q) = (5.3b)
) 1/(2(3) [(a+ (2) tan "7 - 4 (opaque model).

The quotient m, /my, effects that the angular distribution of the deuterons is more flat than
those of the alpha particles. In order to get equal total numbers of both fragment types the
factor l/@o2 in eq. 5.3 realises the relative normalisation. (In the original article from Serber
this factor is already contained in the solid angle dQ (). The parameters R and Ry ; are the |
target radius and the average separation of the clusters in the 6Li~projectile and provide the
absolute normalisation. They are given by Serber only for the opaque model implying a total
stripping cross section of * 0°P'= (7/2):R[ ;R (which is also valid when including the
Coulomb deflection). This normalisation is simply taken for the transparent model, too, in
order to have a definite normalisation for both versions of the model which is necessary for
the extension introduced subsequently.
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Fig. 8: Various forms of the a-d internal momentum distribution of 6Li.

For the target radius the equivalent radius Re was taken, related to the root mean square
radius by R, = 5/3 <r>?2 With values for <r> taken from [27,28] the target radii are
2.70 fm for '2C and 7.32 fin for 298Pb. If we assume the intrinsic cluster wave function of
5Li to be of Yukawa type, the separation is Ry; = 1/(2a) with a = (2ue)1/2/ﬁ. (For the
Pb-Target one obtains ¢°P'= 220 mb with the modified value € = 1.07 MeV.)
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Coulomb interaction effects distort the shape of the angular distributions:

(1) Due to the Coulomb deceleration the local projectile energy is reduced, when the
projectile breaks up. In eq. 5.3a Ea has to be corrected to Ea- ZaVC, where VC is the
Coulomb energy per unit projectile charge. This leads to a slightly larger width of the
angular distribution. Additionally, the Coulomb deceleration of the projectile and the
Coulomb acceleration of the break-up fragments afterwards may also shift the posi-
tions of the maxima in the energy spectra, away from the beam velocity energies, if
the charge-to-mass ratios of projectile and fragments differ. This is not the case for

the OLi - (a + d) break-up.

(11) The deflection by the transversal momentum from the Fermi motion is superimposed
by the deflection of the projectiles due to the repulsive Coulomb field (see also
Appendix A). Taking into account the Coulomb repulsion of the projectile and of the
observed fragment, the resulting deflection angle is

Za Vc m, Zb
0 = [1+————]- K (5.4)
c 2Ea m, VA

with nuclear masses m and charge numbers Z. The factor K is a kinematical factor
accounting for the transformation from the c.m. system of projectile and target to the
laboratory system. It is 0.67 for 12¢ and 0.97 for 208py, in the range of small angles.

With these effects included the expression of the angular distribution (eq. 5.3) changes to

32
do RyR; u™ Pl
—500,) = — — 5 C0 (5.5)
n(l + CZ +Zf> o
1+¢+¢
with u= and (C = 80/60 . (5.5a)

[(1 + e +Cf)2_442<ﬂ1/2

The comparison of the experimental results with the predictions of the standard Serber
model approach (through eqs. 5.1 - 5.5) shows that the shapes of the energy distributions
arc reproduced quite well using an arbitrary normalisation. The angular distributions for the
208py, case, however, suggest that the assumptions of a single average deflection angle @,
does not describe well the results for very forward angles, most likely arising from (elastic)
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Coulomb break-up at large impact parameters. Therefore we extend the expressions of the
standard model by introducing a further component dominating for small angles and large
Zp. This integral term is generated by a superposition of contributions from various
deflection angles © ¢ < ©. Taking the angular distribution from eq. 5.5 it is extended to

doop./tr. ec ‘ dolr.
(6,80) + a[ w(Bc) 40

4]

do , )
— 0,0) = 06,6 )do ] . (5.6)
70 CR c) N [: 70 ( c) .

Here, w(© ’) is an adequate weight function, which is phenomenologically approximated by
w(e.) = o, ‘D While the second term in equation 5.6 proves to be essential for the results
with 208Pb -target, it is of little importance in the case of 12C where Coulomb effects are

small.

The contributions with different deflection angles are added incoherently which is a
restriction neglecting interference effects. Nevertheless this is in agreement with a work of
Akhieser et al. [29]. Within the frame of a diffractional model it is said that in case of an
absolutely black target nucleus (Pb-target and alpha particle cluster) there is no interference
between diffractional disintegration (nuclear break-up) and disintegration due to the Cou-

lomb interaction (also in agreement with the experiment).

Following these considerations the energy spectra corresponding to equation 5.6 can be
obtained when replacing the terms of the angular distributions on the right side of eq. 5.6
by the double differential cross sections (eqs. 5.1 or 5.2) each combined with a factor for the
proper relative normalisation: | '

dzool’j" doop‘/"' /de (0, 90) dzooolmr.

— (6,8 \E) = . (6-0 , E, ) . 5.7
dQ d[i ¢’ b dozpf"-/dgb(g_ec) dedEb ¢ b

Thus, the shapes of the energy spectra at the observation angle © are given by eqgs. 5.1 and
5.2, respectively, evaluated at (© - © o) and properly normalised to the angular distributions
with the Coulomb correction included. Additionally, the double differential cross sections
on the right side of eq. 5.7 have to be normalised to the corresponding angular distributions
(egs. 5.3 and 35.5), because of the missing absolute normalisation in egs. 5.1 and 5.2.

With the background to associate a part or all of the small deflection angles to large
impact parameters, which implies Coulomb break-up, an estimate of this part is of interest.
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The differential cross section in the integral term of eq. 5.6, integrated over the 47 solid
angle, is nearly independent from © ¢ - Therefore, carrying out the integration in eq. 5.6 and
integrating over all scattering angles yields atr’OCn+ 1/(n+ 1), with the exponent n from the
weight function and o' being the integrated cross section (transparent model) of eq. 5.3.
If we associate only a part of the integral to the Coulomb break-up, namely from 0,/= 0°
up to some ‘separation angle’ ©, the ratio of this small deflection angle part oy to the
total break-up contribution for a given ejectile is

—1
(n+1) oop./tr.
sd. o"t! [——— + e;‘“] 5.8)

tr,

Q

8
%0, ao

with © ,, @ and n being the parameters from eq. 5.6. The integrated cross sections o°P and
o were added, because o'l is about 25% larger than o°P:, which is a consequence of
using the same normalisation factor for both versions of the model (in egs. 5.3 and 5.5).




- 19 -

6. Comparison of measured results and theory -

While the results with 12C represent the case, where the Coulomb field is of minor influ-
ence, but target recoil effects show up, the situation with 208py, appears to be just reversed.
Inclusive energy spectra and angular distributions of the break-up fragments from SLi colli-
sions with 12C and 208Pb for emission angles from 0° to 12° are displayed in Figs. 9-11.
The physical background shown in Fig. § is subtracted.

Considering the 12¢ data the energy spectra (Fig. 9) seem to be best described with the
2S-type momentum distribution at very small angles, whereas the Lorentzian shape (equiv-
alent to a 1S-type cluster wave function) is favoured at 9,> 39 (04 > 6°). The 2S-wave
function yields better results with the transparent model at forward angles, whereas the
opaque model proves to be superior at © a” 30, Anticipating that the 2S-type distribution
provides the more correct description of the cluster motion in 6L [24,30], our observation
may indicate that distortion effects around forward direction are negligible and get increas-
ing importance at somewhat larger angles or larger relative momenta q, respectively. This is
supported by 6Li(e,e’d)“He experiments [31] naturally combined with less distortion effects
than hadronic reactions. Whereas the measured a-d momentum distribution from ref. [31]
is in reasonable agreement up to © a= 8° with the calculated angular distribution using the
2S-wave function (Fig. 11a), the present alpha particle angular distribution deviates already
above 3°. The fact that the 1S-wave function reproduces the measured cross sections in this
angular range seems to be in this respect an accidental conformity. When using the exact
2S-wave function [24] (Fig. 11a) the Coulomb deflection, which has very little influence for
the 12C-target, is neglected for an easier calculation. Thus, the squared 2S-wave function
la(Q)l" is integrated along q, for each observation angle as done by Serber. (q, is the com-
ponent of q parallel to the beam direction).

The ratio of measured break-up alpha particles and deuterons, fixed by one common
normalisation factor, is well reproduced (Fig. 11a) confirming that nearly an equal number
of alpha particles and deuterons originate from 614 break-up. This is also corroborated by
the almost equal total break-up cross sections for both fragment types given in Table 2. The
‘average’ scattering angle © o» s @ measure for the width of the angular distributions, adopts
values of about 4° for alpha particles and 8° for deuterons, respectively (eq. 5.3a with the
separation energy of 1.47 MeV). The lower deuteron yield around 0° is just a consequence
of the larger width © ol

Fig. 9 displays also energy spectra of alpha particle ejectiles from OLi collisions with
208Pb as compared with the prediction of the extended Serber model. In this case Coulomb
effects play a significant role and were taken into account explicitly. The extended model
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Fig. 9:  Experimental and calculated spectra of break-up alpha particles for emission
angles between 0° and 12° (with subtraction of the physical background shown
in Fig. 5).
I2¢. _ 2S-wave function (1S with € = 1.07 MeV)
and the transparent model,
——————— 1S-wave function and the opaque model.
208Pb: ——— extended Serber model,
————— ‘nuclear’ break-up contribution (© " = 99),
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Fig. 10:  Experimental energy spectra of break-up deuterons with background subtraction
(taken from [21]) and the calculated cross sections as in Fig. 9. For 208p}, the
curves arc normalised separately for each angle to the experimental data.

reproduces much better the shape and the relative height of the spectra than without the

extension.

For comparison some deuteron spectra together with the corresponding theoretical curves
are shown in Fig. 10. Because of the deuteron excess at forward angles using the 208py,.
target, which is discussed further on, the absolute heights of the extended model predictions

are adjusted separately (one factor for both curves at each emission angle).

In the elastic scattering of the reaction 61i + 208py (Fig. 11b) towards smaller angles a
transition from scattering in the nuclear field of the target to pure Rutherford scattering can
be seen at the small interference maximum at 7°, belonging to the Coulomb rainbow angle.
Corresponding interference effects in the angular distributions of the break-up fragments
were not observed. Nevertheless, when going from larger angles to forward angle emission

below 10° a clear change in the exponential slope of the alpha particle angular distribution
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can be seen in Fig. 11b. It can be understood by the deflection of projectile and fragments

in the Coulomb field of the target nucleus.

The description of the angular distributions of break-up fragments using the 208Pb-target
is based on eq. 5.6 including the small deflection angle part. The value of the deflection angle
calculated from eqgs. 5.4 is 0, = 14°, while a fit of the alpha particle angular distribution
to the observed data yields a slightly smaller value © , = 11.2°, This is not surprising as also
deflection angles smaller than the maximum value obviously contribute and in average to a

smaller mean value.

The improvement of the theoretical description by the second term in eq. 5.6 is obvious
from the inspection of the calculated results shown in Fig. 11b. The exponent n of the weight
function w(o.) = G)C’n is adjusted to the data to n = 0.8. Table 3 compiles the results
of the analysis from both targets on the basis of eq. 5.6, where for 208py, the alpha particle

angular distribution was taken.

Table 3: Parameters of the extended Serber model description.

Target ¢, Model o, N afac®tDy 4
208py, 28" (extend.) 11.2°  0.98 51 0.8
124 2S  (tramsp.)  0.0°  2.00" 0 -
124 1S (opaque) 1.0°  2.75 0 -

*

approximated by the 1S-function with ¢ = 1.07 MeV

To get an idea of the amount due to (elastic) Coulomb break-up the extended model
allows to separate the contribution of small deflection angles. When taking the whole inte-
gral term in eq. 5.6 by using eq. 5.8 with 0,= 0. 1.2°) this part comprises 65% of the
total break-up cross section for the production of alpha particles (with Uop./atr. = 0.8). The
rainbow angle at the small maximum of the elastic cross section is about 7° indicating that
the nuclear interaction still contributes at deflection angles smaller than 11.2°. Integration
from 0° to 0 = 7° yields an amount of 28% for the ‘Coulomb’ part. So the amount of the
small deflection angle part, probably related to Coulomb break-up, is of the order of one
half of the total break-up cross section. Exact predictions are of course not possible, since
these numbers stem only from comparison with the extended Serber model. The model
predictions are illustrated by the dashed lines in Figs. 9 - 12, where a medium separation
angle of © = 9° was taken (implying a part of 44% from small deflection angles). The dif-

ference between the dashed and the continuous lines can be seen as a measure for the
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‘Coulomb break-up’. In how far this share of small deflection angles really belongs to Cou-

lomb break-up is not yet clear and remains a question for further studies.

The influence of n to the shape of the alpha particle angular distribution is demonstrated

in Fig. 12 by using three different values of n. In each case the nuclear break-up cross sec-

208pp (61 i a.X)

Fig. 12:  Calculated angular distributions of break-up alpha particles from the collisions
of OLi with 208pp using different parameters n of the weight function in eq. 5.6.
In cach case the dashed curves represent the ‘nuclear’ contribution with
© ' = 9°. The dotted line shows the contribution from the first term in eq. 5.6

c
representing the original Serber approach.
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tions (large deflection angles and small impact parameters, respectively), represented by the
dashed lines, are obtained by integrating up to © s = 9°. It should be noted that the expo-
nent n = 0.8 yields the normalisation factor N nearest to 1. (The corresponding normalisa-
tion factors N as in Table 3 for the exponents n = 0 and n = 1.5 are 1.50 and 0.82 with
parameters a of 3.6 rad”! and 326 rad"2- , respectively.) Additionally, the contribution of the
first term in eq. 5.6 (opaque model) with one fixed deflection angle is given by the dotted
line, which represents the angular distribution from the original Serber approach.

The angular distribution of the deuteron yields from the 208Pb-target (Fig. 11b) is less
satisfactorily reproduced. A comparison of the cross sections shows that at emission angles
smaller than about 4.5° (classically equivalent to minimum distances larger than ca. 30 fm),
more deuterons than alpha particles were measured. This cannot be explained by break-up
reactions at large impact parameters, because of the stability of the alpha particle compared
to that of the deuteron. This feature has been already observed in previous investigations
of OLi break-up [2] (when bombarding 197 Au with 75 MeV 6Li). For a tentative explana-
tion this deuteron excess around 0° may not be associated to large angular momenta, rather
to small impact parameters in the region of the attractive nuclear force. Due to the reduced
absorption of the deuterons [32] as compared to alpha particles the deuterons have a better
chance to escape from the nuclear field [4] and to contribute to the forward angle emission.

7. Concluding remarks

Inclusive measurements of projectile fragments from 6L i-induced nuclear reactions
observed at very forward emission angles provide an improved insight into the character of
projectile break-up phenomena.,

In a rather compressed representation Fig. 13 shows a three-dimensional plot of the
experimental cross sections of 12C(6Li,aX) reactions (including the spectra in Fig. 9) com-
pared with results of the Serber model description. In this case, characterised by a small Z
of the target and negligible Coulomb effects, the energy spectra and angular distributions in
forward direction mainly reflect the internal momentum distribution due to the Fermi
motion in the 6Li-projectile. In agreement with previous studies [24,30,31] the experimental
data seem to be adequately reproduced by the Fourier transformed of a 2S-type cluster wave
function, but possibly distorted at larger emission angles by post acceleration effects and

final state interactions (see Appendix A).

In the case of OLi collisions with 298Pb the Coulomb interaction clearly influences the
emission of alpha particle and deuteron fragments. Introducing an additional component for
the break-up with Coulomb deflection angles smaller than the mean value, the model pred-
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ictions describe fairly well the experimental data. This extended spectator model naturally
Separates the break-up contributions from small and large deflection angles, which is an
additional information for the discussion about the Coulomb break-up (related to small
deflection angles). Of course, an improved analysis should invoke the DWBA-approach
[18], for example in the successful post-interaction form worked out by Baur et al. [11].
However, the necessary zero-range approximation constrains the internal momentum dis-
tribution to a Lorentzian shape. In addition the large number of partial waves, necessary for
the Coulomb break-up at forward angles, makes extensive calculations difficult and perhaps

unfeasible.

In the context of the present studies the Karlsruhe magnetic spectrograph 'Little John’
[15] has been brought into operation, and the experimental techniques for measurements
of the type described here have been worked out. Thus, the results show also that this
instrument is well suited for nuclear reaction studies in the extreme forward angle hemi-

Sphere, including zero degree.

We thank Prof. Dr. G. Schatz for his continuous interest in our studies and the cyclotron
and ion source operation crew, in particular Dipl. Ing. F. Schulz, for their efforts in provid-
ing the 6Li—beam. We are also indebted to Prof. Dr. A. Hofmann and Dr. W. Eyrich and
their group for valuable help in clarifying some technical problems and especially to Dr. H.
Schiésser for providing the used on-line data acquisition computer program. Two of us (V.C.
and C.S.) acknowledge the support from the International Bureau (project no. 052.4) and
from the Kernforschungszentrum Karlsruhe, and the hospitality received in Karlsruhe while

Participating in the experiments.




.28 .

Appendix A. Distortions affecting the Serber model cross section

The Serber model [8] which has been invoked for describing the main features of projectile
fragmentation is a particular, highly simplified version of the quasifree break-up approach
[9]. Quasifree break-up models (QFBM) are based on a plane wave approximation, thus
implying minimum distortion by the target field and ignoring mutual interactions of the
fragments in the final state. Following a sequence of approximations of the exact prior form
T-matrix

g — (=) (=) {(+)
l‘ﬁ = <X,X, lbellPa > (A1)

the model can be derived by replacing the full solution LPa(+) of the Hamiltonian of the
system (with the incoming particle a) by plane waves

ipr /h
L b, (r,—r) (A.2)

and by rewriting the scattering waves Xb(_) and )(X(') in terms of the off-shell t-matrizes

[11]

i pr/h
, 1 t(p',p)elpr/
X7 wp) = PR ———-[dsp'————————— . (A.3)

@n)® p'2 - p2 + ie

In these expressions Uy, 1s the interaction between the cluster fragments b and x. It gives
rise to the bound state of the projectile, represented by the ground state wave function
Ppx( ry- rx). The equations A.l and A.3 allow to formulate the (‘full finite range’) T-ma-
trix-element for the elastic break-up, say when x is the elastically scattered participant [11]
by

T = -@o Py t(pa— pb,px) ‘ ¢(m— P, pb) (A.4)
x

with a(PbO— pb) being the Fourier transformed bound state wave function. Thus, apart from
a phase space factor p(Eb,Qb), the elastic break-up cross section for finding the fragment
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= @l p(E,Q,) (A4.5)
dQ,dE,dQ_dE_ ~ dQ_dE

is essentially given by the cross section for the elastic scattering of the participant x which
has dissociated with the momentum P, Py and scattered with Py multiplied by the prob-
ability of finding the momentum qp = (mp/m,) py- Py, = Py P in the momentum dis-
tribution of the cluster motion.

The comparison with inclusive type measurements requires a summation over the unob-
served reaction channels of the participant, so that the double differential cross section may

be written as

= 5, lo)f p(E,,0Q,) (A.6)

with EXA being modified (due to the presence of the spectator) total cross section for the
participant-target interaction (see [33-35]). The simplification introduced by the Serber
model is based on a geometrical approximation for the absolute value of the cross section,
thus ignoring a possible dependence of EXA on py,. Actually, approximating ng by the
total reaction cross section o, of a ‘projectile x” colliding with the target A, optical model
calculations using the potential parameters given in [36] show that the geometrical estimate
is a rather good approximation. A more serious type of distortions results from the influence
of the target field on the motion of the spectator particle.

In order to account at least for effects due to the long-range Coulomb field, one may
introduce into the QFBM approach Coulomb waves instead of plane waves for the projectile
and ejectile motion [33-35]. It has been shown by McVoy and Nemes [37] that in the semi-
classical region, where the contribution of far side running waves can be neglected, the
Coulomb scattering waves can be approximated by plane waves with a local Coulomb cor-

rected momentum p’. It is determined by

p'? = pt_2m sze"’/R (A7)

and PP _ cos((an'lg> . (A.8)
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Here p is the asymptotic momentum, Zt the charge of the target, R the distance of closest
approach for the projectile with mass m and charge Z, 1 is the Sommerfeld parameter and

£ is the orbital angular momentum corresponding to R.
Thus the difference of the asymptotic momenta

lpy—p,) = la+d +d,| (A.9)

displays the internal momentum of the fragment b in the projectile with a rotation by d,
(of the projectile motion) and d, (of the ejectile motion). Assuming that the break-up
reactions take place in the region of the “distance of closest approach’ i.e. at a definite locus
R the rotation can be calculated by eqs. A.7 and A.8.

Fig. 14 shows q as a function of the observed difference IPpo- Pyl for the case of break-up
alpha particles observed at 0 = 15° from the break-up of 156 MeV SLions. The two

q Break-up alpha particles
-1 observed at B =15°
(fm) from 156 Mev L

1.0+

0.5+

Fig. 14:  Actual relative momentum q at the break-up point dependent on the difference

of the asymptotic momenta.
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branches correspond to ejectile energies smaller and larger than the beam velocity energy,
respectively, 1.e. to different relative directions of q and p 40 With the same absolute value q.
Obviously the Coulomb effects are negligible in the case of a 12C—target and largely reduced
when R is increased, which means large-impact parameter collisions.

In contrast to the Serber model with the extension, egs. A.7 - A.9 include that the kinetic
energy of the projectile at the point of break-up is dependent on R and that the Coulomb
deflection is dependent on the ejectile energy. This might be the origin of some distortions

if the condition Ppo > 9 is not well met.

Strictly, in addition to the influence of the ‘target’ field, actually inducing the break-up,
one has to consider the mutual interactions of the fragments in the final state (sce angular
distribution in Fig.11a above 3°). This type of distortion, dependent on the relative energy
and well known in knock-out reactions, can hardly be specified in inclusive measureraents
where the participant interactions are not observed. The neglect of the final state interaction
of the ejectiles is just typical for the simplification of the actual three-body problem by a
spectator-participant approach.

Appendix B. Energy shifts of the break-up maxima

A peculiarity of the experimental data, which is not well reproduced within the Serber
model, is the shift of the break-up maxima in the energy spectra from beam velocity energies
to lower energies dependent on the observation angle. This feature has been already reported
in 6L break-up studies with light targets [5], and it is generally observed for projectile-like
reaction products in heavy ion collisions [38].

For determination of the shifts the physical background was subtracted before as
described in chapter 4. This subtraction deminishes the shifts increasingly with increasing
emission angle and is a small effect (for example 0.2 MeV at @ = 6° and 0.9 MeV at
0 = 129 12C-target). The remaining shifts from the reaction 12C(6Li,aX) are shown in
Fig. 15, obtained by least square fits' of Lorentzian curves to the experimental data, where
the error bars represent the accuracy of these fits. (The parameters of the Lorentzian curves
without background subtraction for the 12C and the 2Ong-target are tabulated in [18].) It
should be noted that due to the finit accuracy of the energy calibration the measured shifts
can vary together within a range of +300 keV, which does not yield a qualitative change.

The shifts cannot be understood in terms of the target recoil, target excitation or of the
Q-value (1.47 MeV) of the 6pi break-up reaction. An explanation within the frame of the

* .
We are indebted to Dipl. Phys. S. Goring for calculating these parameter fits.




I1g. 15:

- spectator mechanism is of geometrical type. When neglecting the Coulomb deflection, which
is reasonable for 12C, the minimum relative momentum for the a@-d-motion at a fixed
observation angle is given at a laboratory momentum Pp= PpcOs O,p (see momentum
vectors in Fig. 15) and having the largest probability it defines the maximum of the energy
spectrum. It follows that the maximum is shifted from the beam velocity energy to lower
energies by a value of Eposin®©y,,, , represented by the dashed line in Fig. 15. The agree-

ment with the measured shifts is satisfactory and is even not much affected when leaving out
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the target). The inset indicates a tentative explanation in the case where Coulomb

cffects may be ignored.
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the background correction. Also the phase space factor (eq. 5.1), which causes a slight shift
to larger energies equally for all observation angles, does not yield a significant change. As
a consequence the energies due to the Q-value of OLi break-up and due to recoil effects are

given by the participant x.

In the 298pp case the constant energy shift of the alpha particle spectra below 8° can be
partly understood, considering the superposition of contributions from different Coulomb
deflection angles, simply as an average shift resulting from this geometric effect. Calculations
correcting this effect within the extended spectator model show that the calculated spectra
for 298pb are shifted to lower energies by 0.5 MeV to 1 MeV so that a shift of about 1 MeV
still remains.
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