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ABSTRACT: Several statistical aspects of nuclear multistep processes are
discussed. . The connection betweén the cross-section auto-correlation func-
tion and the average number of maxima in the excitation function is empha-
sized in the case of multistep compound (pre-compound) processes. The
energy averaged angular distributions eof transitions to specific final states
proceeding through these processes are discussed ir light- and heavy-jon in-
duced reactions. ’

I. REVIEW OF RECENT DEVELOPMENT

In ‘recent years the basic mechanisms underlying nucliear reactions
have been profoundly reexamined +n view of the increasing experimental evi-
dence iﬁ support of new types of processes that lie, in comp]exity, between
the usual direct and compound ones.

"The thecoretical description of these processes is rendered difficult
as a result of their being more complicated than the simple direct processes,
usually describable within DWBA or coupled channels theory, and yet less com-
plicated than.the usual compound processes ncrmally accounted for by the sta-
tistical Hauser-Feshbach. theory.  This necessarily implies that the descrip-
tion of these- preequilibrium processes must, somehow, contain:both the sta-
tistical features, dominant in compound reagtions, and some.coherent effects
{2.q., peaking in the-small-angle region} that characterize direct processes.

One possible way of simplifying the theoretical description of pre-
equiTibrium reacticns is to separate the average cross-section intc two well-
defined and different pieces; one describing that part of the process which
is forward peaked [called multistep diréct part. by the MIT groupi)} and the
other, symmetrical aoout 909, considered as a generalized Hauser-Feshbach
cross-section that describes what is called precompound or multistep compound
part. In particular, this last pari has been the subject of extensive -theo-
retical discussion in the lasi several years. Principally, three theories

11,2,3)

nave been advanced the common feature of which is their final result

summarized ‘as a generalized Hauser-Feshbach expression for the .average cross-
section.  This expression is given as a-sum of N distinct terms related to
the contributions from the N different classes of compound doorways ' . reso-
nances assumed populated jn the process.ofithe formation of -the -compound: nu-
cleus. The system is allowed to decay to the open channels from any of these
stages. From the characteristics of these:decay‘processes one should be able
to Tearn something about'the nature of the compound nucieus configurations
through which the trapped incident fiux pefco]ates. -

In Ref. {3) a major réle is given'to the statistical fluctuations
arcund the average cross-section ({Ericson's fluctuations) in providing the
above mentioned information about the different CN stages. Through a care-
ful study of the cross-section auto-correlation function, it is suggested
that one may be able to extract at least several distinct correlation widths
attached to the different Tifetimes of these stages.

Clearly, for these statistical analyses to be viable, one is forced
to restrict oneself to transitions leading ﬁo well-separated discrete.states
of the residual nucleus. -The excitation functions of these transitions are
expected to exhibit clear statistical fluctuations, for not too high incident
energies. . '

The situation may be better understood through a discussion of the
energy spectrum. We show in Fig. 1 a typical spectrum of emitted particles
in a Tight ion induced reaction. This figure- constitutes the prototype- one
usuaily usedl) te describe a‘nuclear reaction at not too smaill energies. The
preequilibrium portion of the spectrum is seen to.-be in the continuum region.
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At samewhat smaller energies, the form of the spectrum changes, as
even the discrete part of the spectrum becomes compound-nucleus dominated
(900 - symmetrical angular distribution). A possible picture of the spectrum
at these. lower energies is shown in Fig. 2. As is clearly implied,

Fig. 2. A schematic

trm of emitted par-—
ticles at lower ener-
gies. The indtvidual
peaks represent com-
pound transitions to
discrete states in
the restdual nucleus.
The different com—
ponents in each peak
represent the contri—
butions Ffrom the dif-
ferent stages.

individual; peaks.in the- spectrum: recaive: contributions from the decay of the
compound; system at. the:different stages through which it passes on its way to
equitibrium. The different shaded areas in the individual peaks represent
the: contributions from the different pre-compound configurations.

One would therefore expect that the average cross-section for a given

transition: from channel ¢ to channel ¢' is (all formulae below refer to
the: contribution of a given partial wave)

G Z M)

Similarly,. the S-matrix auto-correiation function may be written as-a sum of
contributions

g .
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in £gs. (1) and (2), G;jf;c, is the contribution to the transition
¢ +¢' arising from the nth class of overlapping doorways. These  ex-
pressions can be rigorousiy derived from basic statistical theory as was done
in Ref. (2) ans (3). The importance of the sum-over- poles form of (: Seer
in describing the time development of the pre-compound reaction has been dis-
cussed 1"4} a summary of which may be feund 1in Kirk Mcvoy's talk at this
conference.  The f;’s are related to the inverses of the average life-
times of the different classes of compound nucleus configurations.

Recently several measurements have been made on 1light ion systems,
the aim of which is the extraction of -0;§£'
Tysis of both G'{‘

C,.. € = | C:cchE)] . In particular, the systems 27A1{*He,p) at
= 25 - 30 MeY, 2°Mg(He,p) and **Mg(’He,a) at E* = 30 - 40 MeV ,
27AT1(%He,a) at E¥ = 25 - 30 MeV and 270V (p,x) at E* =28 - 35 MeV, have

and [}, through a careful ana-
and the crass-section auto-correlation function

- been ana1ysed4) within the muitistep compound model represented through Egs.

(1) and {2). In all these cases it was found that at least two distinct corre-
tation widths, representing two different configurations of the equi]ibrating
compound systems, were present.

II. DOUBLE- CHECKING THE RESULTS OBTAINED THROUGH C..'(e) BY THE NUMBER CF
MAXIMA METHOD '

Though guite convincing, the evidence obtained frem the auto-corre -
lation analysis (or the basically equivalent spectral density method }} dis-
cussed in the previous section, concerning the hierarchy of overlapping door-
way classes -contributing to the multistep compound process, has to be double
checked. A way of'achieving this is through a generalization of the Brink
and Stephen number of maxima methods). These authors have shown in  the
one-class case that a simple céunting of the number- of maxima in a statis-
tical excitation function directly supplies the average correlation width
attached to that class.

Recently, this method has been discussed im the context of multi-class
coggound processesT). The average number of maxima per unit energy is given
by

= 4 -1 oy — (L) _ ) _
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wnere C(z,) is given by Eq. (3). ‘In the one=class case the above ex-
pression for A reduces te the Brink result by taking the limit ¢, » 0
" ::c:-Sﬁ}/rT . Considering the case of two c¢lasses in the limit
g, +~ 0. gives
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may be considered as an effective correlation width of the two-class system.

It is easy to show that T, satisfies Fhe 1nequa1ity
LT (7)
r;,-ér;;;‘.-—— Z :

which is quite reasonable on physical grounds. Clearly before applying the
above formulae for experimental excitation functions, several corrections
have to be included. The most important of these is the error bar correction
discussed by Bizzeti and Maurenzigs)

The number.cf maxima method along the lines set above was app]ied7a)

to the muitistep compound reaction 2°Mg{’He,p} studies in Ref. (4). The

calculation of Ref. (7a} included the error-bar correction in an approximate .

‘way. The result of n  ({see table 1} were found to be consistent with the
multistep nature of the reaction as described by the generalized cross-sec-

tign auto-correlation function.

TABLE I - Number of maxima extracted from the excitation functions of
2%Mg(*He,p) of Ref. (4b), in the energy range Espe = 8 to

. 16 MeV (column 2), compared with the theoretical predictions
A{column 3). The values of T, F,»9, o, used in-Eq. (3)

are those indicated in Ref. (4b). I only the larger T -
{200 keV) would be present,” "% would be &; on the - other:
hand, for T = 50 keV one would obtain h = 25.  The
quantity én in the last column denctes the width of the dis-
tribution of the number of maxima n whose average is -n.

‘We have used the estimate 6n = +vf .

Transitién LN (n = s}y
P, 15 19+ 4
P, ' L 4 £5
p, 22 w2ss
P, 21 W
P, 2 204

11{. MULTISTEP COMPOUND HEAVY-ION REACTIONS

Clearly multistep compound processes are not restricted to Iight-ion

" induced reactions. In heavy ion reactions multistep processes are 1in most

cases actually the rule rather than the exception. ~This feature arises
from the rather large number of degrees of freedom that are involved in
neavy-ion induced reactions.

Recently several excitation functions of heavy-ion induced nuciear
transitions were analysed with the generalizéed cross-section auto-cerrelation
function, Egs. (2} and (3). It was clearly demonsirated that at ieast twe
classe§ of overlapping resonances séem to participate in the reaction
2e(Y5N,a) at E* = 22 - 30 Mey?) . Similar bebaviour was found in the
reaction 1%C(1¢0,a} 0.

(associated with the smaller correlation width) is weli understood, the

Though the equilibrated compound nuciear stage

nature of the shorter-lived stage associated with the larger T s not well



understood in this system.- This:is tc be contrasted with light-ion reac-
tions: wheres & simpie exciton description  of tehse stages is adequate.

This clearly points to the need of another physical guantity aside from T ,
that would: furnish.more information about . the pre-compound stage in the-

“heavy- 1on reaction. :
1)y

In a recentﬂwbrk_ 4, it waé;suggested that a careful study of .the
fusion cross-section in the region of its maximum. value, may supply some
information. )

Here, we would like to suggest that the energy-averaged angular dis-
tribution: to well-separated final states may supply further information.
The angularr distribufion, in peinciple, directly refiects the distribution
$0-

of the: partial cross-sections 0?1,0:’

(S0 in angular momentum space.
In: thes Tight-ion induced reactions mentiomed so far, o-f{c,cr) has broad
distributions. centered at not too large value of J. Thus the summed
partial cross-section :E:,CE;)C£, €7} would have an even broader distri-

bution. In-such situations the average angular distribution exhibits = a

rather structureless  feature symmetrical about 907, This angular depen-
dence: approaches the: classical phase space - dependence at  higher
sin g
energies. {higher values of the position in J - space of the maximum of
£2. .
G:« cct (Jf»

It would. therefore seem improbable that the angular distributions of
statistically emitted particles in a light-ion induced reaction would carry
any additional useful information conqegninggthexmultistep nature of the
transitions invoived. h

The: situation. changes. dramatically, in.heavy-ion induced reactions.

In view of the rather well-lecalized U 'é:r) in these systems, one
expects. transitions to Tow spin states in the residual nucleus to exhibit
regular angle-oscillations whose period is inversely proportional f¢ the
position of the maximum of the o{J}.

In Figure (3) we show the o(J) representing the reaction 1°0 + '2C »
+ Mg + o proceeding through the equilibrated compound nucleus 2255  as
calculated - within: the conventional. Hauser-Feshbach theory. The window-
like: behavicur of o5 arises naturally from.the. combined effect of the
inverse.  of the density of states that enter in- ﬂ7é231‘ and the . final
channel transm1551on coefficient. The resulting angular distribution to
Tow-spin final states is shown in Fig. (4). One ‘may describe the croés—
sectionm as composed of three factors: an over-all 1/sin 8, reguTar oscil-

latiorr with a period given by —?—- . with L Dbeing - the center  of
L, - .

-7 -
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Fig. 3. Partial cross seciions
67(I) for the excitation of final
states with spin I = 0, 2, 4 and
8, fealculated with the code
STATIS . . . The excitation

* . . -
energy E = 0 has been considered
in. all the cases (J represents
the CN angular momentum) from
Ref. (12).
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Fig. 4. erential cross sections

for the IZC(TSO )% "My (Epp=20.0MeV)
caleulated using eq. (8) (solid
line) and the code STATIS

(points). The J-window parameters
used were: - ground-state (o = 1.45,
Ly = 12.8, AL, = 2.7, I = 0};—- Ffirst
axct ted stare (w = I.45, L, =13.0,
AL, = 2.7, I = 2); second 2meited
state (a = 1.45, L = 15.0,

AL, = 2.7, T =4). Clurves were
normaiized to wnity at ch = 8g°

from Ref. (12).



gravity -(position of maximum) of the "statistical" window oy . and a

damping function that gradually reduces the magnitude of these oscillations.
In Ref. (12} a simpie model for the heavy-ion compound angular dis-

tribufion was constructed using as an input the window function referred to

abave, The -expression derived for . using a derivative of a Fermi

function form for g5 s is

dor _ A T q ) o2l e 2T AL T

4.0 Ain © @I+ Anl 2mal @

4oain 2L (e-p) FE AL CF=8) ]
Lok, 2rAL(r-D)

{8)

where AI is just the angle-integrated cross-section, 1 the spin of the
residual nucleus state, L, the.center-of-gravity of the J-window and
sL, its width. _

1t is interesting to cbserve that the oscillations due to the second
term on the RHS of Eq. (8} become more damped for higher I due to the
factor (21 +-})_1; The above simple expression for 3;

has been com-

pared to exact Hauser-Feshbach calculation and the results were found to be
excellent (Fig. 4)'%)

Thé exitence of more than one class of -overlapping resonances in the
heavy-ion system implies the existence of more than one statistical window
whose shapes are close to that of Fig. (3). The center of gravity of the
doarway J-window would presumably be higher than that of the equilibrated
system.  The reason being that the composite heavy ion system representing
the non-equilibrium stage is more likely to be of a molecular shape whose
effective moment of inertia is bigger than that of a sphere that represents
the equilibrated system. In a two-class case the angular distribution would

be given by13)

I 7 _
doz — .HI_ (d.. ¥ B) + (=) Al ’zL’B EZTE.ALrI B
40 Ainm B 21 + 1§ VAR 2 ALiS

L cw—-e)
AL zb(n- py 2L ]B
T oA Al ;2152414 (- 8)

+ {%&»x,z L g 2walb, &
w%&ﬂtALﬁ

+ vin 2L, r-p) 2Z Al (7-5)
ek ,wrz.'u., (-9)

(%)

where 1 and 2 refer to the doorway (pre-equilibrium)-and compound classes,
respectively. The parameter § represents the ?eiativé contribution of the
doorway cclass to the transition in question. This parameter may be traced
to the ratic —gi— which is determined from the correlation function analysis,
In Fig. (5) we show the result of a calculation of

ggI using
Egs. (9} (two class) and (8) {one class). Clear changes in the peried of
the oscillations as well as the general shape of the cross-dection, are seen
to occur as a result of the contribution of the "duorway class”.

Whereas the cross-section cross correlation function supplies in the
two-~class case discussed above, r, . 7, and ;; R therangu]ar distri-
buticn may fiirnish, through’ the parameters L , and al, , useful informa-
tion concern1ng the nature of the pre-equilibrium heavy-ion composite-con-
13) It would be quite

interesting to measure complete angu1ar distributions of heavy-ion dinduced

figuratien, in particuiar its dens1ty of states

transitions that are dominated by the pre-equilibrium class of doorways.
This deminance may be easily decided upon through the generalized Ericson's
fluctuation analysis described in sections [ and II.

+ Supported in part by FAPESP and CNPq.
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- Figu 5. The: angular-diséribution of the emitted a-particle in the
reaction 2C(1%0,af to the 71 = 0 state in **Mg. Solid curve : '
represents the pure compound emission (B = 0) (Eq. L5} and the '
dashed curve the result with B = 4. The parameters were
2.7

Ly =186, Ay =3z, L, =125, AL, = 3.7
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