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INTRODUCTION 

The recent progress in experimental investigation of the hea
vy ion (HI) induced reactions has stimulated extensive theoreti
cal studies. One of the rapidly growing fields is the study of 
spectra and angular distributions of light particles (from nuc
leons to, say, alphas) produced by collisions of HI (up to ~Ar) 
with medium and heavy nuclei (A> 100) at incident energies of 
about 10 MeV/A (see, e.g., the reviewsll- 3/ ). The most complete 
data have been acquired for the alpha-particle emission. In these 
reactions, irrespective of the target-projectile combination, 
the following common features have been observed: i) The spectra 
are much harder than those predicted by the compound-nucleus me
chanism, and the high-energy edge of the observed alpha-particle 
spectra practically reaches the two-body kinematical limit, ex
ceeding thus considerably the incident energy per nucleon; 
ii) The alpha-particles are dominantly emitted in the forward 
direction; iii) The alpha-particle yield exhausts the consider
able part (up to about 50 per cent) of the total .reaction cross 
section. 

A considerable theoretical effort has been made to explain 
the experimental data, and a variety of approaches has been de
veloped and tested (see/ 3/ for an introductory review). Never
theless, we are still missing a comparative study of different 
processes and their relative role. We try to fill up this gap 
in the present work. To do this, we have calculated (often under 
simplifying assumptions) the alpha-particle inclusive spectra at 
different angles which come out from the deep-inelastic colli
sions (DIC), including the emission from the DIC fragments, and 
also the direct reaction contribution, the pre-equilibrium decay 
of a composite system as well as the compound nucleus emission. 

SCALES OF THE PROCESS 

In order to get some insight into the course of a reaction, 
we have estimated the duration of the phase of the HI approach 
and that of the HI interaction. The calculations have been done 
within the frame of the linear response theory/4/ adapted b~ 
Schmidt et al/ 5/ and realized in the computer code TRAJEC 61. 
The code is written mainl,}l iA..ordero to ~produc~~"'\t.SXious multi
differential cross secti~ of the HI reactions, and as an op-
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Fig. I. The trajectory calculations for 
the 22 Ne +197 Au reaction at 178 MeV. Tra
jectories with different f values are 
shown, the dashes on each trajectory de
note time intervals of 2xi0-22 s. 

tional output the trajectory as a function of time can be obtain
ed. The program uses the proximity potential in the entrance 
channel, allows for the fragment deformation in the exit channel, 
and can supply all required parameters (like friction constants, 
etc.) when necessary. We have used that program option, because 
we aimed not to fit some specific feature of a specific reaction, 
but rather to study a general behaviour of reactions. As an 
example, we have done the calculations (Fig. I) for the 22Ne+197.Au 
reaction at 178 MeV incident laboratory energy, where probably 
the most complete experimental information on outgoing alphas 
and other light ejectiles is available/7,B/, The collisions with 
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r$f$fgr proceed rather fast, their time varying from 2xi0-

22
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(at f ..,f ) to I0-21 s ( f ~ f cr ) • For smaller impact parame-
ters, a ~omposite system is being formed. The approach phase is 
rather short (about 5xlo- 22 s), and it is followed by a relati
vely long existence of a composite nuclear system. Here, the pe
netration of nuclei is extremely small, and assuming the Fermi 
distribution of nuclear matter, the overlap volume is of 1.5 nuc
leons only, nearly independently of the impact parameter. In 
spite of using the global set of parameters only, as well as of 
possible fluctuations of trajectory, one cannot rely too much 
on this number; nevertheless, one can conclude that the overlap 
of nuclei at energies of about 5 MeV/nucleon above the Coulomb 
barrier is very small and corresponds only to a few nucleons.This 
rather a surprising point sharply distinguishes the process from 
that at slightly higher energies, where nearly complete penetra
tion of nuclei is supposed. As a test between two models of 
friction the overlap of nuclei at the HI reactions has been stu
died by Brosa and Gross/9/, From the analysis of the neutron-to
proton ratio they concluded very little overlaps of interacting 
nuclei, that is in strong support of the validity of our tra
jectory calculations . 

DEEP-INELASTIC COLLISIONS 

The mechanism of deep-inelastic collisions (DIC) is probably 
the most widely used one for the description of HI reactions at 
not too high energies. It is therefore natural to start our con
siderations with this type of processes. A pretty spread set of 
approaches and methods has been developed and is frequently used 
for calculating the emission of fragments, which are not too far 
from the initial ion combination (see reviews/ 10 - 121 ). We bene
fitted from the use of the TRAJEC code/61, which is able to pro-
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duce cross sections d ~· , just we need for a comparison 

dE d8 dZ 
with the experimental data. Nevertheless, two changes of the ori-
ginal version of TRAJEC we felt necessary to be included. First
ly, the usual way of statistically independent treating of the 
energy and mass collective variables leads to the energy conser
vation law violation for light ejectiles (and we are interested 
just in the light-particle emission). Secondly, the potential 
of the system as a function of Z is not well approximated by 
a second-order polynomial (in the vicinity of the injection 
point), especially if one tries to go from the projectile ( 22Ne 
in our case) as far as to the alphas. This will influence at 
least the calculated outcome of the isotopes. We assumed that 
the influence of the real potential on the shape of the differen
tial cross section is of minor significance. 
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Both the problems can be approximately taken into account by 
some kind of renormalization/ 13/ : the peak energy in the spect
rum is shifted in accord with the ejectile mass and the spectra 
calculated within the TRAJEC code are normalized to the element 
yields obtained from the use of the master equations. To see, 
how good these modifications are, we have calculated the element 
yields for the 22 Ne+ 232 Th reaction, which is very close to the 
reaction studied (to our knowledge, there are no data for the 
22 Ne + 197 Au reaction). According to Moretto and co-workers 1 141, 
the shell effects are depressed at higher excitations. We have 
approximately simulated this effect by introducing a factor, 
which reduces the shell effects in the ground state energies. 
A reasonable agreement with the experiment was obtained if this 
factor was put equal to 0. I (see Fig. 2). The prediction of the 
element yields based on the master-equation description agrees 
with the experiment typically within a factor of 2. This is much 
better than the results obtained from the code TRAJEC itself, 
where for significant deviation from the input point the predic
ted yield can easily differ by 3 to 5 orders of magnitude. 
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Fig. 2. Experimental (points) 
and calculated element yields 
for 22 Ne + 232 Th at 175 MeV 
with real masses (dashed) and 
with reduced shell effects 
(full line) in the gro~nd
state energies. 
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Fig. 3. Calculated (dashed) and 
experimental (full line) angular 
distributions of elements (ato
mic number given at each curve) 
from the 22 Ne + 232 Th reaction 
at 175 MeV. 

As a second test, how much one can rely on our DIC calcula
tions, we present in Fig. 3 the angular distributions. Again, 
as in the previous case, the agreement is quite reasonable. 

The fragments resulting from the DIC are generally excited 
enough to undergo the Fermi break-up (the light fragment) and 
the de-excitation by a particle evaporation (the heavy one). 
Both these processes contribute to the production of light par
ticles in HI induced reactions. From the DIC calculations one 
obtains masses, charges and momenta of the fragments. Subtract
ing the rotational energy from the maximum energy available, 
one gets the total excitation energy (the sum of energies of the 
two fragments). In accord with/15/ we assumed the thermal dis
tribution of energy, E~ ~A spread by statistical fluctua-

t, eq ' 
tions 

P(E*) [ (E*1-E* )2 
1 "' exp _ !· eq ] 

2CT 
(I) 

with 

2 . 3 " -2T a1a 2 /(a1+a2 ). (2) 

Here, Tis the nuclear temperature and the a~s are the level 
density parameters. These assumptions close the set of parame
ters which are necessary to start the statistical break-up and/or 
the evaporation calculations. 

ALPHAS FROM DIC AND FROM THE FRAGMENTS 

In principle, the mass transfer during DIC can be so great 
that the incoming ion can become an alpha-particle. The double 
differential cross section resulting from DIC is given as the 
sum of such extreme-DIC alphas and those emitted from the DIC 
excited fragments. The alpha-spectra calculated 7t three diffe
rent angles, together with the experimental data 7/ are given 
in Fig. 4. As expected, the evaporation from the DIC fragments 
contributes only to the lower energy part of the spectrum. The 
contribution from extreme DIC including the break-up of the 
light fragments vanishes at higher emission angles (8 ~ 90°), 
leaving only the evaporation component. Fig. 5 presents the 
element yields as calculated from the (primary) DIC as well as 
after the emission from DIC products. The shell structure is 
somewhat smeared out, but for z ~ 5 the element yields are 
practically uninfluenced by the secondary particle emission. 
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Fig.4. Experimental (dots{ and calculated spectra (lines) 
of alpha-particles from 2Ne + 197~Au reaction at 178 MeV 
at three different angles. The calculation refers to the 
results of DIC including the alpha-emission from the 
fragments. The sum of primary alphas and the contribution 
from light fragments break-up is given by the dashed line, 
the sum of primary alphas plus the emission both from 
the light as well as from the heavy fragments is presented 
in the full line. 

COMPOUND NUCLEUS DECAY 

The compound nucleus evaporation resulting from HI fusion can 
be calculated straightforwardly, Obviously, the spectra are 
extremely soft (see Fig.6), and some harder mechanism is expec
ted to be present, too. A natural generalization of the compound 
nucleus concept is the pre-equilibrium decay. 
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Fig.S. Element yields as calculated for the 22 Ne+ 197Au 
reaction at 178 MeV. The primary DIC yields are given 
by the dotted line, after break-up of light fragments 
by a dashed one and the resulting yields (including 
evaporation from heavy fragments) by the full line. 

PRE-EQUILIBRIUM EMISSION 

In the course of time, many approaches (sometimes called as 
models) to the pre-equilibrium nuclear reactions have been de
veloped. If we select those applicable to the same excitation 
energy region, they all speak different languages about the same 
phenomena. The common feature of these models is the assumption 
that the initial excitation is shared only by a part of the com
posite nucleus. The system then evolves towards equilibrium, 
the particle emission is in principle possible at each step of 
this development. 

Now we shall choose the so-called exciton model, the most 
transparent one among all of its relatives, for a description 
of our type of reactions (see, e.g., refs/3.16/ for a review). 
In the simplest case, the spectrum of emitted particles can be 
written as 

.!!£.. • a it I rn ,\ c(n,E), 
dE n•na (3) 
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Fig.6. Experimental (dots) and calculated alpha-particle 
spectra from 22 Ne + 19 1Au reaction at 178 MeV. The com
pound nucleus evaporation is drawn by the dashed line; 
the pre-equilibrium plus equilibrium emission,by the full 
line. 

where uR is the capture cross section; 'n• the lifetime of the 
n -exciton state ( n being the number of excitons, i.e., the 
particles above plus the holes below the Fermi level); Ac(n,E) , 
the emission rate of a particle of energy E from the n -exciton 
state; the summation proceeds from the initia~ exciton number 
n 0 in steps of ~n- 2. With some modifications, the exciton mo
del is capable to describe also the angular distributions, even 
that for the complex particles/17/, 
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From the trajectory calculations we have seen that the ap
proach phase of two interacting nuclei is rather short. After 
that, a relatively long period of existence of a composite nuc
lear system with rather a small overlap occurs. It can be trea
ted as the initial configuration for the pre-equilibrium (exci
ton) model calculations. The calculated overlap of the two nuc
lei is only few nucleons, practically independent of f for 
0::; f .~ f cr , 

The initial configuration can be estimated from the slope 
analysis of the high-energy edge of the particle spectrum • 
Keeping in (3) only the energy-dependent terms and assuming the 
equidistant-spacing model for the state densities contained in 
the emission rate (this is without any loss of generality, but 
it helps to obtain the results in an illustrative form), one has 

~·VI Eu. (E) }; (.£.i!)m 
dE mv m,.m

0 
E* 

(4) 

with Ua = E*-E- B being the residual nucleus excitation energy; 
B, the binding energy of the emitted particle; and CTinv , the 
cross section for the inverse process. At the high-energy edge 
only the term with the lowest exciton number is maintained, The 
value of m is uniquely connected with the exciton number n, 
m .. n- l!n. Here, ~n-2 for the nucleons and varies from 2 to 5 
for the alphas depending on the model for their emission/IS/, The 

- . - . .. ~ I ln I 
most w~dely used model tor tne em~ss~on ot complex part:~c1es · ---
is in its spirit able of generalization, and it is implemented 
within the cascade-exciton model with angular distributions/17/ 
and is used in our calculations. This version gives lln•5. From 
the slope analysis we have concluded mo-3, i.e •• no-s for our 
reaction. This is far less than the value stated by Blann 1201 
or obtained by Billerey et al/ 21/,who both put approximately 
equal the initialexciton number with the mass number of the pro
jectile. But the mentioned papers deal with higher energies 
above the Coulomb barrier, where also the slope analysis produ
ces initial exciton number close to the projectile mass/3,2V.The 
contribution of the pre-equilibrium plus equilibrium decay to 
the analyzed reaction is seen from Fig.6. At larger emission 
angles (8~90~nly evaporation plus the pre-equilibrium compo
nent (if any) is maintained, so that this region of angles is 
especially suitable for the test of presence of the pre-equilib
rium mechanism. 

DIRECT REACTIONS 

Though the direct reaction theories applicable to the emis
sion of light particles in the HI reactions can be traced to 
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the end of forties/2al,these approaches marked remarkable success 
only within the last 3 years. Recent papers of Bunakov et al. 
analyse these reactions within the DWBA description of strip
ping/24/ and knock-out 1 251 mechanisms, and are able to explain 
many features of the alpha-particle inclusive spectra. Never
theless, one cannot extract from these works how important the 
direct reaction mechanism is, because the results refer only 
to the shapes of the double differential cross section, and 
nothing is said about the absolute value. SimiJarly, the multi
step direct reaction theory of Tamura et al( 26 when applied 
to the HI reactions/ 27( also leaves a space for other mechanisms 
as well. 

Having in mind the problems of finding the absolute value of 
cross sections within the direct reaction theories applied to 
the HI reactions, we dare to simplify the problem and use the 
PWBA description. Therein, the double-differential break-up 
cross section may be written (in the laboratory system) in the 
form /28-30/ 

d -+ 2 
u (/) I 41 ( P) I m x J 2m xE • 

where 41 '(p) is the cluster wave function, often taken in the 
form of a Gaussian, 

- - 2 
I 41 < P ) I " (/) exp <-~ ) 

2pc 

with P•!PI 

p 2
- PJ+ 2mxE -2p0 J 2mxE cos8 

(5) 

(6) 

(7) 

being the momentum of the emitted particle. Here, p
0 

is the 
introduced momentum and Pc is the width of the cluster impulse 
distribution. The PWBA was modified so that we have included 
the real Coulomb trajectory of the incoming HI up to its break
ing point. If it occurs at the minimal distance of the inter
acting nuclei, this angle is 8 'r I 2. The angle 8' r was treated 
as a parameter and we have performed three calcuiations, namely 
for 8'r• 0~ 20° and 40°, Here 8'

8
r• 40° coincides with the va

lues of grazing angle for the ~ 2Ne on 197Au reaction as obtained 
from the trajectory calculations. The formulae (5)-(7) do not 
predict the absolute value either. In principle, it can be intro
duced into them and expressed via the spectroscopic factor, or 
its equivalent, the effective number of clusters; but it is just 
the problem of normalization of the direct reaction theories, 
as discussed above. Therefore, we preferred to use the normali-
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zation to the "missing part" of the spectrum (after the subtrac
tion of all known processes from the experimental spectra, name
ly DIC and emission from its products and the pre-equilibrium 
and compound nucleus decay) and required this "experimental 
normalization factor" to be independent of angle. Obviously, our 
procedure may overestimate the importance of the direct reacti
on mechanism, and therefore the cross sections deduced in this 
way can serve only as an upper limit. Fitting the observed 
shapes of the alpha-particle spectra we found Pc= 80-90 MeV/c. 
This value can be directly compared with the prediction of the 
abrasion model/al, 32/ to connect it to the value of Fermi mo
mentum pF 

2 Aa (A p- Aa) 2 
p "' p 

c 5(AP -1) F 

Here, 1\ (A ) are the mass numbers of the projectile (observed 
alpha-part1cle fragment). This procedure gives a value PF ~ 
= 90-115 MeV/c. Similarly, assuming a thermal-like excitation 
of the projectile/3~ one has 

AP 
T • ----''---

p~ 

.Aa(Ap-Aa) m 

( m is the nucleon mass), yielding T = 2-3 MeV. In the limit of 
low transterred momentum and assum~ng tne osc~llator wave tunc
tion /28,33/ an estimate of binding energy Ba of the a -particle 
within the projectile can be found as Ba= 2.0-2.8 MeV (the real 
value of Ba= 7 MeV should result in Pc= 140 MeV /c). It is inte
resting to note that our width of the momenta distribution is 
in surprisingly good agreement with the width of the alpha clus
ter momentum distribution of Hogan1 341as well as with the radii 
of the momentum coalescence spheres for different nuclei/35,36/, 

The importance of the direct mechanism decreases strongly 
with increasing emission angle (see Fig.7); it might be a domi
nant process at low angles (E>.:><">~r /2) and it is negligible at 
8 ~50? 

DISCUSSION AND CONCLUSIONS 

From our analysis one can conclude that the sum of known pos
sible processes of the alpha-particle emission from the HI col
lisions as tested in the case of the 22 Ne+ 197 Au reaction at 
178 MeV does not describe completely the set of experimental 
data. The character of disagreements indicates the presence of 
a nonequilibrium or direct-type process, characterized by its 
contribution to higher energies (E:S0-120 MeV) at the forward 
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angles, or an importance to include some modification of the 
existing processes (as is the inclusion of angular momentum 
into the statistical decay theory/37/etc.). 

Anyway, the majority of features of observed alpha-particle 
spectra is reproduced (c.f. Fig.7) within the unique approach 
of calculating the cluster emission of HI reactions. It should 
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~ Fig. 7, Experimental and calculated alpha-particle 
spectra from the 22Ne+l97,Au reaction. The experiment 
is given by dots; the thin lines denote the contribu
tion of direct reactions, and the heavy ones the sum 
of all calculated processes (i.e,, pre-equilibrium 
plus equilibrium emission, DIC including the emission 
from the products, and the direct reaction contribu
tion), The dotted line presents pure DWBA calculation 
(8'r -0), the dashed one is for 8' •8gr and the dotted
dagshed line stands for the inter~ediate value of 8' .. 20 °. 
At the emission at 50°, the sum of all processes isgr 
uninfluenced by the details of the direct reaction 
estimate (within the precision of the figure). 

be emphasized that we did not aim to fit only the data on alpha 
emission, but rather attempted to reach a reasonable result 
for other types of clusters as well. The corresponding values 
of the alpha-particle production cross section (integrated over 
the angle and the energy), as obtained within our present ana
lysis, are given in the Table. Many processes contribute espe
cially in forward direction (8.:>:20°)and low energies ( E:;;: 50-80MeV), 
so that in this region it is practically impossible to separate 
different mechanisms. 

Table 

Alpha-particle cross sections calculated for 
22

Ne+ 197~Au 
reaction at 178 MeV (in mb) 

Tvpe of decay 

C.N. decay 
Pre-eq. decay 

{ 

primary 
DIC light fragm.breakup 

heavy fragm. evap. 

Direct (El' =-20°) gr 

Cross section 

12 
54 

73 
34 

164 

80 

A further investigation of the problem is needed for a bet
ter understanding the role of various mechanisms. The following 

• aspects would be especially desirable: 
i) Precise measurements in the vicinity of the peak cross 

section at low angles (8 = 5-10°) for better determination of 
the break-up point of the incoming ion. 
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ii) Measurements of the high-energy part of spectra (E ~ 
~50-80 HeV) for large angles ( 0 ~ 90°) can clarify the importance 
of the pre-equilibrium mechanism, as well as the possible mani
festation of friction mechanism of a-particle emission, sug
gested by Gross and Wilczynski/ as,~ which is predicted to produce 
a peak near 0m.:: 70°(0m.., 90°-E>~r /2) for our reaction. 

iii) Simultaneous analysis of various channels (say, n,p , ... ) 
of the same reaction needs no new assumptions or parameters, as 
the relative weights of various channels have been fixed within 
our phenomenological model. 

iv) The same is the situation with HI-light particle cor
relations: here again we do not need any more parameters for 
such an analysis. 

v) For better understanding of the problem also analyses 
at higher energies (say, to 20 or 50 MeV/A) might be desirable, 
as they can demonstrate the energetic dependence of the proces
ses involved. 

The authors acknowledge the kind help of O.N.Karpov, who 
generously supplied the code for statistical break-up. We thank 
Prof. J.Bondorf for the discussions and valuable comments. The 
contacts with Yu.E.Penionzhkevich and his collaborators helped 
us with the better understanding of experimental situation. 
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BeTaK 3., ToHeeB B.~. 
AHanH3 MexaHH3MOB 3MHCCHH a-~aCTHQ 

B peaKQHHX C TH~enhlMH HOHaMH 

E4-82-894 

2 2 197 
Ha nPHMepe peaKQHH Ne+ Au npH 3HeprHH 178 HsB Hccne-

AYeTcH ponb pa3nH~HbiX MeXaHH3MOB HCIIYCKaHHH anb~a-~aCTHQ B 
CTOnKHOBeHHH T~enb~ HOHOB. ~aHa OQeHKa COOTBeTCTBYID~X Ce
~eHHH AnH B03MO~Hblx MexaHH3MOB 3MHCCHH. PesynbTaTbi Bbi~HcneHHH 
HaXOAHTCH B pa3YMHOM COI'naCHH C 3KCnepHMeHTOM, TeM He MeHee 
He6onbmoe CHCTeMaTH~ecKoe pacxo~eHHe yKa3biBaeT Ha npHCYTCTBHe 
HeKOTOpOI'O HOBOI'O MeXaHH3Ma HepaBHOBeCHOI'O HnH IIpHMOI'O THIIa 
HnH, B03MO~HO, Ha Heo6XOAHMOCTb MOAH~HKaQHH ~e Y~TeHHbiX npo
QeCCOB. 06Cy)K,ZJ;aJOTCH 3KCIIepHMeHTbi, KOTOpble MOI'YT o6ner~HTb 
HAeHTH~HKaQHJO BKn~a OCHOBHbiX MeXaHH3MOB peaKQHH. 

Pa6oTa BblnonHeHa B ITa6opaTOPHH TeopeTH~ecKoli ~H3HKH OHHH. 

npenpHHT 06DeAHHeHHOro HHCTHTyTa RAePH~X HCCneAOBaHHH. AY6Ha 1982 

BetakE., Toneev v.o. 
Analysis of Alpha-Particle Emission Mechanisms 
in Heavy-Ion Induced Reactions 

E4-82-894 

Role of different mechanisms of the alpha-particle emis
sion from heavy-ion induced reactions is studied for the 
22

Ne + 197!Au reaction at 178 MeV. The corresponding cross sec
tion for possible mechanisms is estimated. The agreement of 
the calculations and the experiment is reasonable; neverthe
less, a slight systematic deviation indicates the presence 
of some new nonequilibrium or direct-type mechanism, or, pos
sibly, the necessity of modifications of already included pro
cesses. Experiments, which can enlighten the undergoing 
mechanisms, are suggested. 

The investigation has been performed at the Laboratory 
of Theoretical Physics, JINR. 

Preprint of the Joint Institute for Nuclear Research. Dubna 1982 


