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Abstract :

We present cross sections, mean projected recoil ranges
and angular distributions of radlcactive alpha emitters produced in
12C—induced reactions at 1 GeV on targets ranging from Gd to Pb. We use
a new technique of cn-line electrostatic callection. The wide spectrum
of produced isotopes corresponds to nuclei close to the target up to nuclei
with as much as B0 nucleons less than the target. The intranucleer cascade

calculations can reproduce the main features of nuclel having lost up-
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to 30 nucleons. The characteristics of produced isotopes with higher mass
daficit seem to indicate that a primary interaction is responsible to
a large extant of this mass loss, and leads to prefragments with an associated
excitation energy greater than 200 MeV, allowing the production of neutron
deficient species.
I - Introductlon

In heavy ion collisions, the intermediate energy region from
10 Mev/u to 100 MeV/u has a special interest as being the domain of a
marked transition behavior in nuclear matter, the milestone between low
and high energy reaction mschanisms[1]. This feature can be related to
the fact that to this energy domain belong two velocities characteristic
af nuclear matter, the sound velocity and the mean Fermi velocity of
a nucleon. Within the general concept of participant-spectator introduced
in high energy heavy ion physics, our study deals with the properties
of the target spectat.: [TS) oft-defined as "target fragmentatiaon
residues"{TFR) [2). We investigate the productilon characteristics of
such spectators in 12C interactions with medium or heavy mass targets
at a bombarding energy of 1 GeV. Due to the actual “imitations of our
original experimental sat-up, we are restricted to the on-1line obser-
vation of a radicactive speciss. Nevertheless.vusually present TS studies
suffer from experimantal constraints, 1) 1sotopes detected in off-line
Y-spectroscopy, covering a small domain away from the stability line,
11) limited guantity of elements and targets suitable for mass spectro-
metry. In this context, one of the advantage of on-line a-spectroscopy
1s the detection of very neutron deficlent species particularly in the
case of madium and high mass targets. Such an experimental situation 1s
thought to put additional contraints on theoretical models and prepare

the optimal conditions for the discovery of new isotopes.
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In order to classify and interpret the experimental results
abteined for these reactions, two theoretical models quite opposite
1n their fundamental principles can be introduced as benchmarks, the
intranuclear cascade (INC) and the abrasion-ablation (AA) madels. They
are howsver both based on a two-step process, remipiscent of the Serbser
model for high energy p-induced reactions [3]. In the INC framework,
during the interaction time, quasi-free collisions occur between the indi-
vidual nucleons of the projectile and the target nucleons, starting in
the ocverlap region between the projectile end the target [ﬁ. 5). The net
result is the sjection of fast light particles associated with a wide
spactrum of excitation energy deposited in both projectile and target
nuclei. As calculated with the help of the HIC-I code described in Ref [4].
the target spsctators formed during the initial step of the interaction
or "target prefragments” are located about the target with na more than
5 nucleons being ejected in average.These prefragments have an excitation
energy ranging fram @ to 600 MeV [G]. In the abrasion-ablation model [7, 8],
the projectile punches a clean hole in the target and as a result, the
excitation energy is at least equal to the difference between the surface
epergies of the resulting residue and a spherical nucleus of same volume.
The maximum mass defirit corresponding to most central collisions amounts
to ~ 50 nucleons 3 this situation corrasponds to the maximum excitation energy
{~ 300 MeV}. The prefregments have in average the tarpet N/Z ratio and
are then nsutron rich isotopes.

In the case of high energy heavy ion induced reactions on
tergets of A A 100, the two codes predict very similar results. This has

12

been documented by Porile et al. [9] for the reaction “C + Ag at 25.2 GeV

(See Fig. 7 in Ref. [9]].This results from ths great proximity, in this



-4 -

région af mass 100, of the I'n/I‘p = 1 line with ths stability line ll‘n

and I‘p are the decay widths for neutron and proton stetistical emission
respectively). Even if prefragments ars formed with high excitation

energy in the INC model, their statistical decay leads to isotopes closae
to the stability line and the same isotopes can be produced by AA pre-
fragments having lost a larger number of nucleons in the AA primary
interaction. Gn the contrary for reactions with heavier targets, the

l‘n/l‘p s 1 line lies further away from the stable isotopes. The information
on the conditions of production for neutron deficient residues can serve
as a criterion to estimate the amount of excitation energy deposited in
the target-like nucleus, allowing to differenciate between these two
theoretical madels. There is an experimental evidence for a loss of

23 neutrons and 1 proton from the target in such reactions [10]. The expe-
rimental studies of 12C induced reactions 'fElah = 1 GeV) on targets of

A g‘ 150 offer then a real passibility to test the validity and define

the 1limits of these thegratical ideas.

11 - Experimental procedure and results

Targets ranging from Gd to Pb have been bombarded with the
12!: beam of 66 MeV/u, delivered by the synchra-cyclotron at CERN. The
typical beam intensity was 1[1‘”J particles/sacbnd. Details of the experimen-
tal set-up and operstion conditians of the new on-line electrustatic
method to collect redicactive alpha emitters can be found in the following
references (G, 11, 12]. Caveral ecaptations of this collection principle
allow the measursments of cumulative and independent (e.g. the N = 85
isotones) yisld vross-sections, mean projected recoil ranges, and angular
distrioutlons. As we measura only a limited proportion of all the residues

which can be formed, in order to reproduce the overall shape of the residue
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mass distribution we very the target element. In these conditions, the va-

rious distributions ere peremetrized as a function of either AA = AT—AR ar

AZ = ZT - ZR where T and R stand for targat and residue respectively. Part

of the results presented at this meeting have been already published [10]

and the remaining part must be considered as somewhat preliminary data.
Typical independent yield cross sac;ions with an associated

mass loss AA lower than 35 nucleons are presented in Fig. 1. A similar

152

maximum (between 151Dy and Ho) for all these isotonic distributions is

a stricking and interesting expesrimental result. This maximum production
corresponding to quite different mass loss (8A = 18 for 159Tm and AA = 35
for 188“] can be related to the influence of the rn/rp = 1 line during
the axtensive decay chain taking place after s primary interaction rather
well described in the INC framework [10]. The knowledge of the initial
N/Z ratio is unfortunately lost but information can still be gained on
the average excitatior energy distribution of the prefragments as ilius-
trated in Fig. 2. The ratio of N = BS independent yleld cross-sections
betwe:n 128 + 152w and 128 + 1BEN reactions (bottom of Fig. 2) is
sensibly greater than one, feature which is reproduced quite nicely by
INC calculations. Within this model, prefragments formed in 2€ + 0%
need about 400 MaV of excitation energy to reéch the N = B5 isotones compared
to about 460 MeV in the 128 + 1BBN case. As the excltation epergy spectrum
(insensible to the target nature) decreases in this energy range, the
resulting residue ratio 1s then greater than unity.

The INC calculations are able to reproduce rather well the
isotonic yileld distributions with residues no more than 35 nucleons lighter

than the targst. This conclusion 1s 1llunstrated in Figs. 2 and 3. In the



case of 2¢ + 182 188y rpactions (top of Fig. 2) the magnitude of the
calculated cross-sections is in pgood agresment with experimental values.
There is only a shift of one Z unit between experimental and calculated
distributinns. This is extremely satlsfactory for such complex calculations
performed with a-priori parameters [4, B]. The lower limit of 1 mb is
due to the choice of the initial number of cascades imposed by computer time
considerations. The experimental results for the 120 + 197Au reactions
are displayed in Fig.3. In the case of the N = 85 isotones (left-inside
of Fig. 3) corresponding to mass losses greater than 40 (42 < AA < 4B}, the
experimental cross-sections are quite greater than 1 mb but they are
not reproduced by INC calculations. The prefragment characteristics
predicted by tha AA model for a very similar sysiswm (12C + 2[]BPt;a from
R. Legrain [13]] are presented in Fig. 4. Tha N = B5 isotone maximum
praduction corresponds to AA = 45 amu and AZ = 12. We may reasonably
assume that the evaporation chain originates from a prefragment
formed by abrasion and leads to such a final residue only consists of
subsequent neutron statistical emission. In such conditions, the
target-1like prefragment must have lost 30 nucleons in the abrasion
interaction (corressponding to A = 178 1n 12[: ; zaﬂPb theoretical calcula-
tions) and possess an excitation energy of 200 MeV to emit the 15 remaining
neutrons. This needed excitation energy is predicted in the AA model ;
the corresponding impact parameter is ~ 5.6 fm. Even if the energy balance
seems correctly predicted, in view of the high level of simplification, -
this agreement can be accidental. More complete calculations are in ordar
but the incentive to perform such computations has been demonstrated.

In Fig. 5 are presented isotopic and iscbaric ratios about

1r':"‘Dy for varlous AZ losses. The enhancement of both these ratics with
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increasing AZ indicates that isobaric and isotonic distributions are
displaced for residues formed further andg further away from the target

or in other words the productlnn of more and mare neutron deficient
speciaes is favored. At first sight, this experimental fact can be ascribed
to the influence of longer and longer chains of evaporation. But for the
larger AZ, the needed excitation energy would at least require the total
available energy deposited by a highly improbable complete momentum
transfer. Furthermore this simple ejplanztian can be cempletely rejected
by looking to the recoil range data as presented latter on. The isameric
ratios or more precisely the ratias butween production crass-sections

far high spin and low spin isomeric states gresent also interesting qualitative
aspects ‘Fig. B). For all three considered isotopes, independent of mass

loss, the high spin states are always more populated. The 154Tm case 1s

most striking. The rapid rise of the isomeric ratio in the case of a
production close to the target may correspond to the transition from

very peripheral collisions to less peripherical interactions. In the

very peripherical collisions, only few nucleon-nucleon eollisions occur and
only relatively small values of angular momentum can be transferred. Whan

the impact parameter diminishes, the overlap region between the two nuclei

1% then enlarged and this favors angular momentum transfer. This seems effec-
tive until the system feels the influence of the projectile orbital momentum as
indicated by the net decrease of the 154Tm isomeric ratio with increasing

AZ. The same fall-down {3 cobserved for the two other isotapss naevertheless
with less amblitude (This difference has a only chance tn be cowpletely under-
atood when the exact spin values will be determined for 154Tm). This pattern
at high AZ can then be interpreteu as a transition from-a nucleon-nuclecn

picture to a more collective interaction of the projectile with the target.
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In the AA model this transition is also associated to smaller values of
impact parameter. A similar behavior 1s observed with the mean projected
recoil ranges (case of 1500y in Fig. 7). The experimental ranges are

in approximate agreement with INC expectatiaons up te AA ~ 30. Fer mass
losses not predicted by this model (AA >> 30}, the linear momentum
trangfer continues to raise up to 2.2 GeV/c for 150Dy produced in

12C + Zuan. This continuous rise 1in recoil ranges indicates that for
AA = 30 near-central collisions have not yet been reached as envisaged
in INC calculations.

We observa also residuss very close to the target nucleus
with atomic numbers greater than the target Z [see Table I) but with
almost the terget mass. We denote this type of reactirns as “charge
exchange” reactions.Such a production mode is not raproduced by the INC
calculations we used (here density distributions are approximated by
only three step functions). Before stating definite conclusions, as these
reactions are throught to be very peripheral and then strongly dependent
on nuclear density profilassat large radial qistancss. more elaborated
INC calculations must be performed.

Before presenting angular distribution data, we will precise some
experimental details necaessary to understans their real meaning. On-line
angular distributions have kzan measured with a small maving ceollectian cell
under pressure placed in the reaction chamber as & classical gas-detector.
Due to the small mear recoil energies of the target fragments (ranging
from " 2 MeV for 4A = 10 to ~ 17 MaeV For AA = 60, Fig. 7), the thickness
of the target has a strong influence. A chaice has to be madz betweén two
extremes : 1) a thin target (A 100 ug/cm2) allowing most of the activity
to escape, i1) a thick target (3 mg/cmz) in which the effective target
thickness 1s proportional to the recoil energy. Oue to counting rate

considerations we chose this latter option and then measured ir fact the



quantity R(8) %% (8), R(8) being the mean recoil range in the target
material at a given angle ©. In additior to this effect the thickness of
the cell window {Mylar 200 ug/cmzlprevents the very low energy recoils
to enter the callection volume {tha Tasulting low energy thissheld is
about 2 MeV}. The measured activities are then related but nat exactly
equal, to the argular distribution g% (8) 1in such a way that could be
taken into account by theoretical approaches.

The experimental results are presented in Fig. 8 for two

181 08,

targets : Ta and ? Pb, With the Ta target the mass loss ia A~ 30 and
it seems that only slight differencec are abserved between the two groups
of residues (Oy - Ho) and (Er - Tm). (The exact production of individual
isotopes is available, but with quite lower statistics). With the Pb target,
differences become more significant in particular for the two rare-earth
groups [Dy-Ho) and [Er;Tm]. We found interesting and surprising that only
a difference of 1 or 2 protons for a same N[BS) is correlated with scmewhat
different transverse momentum transfer. It is of prime importance for the
understanding of this effect to remember that the maximum of production
in the N-Z plane is observed in a narrow band nearly or on the Fn/Fp =1 line.
This region plays a special role in the deexcitation path, hindasring
deeper losses of neutrons and gathering in a close “and residual nuclei
thaving eventually different histories. So, when looking at the close
nuclei 151Dy, 152Hn. 1535r (N = 85 isotones) located astride the Tn/Fp= 1 line,
we look at some convergent final states of may be very different formation
paths. Namely the evaporative precursor nuclel (after the direct interaction)
may have different masses, N/Z ratios and excitation energy but nevertheless
produce residual nuclei in the same region.

In this framework the less neutron deficient production at
wide angles could be assoclated with the greater losses of mass in the

direct guick process. This question is still under analysis.
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III - Final remarks

The general conclusion concerning the theoretical madal
description of the results 1s that none of them is able to reproduce
all our data. More precisely, the INC model is successful for the low
lassas of mass {AA) ranging from 10 ta 20, becomes less satisfactory for
the AA from 20 to 35, and fails for the grester AA. On the opposite, the
abrasion-ablation model seems to correctly describe the great losses of
mass (35 to 60) but does not appear to be successful for explaining the

great lasses of neutrons involved in the formation of residues having

169

the target Z or more (0154 = 4 b a Tm target). As a matter of fact
ki

for the AA madel, the excitgtion anergy transfer 1is strangly related to

the extent of the volume shaked cff. Thus, near Z target prefragments have

only small excitation energy (less than 50 MeV) and are in this description
unable to loss so much mors nsutrons than protons. As far as we may relate

the losses of mass and the recoil energies to the impact parameter b, the

two modsls may be considered valid in the extrems cases: b = R1 + Rz. few
nucleons are under interactions (INC), and b = 5 a great number of nucleons
interact colléntive]y (abrasion-ablation). Our experiments do not show evidence
of sharp transitions in the domain of mass residues explored {0 < AA < 60}

indicating that a smooth mixing of the extreme theoretical approaches is

required.
We would like to acknowledge the very efficilent collaboration

of the CERN-SC staff and in particular of Allardyce and Le Gallic.

Or R. Legrain has kindly performed for us abrasion-ablation calculations.
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Observed charge exchange reactions in 1 GeV 12C-induced

Table I
reactions. In this type of reactlons, residues are formed
with an atomic number Z greater than the target 2. The
net assaciated mass loss is small or null.
ZR -z System 4A G(mb)
2 12p , 292y, , 230, -2 0.3
3 120, gy + oy « x o 2.4
3 ‘Izc . 151Eu - ‘150[Iy . X 1 1.1




fFigure Caption

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. &

Experimental absolute independent yield cross sections for

N = 85 isotones as @ function of residue atomic number. The
solid curvas are just to guide the pyes. Each distribution

is labelled by the target isotope (From Ref. [10]).

Theoretical and experimental absclute independent yield
cross-sections (as well as their ratio) as a function of the
residug atomic number Z for N = 85 isotones produced in

12E + 182W and 12E + 1BGW reactions. The theoretical predictions
are represented as a hatched area indicating error limits (from
ref. [10)).

N = 85 isotonic and Pt isotopic yield distributicns for the
reaction 12: + 197Au (1 GeV). Cumulative yield cross-sections
are represented by black squares (@) and independent yield
cross-sgctions by open circles (0).

Prefragment characteristics predicted by the AA model for

the 12C + 2nan reaction (From R, Legrain (13]. Here are
raprosented, the impact parameter b (in fm) with RT and Ry
respectively the target and projectile radii (R = rUA1/3.

rD = 1.36 fm), the excitation energy E *(NeV], the production

cross section U (mb) and the location of these prefragments

( } with respsct to stability.

Apre-Fragmant - AB-stability

Isotonic and isobaric ratios as a function of AZ
(AZ = Z } for residues formed about 151Dy

12

target zresidue

in “C-induced reactions (1 GeV).



Fig. &

Fig. 7

Fig. 8

Isomeric ratios for various isotopes as a function of AZ
Theoretical and experimental projected recoil ranges for
15IJDy as a function of AA. Experimental data nre represented
as black points with a solid curve drawn through them to
guide the eyes. The dashed curve is the INC predictions

{From Ref. [10)1.

The evolution of tha quantity R(8) % (8} i3 shown as a
function of the laborstory angle for the two targets 1B1Ta

and zuan. In order to emphasize the shape similarities or
differences in the distributions experimental cross-sections
have been normalised at 24° and 34° for the different isstopes.
Each curve corresponds to the weighted mean value for se-eral
isotopas. This provide the statistic error bs~s to be suffi-
ciently reduced and give mors confidsnce to the deviations

between the productions of Dy-Ho and Er-Tm at wide angles

as gbserved an lead.
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