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Summary of Status Report and Proposals

I. So far we have used the following heavy ion beams for
experiment at SC.

85 MeV/A lzc; a) Target fragment mass distri-

butions, forward momentum and average kinetic energy
from the interaction with Ho, Ta, and Au. b) Target
fragment angular distributions from the interaction with
Au and U (in collaboration with ISOLDE) c¢) Target frag-
ment differential energy distributions from the inter-
action with Au.

45 MeV/A 12C {degraded beam): Target fragment mass
distributions, forward momentum and average kinetic enerqgy
from the interaction with Ho, Ta, Au, and U.

107 MeV/A 160: Target fragment mass distribu-
tions, forward momentum and average kinetic energy from
the interaction with Ho, Ta, Au, and U.

94 keV/A 20Ne: Target fragment mass distribu-
tions, forward momentum and average kinetic energy from
the interaction with Au. '

In the status report we only discuss results from
completed data analysis.

IT. In the continuation ¢f the program we wish to address
three issues: (a) how do the mechanisms of target frag-
mentation change in the projectile energy region from
18-85 MeV/u, (b) can we understand the physics of why tar-
get fragmentation phencmena appear to scale with total
projectile kinetic energy {or momentum) rather .than pro-
jectile velocity, etc. (¢) can we understand the mechanism
of multi-nucleon "transfer" reactions leading to trans-
target species at projectile energies greater than 25 MeV/u.

III. Finally we propose a new radiochemical experiment at SC:
"Studies of pionic fusion in nuclear collisions”.
We like Eo begin our studies with the reaction 208pp
(3He, ™) 1lat with the beam energies 85 MeV/w2 Ei1ap2
45 MeV/u. The lower energies by degrading the 85 Mev/u
beam.



I. STUDIES OF TARGET FRAGMENTATION AT INTERMEDIATE
ENERGIES

1. Introduction

One interesting aspect of héavy ion reactions at
intermediate energies is the target fragmentation process,
i.e., the process in which large, low energy fragments of
the target nucleus are produced. Our group has devoted its
efforts to studying this process in heavy nuclei. The di-
rect study of the properties of these "spectators" of the
collisions can reveal characteristics of the nucleus-nucleus
interaction (such as the energy, momentum and mass trans-
fer to the target nucleus) not easily probed by other measu-
rements. The experimental measurements.of the target frag-
ment yields, energies, momenta, angular distributions, etc.
can be compared directly with predictions of theoretical
models of these collisions, such as the intranuclear cas-
cade model or various hydrodynamical models, and thus test
various features of these models. The comparison of the
features of target fragmentation in nucleus-nucleus colli-
sions to similar aspects of the relatively well-studied
target fragmentation in p-nucleus collisions can offer sig-
nificant insights into the latter reactions.

2. Experimental Techniques

We have used traditional radiochemical techniques
to make single particle inclusive measurements of the yields,

average energies and momenta of fragments Q;fh 24£A‘Atarget
in the fragmentation of Ho, Ta, Au and U nuclei by heavy
ions of energy 45-107 MeV/u. These technigues are well suited
to detect these low energy (typically < 0.1 MeV/u} fragments,
especially those with A<140. The use of modern chemical

technigques allows the characterization of the properties of



some 100-150 target fragments in a single reaction providing
a good statistical basis for the studies. The measurements
can be grouped into three principal types: (a) the measure-
ment of the vield of fragments of a given z and A (which

can be integrated to give information about total reaction -
cross sections) (b) the measurement of target fragment
recoil properties (from which one can deduce, using the two-
step model, the average energies and momenta of the fragments
of given z and A) and {c) the measurement of individual frag-
ment angular distributions and energy spectra. '

3. Accomplishments

The general goal of our research project has been
the study of the evolution with increasing projectile energy of
the reaction mechanisms involved in target fragmentation.

If we combine our 17 years of ekperimentation at the CERN SC
synchrocyclotron with our 4 years experience at other acce-
lerators, we can report that we have measured the target frag-
ment vields in 50 projectile- (projectile--energy)-target
systems encompassing projectile energies from 7-2100 MeV/u,
projectiles from C to Ar, and targets from Ho to U. Limi-
ting fragmentation is observed to describe the target frag-
ment yields from 250-2100 MeV with little change being ob-
served in the relative yields of different fragments with
increasing projectile energy. However, we find this not to
be the case in reactions induced by heavy ions of energy
<100 MeV/u. At these lower energies the relative fragment
vields differ significantly from those observed at higher
energies. The measured yields in reactions induced by
projectiles of energy 84-2100 MeV/u are in general agree-
ment with predictions of the intranuclear cascade model, and;
at the higher energies (>2Sb Mev/u) are also well-described
by other modéls, such as the firestreak and abrasion-abla-
tion model, probably indicating the dominating influence

of collision geometry upon these yields at the higher ener-
gies. Interestingly enough, the heavy fragment yields in
heavy=-ion induced reactions are similar to those in re-
actions induced by protons of the same total projectile ki-
netic energy. While some detailed differences exist between



the yields from nucleus-nucleus collisions and p-nucleus
collisions, especially at energies <100 MeV/u, a heavy

ion and a proton of egquivalent total kinetic energy produce
generally similar fragment yield distributions even at
projectile energies such as 84 MeV/u where limiting frag-
mentation is no longer wvalid.

A further testimony to the usefulness of the total
projectile kinetic energy as a scaling parameter for target
fragment yields is the variation of the light (A<30) frag-
ment yields with projectile energy (Figure l). The yields
of these fragments increase linearly, in a statistically
significant manner, with total projectile kinetic energy
(or within the uncertainty of the data, with total pro-
'jeétile momentum)} for 45-2100 MeV/u projectiles.

We have found that the total reaction cross sec-—
tion (as measured by the radicactive residue yields) for
heavy ion-heavy target reactions is roughly constant for
projectile energies from 10 MeV/u to 2100 MeV/u (Figure 2).
This result is in good agreement with microscopic model cal-
culations of DeVries and Fengl as shown in Figure 2. The
physical point, Sometimes not realized in naive discussions .
of nuclear transparency, is that nuclear transparency effects
are due to interactions taking place in the nuclear surface
and in a heavy nucleus such as Ta surface reactions are not
a major portion of the cross section.:*

A range-weighted measure of the extent of forward
peaking of the fragment angular distributions is their F/B
ratio, the ratio of the fraction of target fragments recoil-
ing forward (F) from'a thick target to the fraction of frag-

ments‘reéoiling backward (B). The F/B raties for a typical

high mass (167 145

(74As, 96Tc) and light mass (465c) fragments from the re-

197

T™m), intermediate mass ( Eu), medium mass

action of energetic heavy ions with Au increase with in-
creasing total projectile kinetic energy below 1 GeV and
then decrease with further increases in the total projectile
kinetic energy (Figure 3a). This behaviour is qualitatively
similar to that cbservedz in the interaction of energetic

197

protons of the same total kinetic energy with Au (Figure

3b} although the momentum transfer is 2-4x larger for a



given fragment in the heavy ion reaction. If the physics

of p-nucleus and nucleus—-nucleus target fragmentation is
" similar, the emission of highly excited hadrons in the
forward direction3 does not explain the decrease in F/B
with increasing projectile energy because at the wvelocities
used in the heavy ion studies, such effects are negligible.

The two-step model4 was used to deduce values of
Pyyr the longitudinal component of the momentum transferred
to the target fragment in the initial projectile-target
interaction. As an aid to understanding the variation of
P11 with fragment mass and projectile energy, let us define
a parameter called the "inelasticity" as the ratio (ex-
pressed as a percentage) of the measured longitudinal ve-
Logityg vyys to the maximum velocity that could be imparted .
to that fragment, the velocity of the hypothetical compound -
nucleus, Ven© The variation of inelasticity with fragment
mass and projectile energy is shown in Figure 4. One is
immediately struck by the large momentum transfers occurring
in the interaction of 45 and 84 MeV/u 126 witn lg?Au. The
variation of inelasticity with fragment mass number appears
to be similar from 45-2100 MeV/u suggesting a basic simila-
rity in reaction mechanisms, but is different at 12 and
18 MeV/u, suggesting different mechanisms are operating.

The constancy of the inelasticity with fragment
mass number {(for 80<A<120 with Aproj=45-400 MeV/u) suggests
4 single origin for these fragments, an idea supported by
the yield distributions at the two lowest energies which
show these fragments to be part of a single continuous
fission fragment-like bump. Masuda and Uchiyama5 have shown
in the context of a twd_step kinematic model that the receil
momentum of the taréet'ffagmenf, Py;r is given by
(YEp + Ep)

By

<pll) f=- 3

where B is the beam wvelocity,y = (1-82)-1/2

* *
and En and Eq
the respective excitations of target and beam nuclei. If
*

we assume, in the absence of other information, that EB =

: *
0 MeVv, then the values of ET deduced for nuclei with A =

80-120 for Eproj=45-400 MeV/u are roughly indépendent of



Eproj and have the value of 2926 MeV. Other common assump-
* * * *
tions about EB (EB = Eq Ep = constant (>0) lead to si-

3
milar conclusions with different values of ET . All of the
above arguments support the conclusion that the fragments
with A =80~120 arise from a single, fission-like constant
| proj =45-400 MeV/u.
For the highest projectile energy (2100 MeV/u), the pro-

*
E process which doesn't change with E

ducts in this region probably arise from both fission and
deep spallation and thus there is a2 greater variation of
inelasticity with fragment mass.

Heckman6 has shown that the momenta of the lightest
fragments (A<80) can be written as

7Pll =_cons#ant

where the coﬁstant is 420, 200, and 45'MeV/c for reactions
induced by projectiles of energy 8 GeV, 4 GeV and 25 GeV,
respectively. Using data gathered at the CERN SC cyﬁchro—"
cyclotron, we confirm that this relationship describes the
data for projectiles of energy 45 and 84 MeV/u with the
-values of the constants being 684153 and 648 +34 MeV, respec-—
tively, thus extending the range of applicability of Heck-
man's correlation for heavy ion reactions by a factor of

9 in total projectile kinetic energy.

ITI. PROPOSED CONTINUATION OF EXPERIMENTAL PROGRAM

' Based upon the results described in Section 1 we
would like to propose continuation and re-direction of
our experimental program. We wish to addréss three issues:
(a) how do the mechanisms of target fragmentation change in
the projectile energy region from 18-45 MeV/u, (b) can we
understand the physics of why target fragmentation phenomena
appear to scale with total projectile kinetic energy (or mo-
mentum) rather than pfojectile velocity, etc. (¢) can we
understand the mechanism of multi-nucleon "transfer" re-
actions leading to trans—target species at projectile energies
greater than 25 MeV/u. We shall discuss these questions in-
dependently, describing the proposed experiments and beam
time regquirements, although the results from one experiment
may bear on answering another questiom.



Because of the apparent large change in target frag-
mentation mechanisms seen in the projectile energy range
from 18-45 MeV/u (Figure 4), we wish to focus a portion of
our present and future efforts to studying these changes
using the CERN SC synchrocyclotron (and in a complementary
program, the MSU superconducting cyclotron). Beams of these
energies can be obtained at the SC machine by degrading the
primary beam either directly in front of the ISOLDE irra-
diation facility of upstream from it with subsequent magnetic
analysis to remove secondary particles from the beam. Our
experiments with 45 MeV/u 12C described previously were
carried out using the former method and we have made some
preliminary measurements using the latter method. (It would
'be helpful in this regard if some beam development work
could be done to optimize the optics of this magnetic ana-
lysis system to improve the beam focus). Because of the
freedom from secondary particles in the beam, the latter
method of achieving lower energy beams is preferred. = (aAn
even better means, of course, would be the direct accele-
ration of lower energy heavy ion beams in the SC machine, a
program whose goals we fervently support). As a method of
attack upon the problem of learning more about the changes
in target fragmentation in this energy region, we propose

to measure the target fragment yields, average energies and

-momenta {using recoil technigues) for the interaction of
25 and 35 MeV/u'lzc with Ta, Au and U, a g;oug_of.heavy tar-"
get nuclides of varving fissionability. Special attention
will be given to the low mass target fragments (A<40),
possible products of a nuclear disassembly process, whose

production mechanism seems to vary most drastically in this
energy region. These measurements will require 2 shifts

of beam time. Integration of the data from these measure-
ments with the data disc¢ussed previcusly should give a more
detailed picture of the evolution of target fragmentétion
mechanisms with projectile energy.

While information on average target fragment energies
and momenta are useful in describing reaction mechanisms, a



more useful (and more difficult)single particle inclusive
measurement is that of the fragment angular distributions
and energy spectra. Such measurements give model-indepen-

dent kinematic information about the system under .study.
To gain further information about reaction mechanisms
in the 18-45 MeV/u energy region, we propose to measure the

fragment angular distributions and energy spectra for the
interaction of 25 and 35 MeV/u'lzc with Au and U. This
measurement should require 6 shifts of beam time. Based

upon similar arguments, we have already begun the process

of measuring fragment angular distributions and energy

120 with au

and U. The taking of data appears to be complete and ana-

spectra for the interaction of 45 and 84 MeV/u

lysis of data is in progress.

Another scientific issue we wish to address is that
of "transfer"” reactions. Upon first examination, the radio-
chemical study of transfer reactions induced by projectiles
whose energy is > 25 MeV/u might seem futile, since any
captured nucleons might be expected to deliver to the cap-
turing system enough excitation energy to cause emission of
more nucleons than were initially captured, producing tar-
get fragments whose z and A were similar to those of frag-
ments produced by other processes. However, in the inter-
action of 20 and 86 MeV/u 12
-multi-nucleon transfer products were observed (Kudo, et al.,

C with heavy nuclei, several

Molzahn, et al.) and their yields measured. " Apparently,
large pieces of the incident projectile can be captured by
the target nucleus and furhtermore, the excitation enexrqy
of the trans-target species can be dissipated without sub-
stantial loss-of nucleons. We would like to further extend
the studies of these "transfer” reactions using rare earth
targets instead of heavy targets where the fission de-
excitation of the primary reaction products can obscure the
initial product distributions. While the measurement of
the yields of the trans-target species is valuable, we

feel that a deeper understanding of the reaction mechanism
involved will come from knowing the product angular distri-
butions and energies. Accordingly, we propose to measure

the yields, energies and angular distributions of trans-
‘farget species produced in the interaction of 50 and 86 MeV




12C with a neutrog:;ich,'separated rare earth isotope
either lﬁoGd Qr 154SM). The rare earth targets have

been chosen so that transfers of 4He or BBe will produce
products whose radiocactivity is easy to detect. This
measurement is anticipated to require 6 shifts of beam
time. '

ferhaps one of the most puzzling findings with
respect to target fragmentation has been the scaling of
various characteristics of the reactions with total pro-
jectile energy. Despite some differences, there are ama-
- zing qualitative similarities between the outcome of re—
actions induced by protons, alpha particles,,lzc, etc.

having the same total kinetic energy.

It is obvious. that this scaling must be limited
at the low eneféy end somewhere close to the Coulomb
barrier. Comering from this low energy end it is an open
question wether it is sufficient to provide excitation
energies in excess of several hundred MeV for target frag-
mentation into A<50 fragments to occur or wether it is an
additional requirement that this energy is rapidly deposi-
ted in the target for example with a projectile velocity
exceeding the average Fermi velocity. In order to shed
some lights on these questions we propose to investigate

angular distrubutions and recoil velocities of Au target
fragmentation products produced by (fast) l8O or zoNe

beams of 49 MeV/u and 85 MeV/u using thin target stack
foils techniques as well as the conventional thick catcher
techniques. These detailed measurements require 5 shifts
of beamtime at each energy. We then intend to compare this
data with previous results involving 853 MeV/u lZC and ﬁith
results of Au fragmentations in (slow) Au+Au collisions,
which are being studied concurrently at tha UNILAC accele-
rator at 20 MeV/u., The later collision either provide the
system with the same total energy above the barrier as

85 MeV/u laO+Au or it provide the same maximum excitation
energy per Au nucleus as 49 MevV/u 20Ne+Au, this is, however,
a projectile velocity well below the Fermi velocity.




As mentioned above, we have found that wvarious
characteristics of target fragmentation is scaling with
total projectile energy. So far, 94 keV/u 20Ne is the
heavy-ion beam with the highest total beam energy that has
been accelerated at SC (1.9 GeV total energy)}. The inten-
sity of the extracted beam was 4 x 109 particleé/s. At the
end of the beam -test we got the possibility to'use the beam
l97Au. The data

analysis gives that the irradiation was not long enough for

during 4 hours for a test irradiation with

a complete experiment, but we can conclilude that specially
light fragments have different properties than compared
with 1.0 Gev 12
fragment yields, average energies and moments (using recoil
: 20ye with Au '
and Ta to learn more about target fragmentation at 1.9 GeV

C. We therefore propose to measure the target

techniques) for the interaction of 94 MaV/u

total beam energy. These measurements will require 2 shifts
of beam time.

The following table summarizes our beam time requests
for the next years:

Projectile  E(MeV/u)  Nr shifts Experiment
12 . .
C 25 1 Frag. yields, energies
12, 35 1 o
12 ' e o
C 25 3 Frag. ang. dist.
12C 35 3 "
12 .
C 85 3 Transfer reactions
lzc 50 3 n ]
18 ' '
0 85 5 Frag. ang. dist.
20Ne 50 5 Yields, energies,
ang. dist.
ZONe 94 2 Frag. yields, energieé
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ITII. STUDIES OF PIONIC FUSION IN NUCLEAR COLLISIONS

1. Intreoduction

The coherent production of pions well below the
quasi-free nucleon-nucleon pion prodﬁction threshold has
recently been observed in ceollisions of complex.nuclei.
Of particular interest is the doubly coherent production7"lo)
of pnxs'in a cooperative reaction of the type A; + A, ~»

B(J) + m where the projectile (A1) and the target (Aj)

form an united nucleus B in some bound state J>. In
contrast to the usually observed thermalization process

the total free energy of the entrance channel is converted
into a fast pion. Because of those two properties these
reactions have been termed "sionic fusion"ll). The most
interesting questions associated with this new type of -
reaction are i) the nature of the mechanism that couples
the kinetic energy of the entrance channel to the pion
field and ii) the selection rules for different entrance
channel fragmentations that determine the population of

{a specific state of) a given final nucleus. Klingenbeck
et al.ll) have discussed question i) in terms of the
creation of one or multiple N* excitations in nuclei and
question ii) as related to the similarity of the structure
of the populated final state with the entrance channel
fragmentation. More specifically, pionic fusion proceeds
through internal excitation of a bound nucleon. This con-
figuration propagates coherently through the whole nucleus
B, until, in a last step, it decays into the final nuclear
state B(J) by emitting a pion. Due to the very limited
body of experimental data it is not clear, at present, what
is the relevance of the entrance channel fragmentation-in
determining the cross section for the population of the
final nucleus B. Thus, it seems attractive to investigate
the formation of the same nucleus B with different target/

1l)

projectile combinations. Secondly, pionic fusion has so
far been observed with A < 3 projectiles only. An open
question is whether more complex projectiles like lzc still
lead to measurable cross sections. Thirdly, it is of im-
portance to learn about the physical nature of the inter-

mediate excitations by measuring excitation functions.
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2. Proposed Research
10)

Ward et al. studied the 298pb (Pme,r”)%llat

reaction at 3He laboratory energies of 158,200, and 230 MeV
by off-line chemical separation of astatine and a-parﬁicle
spectroscopy. (211At decays by c-particle emission of

5.87 MeV with a half-life of 7.2 h). This way, pionic
fusion involving the emission of a negative pion can
uniquely be detected. - Preliminary cross sections are
reportedlo)

to be on the order of several nanobarns near
threshold. |

We propose to begin our studies with the same reac-—
3He beams (85.2 MeV/u > Eyap 2 45 MeV/u)
in order to check the technique and to study possible back-
ground problems (3 shifts). With SC-beam intensities of
1013 3He+/s a 10 mg/cm2 2OSPb target and a bombarding time

of ~8 hours we expect a count rate of 100 a-particles/h
211
At'

tion and degraded

for If the (3He,ﬂ-xn) products are populated with

the same cross section we expect count rates of 10 h_l and
40 h™t for 299t and 2%7at, respectively. In order to
208 211-xn

b (3He, = xn) At excitation function

six bombardments of 8 hours-duration each at’ 45, 50, 55,
60, 70, and 85 MeV/u are required (6 shifts). The influ-
ence of the entrance channel fragmentation is to be checked
by additional 3He bombardments of mass separated 206Pb and
207 2OTAt and.zogAt_are again produced in
(3He,nfxn) channels (6 shifts). For the same reason it

would be highly desirable to then extend these studies to
4

measure the

Pb targets where

He bombardments with special emphasis on a comparison of

the 208Pb(3He,~n-)2llAt excitation function with that for
20
the

7Pb(4He,n‘)21lAt reaction.

Therefore, we would like to ask the SC staff to
seriously check the possibility of accelerating 4He-ions
(10712-10135s7L) to A50 Mev/u. We are presently negotia-
ting with the Jilich cyclotron staff for the same purpose,
however, it looks like both the available intensities and
the maximum energy are marginal there. Subsegquently, we .

are interested in an extension of the programme to the use
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df heavier ions such as 12C. Here the 198

the 198p¢ (120 ;0428050 g the 197au(t2c, #0%xn) 202 %0
reactions are most attractive. Near thresheld measurements
12C3+ 12 '

210-xn

pe(Y%c,n " xn) At,

would require beams of > 10
from 49 MeV/u to about 20 MeV/u.

particles/s degraded

The programme is anticipated to be started at the
end of 1982 and to continue through 1983 and 1984.

Summary of reguested beam time:

3He (various energies) 15 shifts.
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Fiqure captions

Figure 1. variation of the light fragment yields with total
projectile energy.

Figure 2. Total reaction cross section for ZONe reactions
with *8ra. The solid line is the microscopic
model calculation of DeVries and Pengl).

Figure 3. The variation of F/B for selected products from
the reaction of a) heavy ions with Au b) protons
with Au.

Figure 4. Variation of inelasticity with product mass number

for reactions of heavy ions with Au.
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