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Excitation functions and angular distributions of protons and alpha particles emitted
from the He+ 'Mg reaction were measured in the He energy range from 8.05 to 20.425
MeV. The excitation functions show large, uncorrelated structures. Analysis on the basis
of the autocorrelation function and the spectral density method yields largely varying
values of the coherence energy, which can be attributed to the different steps of the sta-
tistical multistep compound emission chain. This process explains the average shape of
the excitation functions, and also the absolute value of the emitted proton spectrum, mea-
sured at 13 MeV incident 'He beam.

NUCLEAR REACTIONS Mg ( He, p), ( He, a), E =8.05 —20.425
MeV; measured o(E; 8); calculated o.(E), 0(E~); deduced coherence

widths.

I. INTRODUCTION

Previous work on the 7A1 (3He, p) reaction has
shown the existence of large fluctuations in the ex-
citation functions of this reaction leading to some
of the low-lying excited states of the residual nu-

cleus. ' More precisely, the characteristic effect
pointed out in the above-mentioned paper was the
great difference in the coherence width I found in
the excitation functions corresponding to different
final nucleus levels. This effect was interpreted on
the basis of statistical multistep compound emis-
sion, a new mechanism for nuclear reactions re-
cently proposed by Feshbach, Kerman, and Koo-
nin.

This paper describes new measurements on simi-
lar reactions, the Mg( He, p) and Mg( He, a)
that were studied in a way very similar to the
former but in a much larger incident particle ener-

gy range. The excitation functions of the two re-
actions leading to a number of low-lying excited
states were measured for kinetic energy of the sHe
beam ranging from 8.05 to 20.425 MeV. For these
measurements two accelerators were utilized: the
Legnaro Laboratory's CN Van de Graaff was used
in the 8.05 —12 MeV range and the Tandem at
CEN-DPHNBE in Saclay in the 12—20.425 MeV
range. The measurements described herein confirm
the effect observed previously and, due to the ex-
tended energy range, analysis of the fluctuations
includes a much smaller error. In order to obtain
all the information necessary to understand the
various mechanisms that could be active in these
reactions, the angular distribution of the emitted
particles was measured at four values of the in-
cident energy (12, 14, 16, 18 MeV) in 15' steps.
The complete spectrum of emitted protons was
also detected at an energy of 13 MeV.
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II. EXPERIMENTAL APPARATUS

The experimental apparatus was essentially the
same as that used to measure the Al( He, p) reac-
tion. Only one modification was introduced to
make it possible to detect protons and alpha parti-
cles at the same time. This was easily done with a
telescope of solid state detectors of suitable thick-
ness and with a standard electronic chain. Mass
separation was achieved only by the coincidence-
anticoincidence method. In the various energy
ranges studied, different detectors of suitable thick-
ness were of course used. The emitted particles
were detected simultaneously at angles of 30' and
150', symmetric to 90.

The two excitation functions were therefore ob-
tained in exactly the same condition of the incident
beam. The thickness of the Mg target was -200
pg/cm which gave rise to an energy spreading of
bE-20 —30 keV in the incident channel, depend-

ing on the incident energy. The overall resolution
in the final channel was -200 keV in the 16
—20.425 MeV incident energy range and —100
keV in the 8.05 —16 MeV range. Figure 1(a) and
(b) show an example of proton spectra at both an-

gles.

An example of excitation functions at 30' for the
ground state of the two residual nuclei is shown in
Figs. 2(a) and (b). All proton and alpha excitation
functions obtained at 150 are shown iri Figs.
3(a)—(f) and 4(a) —(d).

IV. ANALYSIS OF THE RESULTS
FOR PROTON CHANNELS

The presence of the statistical multistep com-
pound emission mechanism (SMCE) in the

Mg( He, p) reaction was pointed out in a previous

paper, where almost the complete spectrum of em-
itted protons was detected and compared with the
existing theory of statistical emission mechanisms.
It was shown that the best agreement was found
when the SMCE formulation was used, even if
only in a relative value.

New calculations, developed following the line
used in the reaction on ~ Al (Ref. 1) analyzed pre-
viously, show that good agreement can also be
found with prediction of the SMCE in an absolute
value. In the present case we have considered the

Mg ( He, p} (g)

III. EXPERIMENTAL RESULTS
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FIG. 2. (a) and (b) Excitation functions at 30 for the ground state of A1 and Mg.

initial exciton number No 5(which ——corresponds
to excitation of a particle-hole pair while the He is
broken into its components).

A critical aspect of the SMCE theory is the de-

finition of a stage in such a way that all the stages
following it are included in the so-called "r stage, "
the last one. The condition required for a certain
N stage to be considered "precompound, " that is,
not included in the "r stage, " is as follows:

The level density value pN of the corresponding
N exciton state must be at least 10 times smaller

than that of the next stage. We therefore truncate
the precompound chain when the level density
function shows a saturating trend. This means in

general that there is no longer much difference be-

tween the stages at this point and that a real
equilibrium has been reached. In our case, the
condition p~+2 & 10p& has already been reached at
the stage N =7. This stage is therefore included in

the r stage. With these assumptions the reaction is
seen to proceed through two stages, a "precom-
pound" five-exciton stage and the equilibrium r
stage. The results of the calculations in absolute

values are compared with the experimental proton
spectrum in Fig. 5. In line with these results, the
proton emission in channels leading to low-lying
excited states of the residual nucleus should be
dominated by the multistep compound emission
mechanism.

More information on the mechanism active in
the proton channels analyzed here can be obtained
from the average shape of the excitation functions.
These functions were calculated using the MUCOM

code, which explicitly computes the SMCE cross
section for the case of one final state. The spin of
the final channel was approximated to the nearest
integer value, disregarding the spin of the outgoing
particle. This approximation was in fact made
throughout the entire calculation. The cross sec-
tion of a transition to a separated final state cannot
be given as an absolute value because it contains an
unkowri factor, which represents the amplitude of
the wave function corresponding to the particular
configuration, i.e., the "exit mode", being con-
sidered. In Table I the "spectroscopic factors" are
shown as the ratio between the value of 0 pt and
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FIG. 3. (a)—(f) Excitation functions at 150' for the measured proton transitions, together with the theoretical calcu-
lations (see text).

&theor.

In Figs. 3(a)—(f), together with the experimental
results, the normalized excitation functions that
were calculated are shown. In order to fit the
average excitation functions correctly, it was al-

ways necessary to consider a strong proton emis-
sion contribution from the five-exciton stage
(- 80%) and a much smaller contribution from
the r stage (-20%). In some cases these percen-
tages are different (p2). Figure 3(d) also shows ex-
citation functions calculated according to the tradi-
tional evaporation theory and the pure emission
from the five exciton stage and the r stage.

What has been said so far seems to indicate that
the reaction being studied is dominated by the
SMCE in the transitions leading to the final levels,
as is suggested too by the shape of the emitted par-

ticle angular distribution. The angular distributions
averaged in an incident energy interval of 6 MeV
are shown in Figs. 6(a) and 6(b). The asymmetric
component, when present, does not seem to make
an important contribution to backward emission,
being characterized by behavior that is fiat or
symmetrical to 90'. The transition to the third ex-
cited level (p&) is completely symmetric, thus mak-
ing the analysis particularly meaningful in this
case. A small contribution made by a "direct ef-
fect" at 150' is possible in the case of the po level.
The obvious presence of direct effect (or multistep
direct) at an angle of 30' does not allow profitable
comparison of the excitation functions with the
average curve calculated on the basis of SMCE.
We are therefore concentrating on the results ob-
tained at 150'.
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V. ANALYSIS OF THE FLUCTUATING

EXCITATION FUNCTIONS

A particular goal of this study was to obtain
precise values for the coherence width I of the
various final levels, as an improvement on the pre-
vious Al measurement where the existence of the
different widths had already been shown. We
therefore carefully examined the experimental exci-
tation functions and chose the parts with charac-
teristics suitable for this analysis. We consequently
disregarded those parts of the excitation curves
where errors due to statistics or to the proton
spectrum background were not really small com-
pared to the unavoidable finite range of data error.
Excitation functions with these characterisitcs are
generally found in the 8.05 —16 MeV range at
150', where it is possible to extract the I value
with an error of -20% or less, due almost entirely
to the finite range of the data.

Another important point in the fluctuation
analysis is the definition of the average curve. In
the present case the average curves to be used as a
basis for the fluctuation analysis were obtained by
smoothly connecting pieces of straight lines calcu-
lated with the minimum square deviation method
in energy intervals having a width much larger
than that of the fluctuations, i.e., 3 or 4 MeV. The
curves obtained in this way are practically the
same as the theoretical ones {after normalization,
of course).

While precompound emission averaged over final
states was studied in detail in the framework of the
SMCE mechanism proposed by Feshbach et al.,
the application of this theory to one isolated final
level or to its consequences on the excitation func-
tion fluctuation problem has never been examined
in detail. The problem of precompound fluctua-
tions for transitions to one level was instead exam-
ined- by Fiedman, McVoy, Mello, and Hussein in
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FIG. 4. (a) —(d) Excitation functions at 150' for the measured alpha transitions.

the framework of the "nested doorway model, "
another formulation of precompound emission
with statistical approximation that was proposed
recently by some of these authors.

We will, therefore, analyze the fluctuating exci-
tation curves using the results obtained by Fried-
man et al., on the assumption that the fluctuation

effect is a very general one, connected with the hy-

pothesis of equilibrium at each stage of the chain
developing inside the nucleus, and therefore, also
with possibility of defining a lifetime ~N for each
stage X, related to the coherence width by I z ——A/zz.

Here the fluctuation effect is assumed to be
found in the exit channel, in accordance with
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Friedman et al., and its coherence width therefore
reveals the stage from which the emitted particle
comes. It is assumed that the fluctuation effect
connected with the decay from one N-exciton stage
to the next %+2 stage inside the nucleus is
washed out, due to the average over many states.
Considering the fluctuating excitation functions
that correspond to the separate final states of the

TABLE I. Experimental data and spectroscopic fac-
tors (S =cr,„~,/cr, h „) of the measured proton transitions.
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residual nucleus studied herein, and following the
formulation of the SMCE, we expect to find in
each transition a contribution from more than one
stage. This is also confirmed by the theoretical ex-
citation functions, which always show a mixture of
two contributions. For the interpretation of the
experimental results, we decided to use the general-
ized autocorrelation function developed in Ref. 4,
which is derived assuming the presence of more
than one coherence width on assumptions which
seem to be satisfied in this case, too.

The fluctuating excitation functions have first
been analyzed as in the previous paper' by means
of the classical autocorrelation and cross-corre-
lation function method. Another method recently
developed by De Rosa et al., ' the spectral density
method, was also applied, and the two methods
gave consistent results.

A. Fluctuation analysis with the
spectral density method

The spectral density method allows independent
determination of both the coherence energies and

their relative weights, on the hypothesis that they
differ sufficiently among themselves. Even though
with this method one could theoretically perform
the analysis of the cross sections without having

previously determined an average curve to which

the fluctuation could be referred, we chose not to
do this. In fact, a nonconstant average would give
in the spectral density curve a fictitious coherence
width. The spectral density can be written as

where P( =1m/m where m represents the total
number of experimental points and I is an integer
between 0 and m, ~& is the energy step in the ex-
citation functions, I; is the coherence energy for
emission from stage i of the precompound chain,
and A; is the weight of the width I; due to the
average contribution to the experimental cross sec-
tion by stage i.

If the I s are different enough, it is possible to
determine a P( such that, for P( & P(, a semiloga-

rithmic plot of (l) has straight behavior with slope
I f /hE, and intercept 1n[mAf (I f /b F)] for

P( ——0. With successive subtractions it is then pos-
sible to calculate the widths I; and their relative
weights A;. In all the cases considered, the
analysis performed with this method has shown
the presence of two coherence widths. In Table II
the values obtained are reported together with the
corresponding relative cross sections. The errors,
not explicitly marked, are about 15%, and they are
principally due to the finite range of the experi-
mental data and to the indetermination in the de-

TABLE II. Columns 2 and 3 show the I values and the relative cross sections obtained
with the spectral density method [Eq. (l)]. The result of column 3 should be compared with

those of column 4 [obtaiued with the generalized autocorrelation function, Eq. (2)] and of
column 5 (the relative five-excition and r-term cross sections used to fit the average excita-
tion functions).

Peak I (keV)
Spectral
density
method

Relative cross sections (%)
Generalized

autocorrelation
function

Average
excitation
function

po

p&

pz

p3

p4

p5+6

30
245

48
270

58
209
40

240
30

197
49

204

21
79
26
74
38
62
21
79
17
83
21
79

10
90
25
75
40
60
15
85
25
75
20
80

10
90
25
75
40
60
20
80
25
75
20
80
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functions corresponding to the same level but to
different angles (30' and 150'), as can be seen by
comparing, for example Figs. 2(a) and (b) with

Figs. 3(a) and 4(a).

The information contained in C(0) (the mean
square deviation coefficeint) cannot by properly
used now due to the absence of an appropriate
theoretical calculation for emission due to a mul-

TABLE III. Column 2 shows the I values for proton channels at 0=150', obtained by
means of the autocorrelation function method, in the 8.05 —16 MeV indcident energy range.
The same values are shown in column 3 after correction for the finite range of data effect.
Columns 4 and 5 show the mean square deviation coefficients and some typical cross mean
square deviation coefficients.

Peak r,„„+sr
(keV)

I expt. Coi'r. +~I
(keV)

C(0)+BC(0) CJ(o)

po
Pl
p2
p3
p4

p5+6

180+40
185+42
70+ 10

180+40
175+40
155+33

190+43
200+45
70+ 10

190+43
185+43
165+36

0.0158+0.004
0. 057+0.015
0.0191+0.002
0.0174+0.004
0. 018+0.004
0. 010+0.002

0.0053
0.0019
0.0052
0.0021
0.0011
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TABLE IV. Column 5 shows the I values for a channels at 0=150', obtained by means of the autocorrelation func-

tion method. The same values are shown in column 6 after correction for the finite range of data effect. Column 7

shows the mean square deviation coefficients.

Peak Excitation energy

(MeV)

Incident
energy range

analyzed
(Mev)

r,„„+mr

(keV) (keV)

C(0)+AC(0)

1.37

4.12—4.24
5.24

12—20.425
8.05 —12

12—16
16—20.425

. 8.05+20.425
8 —16
8—16

100+17
120+31
175+55
250+91
250+66
165+36
120+22

105+ 17
130+ 34
200+ 70
295+117
270+ 75
175+ 39
125+ 22

0.07+0.014
0.043+0.013
0.024+0.009
0.025+0.01
0.027+0.007
0.013+0.003
0.017+0.003

tistep mechanism. It can be seen that the variation
with the final level spin of this coefficient agrees
with the usual rule, that is the lowest spin corre-
sponds to the biggest fluctuation amplitude.

VII. ALPHA-CHANNEL ANALYSIS

The fluctuations with the largest amplitude
(transition to ground state of Mg), certainly con-
nected with the channel zero spin, are found in the
excitation functions of the alpha-channels [see
Figs. 4(a) —(d)]. There is also one case (a~) where
the analysis, due to good experimental conditions,
can be done in the complete incident energy inter-
val examined, that is 8.05—20.425 MeV, allowing
observation of the I variation with the energy.

Analysis of the fluctuations found in the 0.
channels shows I values very similar to those
found in the case of protons. Table IV shows that
here the minimum value found is —100 keV and
the maximum -300 keV, in the highest energy

part of the cz~ channel. For the alpha channels we
are limiting ourselves to pointing out the existence
of the same effect as found in the proton channels.
The impossibility of calculating good average exci-
tation functions due to lack of knowledge of the o.

emission, particularly in the case of emission from
the first stage, would create uncertainty in the in-

terpretation of the I" values. This analysis will be
done in the future.

VIII. CALCULATION OF THE ABSOLUTE
VALUE OF THE COHERENCE WIDTH

Following the SMCE formulation and introduc
ing the improvements described in (Ref. 9) con-

cerning the use of realistic bound and unbound
wave functions and level density values, we calcu-
lated the coherence widths in absolute values. In
order to reproduce the experimental value of about
220 keV for I &, we set the value of the zero-range
two-body residual interaction strength at about 3
MeV. This value was the same as the one already
determined for Al( He, p), thus still being of the
correct order of magnitude but smaller than what
is usually used with this kind of microscopic in-
teraction. '

We believe that this difference is due to the fact
that many bound wave functions have been calcu-
lated in an excitation energy range between the
Fermi energy and the binding energy. This range
is usually unexploited by the usual calculations of
the nuclear reaction matrix elements.

IX. CONCLUSIONS

The results found in the case of the reactions
analyzed here are very similar to the ones described
in the previous work on Al( He, p). Different I
values are found for different final levels, ranging
from a minimum value of -70 keV to a max-
imum of -200 keV for the proton channels and
from —100 to -300 for the alpha ones. Such a
large variation cannot be attributed to the different
spin values of the final level involved. Calculations
done on this point show a maximum variation of
—10%.

In some recent papers the variation in the I
values in the fluctuating excitation functions of
various exit channels was attributed to the dif-
ferent isospin values of the final level involved. "
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This explanation is excluded in our case because all
the alpha channels studied here have the same isos-

pin, T =0, while all the proton channels have an
isospin of T = —,.

As in the case of the Al( He, p) reaction, we
attribute the large variation in the I values of the
various exit channels to the presence of particles
emitted through the different steps of the SMCE
mechanism. This conclusion is confirmed by the
agreement between the experimental and calculated
excitation functions. The results described in this
paper together with those obtained for 7A1( He, p)
confirm the importance of the statistical multistep
compound mechanism in the reaction induced by
He. This fact is due to the relatively high value of

the compound nucleus excitation energy in com-

parison to the relatively low value of the incident
energy, which causes a negliglible direct effect con-
tribution. Moreover, the starting point of the mul-

tistep compound chain corresponds in these He in-
duced reactions to five excitons, as shown by the
spectrum shape. This fact gives rise to coherence
widths having just the "right value" to be easily
recognized in a fluctuating excitation function.
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